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PREFACE

Gray tin, the diamond struc¢ture ppase of tin stable below the
ice-point, has previously been found to be a semiconductor similar to the
other Group IV elements, carbon (in the form of diamond), silicon, and
germanium, Various.research has been conducted on its electrical and
magnetic properties since this discovery. However, additional invest-
igation is needed to clarify the nature of, and reasons for, its
semiconducting behavior,

The purpose of the present study is to contribute to the exist-
ing knowledge of the electrical conductivity and intrinsic activation
energy of gray tin and its alloys.

Some difficulties have been encountered in the present study.
Pirsty, no perfect method of temperature control is zvailable., Second,
gray tin samples are too brittle. Third, uniform distribution of im=-
purity atoms in the alloys is uncertain,

Great indebtedness is acknowledged to Dr. E. E. Kohnke for suggest-
ing the problem and guiding the experimental work., Also deep apprecia-
tion is expressed to Professor C. F. Harris for the loan of experimental
equipment; to Dr. H, E. Harrington and other members of the Physies
Department staff for their encouragement and sugpestions; to the Physics
Department of Oklahoma Agricultural and Mechanical College for granting
an assistantship as financial aid to the studysand to Messrs. J. E. Tope

and T, Toung for corrections and suggestions concerning the mamascript.
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INTRODUCTION

Since Busch (1) and his co-workers reported in 1950 the semi-
conducting behavior of gray tin, interest in this material has been
increasing. Various groups in Bussia, England and the United States
have underféken measurements of its Hall effect, magnetoresistance,
conductivity, magnetic susceptibhility and bthermoelectric power.

Ordinary tin is a metal and displays the normal metallic lustre,
It is classified as one of the Group IV elements. In the tempsrature
vicinity of -30°C, a transformation frem its metallic phase to another
phase may occur.under proper conditions and the so-called "gray tin" is
the result. Such a transformation not only changes its color but also
alters its metallic properties to those of a semiconductor., By
addition of different proper iﬁpurities, the electrical conductivity
of gray tin may be made either n-type or p=type in chéracter. Undoped
material always has proven to exhibit excess electron, i.e.,n=-type
conductivity.

Because of the difficulties in preparation of gray tin samples,
particularly because of the large volume change accompanying the white-
to-gray transition, only specimens of powder form and rods of comprassed
powder were used respectively by Busch (2) and Kendall (3) in their
measurements until in 1953 Bwald (1) devised an improved method of
sample prepardtion. Using the Bwald method, gray tin filaments were
obtained., After that, extensive investigations were systematically made

by BEwald and Kohnke on the electrical conductivity, magnetoresistance (5)



and Hall effect (6) in these filaments.

Although the measurements on electric and magnetic properties in
gray tin by use of filamentary samples resulted in systematic data, recheck
of some previous work by improved techiniques and the employing of some
other elements as new impurities still appeared to be worth undertaking.
First of all, in all previous measurements requiring a determination of
the potential drop across the sample, potential probes were connected to
the two conducting strips to which the sample was soldered., The problems
of mounting the sample and construction of equipment were much simplified
by this indirect connection. However, true potentiometric measurements
are necessary to evaluate the exact potential drop across the sample.
Secondly, earlier research work on the electrical conductivity of gray
tin samples doped with some p-type impurities like Al, In and Zn indicated
special difficulties both in handling due to brittleness and breakage and
in interpretation of results due to possible segregation of impurities (5).
Additional work with a different p-type impurity was considered desirable
to check whether this was truly a characteristic effect of p-type impur-
ities upon gray tin. Thirdly, pure filaments were found to be stabilized
by the addition of germanium which prevented the gray-to-white transform-
ation at the normal temperature (7). Since germanium is among the Group
IV elements and hence a neutral impurity, investigation of the effects of
other neutral elements should give more information about stabilization
effects.

To satisfy the first purpose, measurements were made on samples of
pure and antimony (Sb)-doped gray tin, By use of a special Ga-In
solder, potential probes were successfully connected directly to the
sample allowing true potentiometric measurements. The measured electrical

conductivity as well as the determined apparent activation energy for both
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pure gray tin and samples doped with 2.59 x 1018 Sb atoms per cc are
found in good agreement with previous results.

For the second purpose, gallium (Ga)-doped samples were used. The
results tend to verify earlier indications of the troubles caused by such
p-type impurities as Al, In and Zn.

