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iv,A# 41 	ipANAAL 0T4t,DucTiur  

The eleetrieal properties sf the tysical Sss-Isr 

sSbstsnees diamond, silicon and serslanium have Ssen 

extensively stsdied by many wsrers. sn extension st 

tSis series of subetances leass to gruy tin which is 

sloe hssisoslar. 	t the time ti s investigation sts te 

there was ns published work on the electrical pr,perties 

,i grey tin. Ct sss therefore natural to ch ose it as 

a tysical homopslar substance for .he pre cent study. 

isystals with tsany hsmopolar chsracteristics 

may also be formed by compounds. Typical of these la 

the substance a lien carbide. 	AS the asthor had 

previsusly wsrsed on this substance it was chssea ss 

the second substance for study. 	he expsrimental ssrS 

described in Liss thesis is therefore csnssisled si,th 

these two interesting substsauces 	ssey tin and siliesn 

csrbiSs. 

art if cal 	ith the preparation of grey tin 

and alloys 	the seasuresent of their electrical 

properties. 	'he uctssl presaration is not new, but 

the experiments in which attesipts were made to products 

single crystal° are original — if unfostunstely 

unsucoessfUl. 



hi work described on the electrical properties 

•:t grey tin is original; it includes easuremente of 

the Clectrictll c:inductivity and Hail co-efficient, and 

their s ition in a alagnetic field. since the work 

as begun parallel measul'.emente have been published 

by BU CH, ,.tiL.I.AND and _..44,4 (1) and BLUM and 4oitiUlloVA 

brief note by the. author wee published iAmultaneously 

t 2 ) 

(51• 

art tIL deals w - th the prenaratLm and (iectrical 

pertics .;,4 silicon carbide. The ethod of '-(3ariltion 

was originally A,,..scribed by 	o 4) w was fdlAher 

j,evelone by the author in collaborattn wtth t:,.., 0). 

the Jr• -ent work the method has beu 	Idether 

developed ih the direction of frester reliability sand 

incor(oration of a oreater range of it purity elements. 

The spectograjfic analyses of slic, 11 	-bide w ,r 1r la 

r er ceivied out by iss 	.o e of the esearch 

Jepartment of ;;etro_.,litan- 	lectrical Jo.Ltd. 

,anchester. 

tart iii also contains a new theory oV c:1 t;. tiryrtliO 

lanuuctiorc in silion carbide. -,:hc ,juuntitative 

experimental basis for the th .)ry is largely provided 

by the work of BUSCH and his coliea,:ues 6) 

in tart IV the electical prpertiee of. the 

homopolar semiconductor° are compared. 
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1.11:QTC:Clet. .7'-ii,JriiRTI44 OF GUX.IIN A441.448 

1. iNTROUtal4  

'rey tin hae a non—qetallic crystal structure, 

similar to diamond (1,2), i.e. it is the end member of the 

Oe — akin. 	,ne would the efore er =ect its 

• ctrical p-r•,erties to be appropriate to its pwlition 

t,- is aeries; but there seemed to be no re11)1e er2crimental 

resulto available in he literature. 	Et 	,rignally 

re orted that grey tin was ae super—eonductor, ,tAt de Haas 

and Alarvin (Li; ho -€d tat thitJ was incorrect, at least 

above 1.2• 	ra )rivate comunication to ric solhor in 

1Y49, ..usch rep •rted that he had obtained values for the 

electrical conductivity of grey tin 20,wder which showe0 it 

to be a semi.-conductor. Un the other hand '-oesveld (5; 

reported that, it was a normal metallic conductor. 

