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ABSTRACT

A study has been made of the Hall
coefficient and resistivity of evaporated bismuth
fi 1Ims, Special attention has been given to the
determination of the effects of the conditions of
preparation on the resultant properties. A
suggestion has been offered to explain the strong
dependence of these properties on the temperature
of the substrate auring deposition.

Critical points have been found in the
curves of the resistivity and its magnetic field
dependance versus thickness. This eritical thickness
is thought to be that at which a previously reported

abrupt change in crystallite size occurs.
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I. INTRODUCTION

During a study of the electrical properties of
evaporated bismuth films, (1) in this department, it
became apparent that the trapping of ocurrent carriers in
iocalized energy levels plays an importent role in
determining these properties. The research described in
this thesis was carried out to investigate the effects
of the conditions of preparation of the films, on the
amount and type of trapping which occurs, The influence
of the film thickness, the rate of evaporation and the
temperature of the substrate during evaporation, were
studied. The properties measured to this end were the
Hall constant, the conductivity and the variation of
these quantities with magnetic field.

By a trapped current carrier we signify one
situated in an energy level which is provided by some
deformation of the lattice potential (crystallite
boundaries, surface states) (2,3) such that the carrier
does not take part in the conduction process,

- The Hall coefficient, R, is defined by the

relation

R='Ey
IxHz



(2)
where Ey is the transverse electric fileld developed in a
conductor which carries longitudinally a current density
Iy , perpendicular to a magnetic field Hj . Ey is
perpendicular to both Ix and Hz .

IT. EXPERTMENTAL

Proparation of the Samples.

Bismuth was deposited by vacuum evaporation onto
glass targets about 7.5 x 2.5 x 0.1 om. The mstal used
was Johnson, Matthey & Co., spectroscopically
standardized. Table I is the list of impurities as
supplied by the company.

Table 1 = List of Impurities.

Chemical Spectroscopie
Fe .0011% Barely visible
Cu .0024% Very faintly visible
Ag Trace Very faintly visible
Ca Not detected Faintly visible
Mg Not detected Faintly visible

The vacuum vessel A (fig. 1) is that employed in
the previous work (1) except that the geometry has been
somewhat altered to secure more uniform samples. It
consists entirely of Vycor, a highesilica glass usable
up to 1100°C. The construction is such that effectively

the target B receives metal from two sources,
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Ih use a furnace alfeady at the desired temperature
is lowered to the level x-x . When temperaturse
equilibrium has been established in the orucible C;(fig.].)
the externally manipulated glass baffle D is withdrawn )
along the rails E and condensation on the target begins,

The thickness of the film was determined by weighing
the target before and after deposition and assuming the
density of bﬁlk bismuth, All samples were weighed
iﬁmediately after removal from the vacuum system in order
to minimize errors due to absorption from the atmosphers.
This effect was measured for one sample; an increase in
weight of 0.2 mg. in 20 min. was observed for this 6 mg.
sémple. | |

The uniformity of the films was investigated by
weighing the quantity of metal depositéd on several bits
of glass,'of known area, occupying the space ordinarily
occupied by the target proper., The samples were found
to have a cross-section which was uniform to 1% but.which
was not rectangular 1,e. the films are thicker in the
centre than on the sides by about 10%. This fact Goes
not alter the value of any of the calculated constants
since £hey involve only the current density. However,
the value of thickness to which theyuépﬁlj must be taken

as the average thickness of the film,
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The target may be eooied to some extent by'placing
refrigerant in the double-walled brass container F, The
Jjoint between this container and the Vycor vessel is made
leak-proof with paper gaskets previously soaked in water.

The cooling process was made slighitly more efficient
by clamping the target to a brass plate G (fig. 1) whose
under surface conformed to the inner surface of the
vacuum'veSSel. |

The temperature of the target as a function of time
after the furnace was placed'on was measured by simulating
the conditions of an evaporation, except that (i) the crudible
was empty (ii) the "target" was a bismuth film of known
resistance-temperature relétibn. »A rough measure of the
surface temperaturs of the target was then obtained by
ﬁéééﬁfing the film resistance.

Measuring Apparatus.