In the measurements made for the third purpose, lead (Pb) was chosen
as the neutral impurity since it is also a Group IV element, The abllity
of lead to prevent the white-to-gray transformatién has been noted in
samples containing 1.53 x 1018 or more b atoms per cc, On the other
hand, samples doped with 1.39‘x 10L7 Pb atoms per cc did transform to
gray tin and seeﬁed to exhibit improved mechanical strengbth which facil~
itated handling. However, so far no tendency for préventing the reverse
gray-to-white transfai-matibn has been found in the study with lead-tin
alloys.

A1l the present-experiments were done in the relatively high ten-
perature range from abcutVZlOOK to 273%K because of the special interest
in the intrinsic range of the électrical‘cénductivity,' In'Chapter'V;'
detailed discussionsvare given concérning measurement reéultso

It is believéd that more quantitative analysis and interpretation
of the affects of different impurities will be made in the near future,
Some suggestions for future investigations are offered in the last

chapter.



CHAPTER II
SURVEY OF PREVIOUS WORK

It has been only seven years since gray tin became z subject of
semiconductor study. In 1950 Busch, Wieland and Zoller (1) at the
Physical Institute of the Eidgengssiche Technique Hochschule of Zurich
discovered that gray tin was a semiconductor similar to the other
Group IV elements, carbon (in the form of diamond), silicon and german-
ium, Using pure and doped gray %in in powder form, Busch's (8) group
from 1950 to 1953 made measurements of its Hall coefficient,magnetoresis-
tance coefficient, temperature dependence of conductivity, and magnetic
succeptibility, Although their measurements determined the relative
conductivity as a function of temperature, the absolute values ofv
conductivity and the quantitative determination of ths Hall coefficient
were still left uncertain since it was impossible to caleculate absolute
values of the current density in the powder. As for magnetoresistance
measurements, it was felt possitle to obtain satisfactory data\becauSe
current density values were unnecessary. |

Certainly a review of Busch's work indicates the main credit must
go to him for prompting a renewed interest in gray tin. His picneer
experiments showed that gray tin was a semiconductor, had a relatively
small forbidden energy gap, and could be made to exhibit both dlectronic
and hole conductivity by proper alloying with impurities.

Samples in powder form were also used by Blum and Goryunova (9)
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in Russia. The values of absolute conductivity which they obtained were
lower by two orders of magnitude than the approximate values found by
Busch. _

In an effort to obtain better working samples than the powders of
Busch, Kendall (10) at the Imperial College of Seience and Technology
in Londbn tried electrolytié deposition at reduced temperatures and
~evaporation onto a cold substrate. Though unsuccessful in these attemptis,
he was able by using pressures of 10 tons/in2 at temperatures of =125°C
to prapare Jdensely-packed, cylindrical compressed powder rods approxi-
mately 1/l inch in diameter and 1/2 inch long. His data with this type
of samples showed a lower forbidden energy gap and a higher speeific .
conductivity than Busch and later Ewald and Kohnke (5) obtained, in-
dicating perhaps that some of the powder transformed back to the white
phase under internél pressures during the measurement process,

In 1953, Bwald (li) reported success in preparing filamentary
samples of gray tin. The tin wires prepared by the Bwald method were
free of eracks and other gross imperfections, mechanically strong, and
readily obtained with dimensions of approximately 0,1 mm diameter and
several centimeters length, Such samples have proved to be suitable for
measufements of electrical conductivity, its change in a magnetiec field,
the Hall effect, and the thermoelectric power (5).

Since that time extensive measurements with filaments of gray tin
and gray tin ziloys ha#é been made by Kolnke (5) and Goland (11).

Kohnke's (5) investigation at Northwestern University in 195% on
the electrical conductivity; magnetoresistance, and Hall effect in gray
tin filaments not only substantiated the important features of Buseh's
findings but also contributed a great deal to the evaluation of absaiute

values of conductivity as well as the quantitative determination of the



Hall coefficient.

With the help of Hall effect and electrical conductivity data in
1956, Goland (11) at Northwestern University was able to make a satise
factory analysis of his measurement data on the thermoelectric power of

gray tin filaments.



CHAPTER IIT
BXPERIMENTAL PROCEDURE
Preparation of Filaments of Gray Tin and Gray Tin Alloys

To prepare gray tin filaments two kinds of pure tin were used.
One was supplied by the Vulcan Detinning Companys and the other, which
is known to be of a high degree of purity, was provided by Johnson,
Matthey & Company, Lid. For convenlence of reference, the former
material will hereafter be labelled VDC Pure Tin and the latter JMC
Pare Tin,

The snalysis of JMC Pure Tin by Johnson Matthey & Company ine

dicated the presence of the following impurities given in percent by

welghts

Iron 0,001 %

Copper 0.0003%
Mercury - o=

Bismuth 0,0001%

Sodium N

Lead 0,0002% or less
Caleium - o
Magnesium - - -

For the experimental work done, VDC Pure Tin was used amly‘in
pure form for compariseon of electrical conductivity with JMC Pare Tin
while JMC Pure Tin was used both for the pure sample and for all ail@y@o