.orne time :After the present investigation had 

• enced Alsch, ..ieland and Zolier (6) published their 

results as also did Blum and Ooryunova (7). A blef account 

of the preliminary results obtained by me was published 

• ltaneously 

hes c~ lets results presented here A.fl'er 

considerably tro the above earlier results, 9articrly 

in the lower value obtained tor the intrinsic activitiJn 

energy (.,,,,u64 eV in :l ce ut aroximately 	in 

-6- 



the much more coherent picture obtained of the intri;Al)n 

of the number of charge cerriers ea- their 'obility Ath 

temperature. 

lectrical conductivity and Hall meesurements were feee 

over a temperature range from 77°K to 286'ix on a meJber _f 

grey tin specimens V..J which enown amounts of ariloqy iid 

gallium had bee l aljed. LAW alloy containing lead was 

also investitted. 	1l quantities of antielony enter the 

crystal lattice to act as a Jonator impurity. Gallium 

si,Alurly acts as an acccAor t.purity. There is some 

evidence that lead can act us a donator impurity. The data 

ere flalysed to deterline the variation of the concentration 

of current ca-riers end teir mobility with impurity 

cL.ncentration and temperature. The results are interpreted 

in terms of existing theories of conduction in pemi—conductors. 

1.1. 	..nergy Levels la Urei Tin 

The mectuelism of impurity semi—conductive-in ,iroup (V 

elements caused by the aedition of ae,all quantities ot 

, roup III or Jroup V elements is tell understood. :ee, fur 

example, earson and Bardeen on conduction in eilicon caused 

by the addition A: boron or phosphorus () 

The 	Ant of tliftence eetween silicon ond 

grey tin le that ie the former the intrinsic conductivity 

range occurs at high teaperaturee und there is an abrupt 

-7- 



transition fro the impurity to the intrinsic range. 71 

the case of grey tin the energy zap betwk:en the filled 

trid unfilled bands is very small and intrinsic c..n.duetilfity 

is oberved even at low temperatures. 	transition 

between the two types of conductivity io therefore gradual. 

'Ile energy relations are illustrated it Pima. 

There is 	energy gap bet w en the ti Led wld unfilled bands 

of the crystal of J. ,Z)64 eV. The acceptor levels lie 

juot above the filled band. aW the thalator Levels 	below 

the unfilled band. 

:he activation energies or the ionization of 

Uonators and acceptors can be estimated as anroximately 

05 eV. 'his follows from the Bohr formula 

-1- sc 2 Tr fit e 	h 

etting 	(lelectric constant; eoual to 50 gives 

13.5/56- 	m (4405 eV 	(2) 

his corresponds to a temperature of 60" ,:bs. so tiv,t we 

,riay assume that all the impurity centres are ionized 

thr,w;!hout the temperature range invest lgated. 

2.1 	qevicw of irevioue Aork 

t ha6 b..en '-znown from early times that if ordinary 
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tin is kept at a low temperature for a long time it transforms 

into a grey friable powder. Coins and early tin ingots 

which have been kept in museums frequently show patches of 

grey tin. (See, for example, an ancient tin ingot at present 

in the Geological Museum at nouth Kensington). The phase 

change is ordinarily very slow, but as it is facilitated 

by innoculation with grey tin it has been called 'tin pest' 

'tin disease' or 'museum sickness'. Cohen (10,11) has 

described this phenomenon in detail. The tram,ition 

temperature has been measured by Cohen and Decker (12) 

and More accurately by Cohen and Lieshout (13) as 

13.2 4. e.1°C. The crystal structure has been determined 

by Bij1 and Kolkmeijer (1) and more accurately,on specimens 

made by the author 	by Brownlee (2), as being the cu is 

diamond—type lattice with unit cube length a = 6.L4912+ 0.0005A 

at room temperature, the .—ray density being 5.765 gm.cm 3  

Although grey tin is the stable allotrope below 

13.20C the transfarmation ordinarily takes place extremely 

slowly. The velocity of transformation is a function of 

temperature. 

