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Dependence of electrical conductivity
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Effect of film thickness d on electrical conductivity o of n-Bi,Se; thin films (d =
25-420 nm) prepared by thermal evaporation in vacuum onto glass substrates was investi-
gated. It was established that the electrical conductivity increases with increasing of the
thin films thickness. The observed effect is explained as a manifestation of the classical
size effect connected with diffuse scattering of electrons at the thin film interfaces. The
experimental o(d) dependence is satisfactorily described using the Fuchs-Sondheimer the-
ory for the film thickness d > 60 nm. The specularity parameter and value of electrons
mean free path are determined based of the experimental data.

Keywords: bismuth selenide, thin film, thickness, electrical conductivity, classical size
effect.

WccnegoBano BIUAHNE TOMMUHBI d HAa BEJINUNHY SJeKTPOTPOBOJHOCTU G TOHKUX TLJIEHOK
n-Bi,Se; (d = 25—-420 HM), HDOIYYeHHEIX METOJZOM TEPMHMUYECKOrO MCIAPEHNMS B BAKYyMe C
TMOCTEAYVIONINM OCaKIeHUEM Ha CTEKJISHHBIE TMOAJTOMKKU. YCTAHOBJIEHO, UTO 3JEKTPOTPOBOJ-
HOCTb YBeJIWUUBAETCS IO Mepe pocTa TOJNMIMHBI TOHKWX mnjaeHoK. Habmiogaemuiii asdexT
TMOACHAETCA KAK TPOSABJEHUNE KJAaCCUUecKoro pasmepHoro adderTa, casanHoro ¢ auddys-
HBEIM paccesiHHUEM DJIEKTPOHOB Ha MHTepdeiicax TOHKOI TIEHKM. OKCHePUMEHTAJbHAas 3aBU-
cuMocTh G(d) yIOBIETBOPUTEIHHO OMUCHIBAETCS B paMKax Teopuu DyKca-30HATeliMepa Ha
yuacrke toamua d > 60 mm. Ha ocHOoBe sKcmepumMeHTAJNbHBIX HTAHHBIX OIPeAeJeHbl Iapa-
MeTpP 3ePKAaJIbHOCTU M 3HAUEHIE CPelHel MJIMHBI CBOOOMHOrO IIpobera sjieKTPOHOB.

3ayemHicTs exexTponpoBigHoCTi Bi ToBMUHM ToHKUX muiBok Bi,Se;. C.I.Menvwiukosa,
O.1.Pozauwosa, O.10.Cinamos, O.I.@edopos.

HocmimKeHO BIJIMB TOBMMHU d Ha BeJUUWHY €JEeKTPOMPOBIAHOCTI i TOHKUX TJIiBOK
n-Bi,Se; (d = 25-420 M), Aki oTPEMaHO MeTOZOM TepPMiUHOIO BHIIAPOBYBAaHHSA y BaKyyMi 3
HACTYIIHOI0O KOHIEHCAIi€l0 HAa CKRJIAAHI migxigagku. BeraHoBieHo, IO €JIEeKTPOIPOBiAHICTH
30inpIIyeThCA 31 3poCcTAHHAM TOBIUHKM TOHKUX ILIiBOK. BusBieHuil epeKT HOACHIOETHCH SK
IPOSAB KJIACHYHOI'O PO3MipHOro eeKTy, 0B’ s3aHOro 3 Au(ys3HNM PO3CIAHHAM €JIeKTPOHIB Ha
inTepdeiicax Tourol miaieku. ExcriepumenranbHa 3aiexHICTE 0(d) 3aI0BLIBHO ONUCYETHCA ¥
pamkax Teopii Dykca-3ouareiimepa Ha gingaHii ToemuH d > 60 uM. Ha ocHoBiI ekcnepumeH-
TaJbHUX JaHUX BUBHAUEHI HapaMeTp A3epKaJbHOCTI Ta 3HAYEHHS cepeaHbOl MOBKUHU
BiIbHOTO TPOOITY eMeKTPOHiB.
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1. Introduction

Bismuth selenide (Bi;Se3) belongs to a
group of narrow-band semiconductor of V,Vi;
compounds, which are widely used in thermo-
electricity [1—3]. Theoretical prediction [4, 5]
and subsequent experimental evidence of an
enhancement in the thermoelectric (TE) fig-
ure of merit in the low-dimensional struc-
tures based on V,VI3 [6] compared with the
bulk crystals attracts attention to study of
their properties in thin films. Increased inter-
est to the V,VI; materials study is also associ-
ated with manifestation of topological insula-
tors properties in them [7, 8].