The Bwald (L) method for preparation of fine filaments of gray tie
and its alloys was employed and may be briefly described as followss;

The first step is to prépare filaments of metullic 4in by'a,m@dé

ification of the Taylor technique (12). A small pellet of pure %in is
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placed in one end of a piece of 10-mm pyrex glass tubing, the other end
of which has been sealed and drawn into a thin capilléry of approximately
0o 5-mm inner diameter., The tube is mounted vertically, atbtached to a
rough vacuum pumping system, and the tin heaﬁed in vacuo with a flame
until it melts and flows into the upper part of the capillary section.
The tube 1s then sealed off and segments of wire approximately 10 e¢m in
length obtained by heating a short section of the filled capillary and
drawing it down to an inner dlameter of about 0.1 mm,

The glass coating on the wire is dissolved in a hwdrofluoric acid
bath, Then the wires are given an additional one to two minute etch
in concentrated sulfuric acid and rinsed with distilled water.

The white tin filaments tlus prepared are cut into 2-cm lengths,
buried in gray tin powder, and placed in a refrigerator where they are
transformed into gray tin filaments at a temperature of approximately
-30°C, The time necessary for complete transformation is of the order
of one day for the "pure" wires, However, occasionally individual wires
in a batch of samples do not transform under the normal conditions for
a period of many days. If they are pressed at the end with gray tin
powder and returned to the refrigerator, transformation usually takes
place within several hours.

"Doped" samples are prepared in the same manner from allays of the
desired composition which are made from master alloyse.

The time taken for complete transformation of tin alloys varies
depending upon impurity. For insbtance, it has been impossible to trans-
form the lead-tin (Pb-Sn) aslloys which contain 1.53 x 10%8 or more lead
atoms per c¢c over a period of more than two months in the refrigerator.

Because of the tendency of the wires to curl upon ifransformation

and their brittleness; a relatively large number of each kind of sample
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was prepared and transformed so that one could be more selective in his
choice of those to be measured. Selection was done with the aid of a
binocular microscope with special care being taken to choose only samples
which were quite straight, relatively free of pits and scratches, as
uniform in cross-section aé possible and free of cracks,

The various kind of samples used in the experiments are listed in
the tables below,

TABLE 1

Types of Pure Tin

Laboratory Name Mfg
VDC Pure Tin Vulcan Detinning Company
JMC Pure Tin Johnson, Matthey & Co. Ltd
TABLE 2

Types of Tin Alloys

Base | Impurity Lab, Name Impurity atoms
per oo
Ga-Sn Alloy I 4.98 x 109
JMC Gallium Ga-Sn Alloy II L.53 x 1018
Ga-Sn Alloy III | L.12 x 1047
Sb-Sn Alloy I 2,85 x 1019
JMC Antimeny Sb-Sn Alloy II 2,59 x 108
SbeSn Alloy III | 2,36 x 10-7
Ph-Sn Alloy I 1,68 x 1049 ‘j‘
JNC Lead Pb-Sn Alloy II 1.53 x 10M8 *

Pb-Sn Alloy III | 1.39 x 10L7

#o transformation has been noticed for these alloys
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Appartus and Procedure

a. Description of Appartus

The apparatus was designed to permit measurement of the electrical
conductivity of filamentary samples as a function of bemperature in the
temperature range of 210% to 273°K, The most important part of the
apparatus, the sample holder, (see Figure I) was constructed to be sus-
pended from a brass dewar-cap (DC) by means of a 25 em long.stainless
steel rod (R) into a standard one-liter dewar flask (D), The holder
basically consisted of two flexible clips of brass shim stock (BC),
0.0127 cm thick, which were soldered to brass strips (BS) 6 cm long
placed parallel to cach other and separated by two brass blocks (BB)
each 1 cm wideo. The strips were electrically insulated from the hlock
with sheet mica (M) and connected mechanically to them by countersunk,
insulated screws,.

The top brass HWlock, the construction of which is showm in Fige. 1,
was 3 cm long and 2 em high., On its top it was tapped for a threaded
hole used to fasten one end of the stainless rod (R). The forward
position of the upper part was made to protect the mounted sample. One
of the two potential probes (PP+) was soldered toc the lower part.

The bottom block was shorter in length but had the same design as
the top one. To this block the other potential probe (PF-) was attach-
ed .