The magnetic field was produded by a water-cooled
electromagnet with 4-inch diameter pole faces amd an
adjustable gap width. A maximum field of 10 kiiogauss
could be obtained with a l-inch gap and was uniform -
withih10.5 bercent over the volume between the pole
faces.

The field was measured by means of a search coil
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(5)
and fluxmeter, calibrated in the accurately known fields
of the nuclear magnetic resonance spectrometer in this
department. The search coil was mounted on a spring-
loaded spindle so that its plane was parallel to the pole
faces when in its equilibrium position, To measure the
field, the spindle was rotated through 1800, the fluxmeter
adjusted to zero and the spindle released.

For the one sample measured at dry ice temperatures,
a search coil N (fig. 5) was fixed within the vacuum
chambér and the field measured by switching the magnet
current off or on.

The sméll field remaining for zero magnet current
was cancelled by adjusting a small current in the reverse
direction until a compass needle between the pole faces
'just changes orientation,

For the measurements at room tém@erature the sample
“was clamped to an insulating'board, as in the previous
wprk, between stfips of tinfoil whiéh also served as
current electrodes. The insulating sheet was supported
vertically so that all measurements were made with the
magnetic field hormal to the plane of the sample.

Three probes were used, placed on the sample as shown
in fig. 2. Probes 1 and 2 served to measure the Hall

voltage, probes 2 and 3 the resistance.
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The probes consisted of 1/8 inch bronze bear-
ings mounted in a brass assembly (fig. 3a). These were
threadeé into a bakelite sheet A, (fig., 3b) pivoting
about point X on an aluminium sheet B which was firmly
bolted to the same insulating sheet C as was the sample D.

Between probes 1 and 2, there appears, as well as
the Hall voltage, the IR drop betwesn them if they are
not situated on the same equipotential. This could be
made small relative to the Hall voltage by rotating the
whole conteact assembly about point X, Before making this
adjustment the probes were withdrawn so that the sample
was not scratched. To replace the probes, a direct
current was passed through the sampie and sach probe in
turn was screwed down until contact was indicated by
the deflection of a galvanometer. In an average case the
IR drop could be made 10% or less of the Hall voltage
without difficulty. The damage'sustained by the sample
during this adjustment consisted of two or three small
holes (about 0.1 mm.) in the region of probes 1 and 2 and
one at probe 3.

The fundamental difference between this type of
probe and those previously employed, is that the two
operations of fastening down the probe assembly and

making contact between probe and film, are distinct,
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The sample which was mesasured at low temperatures
(A, fig. 5) was clamped to a lucite strip B by lucite
blocks C and strips of tinfoil D which served as current
electrodes. The previously described probes are too
bulky for use in this situation and wers replaced by
silver paint (Dupont #4817) electrodes which terminated,
on the under side of the sample, in a wide patch (fig. 6).
When the sample,was in positlon these three patches
each made contact with a drop of mesrcury E, contained
in & 1/8 inch hole drilled in a corresponding position
in the lucite strip B (fig. 5). These holes were closed
on the other side by strips of coppsr foil F cemented to
the lucite strip and running longitudinally past the end
of it, where connections were made to copper wires.
Current leads were brought out from the tinfoil électrodes

in a similar fashion,

Temperatures were measured by means of two coppsr-
constantan thermocouples cemented in grooves between the
specimen and strip B, A third thermocouple bstween B
and the copper wall G was for control purposes.

Chamber G was wound with a copper heating coil to
enable readings to be taken above the temperature of

the brass wall H, Heat exchange between containers
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G end H was made small by using lucite spacefs J and by
evacuating the outer container through pipe K. The
demountable vacuum joint was sealed with a lead gasket L
between flanges M.

The whole apparatus was set in a COp~alcohol mixture

in a Styrofoem container. Styrofoam (Dow) is an

insulating material made by "foaming" liquid polystyrene
and was easily formed to the shape needed to fit between
the pole faces of the magnet.

Measuring Apparatus.

The AC method and equiﬁment previously employed (1)
were‘used for the measurement of Hall voltages. In all
cases the voltage between probes 1 and 2 for zero fleld
was corrected to allow for its increase in the magnetic
field, before being added algebraically to the voltage
with field. The sign of the Hall coefficient was
determined for each sample by using DC in the sample
and measuring the voltage between probes 1 and 2 with a
potentiometer.