Tammann and Dreyer (1L) obtained a maximum 

velocity at —30°C for transt.:ri=ation in contact with an 

aqueo.ts selution of ammonium sts.nnichloride (see Fig.?_) 

Cohen and Lieshout (13) found a maximum velocity at —50°C 



1 contact with eir (sce fig.3). The velocti of trensforeetion 

is elmo sensetive te othee factors euch es the number of 

previous tranaferetiens of a specimen, the eedium n which 

the change tekes place, the thermal hietory of the wieeteien, 

mechanieal ere—treatment, vibration during trensformetion, 

crystal grain size end presence of impurities. The lest 

rector hes been studied extenaively by Mona= nand ereyer (14)1  

Cohen and Lieshout (15, 16), mason and eorgeng (17). ohen 

and de eester 	19, and teener one ,ateins (20). elthough 

there are tome mZnor inconsistencies in the literature it 

seems that all alloying elements interfere eith the 

transforeation, with the exception of maeeesium, alueiinium 

end. zinc in the presence of water vapour. Linder these 

ceneitions a hydroxide appears to be iewmed, see fleyn aEid 

eetzel (21), which facilitates the initial tureiation of 

grey tin nuclei. 	. very large increase in the initial 

rate of transforeation can be achieved by all additeJns 

of these elements in the presence of water. en the other 

bend certain elements greatly inhibit the transformation 

even when present in very seall amounts; e.g. according to 

easou and Forgeng (17) ae little as Usee35e ef eismuth 

prevents the femation of grey tin nuclei. (e!vertheless 

a specimen has been transformed here containing ten times 

do rush eismuth ao this). 

erevretion ofimree4reie  Tin and  Alloys ye 

pure tin was Obtained from 

-IU— 



Johnson 	atthey Ltd. and ke t in air at -5000 for one 

month. Po change in its appearance as noted at the end 

of this time. (rote: This bar has subsequently been kept 

below its transition point, and most of the tip at about 

-50°C, for a further period of three years without change, 

indicating that the initial ioration of a grey tin 

nucleus Is extremely slow and is here the rate controlling 

factor). 

The accelerated method of Cohen, de iheceter and 

Landimann (19, was therefore adopted by adding 0.1 of 

aluminium to the tin, exposing to water vapour for two 

days and then maintaining in air at -50. initial 

formation of nuclei waa aaparent within 214 hours, and 

subseuent innoculation of pure tin with a tiny speck 

of this material allowed spectroso7Tically pure 4rey 

tin to be prepared on a large scale withAit further 

se of the occelerated method. All specimens of grey 

tin and alloys were subsequently prepared in this way 

by seeding and the transformation was carried out in 

sealed Pyrex glees tubes in vacuo. 	,fter preparation 

at -5000 the specimene were rtored in a refrigerator 
k.# 

at az.iproximately 0 C. 

S 

large number of alloys we-ve prepared by 

-,elting the constituents in vacuo in kyrex gloas ta0ea, 

-11- 



and the times taken to transform completely to the grey 

tin modification are given in Table 1, (v. Li--1.-)• 

Attgsated  Preearation  21,AnaleerxstalS 

,hen grey tin is prepared by transform ation of 

white  tin at low temperatures it is obtained in, the form 

of a fine grey powder. 	The 1.rge change in specific 

gravity, from 7.31 to 5.76, its no doubt responsible 

fay this disintegration. It would obvi-usly be very 

desirable to have grey tin in a massive crystalline 

form and not merely as a powder, and attempts dove ) en 

mode to this end as f llows:- 

(a j lectrolytio deposition at temperatures below 1'. 

