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Abstract— We present the experimental results of an invegation of the electron transport of semimetal
single- crystal Bi,Sb, films and wires in temperature range 4.2-300 K. BBat.%Sb films were prepared by
the vacuum discrete thermal evaporation on a micarad polyimide substrates with different thickness. he
individual 2at.% and 3at.%Sb wires with diameters fom 100 nm to 1000 nm were prepared by the high
frequency liquid phase casting. It was found that e appearance and increase of the energy gag in
semimetal Bi—3 at.%Sb films with decreasing thicknss correlates well with the value of, in semimetallic Bi—
2 at.%Sb wires and reaches the maximum value of 238 meV in the wires and films with d = 300 nm. The
investigations of the Shubnikov de Haas oscillatian on Bi-2at%Sb wires with d>600 nm show that
overlapping of L and T bands was twice smaller thanthat in pure Bi. It is shown that the semimetal-
semiconductor transition induced by the size quantiation is observed in semimetal BiSb, films and wires
occurs at diameters to five times greater than th@sin pure Bi. The compressive action of mica and nsile
action of polyimide substrates allows manipulatingthe semimetal-semiconductor transition in quantum
semimetalic Bi_,Sb, films.

Index Terms — nanowires, films, semimetal-semicomthr transition, size quantization.
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recrystallisation under cover [17].
The goal of the present work is to reveal the aalti
[. INTRODUCTION phenomena which accompany the transition semimetal-
Bismuth is a material where many new condensedematse€miconductor due to confinement effect in the,8b
phenomena were observed. This includes de Haas- vxr0.02:0.03) films and wires.
Alphen effect [1], quantum size confinement eff¢2},

guantum linear magnetoresistance [3], peculiar . SAMPLESAND EXPERIMENT
superconductivity [4], possibility fractional quant Hall Bismuth-antimony Bi-3at%Sb films were prepared by
effect [5], oscillations Aaronov Bhom in quantum\Bires  giscrete thermal evaporation in vacuum (10-5 mm) idg.
[6]. a substrate at the temperature of 410 K. Muscavita

Since the overlapping of L and T bands in semin®tal and a polyimide film were used as substrates. After
«Sh. alloys is smaller than of those in pure Bi, themum  deposition, the films were annealed at 540 K. Thsiae of
confinement effects and in particular semimetalmaterial for substrates was mostly for two reasdfisa
semiconductor transition in B[Sb( nanowires and films has a Crysta”ine Structure, which has an Oriemﬂigct on
can be observed at much larger diameters thanme BU 3 pismuth film and bismuth-antimony solid solutipis®
nanowires [7-8]. On the one hand, it simplifies thehat the orientation of crystallites of the films uisually
manufacturing technology of single-crystal quantwires  characterized by theGixis perpendicular to the substrate
and films and application of methods to controlirthe plane. A polyimide substrate is amorphous, but ftime

diameters. On the other hand, this will make itsiie to  grows with the same orientation of the &is as it grows
separate the effects related to the size quardizatind t0 gn a mica substrate.

the surface state, which were not taken into adcimin  Tq qbtain monocrystalline bismuth and bismuth
theoretical works [9-11] but play an important rateBi  antimony films the method of zone recrystallizatiomder
wires with d~50 nm [12, 13] cover was used [_‘]_7]

A suitable material for studies of the influence thé The structure of the films was analyzed by the ¥-ra
quantum size effects on thermopower and resistanee (iffraction using the rotating crystal method imgaliance
single-crystal nanowires of BiSh, (0<x<0.04) in a glass wjth the Wolf-Bragg focusing (Fig. 1).
capillary prepared by the high frequency liquid gha A small width of the diffraction peaks of the filas well
casting [14, 15, 16], and monocrystalline filmspared by a5 a good resolution of the X-ray peak of the detiol the
thermal spraying on the mica substrate with subEseiu fifth order confirm the perfection of the crystaiusture of
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the films and indicate a uniform distribution oftiamony 0,15
over the film.
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magnitoresistance in the trigonal-binary plane amstant
Fig. 1. X-ray diffraction pattern of Bi-3at%Sb film on magnetic field H=0.4 T (HI), Bi-2at%Sb nanowires of
mica. Inset: fifth-order peak of Bi and Bi-3at%Sb. different diameters: 1. d=300 nm; 2. d=600 nm;
3. d=900 nm, T=300 K. Inset: schematic diagramshef
The etch pits are mirror images of the crystalmdggon Fermi surface electrons and holes relative to thenm
in the GC, basal plane and confirm that the film is singlecrystallographic direction and orientation of Birgui
crystal and (111) is oriented perpendicular tofilne plane
(Fig. 2). Measurements in a strong magnetic field were pewéolr
' : in the International Laboratory of High Magneticelis
and Low Temperatures (Wroclaw, Poland).