The resistivity was determined using a DC method.
Current was obtained from a regulated 300 volt; supply
through a high resistance, so that the sample current is
constant irrespective of applied magnetic field. The

voltage between probes 2 and 3 was measured with a Rubicon
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portable potentiometer.
IIT. RESULTS

A. Reproducibility.

In order to test the réproducibility of the results,
a series of samples (nos. 58-80) were made from a single
melt under as nearly similar conditions as possible. That
is to say the target was never cooled, the furnace was
always preheated to the same temperature anmd the baffle
always withdrawn for the seme length of time. Fig. 7
is a chart of the results obtained.

Note that with certain exceptions the samples up
to #72 may be divided roughly into two groups with
respect to the Hall cqefficieht and the resistivity. In
every case the values of R a.ndpfalling outside these
two groups belong either to (i) the first sample of the
melt or (ii) the first sample esvaporated after leaving
the melt in vacuum for one or more days. In addition
each of these exceptions is thinner than groups I and II
although the conditions of preparation were the same,
The high velues of p indicated for these films (rig. 7)
must be asoribed to this latter cause, but in view of
the results of the following section their high Hall
coefficients camnot be so explained. For nos. 73-8D
the results are scattered and all are thinner than would

be expected on comparison with groups I and II.
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In subsequent experiments a quantity of bismuth
correspor‘lding.to O.B)uon the target was aiways evaporated
with the baffle covering the target, before any samples
‘were prepared. In addition, ev'aporat'ioﬁ was never
carried beyond a i)oint corresponding to the end of
group I. (i.e. less than one half of each melt was used).

" B, Variation»of the Properties with Thickness.

A series of samples was prepai'ed ali under
identical conditions except that the bismuth was
heated to a differemt temperature for each of them.
Films from 0.2 to l.4w thick were obtained by
varying this temperature from 800°C to 8800C. The
rates of evaporation ranged from 1,7 to 9.5
ug/em?~sec. The results of this experiment are
shown in fig. 8 and Taeble II.

The fractional change of resistivity appe’ars
to depend on the magnetic field according to an

expression of the form

Af=AH2

where A is a counstant. The valuss of A quoted

are the best ones in the sense of least squares.
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Table II - Variation of the Propertiss with Thickness

(at 200C). 5 :
No. () Rg _px10 Ax 101 Rr2/ap? x 103
113 0,200 +0,519 2469 2,06 18.0
111 0.288 0,602 2.55 2,176 - 2042
112 0.396 0.522 2+25 4,56 11,
108 ~ 0.541 0.680 1.90 6443 19.9
109 0.584 0.621 1.86 6.58 17.0
106 0.77L 0.684 1,78 6¢36 23.1
107 0,908  0.540 1,65 8.30 12.9
115 0,966 0.534 1.71 7.20 14.0
114 0.985 0.399 1.57 9.80 6.6
104 1.260 0.403 1.54 9.48 72
105 1.431 0.483 1l.51 10.30 9.9
t = thickness of sample in microns
Rg = Hall coefficient (e.m.u.) in a field of 6 kilogauss
F; = resistivity in electromagnetic units.

A series of. samples of varying thickness was
also prerared by heating the melt to the same temperature
in each case but withdrawing the baffle for various
lengths of time, Quite a different variation of the
properties was obtained for this series but the results
are not considered significant 1n view of the fact that
the temperature of the target would be higher for
thicker films. The temperature of the target during
deposition is a vital factor in determining the |
properties, as is shown in part C.

c. Cooling the Target.

Two samples were prepared under the same
conditions as those of part A except that the targets
were cooled by placing a COp-alcohol mixture in the
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cooling box F of fig. l.' The properties of these samples
are listed in table III.aloﬁg with some prepared at the
'same time without cooling the target.

Table III - Effect of Cooling the Target
‘ (Measurements at 200C).

| - =5 |

No s T(oc) R pri0.  Axl 10 RZ/Aeleo3
84 0.658 30  +0.626 1.86 5.89 19.3
85 0.777 -18 +0.054 2,19 6,02 0.10

119# 0,657 32 +1,06 2,00 4.66 13,1

120# 0,525 = +0,255 3,44 1.97 2.9

T = estimated surface tempsrature of the target at the

instant deposition begins.
# indicates that the substrate is mica.