,lthough there are no reports .1.!, the literature 

which refer to the electrical depoeition 	grey tin it 

aeemed desirable to try eome experiente:- (1) using an 

aqueous solution of stannic chloride and hlelrochloric 

void az electrolyte with ordinary tin eleoZrodea white 

tin wac deposited at 000 at current densities from 
ti 

0.01 to lampicm ; (2) the same result was obtained 

vith an aqueous solution of wTionium stannichloride 

as electrolyte, (3) the two previous experiments were 

repeated using a white tin znode End a cathode Gf 

preened grey tin powder; in both cases :white tin was 

deposited on the grey ( ) it was noted that with ut 

-12- 



y external wT,lied potential en e.m.f. wee pet up 

Cetween uhite and grey tin electrodes immersed in an 

electrolyte and 6 cuient floved if an external (A.eetrical 

connection was made. Th initial magnitude and direction 

of the e.m.f. was Liependent on trrperature, t.t1 Tej tin 

betng the cathode at 0°C arL; thc anode t 25')O. In a 

particular experiiollt, uvAng a high resistance (10,000 ohms) 

the , :xtermal circuit tc, prevtlit significant cu.'rent 

flow the following variation of e.m.f. with teFlpcet4re 

wa noted:— 

yte: 	10 acfueoue s Litton of ammonium 
stannichloride 

1st electrode: 	Aiite tin 

2nd electrode: 	Grey tin 

(0) —5°*,"7 	0°.; 	5-0; 100C; WC; 20°0; 2500; 30°C 

e.41.f (mV) —0.52; —0.2o; —0.07 
+0.06; 	+0.15; +0.21; +0.25 

his relatioftahip la shown ixaphically in Fig.4. 

,heri a current was allowed to flow (with the 

external circuit resistance small) the Initial 

at 0°C rapidly fell to zero, and white tin was deposited 

all over ttv grey tin cathode. 

in view of the negative results Obtained in these 

experiments no farther atempts were made to deposit 

—13— 



grey tin electroche=uically. atbsequently it has been 

learned . Jrivately from 6usch )at 	Techniche hochv.cule j  

and breckenridgept the sitional bureau of ;Aandards, 

ashington )that similar experiments by thew have also 

given negative results. 

(b) iataudiatisk_tag91A ji_rtad. juralas. 

Letro-litan-Vickers vacum-evaporation plant 

wo used, the bell-jar being modified as shown in Fig.5. 

The pressure in the evacuated bell-jar was varied 

from 0.1 to 1 microns, the rte of evaporation of tin fem 

the heater war varied Zrru fast to slow and the following 

liquids were used in the cold reservoir - water and ice 

(temperature 000), acetone and a,did carbon dioxide 

(temperature -60°C) and liquid nitrogtn (temperature  

tu all oases white tin was clposited on the cold glass 

surface. .tn a further experiment at...O4P;%j and cow 

evaporation at 0.1 J.cron white t was aepoalted on a 

surface of pressed grey tin. 

(o 	OrYstalli,xktion at low temperature trot  aquevo s  

The crystaUizatic,n cf tin froK1 an aqueous 

plution hat been described by :iplinger (22). 30 grl of 

tin powder was placed in a beaKer and covered with 50 cc 

of concentrated hydrochloric acid. ,fter leaving for 4h 

hours 50 cc of water we aJded. ,fter leaving for a 

-114- 



further 24 hours it wets noted that a few small needle—shaped 

crystals of tin (aproximately 1 mm long) had been formed 

adhering to the undiasclved ori Anal tin. This is the 

exneeint ss desoribed by riplinger. it was carried out 

st 20°' and 0°C using b. th white tin s'Id grey tin powder 

as the starting mateilal. !ri all cases tiny needle o of 

white tin were f)rmed. 