The properties of the material in the low-
dimensional state can drastically differ from
the crystal properties. Classical (CSE) and
quantum (QSE) size effects can be observed in
thin films. The first connected with diffuse
scattering of charge carriers at the film inter-
faces and can be revealed in the case when
the film thickness d is comparable with the
mean free path of the charge carriers. QSE is
due to quantization of energy spectrum of the
charge carriers and is observed in the case
when the value of d becomes comparable to
the de Broglie wavelength Ay [9]. Thickness
oscillations in the transport properties of
Bi,Tes thin films of p- and n-type conductiv-
ity were observed in [10, 11] at room tem-
perature, and were connected with the quan-
tization of the energy spectrum of hole and
electron gases. Manifestation of the size ef-
fects is important to take into account at
predicting the material properties in the low-
dimensional state.

Bi,Se; thin films were obtained by various
methods: molecular beam epitaxy [12, 13],
chemical deposition [14, 15], thermal evapora-
tion [16—20], etc. Usually the Bi,Se; films grow
on glass substrates [19]. The Bi,Se; films pre-
pared by thermal evaporation in vacuum usu-
ally have thicknesses d > 50 nm [16, 18, 20].
In [16], by this method the Bi,Se; thin
films in the thickness range d = 50-
546 nm on the glass substrates were
grown. The authors observed a sharp in-
crease in the region d = 50-120 nm and a
weak growth of ¢ at d > 120 nm. The authors
attributed the rapid decrease of o with decreas-
ing the film thickness in the region d < 120 nm
by the presence of high concentration of struc-
tural defects (discontinuities, voids) at initial
stages of the film growth. An increase in ¢ with
the film thickness in the region d > 120 nm the
authors attributed to manifestation of the
classical size effect and described dependence
o(d) in the framework of the Fuchs-Sondhe-
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imer theory (FST). However, the grown
films had very low values of the TE parameters:
the Seebeck coefficient S = 6-11 uV/K and the
electrical conductivity o = 10-510 Q-cm™1,
which indicated the lack of reproducibility
of the crystal composition in the film state.

The goals of the present work is to ob-
tain thin films of bismuth selenide in a
wide thickness range by method of thermal
evaporation of Bi,Se; crystals in vacuum
and to study effect of film thickness on the
electrical conductivity value.

2. Experimental

Bi,Se; thin films were grown by thermal
evaporation of Bi,Se; polyerystals in vacuum
(1075-107%) from a tungsten boat at 620 K
and the subsequent deposition onto glass sub-
strates at (50015) K. Before deposition, the
substrates surface was subsequently purified
with acid, distilled water and alcohol. The
condensation rate was 0.1-0.15 nm/s. For si-
multaneous preparation of several films
with different thickness, three holders at
different distances from the evaporator
were used. The film thicknesses were in the
range of d = 25—420 nm. The film thickness
and the condensation rate were controlled
by a calibrated quartz resonator. The reso-
nator was calibrated using the small angle
X-ray diffraction techniques (for the films
with thicknesses d < 100 nm) and by using
the MII-4 interferometer (for the films with
thickness d > 100 nm). Accuracy of measur-
ing the film thickness d by using the MII-4
interferometer was +£10 % . The method of
small angle X-ray diffraction made it possi-
ble to determine the film thickness to
within #0.5 nm. For the fixed film thick-
ness d the results of the measurements by
interferometric and X-ray diffraction meth-
ods were compared, and calibration curves
of d in dependence on change in oscillation
frequency Af of the quartz resonator during
the deposition of the material on the sub-
strate were constructed.

The samples phase composition was de-
termined by X-ray diffraction using the X-
ray diffractometer DRON-2.0 with the
Bragg-Brentano focusing geometry in fil-
tered radiation of a copper anode.

Measurements of the Seebeck coefficient
S were carried out with a temperature gra-
dient of 10 K in the film plane relative to
Cu with accuracy of +3 %, and the electri-
cal conductivity o was measured using a
conventional dc¢ method with an error not
exceeding 5 %. The measurements were
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carried out on the freshly prepared samples
at room temperature. The crystal samples
were made in the form of a parallelepiped
with dimensions of 10x2x3 mm, and the
films — in the form of a double Hall cross.

3. Results and discussion

Results of X-ray diffraction of the crys-
tal and thin films with different thicknesses
indicated the presence of peaks correspond-
ing to bismuth selenide phase, peaks of
other phases were not detected.