Notice that in'both.cases cooling the target
decreased Rg and A apd incréasedP compared to a sample
of the same thickness whose target was not cooled. The
magnitudes of the changes are such tlat the quantity
R2/A92 decreases. |

D. Negative Hall Coefficients.

Several specimens were prepared on cooled
targets by preheating the furnace to 950°C or more and
omitting the baffle altogether., In this way the bismuth
could be very quickly raised to a temperature at which
appreciable evaporation occurred and the furnace could
be removed after a short time interval. Thus the target
temperatures for these samples were less than for those
of part C, The results for 2 such samples are shown

. in Table IV.
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‘Table IV - Negative thl'goéfficients‘(at 200¢),

No, _s,g)_ z{ec)  Rg x 15° v'\Ax;.g.lo §x 109
iR v T 4/ G o S

T = estimated surface-temperature of the target when
the deposition ended.

The se samples are found not to obey the
quadratic law mentioned in part B, but to approximate
a law ' '

A—@? AHZ
P Tem
. In addition the Hall constant.fbr these films increases
as the field increases and seems to reach a rather ill-
defined maximum or a constant velue at about 6-kilogauss.

E. Variation of the Properties with
: Temperature.

One sample from the group described in part
B (thickness 0.90§pd was measured down to dry ice
temperatures. (see Table V).

Table V = Varlatlon of the Propertles w1th
. Temperature (#107

Temp. (°C) Ro x10~7 Axlolo BxlOlo R2,
20 .540(6 Kgauss. )I 65 8.32 : 12.9
0 ¢ 5917. 1.66 11.8 6.7 10.9
=40 « 654 1. 70 18,6 7.9
"'60 ¢4'80 log8 24.2 lol 3.0
-70 .028 1 26.8 . 0,1

Here R, is the Hall coefficisnt for zero mgnetic field

except where otherwise indicated. B is defined by the
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expression ‘ '
. R(E) =R, - BH2
which is known to hold (1) for this type of layer at roomn
tamperatura. R, and B were calculated from values of R
- measured at 3 kilogauss and 5 kilogauss.
G. _ The Effect of Annealing.
| Several samples were annealed in vacuum or
in 20 cm. Hg. pressure of CO2. No loss in weight could
be detected for films snnealed in eithsr manner.
Since no-difference could be detected between thes effeots
achieved by the two methods of annealing, they are not
distinguished in what follows.
Table VI ~. Effect of Anneal ing.

No. "tsug R x 15° A x 10° R?/Ao2 x 103
Ta) ~7 26 'fL——‘ — , ‘
59 0.533 +0,637 1.94 6.29 17 2
59 L 40,764 1.74 8.82 1.8
61 0.546 +0,645 2,01 6.08. 16,9
61 . $0.696 1.79 9.05 16.7

62 0.576 +0,616 1,86 8.05 13.6
623 +0.,610 1,68 10.0 13,2
83 0.731 +0,633 1,87 6.87 16 7
83=x +0,724 1,61 9.65 0.9
86 0.560 +0,547 2,20 5.39 1.5
?6§ +0,743 1.84 8.12 20 0

b
85 0.776 +0,054 2,19 6.01 0.10
'85% +0,285 1,92 8.55 2.6

( )(See Table III)

]

29 . - 0.924 <3.59 4.4

29£ "'3.98 300

(ses Table IV)
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# signifies that the sample was annealed approximately

Because theechange in R on annealing varied
from sample. to sample and because the sign of the
change is in contradiction to/the results of Leverton
and Dekker (1), ons sample was annesled in several
stages, and measured at 20°C affer each ahnealing.

The results eppear in Table VII.
Table VII - Step-by-step Anneallng.

10 5
No. thu) Time(min.) Temp.(°C) Rale. mei.) Bxl0 \oxlo Ax1010
64 0.544 +0.618 7.2 2.06 5.95
10 - 150 '0.616 7.0 2.04 6.39
642 3 <240 0.645 - 740 1.97 17.40
643 , 13 2417 0.659 6.6 1.92 6.90
RN B BN
0 o2 679 . . .
646 - 20 268 0.701 1.86 7.48

Colums 3 and 4 indicate the annealing which produced the
changes between any given row and the row preceding it.

