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The quantum size effect was observed in thin polycrystalline bismuth films having an unbounded

texture (trigonal axis in the crystallites oriented normal to the film surface).

The Fermi quasi-

momentum of the electrons in the direction of the trigonal axis was determined from the period
of the conductivity oscillations following a thickness change Ad ~ 400 A and found to be (pg) F
=4 x 102 g-cm/sec. It was observed that the monotonic component of the ‘‘thickness’’ depend-
ence of the conductivity decreases with increasing film thickness in the interval 200—2000 A,
Possible causes of this 0(d) dependence are discussed. A comparison of the results of the ob-
servation of the classical and quantum size effects in polycrystalline bismuth films leads to the
conclusion that the electron mean free path in the Bi films is not limited by the crystallite

dimensions.

IN thin films it is possible to observe two types of
size effects: classical,t*"3] which occurs if the film
thickness d is commensurate with the mean-free path
! of the electron in the investigated substance, and
quantum [4-?] | which arises if the film thickness is
commensurate with the effective de Broglie wavelength
of the electrons A. The first effect leads to an addi-
tional increase of the resistance and to a change of
other kinetic characteristics of the film when d > [,
and can be relatively easily observed(1°4] in those
cases when the ‘‘critical’”’ thickness de < /. The
second effect leads to the appearance of an oscillatory
dependence of the thermodynamic properties and of the
kinetic coefficients on the thickness of the film and is
connected with formation in the energy spectrum of the
electrons and holes of subbands whose number changes
with changing film thickness. The subbands correspond
to different values of the quantum number n, which de-
termines the allowed values of the k; component of the
quasimomentum, ky = n/d (the z axis is normal to the
film). The shift of the minimal values of the energy in
neighboring subbands is determined by the relation
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and near the Fermi surface it amounts to

Aep = 2nhes” /(2m)'d.

To realize the quantum size effect it is necessary that
the relaxation time due to the scattering of the elec-
trons in the volume and on the surface be sufficiently
large: 7> /A€pl5). From this it follows that it is
necessary to carry out the observations at low tem-
peratures, kT < A€ef under conditions when the car-
rier scattering in the volume makes a small contribu-
tion, and the reflection of the electrons from the sur-
faces is specular. In addition, it is necessary to have
A€o,; ~ € which occurs only for substances with a
small electron effective mass.
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1. QUANTUM SIZE EFFECT

Observation of an oscillatory dependence of the con-
ductivity, of the Hall constant, and of the longitudinal
magneto-resistance on the thickness of thin single-
crystal bismuth films was reported int*%J. The films
were prepared by epitaxial growing from a molecular
beam on a fresh cleaved surface of heated mica. In(]
are given the results of a structural investigation of
such films, indicating that the investigated object is
indeed made up of large-block single-crystal films with
trigonal-axis orientation along the normal to the surface
of the film. The perfection of the structure of such
films, together with the inherent high specularity of
the surface of bismuth (with respect to scattering of
electrons), produces favorable conditions for the ob-
servation of the quantum size effect.

At the same time, we were able to observe quantum
oscillations of conductivity in thin films of bismuth on
a neutral substrate (glass) at room temperature. Such
films have relatively small crystallite sizes (on the
order of the thickness of the film) and an unbounded
texture; the trigonal axis is normal to the surface of
the film with a disorientation ~20°, and the azimuthal
orientation of the crystallites is arbitrary. These cir-
cumstances should make the effect less pronounced.

Its observation turned out to be possible as a result of
the use of the following procedure: the measurements
were made on samples of variable thickness, repre-
senting long, narrow strips (1 X 70 mm ), with potential
leads every 2 mm (see Fig. 1a).

We used sputtered silver contact areas and elastic
clamp contacts secured in a frame. The variable thick-
ness of the sample was ensured by the natural distribu-
tion of the density of the molecular beam in the con-
densation plane. The resistances of the individual
sections of the sample, measure with a potentiometer
circuit, were referred to the mean value of the film
thickness at the given section. Thus, the entire sample
spanned a definite interval of thicknesses, within which
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FIG.1. Dependence of the specific conductivity on the thickness of
thin films of bismuth. The measurements were performed at a tempera-
ture 4.2°K on samples of variable thickness obtained at 350°K: 1 —
prior to annealing, 2 — after annealing at 420°K. The differently
marked experimental points pertain to different samples; a — configura-
tion of sample, the circles denote the contact areas.

there can occur one, two, or several periods of oscil-
lation. The distribution of the thicknesses in the sample
was investigated by us in the case of thick films
(2000—3000 A) with the aid of an interference method,
and in thin films (<200 A) by measurements of the op-
tical density S and using a previously prepared plot of
S against the thickness d (seel'”d). The use of cylin-
drical evaporators (8] has made it possible to retain
the distribution of the molecular beam unchanged during
the entire time of sample production. The initial bis-
muth was 99.9999% pure and the condensation was in a
vacuum of 10 mm Hg.