In accordance with the results of the
Seebeck coefficient measurements, the
stoichiometric Bi,Se; polycrystal exhibits n-
type conductivity, which agrees with the
literature data [21] and associated with shift
of the maximum on the liquidus and solidus
curves from stoichiometry to Bi excess side in
the Bi-Se system. The Seebeck coefficient and
electrical conductivity of the crystal were S =
—63+2) uW/K and o = (1250+60) Q-cm™1.
Bi,Sej thin films exhibit also n-type conductiv-
ity and were conduct in the investigated thick-
ness range. The value of S = —(55+2) uV/K in
the films was lower than in the crystal.

In Figure 1, the electrical conductivity
dependence on thickness is presented. It is
seen that the values of 6 for films obtained
in the present work by the same method as
in [16] are almost 3 times higher over the
entire studied thicknesses range.

As can be seen from Fig. 1, the thickness
dependence of 6 (d = 25-420 nm) has a non-
monotonic character: with increasing thick-
ness to d ~ 60 nm, the value of o sharply
increases, and at d > 60 nm — the rate of
o rise decreases and the electrical conduc-
tivity of the films approaches the bulk
value of o©.

The observed dependence of o on thick-
ness for the Bi,Se; thin films can be ex-
plained by the manifestation of CSE. Taking
into account that the electron gas in the
films is degenerate, an attempt to describe
the o(d) dependence in the framework of the
FST for metals was made [22]. In this the-
ory, the specularity parameter p, charac-
terizing the proportion of electrons elasti-
cally scattered by the film interfaces, is in-
troduced. The value of p lies between 0 (for
the entirely diffuse scattering) and 1 (for
the entirely specular reflection). In the case
when the electrons reflection from the film
interfaces is completely specular, the CSE
will not be observed. As a model, the FST
considers a metal with the spherical Fermi
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Fig. 1. Thickness dependences of electrical
conductivity o for thin films Bi,Se;: 1 —
crystal; 2 — thin films; 3 — theoretical cal-
culation accordance with equation (2).

surface and isotropic mean free path [ of
the charge carriers. A number of simplify-
ing assumptions number of additional sim-
plifications are used in the FST: the thin
film structure does not depend on the thick-
ness; the values of p and [ are independent of
d; p is constant and similar for both inter-
faces, independent of the incidence angle on
the surface, and the electron trajectories; the
dispersion law is quadratic [23].

The value of metal plate electrical con-
ductivity in dependence on the film thick-
ness in the FST framework is given as [22]:
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where o. is conductivity of an infinitely
thick film (bulk crystal).

Using the MatLAB 6.5 mathematical
package, programs describing the experi-
mental dependence o(d) by equations (1) and
(2) were written. In the programs, the val-
ues of p and I are varied. The calculation
carried out for the thickness range d = 25—
420 nm gave unsatisfactory results: in the
field d < 60 nm the experimental character
of the dependence o(d) was different from
the theoretical one. Therefore, the calcula-
tion for the thickness range d = 60—420 nm
(Fig. 1) using equations (1) and (2) was
made. The results showed that the experi-
mental dependence o(d) is best described
using equations (2) and with p = 0.59+0.02
and ! = (7101£40) nm (Fig. 1, line 3).

A sharp rise in o with d increasing in
the thickness range d < 60 nm can be ex-
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plained by simplifications used in the FST (the
constancy of [, the same value of the specular-
ity parameter for the both surfaces, ete.).

4. Conclusions

It is shown that method of thermal evapo-
ration of stoichiometric n-Bi,Sez crystals in
vacuum with subsequent condensation on
glass substrates allows to obtain thin films
(starting from thickness d = 25 nm) with the
same composition and type of conductivity.

It is stated that electrical conductivity of
the films increases with increasing film
thickness, which is associated with manifes-
tation of the classical size effect. The theo-
retical interpretation of the experimental
results in the framework of the Fuchs-Sond-
heimer theory is given. A satisfactory
agreement between the experimental data
and the results of the theoretical calculation
on the basis of the Fuchs-Sondheimer model
for the thickness range d = 60-420 nm is
observed. The deviation of the experimental
dependence o(d) at the field d < 60 nm from
the theoretical prediction is associated with
a number of simplifications made in the cal-
culation. Based on the experimental data,
the specularity parameter (p = 0.59) and the
mean free path of electrons (I = 710 nm) in
the n-Bi,Se; films were determined.

This work was supported by the Ukrain-
ian Ministry of Education and Science ("The
influence of surface metal layers on the
thermoelectric properties of crystals, thin
films and nanocomposite structures 3D-
topological insulators™, No. 0115U000515
(2015-2017)).
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