Notice theddecrease in A occurring after the
third enneal and the decrease in R, after the fourth.

H, . Calculations. .

- Jones (4) has present ed a model by means of
which most of the galvanomagnetic effects observed in bulk
bismuth can be explained. Ths two assumptions on which his
calculations are based are (1) the surfaces of constant |
energy in k-space take the form of ellipsoids and (ii) the

relaxation time of the current carriers is independent of
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their energy. Two equations are presented which take the

form .
A@ - AR?
e T +gHC (1)
R = Rg-BH? .
T - +6H2 (2)

If our films are assumed to consist of crysﬁallites wh[:osé
principal axis is perpendicular to the substrate as.found
By Tane (5), then all the measurements previously listed
are for current flow perpendicular to and mgnetie field
parallel to this axis. Under these circumstances, Jones

gives for P, A, Ry, B and S,

- 'é"—'" o= Ze‘_'("'V- + Nava)  (3)
i R"f% %'.T"' ‘E‘f);‘,‘: (5!
B S ©

® "'(f’,ﬁfﬁt(“'""tl% (7)

Here @ is the total conductivity perpendicular to the
principal axis, @% that dus to electrons alone and T
to holes alone. NNy are the density of electrons and

holes respectively. Therefore @ = % NV, , a= % NaVa
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where v, and vV, are the carrier mobii.it‘iés. Note tha"b the
uSelof a single symbol for the conductivity perpendicular
to the prinecipal axis implies circular symmetry about
this axis. Actually there is only triéonal symmetry.l
Since those of our .samples which were
deposited on uncooled targets follow,for the fields
used, laws of the types (1) and (2) with §H2<<1,
equations 3%, 4, 5, and g-were solwfed for nj, np, vy |
aend v, for a few of these samples. - The guantity %50_
was formed from equations 4, 5 and 6 and the o
quantity Rg - from equatibns 3, 4, and 5. Both are
& |
dimensionless quantities and may be expressed in terms
of a/=’_z_1£ and (9= vz as follows; |
ny 1
AR y(48) (331
B B(1+¥g) (5~
?g%_ _ (xE-1)
P2A  ¥B(B+I)

Equations 8 and 9 were solved for § ¢ B by trial and

(8)

9)

srIor. These were substituted into 5 written in the form,
< " , ‘
oy = —— 3 l ~ (10)
e Re (4B +1) o

and in (3) in the fornm .
: c
Vl = (l |)

P (n +@n.)
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and hence n, and vp obtéinéd.
© As mentionad previously the change of resistance
with magnetic field was not quadratic for those films
' with negative Hall coefficients, An equation of the
form (1) fitted the experimental results much better '
and a réugh value 'af ) could be evaluated.
In this case the quantities Rg and
6/.l\. were expressed in terms of ¢amnd (3. A_?E
ny, Ny, vy and vy, were then evaluated as beforse. It
should be emphasized that 5 is not accurately known.
However, everlnif § were 50% lower than the value used
in this calculation one is still led to the cohclusion |
that the density of holes is much less than that of the
electrons. (Table VIII (4)).

Table VIIT - Celculated Carrier Densities and Mbbilitiés.

-18 -3 -18 =3 5

1_?_0_) nyx10(em” ) nleo(cm ) v1x10 (e.m.u.) vaxlo (e.m.u.)
a .

62x 7.5 11.5 2.2 2.2
22) 4.6 7.1 2,8 2.5
641 5.5 9.0 2.2 2.0
642 4,5 6.2 3.0 2.9
645 5.2 7.5 2,6 2.5
644 5.4 7.1 2.7 2.1
645 5.1 6.8 2.8 2.8
(c)

107

00C 4,5 5.4 3.8 3.8
-20°C 4.7 5.0 3.7 3.9
-6000 301 3.1 505 - 508
{a) |

121 8.4 0.4 1.9 5.1
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For sections (a) and (b) of this table refer to part G,

for section (c) to part E and for section (d) to part D.