Figure 1 shows the specific conductivity of thin bis-
muth films as functions of the thickness (the results
are given for two samples); the plots reveal quite
clearly oscillations with a period of ~400A. From the
period of the oscillations, in accordance with (%,

Ad = 2nh/(P,) &

it is possible to obtain the extremal chord (Pz)Fext

of the Fermi surface in the direction of the z axis.
The corresponding value of the quasi-momentum ob-
tained in accordance with our data, is (p,)F

=( ‘/z)(PZ)FeX = 4.1 X 10" g-cm/sec, and agrees
well with the known values of this quantity for the elec-
tron ellipsoids in the band structure of bulky bis-

muth [~ 22], Contributing to the appearance of the size
effect in non-single-crystal films of bismuth is the
circumstance that the band structure of Bi has axial
symmetry relative to the trigonal axis. Thus, in all the
crystallites, the orientation of the trigonal axis rela-
tive to the normal to the surface of the film (the ob-
served type of texture) is the necessary condition for
the appearance of conductivity oscillations.

The o(d) plot for Bi reveals, besides oscillations,
one more feature: the conductivity of the films de-
creases with increasing thickness. This feature, ob-
served also at nitrogen temperature, cannot be attributed
to the change of the structure characteristics and the
properties of the film surface, since the growth of the
thickness is accompanied as a rule by an improvement
rather than deterioration of the structure of the film.
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It is precisely the improvement of the film structure
and the elimination of the porosity that causes the con-
ductivity of films obtained on mical%16:2) to increase
with increasing thickness up to 1000 .&, since the criti-
cal thickness for Bi is much larger on mica (200 A)
than on glass (~ 30 A). Annealing of the films (at
150°C) leads to a natural increase of their conductivity.
However, for films of thickness less than 1000 A the
annealing has an opposite effect, connected apparently
with the increase of the porosity of very thin films as
a result of the recrystallization that takes place in
them.

From the observed nontrivial thickness dependence
of the monotonic component of the conductivity of Bi
films it follows that a decrease of the film thickness is
accompanied by an increase of the relaxation times of
the electrons and the holes, due to the scattering of the
latter predominantly by the film defects (assuming that
the effective masses of the carriers do not depend on
the film thickness). We point out two possible causes
of this fact.

1. A change of the electron energy and the Fermi
level as a result of redistribution of the density of
states when the size quantization is turned on. In this
case, from the condition for the conservation of the
number of states per unit volume, it follows that the
Fermi energy should increase with decreasing film
thickness. The latter can lead to an increase of the
relaxation time (7 eg*?), as a result of a decrease
of the effective cross section for the scattering of the
electrons by the defects. Yet a major increase of the
Fermi energy would lead to noticeable decrease of the
period of the oscillations with decreasing thickness
(Ad @ €3/?), something which we did not observe (see
also[*6»?%]), Apparently, in bismuth, as a result of the
possibility of the spilling of the quasiparticles from the
electron into the hole band, the expected change of the
Fermi energy is not realized.

2. Another possible cause is the decrease of the
electron scattering probability in thin films that exhibit
a quantum size effect, as a result of the decrease in a
number of allowed states; this imposes an additional
limitation on the conditions for the conservation of the
total angular momentum. Under these conditions, the
electron gas should become less sensitive to the scat-
tering centers as the number of subbands decreases.

