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Electrical properties of vacuum deposited bismuth films*
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Vacuum deposited bismuth films were mvoestigated for their electrical
behaviour between 78 to 400°K  These were sonuconducting and at
low temperatures were n-type but changed to p-type at higher tempe-

rature The inversion iemperatures, however, depended on film
thickness.

1. INTRODUCTION

Transport propertios of bismuth films have been studied by a number of workers
with, widely varying results. Barlier investigations on polyerystalline films re-
vealed that those were semiconducting (either 7- or p-typo) and their nature could
he changed from one type to another depending on film thickness ap well as on
the deposition paramoters (Reimer 1957, Subrman el ol 1958, Fritsche et al 1963,
Traon ¢f al 1969, Bhude 1972) Duggal of ol (1969) roported that bismuth films
with, the trigonal axis normal to the wubstrates were gemiconductng due 1o the
quantum size offect (QSE)at low thickness region Jess than 10004, whilsy Hoffman
ef ul (1971) found that QSE rcgion extended 1o about 60004 but the thickes films
mn all cases were semimetallic. All the films were, howover, p-type irrespoctive
of their thickness. Since the bulk hismmth is highly anisotropie in its olecirical
behaviour, it was folt necessary to remvesiigate in details the electrioal and
structural proporties of the evaporatoed films and followmg is the report on them.

2 EXPERIMENTAL

Bismuth films were prepared by vacuum deposition of high purity hismuth
metal (99.999%, purity) at a pressure of about 10 *mm Hg from & microconical
gilica boat heated externslly by » tungsten filament which was initislly fiashed.
The substratos used were glass slides which were cloaned m the usual way and
deposition was made on them through an appropnate mask at the room tempera-
ture, Theso films were then annealed in vacuo vt about 100°C for about an hour

The depositions wera also carried out in different sels keeping, however, the ove
poration conditions more or loss same in all cased.  The length to broadth mtl(.) o
the samples was about 8.1. The film thickness was ostimated hy the multiplo
heam interferometry method. Those films were algo studied by the electron dif-

fraction vechnique for their structural and otientation features.
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The above vacuum deposited films were then studied for their electrical
property, viz , resistance (R) and Hall voltage (Vy) at different temperatures
(78-400°K) for different film thicknesses (1) and parameters such as resistivity
(p), Hall constant (Rg), mobility (u), carricr concentration (n), ete were theneva-
luated using the conventional relations The details of the measuring technique
and the precautions taken, ele were similar to those roported earliex (Goswami
et @l 1973). The basic arrangement consisted of a eryostat into which the sample
having five leads was inserted and the whole assembly was put inside the pole
gap of an elactromagnet, the field and polarity of which could be varied. Vg wus
measured hetwoen the Hall probes, current from the potential drop across a
standard resistance and resistance (R) from the potential drop betwoen iwo leads
and irom the known current passing through the sample. Precision Vernier
potentiometers (accuracy -4-64V) were used for potential measurements. Provi-
sions were also made for heating and cooling these smplos between the whole
temporature range and chromel and p-alumel thermocouplgs were used for measur-
ing temperature  All meugurements were carried out at vacuum ~ 10-2mm Hy

3 ResuLrs

(i) Resistivity (p) and activation energy (AE) \

Tho resistance of bigmuth films of different thicknesses was measured af
300°K and the resistivity was plotted as a [unction of thickness (figwe 1), To
thicker films (d > 10004) rosistivity was almost independent of film thickness
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Fig 1. Resisivity ws thickness

but for thinner filing it mncreased considerably with the decrease of d as is the
general case of all vacuum deposits  The variation of resistivivy with temperature
for different film thicknesses (figure 2) showed that atv low temperature region
resistivivy 'was almost constant but it decreased considerably with the increase of
temperature at the higher temperature region and the variation of log p was lincer
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with 1/7. This was true for all film thicknesses (hus suggestimg that the deposits
wore semiconducting m nature unhke the hulk material \\hu-'h ¥ semi-metallic
ie having positive TCR. Activation energy at higher temperature region esii-
mated from the slope of the curve was shour 0 05 eV
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Fig 2 Remstavily vs 1/T