Iv DISCUSSION OF RESULTS

A, Reproducibility.
‘ The observation that the first sample of a melt
possessed different properties than succeeding ones is
very likely due to a concentration of the low boiling
point impurities in this sample. Leverton and Dekker
(1) observed this concentration‘of impurities to occur
in the case of antimony films prepared by a similar
technique. | \

It is more difficult to explain the obseévations
on the first sample prepared after leaving the melt in
vacuun for a day or more., However, it seems feasible
_thaﬁ, if a surface film of oxide forms on the melt,
thevvapour pressure over the melt will be lower than.
over an unoxidized melt and that the vapour will contain
oxide molecules, If this is the case we may expect é
specimen made from such a melt to be thinner than
otherwise and to posseés a higher resistivity amd a
different Hall constant, '

The difference Between groups I and II (fig. 7)
with respect to R6 and (3 may be attributed ﬁo‘the N
concentration of the higher boiling point impurities

( Fe,Cu ) in the samples of group II. The erratic
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resglts obtained from sénmiés 73 - 80 are probably due
to relatively large amounts of impurities evaporated,
as ﬁhe end of the melt is approached.
It is believéd‘that subsequent samples

‘ prepared as descriﬁed in section III-A, are as pure as
can be obtained by this technique and therefore that
eny postulated inequality in the numbers of positive
and negative cérriers must be expléined by the removal
of one or the other type of carrier (or both) by
trapping (see Section I.) | .

B. . . Vafiation éfjthe Properties with Thickness.-'

The maximum in the curve of RE versus

~thickness {fig. 8b) occurs at a EEQ thickness
of about O.4w. Lane (5), working also with
evaporated bismuth filmé;.has plotted the temperature
dependence of the increase of resistivity in a magnetie
field versus film thickness and foﬁnd an abrupt change
in slope to occur at about C.{fu. He identifies this
criticel thickness as that at which Goetz (é) reported
the crystallites in evaporated bismuth films to undergo
a sudden increase in size. The work of Gross (7)
and Levinstein (8) shows that below the éritical »
thickness the avefage crystallite size increases as the
thickness is increased. The shape of our R%' curve
is not inconsistent with this evidence. E_P-e

R%' is a function of ¥ end @ only
-3
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(see eq. 9). If we postulate with Leverton and Dekker
(1) that a’certain number of the current carriers may be
trapped in localized levels at crystallité boundariss
then clearly thé number of trapped carriers will'decrease
as the crystallite $ize increases. Also the carrier
mobilities will increase with increasing thickness since
they depend tq some extent on scattering at crystallite>.
boundaries., We may expect then that at least small
changes will occﬁr in ¥y and {3 as the thickness is
varied. Inspection of equation 9 shows that only small
changes in ¥ and @ are required to produce the observed

variation in R% .
B2

c. - Cooling the Target.

The experimemntal results presented in
sections II-C and D indicate that the main effect
achieved by cooling the substrate dur ing depogition is
the trapping of a large fraction (see table VIII (d))
of the available positive current carriers or "holes".

It is impossible, on the postulate of
section IV-B, to explain why the trapping of holes
should predominate in these specimens. The effect
cannot be duse merely to a reduced crystallite size for,
as-we have seen (section IV-B) the ratio of the carrier
densit ies does not appear to ciepem very strongly on

this variable. However, if we postulate that the -
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cooling of the targeﬁ rééults in a less perfect lattice,
(i.e. more lattice defects) then the observations may be
éxplained by assuming that»holes become trapped in vacant
- lattice points. That is to say we assume that the
potentiai’fqr an electron in the immediate neighbourhood
of a lattlce point vacated by a positive ion core is
such that there is a tendency to repel as many electrons
'(i.e. attract as many holes) as carrespond to the

valency of the core.

This postulate is analogous to that
advanced (9) in connection with F-centres in ionic
crystals., These are thought fo be electrons trapped in
negative ion vacancies.,

D. - Variation of the Properties with
Temperature.

The only fact worthy of comment in'this
section is the negative temperature coefficient of
resistance, Lane (5) and Leverton and Dekker (1) find
this same result bﬁt‘negative temperature coefficients
are never found for other metal films of comparable
thickness., (10) Table VIII(c) shows that for this
semple at leést‘ﬁhe effect‘is—due to a reduction in
thé number of carriers, since the mobilities increase
with decreasing temperature as in bulk bismuth.