The two comnections (VS«¢, VS~) from the sample voltage supply were
soldered to the outér sides of the two brass strips (BS). The copper
constantan thermocouples (TC) used to measure sample temperature was
attached to one brass strip (BS). All the leads from the sample holder
can be attached to the external measuring circuit by solder joints atb

the dewar sap (DC).
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FIGURE 1 DIAGRAM OF SAMPLE HOLDER
AND DEWAR FLASK
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b. Mounting the Sample

As mentioned in Sec. a, samples of gréy tin and its alloys were
rather brittle and hence the mounting problem proved to be a very
difficult one. Extreme patience and very careful handling were necessary.

The gray tin filament was actually connected to two brass clips (BC)
to minimize the effect of strains caused by the dif:t‘er‘ential thermal
expansion of sample and sample holder, Since the low transformation
temperature of gr*éy tin made it impossible to use common solders, the
problem of connecting the sample» to clips was solved by using a s:pecial
low melting point solder composed of one part indium to four'. parts
ggllium which was liquid at room temperature and sélid at the measure-
ment temperatures, |

The connection of the two potential probes to the sample also was
g difficult job., Extremely finé copper wire=-trade name "NycladWwe=of
0,009 cm diameter was used for the probes. Direct comnection te the
sample was accomplished with a minute amount of the above mentioned
solder,

The filaments were never kept at room temperature for more than
two minmutes at a time so that it was always necessary to do the mounbe
ing and connecting in several steps, cooling the filament 't;etween each
step. | |
& Method of Measurement.

All electrical conductivity measurements were made using a de,
constant sample currect method, The main measuring instrament was a
Leeds and Northrup Type K2 potentiometer with an Eopley standard cell,
The sample current was furnished by a 3 volt dry cell and measured hy
determining the I-R drop across a 10 ohm standard resistor also supplied
by Leads and Northrup. The circuit is dizgrammed in Figure 2,

The copper=constantan thermocouple emf was converted to temperabure
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7 1 L
POTENTIOMETER loyois . —=STORAGE
L,,,J
STANDARD  GALVANOMETER
DPTT - GELL
A \SWITCH
L S L W%soo ohms
ot L / v
\\’ ‘/'77PP :—SVS
% STANDARD
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7
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cri |cP,
ICE. BATH

Legend s

CP., CP-: Current Probes

OPTT SWITCH : Double Pole Triple Throw Switch
PP, PP ¢ Potential Probes

SVS * Sample Voltage Supply
. TC * Thermocouples

VS,,VS_ ¥ Sample Voltage Supply Leads

FIGURE 2  CIRCUIT DIAGRAM
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using Séott“s (13) calibrated tahle.

The measurement procedure was as follows: A sample wire (sample
dimensions were of the order of S mm length and 0.15 mm diameter) was
soldered to the sample holder clips using the special Ga-In solder,‘w
A1l probe leads were connected to the external circuit by conventional
soldéer joints at the dewar cap. These comnections were made rapidly
with the experimental arrangement suspended in the cold atmosphere just
above the measurement bath which consisted of dry ice in acetoneand
which was contained in the dewar flask.

Following connection, the sample on its holder was lowered into
the acetone bath which had a temperature of about -60°C when meausrements
got started.

Approximately each half-hour after starting thres emfs were measured,
The first one, (Eth)ﬂwas the thermal emf used to calculate the sample
temperature, the second, (ERS}:employed to determine the sample current,
was the potential drop across the standard resistor; and the third, (ES),
was the drop between the two potential probes soldered to the sample,

Since the sample temperature rose as the acebtone warmed ﬁp, different
values of these emfs were measured each time. In order to compensate
for slight temperature drift during a set of measurements, the thermal
emf was measured twice and averaged. At no time was the drift more than
1/10 of a degree,

To obtain absolute values of the electrical conductivityg dimen-
sions of the sample were measured with a measuring microscope using a
Gaertner eyepiece,

The experimental data are presented in graphical form in a

subsequent chapter,



CHAPTER IV
THEORETICAL BACKGROUND
Microscopic Treatmenbt

According to Goldberg (1L), a very general expression for the

electric current density;f , in a cubic semiconductor in the pregence
— —
of a magnetic field H , and an electric field E is the following:

?f‘ (T;,_}';Jr o{?xﬁ+ﬁEHz+)’ﬁ (E-A)+5 ME
*_y S * > I S e S *
+ G IT+HLVTXH+ B vTH+ Y HETH)+I*'MTT  (1.1)
where the Greek letfters indicate complicated integral forms involving

the statistical distribution function, M is a diagonal tensor involving
magnetic ficld components and n‘\/'»")’ is the temperature gradient.

For the experimental work done, no magnetic fields were used and
thus terms involving H> are of no interest, Furthermore, all terms
involving 6’7' can be disregarded since isothermal conditions were

maintained experimentally.