(d) CrvataillApjiqn at low tomPeraturee, Cri.,g5, a liQuid alloy 

%ccording to the euilibridei alagram of Van Heteren 

(23) tin arAllgum containind 0.3 .  of tin freezes at 0°C 

and is la equilibrium w*,,th grey tin down to the temperature 

of 340C. it might be exiA3cted thei?efore that slow 

u,oling of tin amaiguei 	O°  to -.34©ti, should result in 

the direct deposition 	grey tin. Reference to the 

dibgrom 6i1OWS that the deposited material 

she.  16 eontaiii 	-.''exiteuteIy 10, or int:rotary in solid 

a,lutione 

low temperat re bath was so arranged as to c -o1 

wly ut the rate of approximate/7 100 per hour over the 

range O'J' to —300 . An evacuated Ilrex tube contain 

5i,)0 gm mercury with 0.3 of tin added wee ';'laced in this 

bath. ,hen the temperature reached ..30°C this tjlee was 

inverted tAnd silowed to drain while at —30°C. A small 

a.:: cunt of solid rerisined behind and .cost of this was 

—15— 



cessft11y scraped away from the sides or the Pyrex 

t)be. The aihount of material recovere.1 was 0.1u5 gm and 

its specific gravity was approximately 7.5. 	is lelting 

,lint as a;:'proximately 200°C. An X—ray powder photograph 

shoAed the tetragc.nal tin structure. 

n a further experiment a . Acce of rey tin 

vetoling 0.274 g.ft was placed in the aillaigum at 0 

yeoval at —30°0 at the end o the experiment tree:ice 

was tAind to weiwh 0.302 gm. 	c:)nsideroble iHnunt of 

slidIfication ha taken place on the inside of the 

pyrex tA:te as previously. The specific gravity of the 

grey tin specimen had increased frfr4 aroximately 

to anproxirnately 6.4. 5411 t—ray powder rhotrograph showed 

both the cubic end tetravnal fcrtne t be prent. 

In Vit.W ot the above experiments it seems certain 

tnat white tin' is aepositeu r±4::1 the tLu a:Aalguru on 

eoollng, even on a grey tin surface. 

2.4 	pration f Fresseowder n-;acialens 

it grey tin powder is subjected to pressure it 

reverts buc to white tin. This is on accordance with 

the Hrinciple of le Chateltert  eincc te specific gravities 

of grey and Vlitc tin ary6.reactively 5.76 and 7.31. 

- /6- 



!*Ayo the dependence of the transition temperature 

7.n pre sure has been made by Komar (24) and he finds that 

it changes icording to - 

T 
	-5 X LO 	.7/Atmosphere 

pre-ure of 10 tons/sq.in. will thus, for example, loser 

the transiton temperature by 75°C (i.e. to -62°C) 

.n 1,pex" 10-t:al laboratory prcs wa IkAttied 

so that the 	&1d c_:uld be cooled by lic:uid air. under 

working conaitunu a thermocouple measureent of the 

teperature of the inside of the mould filled with 

grey tin powder was -125
o
C. Unuer these conait1wie 

rltnrtca1 c)eci.ens of grey tin were pressed. of 

(.)5 ;11,o, eter and slightly over 0:j long, apt 10 tons/s(,.in 

pre sure. 

he specific gravity of the specimens varied er,...m 

5.550 to 5.750, ani those with the lower specific 4ravities 
wee rejected es being porous. um all cases some 

reversion to white tin occurred on the side-surfaces of 

the specimens. 	his ems easily rer3ovea either by 

disedlving the surtace In dilute hydrochloric acid or 

by Keening the speciwen at -50°  overnight 



—rbor powder ,totogra :he i tr, final specimens showed only 

the lines of cubic tin. 

dsing the last rlethod deseribed above the alloys 

shown in Table 2 were prepared in the tom of cylindrical 

spcimens. 	(5" 	") • 

in c,Aumn 5 the number of chorge cariers )er cc has 

been calculated frli the value of the 4L411 eJnalant ;At low 

temperatures. 	poitive value indicates that the criers 

are holes, a neative value that they are electrons. 

The pure samnle, to which no impurity hao been added, 

contained 3.25z 10 
	

tree electrons at low temperilture. 

This represents the irrirs ,ue to irapurities ori4nally 

present in the "ctroacoptcsll ure ample. 