Mott aml Jones (11) suggest that the
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negative temperéture éoefficient of resistance observed

-+ in.dilute solutions of tin and lead in bismuth is due to

a reduction in the number of overlapping electrons.
'This,would result in a lowering of the Fermi level so
that for a certain range of temperatures it would be
possibisifor tﬁe number of carriers to increase with
incrgasiﬁg temperature as in semiconductors.

This idea\may apply to thin films of
bismuth where the electron density is presumably lower
than in bulk bismuth due to trapping. It is to be-noted
however that in our case the hole density also appears
to increase with increésing temperature (Table VIII(c)).
It is not possible-toldiscuss this effect further oh'
the basis of the few measurements made.

B, - Effect of Annealing,

It is difficult to be certain, on the basis
of the few calculations made, but the reéult of amnealing
at 260°C appears (table VIII(b)) to be an increase in
the density of neéative oaffiefé and a decrease in the
density of positiwve carfiers. If this is the case, a
combination of the explanations advanced by Leverton
and Dekker (1) for antimony and bismuth films would be
consi stent with the observations.

These authors.poétulated that (i)

annealing antimony films increased the crysﬁallite size,
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thereby decreasing the'extent of overlapping of the two
conduction bands and effectively "recombining™ some of
the electrons and holes; (ii) that annealing W smuth £ilms
released some of the trapbed carriers. If both these
processes are operative the change in R on amealing would
be expected to depend even more strongly on the conditions
of preparation than the Hall constant iﬁself. A comparison
of the results for different samples, both in this and
the previous work shows that indeed R'may increase or
decreaee on annealing.

| Annealing those samples with negative Hall

coefficients causes the coefficient to become more
negative (table VI(c)). On the other hand those specimens |
deposited”on cooled ﬁiates and having small positive Hall
coefficients were found to suffer an increase in the
coefficient on annealing. Lacking enough data to calculate
the actual carrier densities in these samples we cannot
say whether or not these changes are cohsistent with the
foregoing postulates. It should be noted however that a
change in nj or n, may produce a change of either sign
in R, (eq. 5), depend ing on the initisl value of these
densities. |
F, =~ Calculations.
Tabl e VIII shoﬁs thet the number of free

electrons in a "normal" (i.e. deposited on an uncooled

tar get ) annealed film is about 7 x 1018 per cm?, and that
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the carrier mobility is about 3000 cm2-volt T-seGl. at room
tempe rature,

Mott and Jones (1@) estimate the electron
(and hence also the hole) density to be 3 x 1018 per cm’.
én the basis of some meaéurements on thelspecific magnetic
moment’ oi‘. bismuth single crystals. We consider our value
to be in'excellent'agréament with this one. So far as we
know no other experimental value has been quoted for the

carrier mobility in bismuth.

V. CONCLUSION.

The electrical properties of evaporated
Sismuth filmsldepend strongly on the temperature of the
substrate durlng deposition and on the thickness of the
film., Values of the constants deflnlng these properties
depend therefore on the sample measured and are not
applicable to bisﬁuth in bulk.

The observed results can be qualitatively
explained by assuming that carriers (p051t1ve or negatlve)
may be trapped in localized levels at crystallite
boundaries and that p031tive carriers may be trapped in
vacant lattice points. One other assumption may or may
not be necéssary, viz., that the extent of the average
overlap of the two highest ensrgy bands depends on the

~ average crystallite size,



26

REFERENCES

(1)  W.F. Leverton and A.J. Dekker - Phys. Rev.,
. 80, 732 (1950) and 81, 156 (1951).

(2) Slater - Phys. Rev., 76, 1592, (i949);.

(3)  Billig and Landsberg - Proc. Phys. Soc., 63A,
. 101, (1950). : -

(4) Jones - Proc. Roy. Soc., 1554, 653 (1936).
{5)  lane - Phys. Rev., 48, 193 (1935).

(6) Goetz ~ Nature, 132,:206 (1933).:

(7) Gross - Zeits. f. Physik,'_é_i, 520, 537 (1930).
(8) Levinstein - J. App. Phys.; 20, 30-64 (1949).

(9)  Seitz - Modern Theory of Solids, p. 406
) (McGraw - H. 11, 1940).

(10)  Suhrmenn end Barth-Zeit. f. Physik 103,
- 133 (1936). o

(11) Mott and Jones - Theory of the Properties
o of Metals and Alloys p. 304 (Oxford, 1936).