The result of this simplification is, as expected, the familiar

expression

— —_

J =0, E {Lio2)
Or in bterms of vE s we get

T

E - O"Dn ‘ (3%3)

—
Maintaining J=(7J, 0, 0), we obtain
NS

| .
E =5 T | (o)

X

15
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Since E;=;%: and J =-7— , substitution of these two expressions

A
into Equ. (b.h) gives

yN_ VI
1% A
or
_ A1
% =TAV

(Lo5)
where { is the length of the sample, I the current passimg through it,
& the cross-sectional area and V the potential drop across the length
of the sample.
The units ordinarily used in the laboratory are mixed units, i.e.,

i) centimeter, gram, second for mechanical quantitiesg

ii) volts, coulombs for clectrical quantities,
Hence equation (Lh.5) gives ¢ in {okm em)™L while § in em, I in

anperes; A in cm.z,and V in wvolts,
Statistical Treatment

From a different point of view, the electrical conductivity in the
body of a semiconductor may also be expressed in terms of the charge

carriers (15)

¢ = %%ﬂw -+ Ipawu»@, (ha6)
where
n = density of negative carriers = electrons/cm

density of positive carriers = holes/cn’

T
8

Moz mobility of negative carriers = em?/volb-szec

|14

= mobility of positive carriers = cn?/volt-ses
g = electronic charge = 1,60 x 10~+9 coulombs

Fer an intrinsic samplesfntzur:(léﬁ, Therefore its elestrical



conductivity is

Where the subsc
evaluated for t
To evalua

quantum states

7, = %nd{ Mon o+ MFi}
ript . indicates that the concerned quantities
he intrinsic sample.
te Ny

in the solid are summarized bhelow,

(17), the follewing emergy level diagram is used,

/ / Fare

: /////; CONDUCTION BAND y 4// "

S S e S s

ergy

=
LI

N (Sharply localized donator
_ impurity levels)

P (Sharply Leealized accethT
:anur* ty levels)

S ST TS
// 7 /“/ s LA / A7 s / / Y
IIas VALENCE BAND /7// g
/‘///// s/ Vs / sy // S Sy ////"

i L Ll L Ly

By using the Fermi-Dirac statistics for a semiconductor and meking

7
Distance

Ihergy Level Diagram

are

£=o0

&‘“"Ed_
E=-8,
E=-§,
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(o)

5 the procedures developed from the concept of .

the simplifying assumption of spherical energy surfaces in momenhbom

space bo obbain the deasity of stabtes, the nuwber of clectrons per unib

volume in the conduction band and the number of holes per unit volume

in the valence band can be obtained (18):

T = j MN

0

x?

m?2 4.
} 8&’?

(€) df = hlemg AT 2 ) * j

g 1+
a

Bp.

According to Blakemore
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or representing the integral by Fl/a ( fq )

7
n=mo( 5 R, () .
and
¥,
p=m () R (=) (1.9)
where

3
", & b (27“{?'1‘/‘?\2)/2 =5,541 X 107 s ¥e =3 (4.10)
'YYLQZ the electronic effective mass
wn LR:: the hole effective mass
the electronic mass = 8.999 x 10~28 grams

&/%T

'q*z e/ (&% is called the Forni Level)

3
]

3
11

/‘&T (- E is the energy level at the top of the
% valence bvand)

The function F, (*r] ) is called "Fermi Function" and values of it

Y,
2
have been tabulated as a function of temperature in the range:

-—Z;.{:fq*{:-f-eo

by McDougall and Stoner (19). When 'Yf‘z-z, the classical statistices for the
mechanical distribution of Maxwell and Boltzmann is a good approximation
of the Fermi-Dirac distritution mnc;tion and the expression for the
Fermi Function thus beconmes _
=g re -

In the intrinsic case where free carriers are produced by direct
excibtation of electrons from the valence band to the conduction band
there are either no carriers due to impurities or relatively so few that

any effect they might have may be completely disregarded. Hence,

combining equations (L.8); (L.9) and (L.11), one obtains
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% Y % 34 1 *
_ me N M* et e
"(1;.— Tl'n <—-9~) '—a—- e _/P'\. -’T\.o (_‘R_} "ZT , e ’q na— (h-l?)
from which the Fermi level can be obtained as

A = 3§T () (113)

Substitution of Equ. (L.13) into Equ. (L4.12) gives the final expres-

gilon for the number of intrinsic electrons or holes:

3//
o= _ ot '/7-,ﬂ e myp Ae"fa/a&fr
1”‘?%'— 2 N (Lolh)
Hence from equation (L,7), the conductivity for the intrinsic
sample is:
14 /A
ut m,m -& /2
=% {Mnﬁ” MM 2 “‘(_;;zj‘*) SR
(hal5)
Mobility Theory
By definition the mobility of a charge carrier is the ratio of
its average velocity to electric field without regard to algebraic
sign (15)., Thus we have
| el __ %]
Mn =% o MTTE _
(.16}
where “E\ means the average veloclity of negative charge carriers and
“'\7; that of positive charge carriers,
These mobilities can be also expressed as (15)
b %
M= e, ’ Mp :-LL (Lo17)

o
by introducing the mean free time T, and ’T,P o

In order to investigate the relationship between temperature and
mobility the motion of the charge carriers through the crystal lattice

has to be studied,
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Three types of scattering mechanisme are ususlly employed to account
for the carriers' motion: scattering by neutral impurities, by iomized
impurities and by the acoustical vibrations of the lattice itself.

By studying the scattering of an electron by an isolated hydrogen
atom, Brginsoy (20) was led to an expression for the mean free time (or
relaxation time ‘T ) of charge carriers scattered by neutral impurities
which is independent of wvelocity.

Since the impurities in gray tin must have a low activation energy
and hence a high degree of ionization, it is believed more important to
atbtribute the effect of scabbering in pray tin to ionized impurity
centers. According to Conwell and Weisskopf (21) the relaxation time
for this type of scabbering is proportional to the cube of the charge
carrier velocity. Thus through complicated calculations, Eque (L.17)

reduces to

/U’YLOC T 3/2 s ALP oC T 3/2 (Le18)

However, the above discussed types of scabttering are predominant
at low temperatures, while lattice scattering might be considered more
important at high temperatures near the top of the measurement range
especially if the lmpurity concentration is relatively low, According
to Shockley (22), studies in scattering by thermal agitation have intro<
duced a deformation potential formulas which pradicts a relaxation time
which is inversely proportional to charge carrier velocity, This leads

e

to a lattice-~scattering mobility that varies as T By using two

constants of proportionality By and By, equation (1a17) reduces to;

-3, _
Moy=BT 7 . M =BT e (La19)

where the subscript U indicated that the mobilities are evaluated in

the intrinsic range.
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Combining Bquas (4.10), (4.15), and (L.19) one easily obtains

A Ve 15 ¥ g W ~Eaop
a; :-%{Bl+ BZ} T 7% - x55u1x10°T z(l“;?_ﬂ) & ekt

which reduces to

— & /ekT
0. =Ae «/2 (1.20)

where A is a constant if effective masses are independent of temper.
ature.
Equ. (4.20) indicated that the intrinsic energy gap can be obtained

directly from the slope of a /gwo' Vs 1/].. graph if the above assumptions

are valid,



CHAPTER V
PRESENTATION OF DATA AND DISCUSSION
General Observations

The results of electrical conductivity measurements on the samples
of pure gray tin and samples prepared by alloying the tin with eaﬁ@ain
‘impurities are presented in Figures 3 to 7. The impurity concentrations
for the alloys were calculated from the quantity of impurity added to
the melt, the larger specific wvolume of gray phase being takéﬁ into
account, Before individual discussion of the effects of impurity cone
centration, some general results can be noted.

In the first place, it can be noticed by comparison of these
figures that at the high temperature end of the measurement range, the
conductivity curves for the pure gray tin sample and for those with the
lowest amounts of impurities give a straight line when the logarithm of
conductivity is plotted against 1/T. However, many samples of the Ga=Sn
Alloy IIT displayed inconsistent results, a fact which will be discussed
in more detail in the next section.

With a large increase in impurity concentration the linear portiocu
of the conductivity curve disappears as noted expeclally for Ga-Sn
Alloy I (see Figure 5).

These two behaviors are qualitatively consistent with the simple
theory for intrinsic semiconductors.

The conducbtbivity of pure gray tin, according te this theory as

given in Chapter IV, whould show an expoential increase with insreasing

22
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temperature at the high temperature end of the measurement range. For
alloys with very small impurity concentrations, the effect of the added
impurities should be relativeiy»smallland noticeable mainly at lower
temperatures, Highér concentratiohs of impurity'would be expected to
affect results at high temperatures, decreasing the intrinsic temperature
range, and perhaps even giving the conductivity a metalliccharacter.