(i) Hall coefficient (Rg), carricr concentration (n), mobilaty (x), ele

Hall voltage was measured as a function of thickness at different temperatnres
and Ry, n, g, ete wore evaluated. Vignre 8 shows a vymeal variation of Ry with
d at two extreme ends of temperarures viz 78 and 300°K. These curves show
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several featuros depending on the measuring temperaturos Tt is seen that at
hquid nitrogon temperature region Ry of all films (d =~ 736 1o 48003) was negativ
and 1t increased almost linearly with the incroasing film thickness, thus suggesting
that the samples gradually bocame effcetively purer due to the less coneentrauioy,
of charge carriers The estimation of # ( = 1/Ry e) algo confirms this (figure 3)
Tt in also seen that carrier concentration ol thinner films was high and almos,
ten tmes more than that of thicker films  This abnormal noreage in the carrier
concentration is no doubt associated with the discontinuities, voids, eto. which
are invariably present in the thin films.
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Tig. 4. Hall coofficient #8 1/T

Ry a1 300°K on the ovher hand was nov only positive but also showed a peak
due to the predommence of holes With the further inorease of film thickness it
decreased and became negative, thus suggesting that the predominant chaage
carriers were now electrons. The effective Ry at 300°K was zero at a criucal
thickness of about 32004 which, however, varied with the measuring {emperaturo
Tho corresponding variation of # is also shown in the graph. At the eritical thicl-
ness region » cannot be calculated from Ry from the simple relation which
presupposoes the predominance of one type of charge carriers. The dependence of
the critical thickness on the temperature at which Ry showed a change ol sign is
shown more clearly in figure 4 where Ry was plotted against 1/7" for different film
thicknessos Ti is secn that with the deercase of film thickness the transition
from n-type to p-type occurred at the lower temperature region and for thinner
films the eritical Ry-temperature algo shifted to the lower temperature region
Thesc results clearly show that the change of 7- to p-type or vice versa depends
not only on the film thickness but also on Rg-temperature.
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Mobility also shows similar characworstics and its varstion with temperature
\s shown in figure 5 (log—log scale). The conumitous deerease of mobility, & mohi-
Jity minimum, a subsoquent peak in mohility graph and agam iis decrease with
he increase of temperature except for the tluck films (d =~ 30003) are also in
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Kig. 6. Magnetoresistance vs magnotic field (H).

conformity with vhe features observed n the previous fig graphs Tho mobilivy
minimum is an indication of a criical Eg-tempevature for the particular film
thickness. Since for d >35603, Ry was always negetive at all temperatures,
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mobihty graph did not show any minimum. Thermoelectric tests at all tem-
peratures even for thin films shéwed n-type behaviour.

(in) Magneto resistance (Ap/p). etc:

It was measured with spocimens having differenl dimensions viz. lengtl,
to hreadth ratio was say 1:4 instead of 8:1 adopted for Hall offect measuremonts
The variation of magneto resistance with magnetic field (H) at 78 and 300°K
and its JI* dependence are evident from the graph (figure 6, log-log scale).

(iv) Structure

A dotwled eleciron diffraction study was also made on the surface structure
ol the bismuth films These films were found to be hexagonal (thombohod:al
ut cell) having the samo suructure as that of the bulk. These films had a
textured structurc uand the orrentation developed was mostly 1—d{10.3} type
Thicker films, however, showed hetter cryswallinity as well as porfection of
onientation (figure 7). :