Ill. RESULTSAND DISCUSSION

The temperature dependences resistance R(T) fimis a
wires with different diameters were measured in the
temperature range 4.2- 300 K.

Figure 4 shows the temperature dependences of the

a) b) resistivity R(T) of the Bi-3at%Sh films of two défent

Fig. 2. Optical microscopy image (a) of m single- thicknesses deposited on mica (a) and polyimide (b)
crystal film after etching; SEM cross sectional gedb) of ~substrates.

1500 nm Bi-2at%Sb wire (clear) in glass envelopgayp

AE =30MeV] 115K et YT =23m@ 5 138
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Individual monocrystalline Bi-2at%Sb nanowires in a g

AEg:7meV

glass cover with different diameters were fabriddtg the E 204 81 OK
high frequency liquid phase casting (Ulitovsky- Tamy 2 . 61, 3 0 %
method) [16, 17]. T g T “’A?mev--.-..-

Figure 2, b shows the SEM image of the B, wire in 0 % 100 10 200 20 a0 20 50 100 150 200 280 300
a glass capillary. The wires had a strictly cylindl shape. 2 ne g)K

The glass envelope was very close to the wire sarréand
was more than an order of magnitude greater thanwtre
diameter.

The test measurements of the crystallograph
orientation of the wires were carried out using X¥n
calibur-E Diffractometer; they show that their mijpal
gﬁi“ oireéﬁgnznfr?sd et)along the (1011) CrySta”OgraphleS|st|V|typ(103/T) which permits determination of the gap

The investigation of the SdH oscillations in Bi anoEg  Tinfilms.

Bi-2%Sb wires was carried out in magnetic fieldstod4 Figure 5 shows the temperafure dependences of the
T at liquid helium temperatures and at 1.5 K oretus, 'esidual resistanc&R/R(T)=(Rr-Ro)/Ro(T) of Bi-2at%Sb
which permitted automatic recording of the resisgaR(H) Wires with different diameters.

andaR/@H(H) curves at i and HII. In the_ra_mge of_ temperatures T>_100 K on dependences

Figure 3 shows the angular rotation diagrams tremsev p(10%T) it is possible to allocate a linear curve pied@s.
(ADTMR) (HOI) magnetoresistance the Bi-2at%Sb wires. inclination of thEese pieces, according to the eswun

Using the ADTMR R@), (HCI), the wire was oriented in p = pgexp (_ ""_) _ _

a magnetic field so, that the magnetic field vector 2xT/, it was possible to calculate the
energy gap widtlsggand its dependence on the diameter and
a substrate kind.

Fig. 4. Experimental temperature dependences of
resistivity p(T) of Bi-3at%Sb films, deposited on mica (a)

nd polyimide (b). Inset: dependences @fL0*T) on
thickness of film: 1. d=300 nm; 2. d=1000 nm.

Figures 4a and 4b (insets) show the dependenct of

—
H coincides with the certain crystallographic axesa@d
C; of the wires Fig. 3).
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This is confirmed by de Shubnikov de Haas (SdH)
oscillations obtained on pure Bi films on mica- stubte
(Fig. 6, curve 1) and films of Bi-3at.%Sbh, obtained
polyimide (Fig. 6, curve 2).

Oscillatory dependences recorded in both the
longitudinal (H|l), and the transverse magnetic fields
(H|IC; and HIC,), which in each case allowed recovering
the form of the electron and the hole Fermi surfadeand
T points of the Brillouin zone.

For comparison, Fig. 7 shows the SdH oscillatioms i

Fig. 5. Experimental temperature dependences of residual|C, (HOI) direction of pure Bi (curve 1) and Bi-2at%Sh

resistanc@AR/R(T) in Bi-2at%Sb wires: 1. d=200 nm; 2.

d=500 nm; 3. d=1600 nm. Inset: dependem{&s’/T).

The maximum value of;=30 meV for Bi-3at%Sb films
(d=300 nm), deposited on mice and the minimum value

g~7 meV for a Bi-3at%Sb deposited on polyimide were

obtained.