Figure 2 shows plots of the change of the specific
conductivity of films with thickness at different tem-
peratures, obtained from a continuous recording of the
changes of the conductivity of films during the course
of their condensation. It is seen from Fig. 2 that at
low temperatures, within the thickness range for which
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FIG. 2. Specific conductivity
vs. thickness of thin films of
bismuth. The measurements were
performed during the course of con-
densation of bismuth at tempera-
tures 210 (1) 230 (2) and 250°K
3).
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the relation Aey > kT is satisfied, one observes, just
as Fig. 1, a growth of the conductivity with decreasing
film thickness'’. Yet no oscillations of the conductivity
are observed in this case. This is probably connected
with the deterioration of the structural characteristics
of the films deposited at temperatures much lower than
room temperatures; thus, an electron diffraction inves-
tigation of Bi films has shown that the degree of dis-
orientation of the texture increases with decreasing
condensation temperature (to ~60° at 180°K), and no
texture is observed at all at temperatures close to the
characteristic temperature Tp =~ 180°K[2%], As a re-
sult of the increase of the disorientation of the crystal-
lites, the spectrum of the states for the film as a

whole turns out to be strongly smeared out, as a result
of which no oscillations are observed; yet in individual
crystallites the states are strictly quantized with re-
spect to the p, component, as before, so that the
limitations on the conservation of the quasimomentum
continue to remain in force.

2. CLASSICAL SIZE EFFECT

Continuous plotting of the conductivity of bismuth
films during the course of condensation has revealed
a classical size effect!®3, In the upper right of Fig. 3
are shown curves plotted in accordance with the rela-
tions of Fuchs(!! for the classical size effect in co-
ordinates log (Rq/R) and log (d/I). A similar char-
acteristic kink at thicknesses 2000 - 4000 A is ob-
served on the experimental logRg vs. log d curves
for Bi films condensed at temperatures above the
characteristic condensation point T;%%), which equals
~ 370°K for bismuth. At the temperature T] a change
occurs in the condensation mechanism. Above this
temperature, the condensation is realized in the initial
(“‘precritical’’) period not in the crystal but in the
liquid phase, as a result of which the condensate
formed after the crystallization has a coarse uneven
surface and has no texture. We note that for the classi-
cal size effect to appear it is very important to have a
non-specular (diffuse) character of reflection of the
electrons from the external boundaries of the film [1»2.,
Apparently the increase of the condensation tempera-

DThe sharp decrease of the conductivity at very small “critical”
thicknesses is due to the discrete structure of the thin films in the
initial period of condensation.
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ture above T] is in the case of bismuth the only possi-
ble method of producing a ‘‘non-specular’’ surface. It
is precisely this circumstance, and not so much the
structural differences between the Bi films obtained
at T < Ty and T > T[], which determines the fact
that the classical size effect is observed only in films
obtained at temperatures higher than Tj.

We show below the conditions for the appearance of
the quantum and classical size effects as functions of
the temperature at which the films were produced on a
neutral substrate and as functions of their structural
characteristics:

T~T, T,LT<T, T>T,
Quantum size effect: — + -
Classical size effect: - — +
Perfect structure: - + -
Specular electron

reflection: + + —

For the appearance of a quantum size effect it is
necessary to have simultaneously a texture and specu-
lar film surfaces; for the classical size effect it is
necessary that the external boundaries not be specular.
The requirement that the film be single-crystal is not
essential. The results offer evidence that in the inves-
tigated polycrystalline Bi films the electron mean
free path ! is relatively large. Thus, the quantity
I ~ 2000—~4000 A at 400°K, determined from the clas-
sical size effect, is in reasonable agreement with the
data for the electron mean free path in bulky bismuth
(at room temperature I ~ 1—2 ul'%2%])  The distinct
manifestation of the classical size effect makes it pos-
sible to assume that in films of smaller thickness the
mean free path of the electrons moving at small angles
to the outer surfaces of the film remains sufficiently
large and is not limited by the dimensions of the crys-
tallites, which are commensurate with the thickness of
the film. In the opposite case, besides the absence of
a kink on the curves of Fig. 2, the quantum size effect
would also vanish, since the condition Aep7T 2> 1 would
not be satisfied. Indeed, in the case when the mean free
path is limited by the thickness of the film, it turns out

that dnher  md

Agprm——t "%
epT (Zm)‘/2d (Zm&'p)‘/?

= nifi,

that is, the inequality indicated above is not strong. The
absence of obligatory scattering of the electrons from
the boundaries of the crystallites, as applied to bis-
muth, could be explained as being due to the fact that
the de Broglie wavelength of the electrons in Bi is
large (from the obtained results, A ® 2Ad = 800 A)
compared with the thickness of the intercrystallite
boundaries. Yet this statement is apparently more
general in character, since the classical size effect
was observed also on small-crystal thin films of
normal metals (117147,
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