Secondly, while previous measurements have indicated that the
addition of impurities results (5) in an increase in the "intrinsicH
activation energy, the results of the present measurements display some
discrepancies in this respect. Values of activation energies determined
from the slopes of the intrinsic linear portions of the conductiviﬁy
curves are given in Table 3. In the case of JMC pure gray tin, the
activation energy determined from several different samples is 0.088 ev
wiich is in good agreement with the results of Busch's (2) and Buald's (5)
groups. However, the activation energies of several»of the gray tin
alloys conbtaining Sb, Ga, and Pb are lower than that of the pure sample,
Particularly unexpected is the decrease in the activation energy observed
for Sb-Sn Alloy III. It is rather difficult to give a satisfactory
explanation for this observation. One factor is the possitle nonuniform
distribution of impurity atoms in the alloys,

For the sake of comparison the absolute conductivities at WSGOC of
different samples are listed in Table 3. Generally speaking, addition
of impurity results in.a decrease in sbsolute value of the conductivity,
Ga-S1t Alloy I is an éxpected-exception and its conductivity at -509C is
higher than that of pure gray tin., Although Ga-Sn Alloy III A exhibits
higher conductivity than Ga-Sn Alloy II at the same tempefature «500G,
the data obtained from samples of Ga~-Sn Alloy ITI can hardly be considered

certain hecause of great difficulties constantly associatbted with the



TABLE 3

Variation of Conductivity and Apparent Activation

Energy with Impurity Content

Apparent

Conducte

Type of Impurity
Sample Concentration Activation |ivity ab
Energy ~500C
E (ev) (ohm cm)~t
G
JMC Pure Tin 8,8 x 10~2 1482
Sb-Sn Alloy II 2,59 x 1088 Sb-atoms/ce | 9.6 x 102 1089%*
Sbh-Sn Alloy IIT | 2.36 x 1017 Sb-atoms/cc | 7.8 x 10-2 338
Ga=Sn Alloy I 11.98 x 109 Ga-atoms/cc 1813
Ga-Sn Alloy IT b.53 x 108 Ga-atoms/cc | 8.2 x 10-2 962
Ga-Sn Alloy III A L.12 x 10L7 Ga-atoms/cc | 8.6 x 10-2 1ohh#
Ga-5n Alloy IITI B| L.12 x 107 Ga-atoms/ce
1.39 x 1017 Ph-atoms/cc | 8.2 x 102 1023%

Pb=Sn Alloy IIT

* Values extrapolated from straight line portion of conduetivity

curve.,




measurement of individual samples. Further remarks on this kind of alloy

will be ineluded in the next section.,
Individual Discussion

Through the experimental work JMC Pure Tin has proven easy te work
with and consistent in the results previously obtained. The activation
energies determined from several samples have the same value of 0,088 ev
which is in satisfactory agreement with the results of Busch (2) and
Kotmke (5). The absclute conductivity for JMG Pure Gray Tin at ~500C
has been computed as 1482 (otm cm)-l. |

A score of experiments with VDC Pure Tin have been tried tait none
has led to satisfactory results, Many of them resulted in conductivity
curves of a type which indicated that sample cracks oceurred during the
temperature change in the measurement process. Others were unsatisfac-—
tory because a complete sample brezk ended measurements, Perhaps VDC
Tn conbains troublesome impurities but no definite assertion can be
made without a careful analysis of its contents. Hence it is suggested
here that further investigation be made on this kind of “pure" tin.

The measured value for absolute conductivity at ~50°C of the gray
tin sample doped with 2,50 x 108 antimony atoms per cec (i.e. Sb-Sn
AMloy IT) is 1089 (ohm cm)=l and its activation energy is determined as
0,096 ev, Both figures are very close to the results noted by Kohlnke
(5) for a doped gray tin samples with 1.3 x 1018 antimony atoms per ce
for which he obtained values of 0.09h1l ev for the activation ewergy and
1018 (okm em)=t for the conductivity at -50°C,

Contrary to the findings on Sb-8Sn Alloy IT, there is a large
disecrepancy, particularly in the values of conduetivity for Sb-Sn Alloy
ITT in comparison with the results of Kohnke (5) on a similar sawple.

From present data, the alloy containing 2.36 x 1047 antimony atoms per
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cc shows values as low as 338 (omm em)=d for its conductivity at -509C
and as low as 0.078 ev for its activation energy. According to Kohnke
(5), the conductivity for a sample doped with 301 x 10L7 antimony atoms
per cc was found 4o be 1102 (olm cm)™L at =~50°C and the activation energy
0.,0862 ev, It is possible that the lower conductivity of Sbh-Sn Alloy
ITT can be accounted for by the presence of cavities inside the sample,
but this has not been confirmed as yet. However, according to a theovy
of degeneracy proposed for In-Sb by Burstein (23) as well as a number
of experimental observations on that material by Tanenbszum ‘and Briges
{2L}, an increase in the apparent energy gap might be expected to
accompany an increase of impurity content. This would mean that Sh-Sn
AMloy IIT should have a higher activation energy than JMC Pure Tin.
Pregent results on Sb-Sn Alloy IIIv are contrary to this expectation,