g, 7. 1—d{10.1} ouentation ot bismuth film

4. DISCUSSIONS
1

The above study reveals that bismuth films whether thick or thin, behave
more like a semiconducior as the TCR was negative unlike the bulk bismuth
which i serm-metallic  The magneto resistance of these films, both at low and
room temperature regions, followed H2 law with magnetic field (1000-8000
gauss) which is also similar to other semiconducting materials. Electron diffrac-
tion studios, however, did not at all show any abnormal featurc in any of these
films. It therofore scems to us that the semiconducting nature of the bismuth
films cannot be adduced to structurcs, the size of the erystallites or the preferred
orientations.
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The most interesting feature of the above alectrical study 18 the thickness and
|»mporature cffects on Ry, nand also on g [t is wellknown that vacuum deposited
(hin films are discontinuous in nature and contan many voids in addition 1o innu-
merable imperfections such as dislocations, gram bowndaries, nuslits of atoms,
nusalignment of crystallites, stress, cte  With, appropviate wunnealing in vacuo
these defects can only be parually removed In any senuconducting material,
these would creale impurity centres in the energy band gap ey e though starting
material was highly pure  With increasing thickuess some of ihese dofects,
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Fig. 8 Band strustures for bulk and sermeconducting bismuth

namely, voids, discontinuity, otc will at least partially he removed thus decreaging
the effective defect concentration hence also the carrier concentration. Such
fihm- will also show a comparatively lower resistivity as obsorved in the presont
case (figure 1). The decrease of the effective carricr concentration s clearly seen
w figure 1 (78°K) where Ry conunmnally incroased and n decreased with increasing
filn thickness In fact, tho carrier concentration of thinnest films (d = 7354)
was ‘about 10 times more than the thicker films. Further vhe negative By for all
tilms at low tomperature region really indicate that tho majority chargo carriers
were predominently electrons. However, the variation of Ry and the roversal
ol the sign with increasing temperature suggest that the current carriers in this
{ihns were both, eleotrons and holos Presuming a mixed type of conduction st
leasy around the transition temperature Ry is given by the relation

1 Nppp?—mepie
Ry = L Pobp™—Nelbe
H =78 (npitp T tepte)?
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Sinoe Ry was negative in the lower temperature region, then nepe? > nppup?

But with the mcrease of temperature Ry however decreased, and at transiioy
temperature Ry = 0, honce nu, = n,u,2. When Rg changed its sign and hecame
positive at the higher temperature rogion it suggests that the effect of holes hocome
predominanv. Thus theso obgervations of ours are in agreement with the obger.
vations made by previous workers who obgerved that the bismuth film coulg
both be n-type and p-type (loc. ¢it ). Tt is not yet clear to us why this change of
n to p-type depsnding on d and temperature occurred for these films. This may
be asgociated with surface statos caused by the presence of residual gas molecules
thus creating p-sites by absorption of gases etc oven though the film may be n-{ype
Sinee the offcot iy more prominent for thinner films, the above assumplion i
reasonable. The thermoclectric tests did not show the above eflocts. As the
tests are only indicative it may not be sufficiently sensitive to this process

The semiconducting behaviour of semi-metallic bismuth m thin film stawe
may arise from onc of the following causes : "

(a) The presenco of potential barriers in the discontynuous films having 18land
structures where conduction under an electrical field dqan take place by direct
tunnelling or through substrate as proposed by Minn (1960), Neugebauer ¢f «f
(1962).

(b) The quantum size effects (QSE) where the film thickness s compurable
to the de Broglie waves (Ogrin et al 1966, Sandomirskii 1967) The theoretical
treatment for such a case has heen given by Sandomirskii (1967)

The former mechanism, however, presumes an island structure and digconti-
nuity of these films. In the present case sinco the semiconducting behaviour was
observed ceven for very thick films (d ~ 3550&) where islund structures will no
longer be prescnt, it seems that the {former mechanism may not be valid for m-
ducing semiconducting properties Due vo QSE the overlappmg of conduction
and valence bands valid for the semi-metallic state split into sub-bands with the
decrease of film thickness. If the thickness is substantially small, small gaps arc
reformed and a semi-metal becomes a semiconductor (figure 8 after Sandomirshi
1967) This effoct is important because of its dependence on film thickness und
hence it can change from the degencrate stato to non-degenerate onc  Sinee the
limit of QSE as observed by Hoffman et al (loc. civ) ix quite high it seems Lo u
that the above band structure explains reasonably the cloctrical behaviowr of
bismuth films.
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