:hc value of 3.25 x 10 7   is therefore sabtracteu 

trom the r'.-type sales in coluTn 5, and accred to the type 

swfflee, to give the values in c,Aumn 7 which are the 

iers uue to the w,ded 

t will be noted taut the values in colu n 7I4n,1 14  

are not the sarae, an teir ratio Is given in c.iu 

every impurity atom aAded ,ave rise to one 

carrier this ratio would be unity. 	it is le:As than „inity 

be;:!ause a proportion of the added Impurity ntme le inettective 



vise to cariera. kitesumably this ie ue to only 

a pr,,portion ji the tied impurity atoAi going into 

substitttonal posittons, the ineffective atoms being 

precipitated ot crystal ,iundaries or elsewhere Nnd thus 

not entering the gray t n lattice. It will be noted that 

the ore ilipure the sa le the satler the 	srti;:sn of 

etective impurity atoms. 	In 'Clio, ati,:iony and •)tijillnl 

eipear to bAlive sirfalarly. 

the case of lead, either only a very Dual 

proportion enters the lattice substitutionally or some other 

isotor is operating to cut down the effecti'..eness. It is 

diffic,At to unUersund why lead should give riae to u ca*.ie.c 

at all, us it has the same valency as tin. ft dos nut seers 

likely that the carriers are due to an L4Jurity in the lead 

as "apectroscically pure" material was used. 

he clectrical conductivity a.na holl constant of 

the cylindrical specimens of p:rey tin were -.essured 

aiultne::_usly, using th specimen ti.Ader ohown in fit6 

an the electrical measuring circuit shown in fig.?. 

hee *au a considerable variation of both conductivity 

and Vail Constant with .ilagnetio fifad strength, especially 

for the purer alloys at low temperatures. This effect was 

used to estiQate the 	tillities 	the charge cEweiers. 

—19— 



he current thr,7)ugh the specimen was 'aintained constant, 

values of the .iotential dileco_nce nf)nc the length 

)-1. the s7ecimen c.nd of the Mall 0.T.f. were measurel as 

iThnctions of magnetic field strength. 

3.1. 0,..,:„AkJiv4Tx 

The electrical conductivity was measured by a 

potential-probe method. 	The vultsge drop alAig the lenth 
vqw,S 

of the specimen re ieaaured independently of the current 

carrying circuit by the introduction of probe electrodes. 

The specimen holder is shown in rig.6, and it is et:en that 

the polystyrene tube enclosing the speciwen is perforated 

by two holes trrough which t.in platinum-iridium wires 

(0.06 mm diameter) are pushed into contact with the grey 

tin. These holes were laced 050 apart and ar-einged to be 

near the end nurfeces of the grey tin cylinder. 

The specimen holder was immersed in a vacuum flask 

filled with methyl cyciohexane for temperatures dwn to about 

-80°C and with iuid opane for lower temperatures. 

his liquid mediJm was .",ept stirred iith a a::all motor-stirrer 

Jrta. was cooled by adition of liquid nitrogen. (fete: For 

the first few measurements small quantities of liquid 

nitrogen were fAnired directly into the liquid propane, 

-20- 



but after a iinor exelosion h occorred the nitrogen was 

kept out of direct contact with the orooene by placing it 

in a thin-walled copper tube immersed in the liquid. 

oresumably the explosion oocuroed owing to the use of 

liquid nitrogen which had been standing around for come 

time and hau therefore condensed solle oxygen from the 

atmosphere. ,ioe the very loaest temperaturl the specionen 

holder was Joraersed directly in liquid nitrogen. 

The temperature W-843 oteasuree by means of an VeCAC,r 

thermocouple recessed into the polyetyrene cylinder as 

shown in ig.6. The thermocouple was calibrated at several 

fixed temperatures. Aler addition of liquid nitrogen 

to the bath on interval of about five omutes Was required 

for the attainment of temperature equilibriom. in practice 

Alout ten minutes was allowed. 