To the authoris knowledge, no previocus investigation work has been
reporbed on the conductivity of filamentary gray tin samples doped with
gallium atoms. Hence no comparison can be made between present findings
and previous results,

In the measurement range, the conductivity of the sample containing
1098 x 109 gallium atoms per cc remains practically independeﬁt of
temperature, This behavior suggests that the high impurity concentration
yeilds so many impurity carriers that their effect is to overshadow
normal semiconducting behavior, making the sample degenerahe‘. Also itbs
conductivity at -500C was measured as high as 1843 (omm em)=t further
confirming degeneracy. It should be noted that either from Ewald gnd
Kohnke's (5) observations or from present findings for all alloys nob
obviously degenerate, the purest gray tin has the highest value for its
conductivity.

Kohnke (5) found that semples doped with p~type impurities such asg
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In, Al;, and Zn, were particularly difficult to handle as far as conduct-
ivity measurements were concerned, The author has had similar experiences.
Gray tin sampled doped with the p-type impurity, Ga, also proved
difficult to measure. TFor example, for Ga=-Sn Alloy III, over a dozen
experiments weré made and all except two were halted before completion
because of a sample break, Furthermore, even the results of these two
relatively successful measurements still disagree widely in the shépe of
their conductivity curves. (see Fig. 6) For instance, Ga-Sn Alloy III A
nas 12hl (ohm em)™* for its absolute conductivity at -500C and 0,086 ev
for its apparent activation energy, while alloy III B exhibits a
behavior similar to that of Alloy I. Both alloys are supposed to have
the same congentration--1.98 x 10-0 gallium atoms per cc. Nonuniform
distribution of impurity atoms throughout the alloy might provide an
egplanation for this discrepancy and has been proposed for similar dis-
crepancies in A1-Sn Mlloys (5). Less trouble occurred in the experiments -
with samples of Ga-Sm Alloy II, for which the apparent activation energy
has been determined to be 0,082 ev, still slightly less than the 0.88 ev
value given by the pure material. It is quite obvious that further
research work on gray tin doped with p-type impurities is necessary to
find out why mechanieal properties of the samples are affected and cone
ductivity measurements often give inconsistent results.

The last type of sample was prepared by alloying JMC pure tin with
lead, Three Pb-Sn alloys were made with different concentrationsg namely
Alloy I, containing 1.68 x 10-7 lead atoms per ccj Alloy II, 1,53 x 1048
lead atoms per cci; Alloy IIT, 1,39 x 1017 lead atoms per cc. However
only Alloy IIT transformed to the gray phase,

Unfortunately only the inhibiting effect on the white-to-gray trans.

formation has been noted so far and the possiblity of a reverse effect



remains to be studied, The conductivity of Pb-Sn Alloy III at -500C was
extrapolated as 1023 (olm cm)“l from the straight portion of its c@mdu@tf
ivity curve, The activation energy determined for this alley is 0.082 ev,

again slightly lower than that obtained for the pure sample,
Conclusions

From the foregoing discussion, some conclusions have been reached
and some suggestions can be offered for future research,

Since present measurements tend to indicate that the previcusly
vbserved pabtern of apparent energy gap increase with increasing lmpurity
content holds only fof higher impurity concentrations, additiousl
measurements should be done on samples conbtaining lesé than 1047 dmpuei by
A4L0m8 DAF GCe

Through the present measurements it has been noticed that différen@eg
between samples show up more clearly at low temperatures. Therefors
further measurements should extend to the liquid nitrogen range, i.e.,
down to TT%K, to verify the importance of small differences in apparent-gap
energy and to correlate the results on different samples supposedly
hawving the same impuriby content. |

To facilitate further measurements of conductivity it is worth tey-
ing to improve the physical characteristics, such as shape, eﬁ@s of
sawples sinee most unsuccessful experiments have been due to saiple ewucke
or complebe breaks, As for p=type alloys, additioral abbempbs to obbain
even distributicn of impurity atoms are sugpested.

According to Bwald (7), the addition of germanium to pure tin Sauple
will stabilize its gray phase up to 460°C, while ordinavy gray bin trans.
forms back to the white phase at room temperature, There may be obhew

maberisls which can prevent the gray-to«white transformation shove roow



temperature and make industrisl applications of this material possibis.

Farther studies on lead alloys would appear to be of immediate luterest,
In addition, no experiment has so far been reported on the efiscts of the
addition of two impurities and this project is also suggested as worthy

of consideration,
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