On the one hand, it is because in Bi-3at%Sb filtres t
overlapping of L and T bandsg, is less than in Bi-2at%Sb.
On the other hand, the compressing action of michthe
stretching action of polyimide on the substratedléa the

wires (curves 2, 3).

maximal value o4 on the films deposited on mica and theé=ig. 7. SdH oscillation in Bi and Bi-2%Sb wires on

minimal value ofg4 on the films with polyimide substrate.

derivative TMRAp/oH(H), HOI, H||G. Inset: dependences

For both films and wires the substantial tempegatuof quantum number of SdH oscillations from inverse

dependence of R (T) on the thickness was observed.

magnetic field 1/H. 1- pure Bi wire, 2 -T=4.2 K,

In Bi-2at%Sb wires the semimetal-semiconducto? - 1=2-1 K for Bi-2at%Sb, d=600 nm.

transition is observed at d<500 nm, while in the3Bi%Shb
films the semiconductor dependence R(T) remainthid
thickness becomes 1000nm (Figs. 4 a, b, curvem Bi-

2at%Shb wires with d=200 nm, the resistance R(Tieiases
3.5 times.

The SdH oscillations from both light electrons aahd
holes at T in all Bi-2at%Sb wires with d> 300 nmreve
observed.

In this orientation, in a weak magnetic field, the

In the temperature range of 4.2-300 K at Bi_3at%SBscillations from two equal mean main cross sestimfithe

films with the diameter of 300 nm deposited on ntice

resistance R(T) increases 6-7 times (Fig. 4), andao
substrate from polyimide the resistance R(T) insesa3-4

times. Besides, unlike Bi-2at%Sb wires, the resistaR(T)

1000 nm of films on mica and polyimide substrateoal
increases 2.2 and 1.6 times, respectively.

On the one hand due to the fact that in the Bi-Sit%
alloy the overlap T and L bands is less, comparitd tlie
Bi-2at%Sb and on the other hand in the depositethen
mica films observed of "compression" effect
direction perpendicular to the film plane, whickscaleads
to a reduction of overlap of L and T bands, thehbi
value of the gagy = 30 meV in Bi-3at%Sb films on the
mica substrate (d = 300 nm) has been observed.

du/dB

-2 T T T T
0 2 4 6 8

B, T

10

Fig. 6. SdH oscillation on Hall contacts in Bi films (d=

1000 nm) on mica substrate (1) and Bi-3%Sb on putie
substrate (2), d= 300 nm.
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Fermi surface (FS) at L are observed. In strongnetg
fields, the oscillations from the maximum section,S of
holes in T have been observed. The regions ofendst of
the SdH oscillations from L electrons and T holes a
separated in the magnetic field due to a significan
difference in the extreme section FS of L electrand T
holes in this direction. Displacement of a field af
guantum limit of the SdH oscillations both from,
electrons and T holes in the area of a weak magfietd

in thés a clear evidence of a decrease of the Fermasaiif Bi-

2at%Sb wires in comparison with those in pure Bewi

The frequency of the SdH oscillations=1/A (H) from
the maximum cross-section of the T hole ellipsoid
decreases from 25 T to 14.9 T for pure Bi and B¥%Zsb
wires. The frequency of the SdH oscillations fromot
equivalent electronic ellipsoids, b decreased almost 2-
fold: from f;=2 T to £,=1,1T.

The values of the Fermi level of the holes andtedes
h e
€F and €F were calculated according to expressions (1-3):

T 1T 2 1 2]2

- _= 2 1

£E = Epar ng +| Epar +(259Tj 1)
where €, is the energy in the parabolic band

T
approximation,‘gF is holes of the Fermi energy (FE) in the
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T
T point, m; is the minimum cyclotron mass of T holes;
T
& . . . .
9 =200 meV is the gap in the T point of the Brillou
-1
zone, —T - frequency of the SdH oscillations from the
minimum cross section of the Fermi surface T- h¢&3

A (1)_ 2me
atH||G, | \H/ RcSr
-1
eh[A
— — T
par =, =l @
2me 2l
The FL of the electrons in the L point is:
A -1
e_¢h ¢
Ep = —X"8g
2 mg 3)

Cyclotron masses of electrons and holes on the iHewsl
were determined from the temperature dependendbeof
amplitude of the SdH oscillations af|€}; (Fig. 7, curves 2,
3).

It was establish, that the overlapping of L and ands
decreases up to,E21 meV, which is almost twice less

than in the pure Bi wires. So, really the semimetal

semiconductor transition in Bi-2at%Sb wires anchfilcan
occur at larger diameters than in pure Bi.

[V. CONCLUSION
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