*au found convenient to carry out measurements at 
3 

a series of fixed temperatures covresoonding to 10 /T = 13, 
11, 10, 	6, 7, 6.5: 6,  5.5, 5, 	41 3.5. 

The electricol oeaeoring circuit was as shown in 

Fig.?. In practice the use of: the ,robe electrodes did 

not aopear to be really neceeeary as the voltage drop 

across the current-carrying contacts was always very small 

cemoared with the voltage drop along the leneth of the 

414 tin seciiLen. 

-21- 



Aaatinum-irididm probe eluotrodes were placed on 

opposite sides ot the grey tin spectaen as shown in Fig.6. 

The speciNen hA.der and its container wore pissed between 

the poles 4::;f sn electromagnet, the Ia11 probes being 

transverse to the direstion of the field, 	he current 

through the sample and the direction of the ay.1)etic 

field were both. reversed inepenJently nu the four hall 

voltages thus Obtained generally diffepe4 slishtly 

(preeuwably due V; thertuo-electrie effects). The (Jean 

value was talsen. 

The magnetic field strength wao determined by 

measuring the cuAient thr,.:dah the windings after calibrating 

by means of a small search coil and ballistic galvanometer. 

since it is the Uall constant at zero field 

which it iu desired to deterwine, the ueasurements were 

extrapolated to FL U to give the true values of 
, 

bull constant R, in et:
3 
 /Coulombe, wau calculated frem 

the relation 

= 10 VtAil 
	

(3) 

where V is the measured Dli voltage in volts, t iz the 

tnicnes of the 6;1111e in cm, II the nagnetic 

stron4th in gauss, and I the current n amperes. 
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use ef a cylindrical specimen for Hall measurements 

is unuseal; but it is not thought necessary to introduce 

any geometric factor into the above eee.Tula. Isenberg, 
(is) 

euesell see Jleeene,have ehown that for a rectangular 

specimen with a ratio of length to width of 2 (as used 

here j the eel' constant is reduced to 0.93 of its noreal 

value. However, for a cylindrical specielen this reduction 

will b sealler, and the geometric, factor hall therefore 

been to en to be unity in the present case. 

4. 	IX ?Alf -Ulab 

. Variation of E and a-  with e  

he experimental results fur conductivity are 

given in Tables 3 - 13. in order to obtain reproducible 

results it was found necessary to limit the power 

dienipated in the upecimen to a maximum of 	The 

cuerent th sus, h the specieen is given in the second column 

of th se tables, and the body of the tablet elv,,s the 

eotential bo  across the conductivity orobes et various 

values of eagnetic field. 	rot these results the 

conductivity Is calculated fr m the toreula 

se 	 Tr ril" 

e tee cu rcpt tereugh the specimen, V i the 

eutentiel uroo across the probes, .t io the le' th of 



the snecimen between the probes (1.27 CT), r is tie 

radius of the specimen (0.31B cm). 

This reduces to 

O-  = 41,Ar. 

:rum the experimental results the values calcuLited 

for the conductivity arc set out in iti:Ls 1L - 24. 

in the case of alloys (1, and (ój the relalave 

change of conductivity Or 	do-00  tiih,re QT. is the 

conductivity ;.A sera iLid, is set out in Tablca 25 and 

26 and.. also 7ilotted in Age. 16 and 17. 

he experimental results fur the dell e.w.f. are 

given in Tables 27 - 37. 	he. e..f.sgiven represent 

the averages of our Ji,ferent rebthngs, the current and 

field Lein reversed imiependently. Chese readings did 

not in general differ by more than 1 - 2 pv provided 

that they were ta4en immediately afte switching on the 

field. From the experimental results the values .alcAuted 

for the Hall constant, i*rom equation (3).  rare set out in 

Tables 38 - 48. 

the case of alloys (1) and (6) the relative 

chan,ge of Mall Constant (Ro R) /lo, where Ro la the 

Hall Constant at zero field, is set out in Tables t!) and 

50 and also plotted in A.ga. 16 and 17. 
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J.n the case of alloy (1) the values of the Hall Constant 

are plotted against H for low fields in figs. 10 and 11. 

This procedure is necessary in order to extrapolahto 

H = o, as it is the Hall Constant at zero field which 

we desire to know. The same procedure was followed for 

the oter ten alloys, but the actual graphs are not 

reproduced here. 

412. Conductivity 

The results obtained for zero magnetic field 

are given in Table 51 and fig.8. For the straight-line 

portion of curve (1) (pure grey tin) the conductivity 

is given by 

G= eo exp (-E/27,T) 	 (=1-) 

where 0-o = 1.6 x 104 oilM 	m 
-i 

C 	and E = 0.064 eV. 

Ills value ofels also obtained from the other 

curves, except the alloy containing approximately equal 

amounts of gallium and antimony. :lightly different 

values of Co are obtained, the smallest value being 

for the purest material. 

4.3. :1a11 Constant 

The resultsextrapolated to H = o are given 

in Table 52 and Fig.9. It will be seen that as the 

temperature is decreased R increases exponentially until 
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a saturation vtaue is reached corresponding to the 

number Cl impurity charge—oarriers. 

In the case of alloys (t") - (10, :oeitive values of 
R were obtained, indicating hole—conduction, except at 

high temperatures ir the ousel el' alloys (6) (7,  and (10). 

Sn these =ryes a reversal of sign took place afl 1:-.1-ow the 

curves a temperature can be found for which It U. 

5. 1 'T.. • 'n T1vN OF CDUTV Ty , t;:  
44,31.P 

(a) 	it will be noted that E60(...13 not vary ith 

tempk,rature ovithin the limits of experimental cror). 

,e way therefore use the relation derived from. 

statistical meohanics fi'owler ;- 

3i 	5 

ih = 2.4 X 10 .T .exp (—E4:1T) 	(5) 

his relationship will hold whatever the purity of the 

sample. 

in the ease of j  a 0Ailtiplying iuetor of 32.5  is 

needed on the right—hand side oi this equation, and in 

the case of je a. %ultiplying factor of 3.5. 

„OP 



:f this ts ta.ten to be dqe to a linear variation 

of E.  with T*  

i...ET E0 

Then as neve. 

sip (..ETAT) •0311,0/1)• exP (e•Et.01) 	(7) 

The cultLaying fester t thus e0/:)• 

nee In thc case of grey tin(34;ust be wiry email 

we .nay ta4c the multiAying factor to be unity. 

1;alculated values of neuh a a function of lit 

are given in Table 53 and plotted in flg.12. 

(b. 	From 2ig.9 Mall cwIstant for tin-rmllium alloys) 

the !laximum valuim of - are:- 

(6 0 	 (70 

,auuming V1c3oe alloys 6re non-ciegenereto A. low telleratures 

ano tnat ne <K. nn then we iney calcUate the number J.)t 

charge e.1V• uus to impurities as 

Zr vs -74'4 Z 10 
	ow (60 7.0 x 70 (70 1,?4 

	
0 

a 
-lei tr 	.ig.9, -!=g,  c; at 10  

	'4165 	0. 

s 



7jsinti equation (5) we rnay calculate nenh at the 
31 	3 

temperature at which R a 0:— nenh  = 14, x 10 T exp .10.064/113,) 

3(. 
a (6) 2.0. x 10 , (7) 5.55 x 10 

leo, at all temoeratures nt  = nh  — ne  

eouation (5) tor nenh and () for nh nwe may 

now calculate ne and nh separately at all temperatures. 

For temperatures et which R = 0 we obtain:— 

Ii 	 N 
(6) ne = 1.05 x 10 t ch = 1.75 x 10 IT 	lc ) 
(7) ne  = 1.82 x 10 0 nh = ' ()5 x 10 	) 

:-ow at 	= 0, the nait constant is given by 
a 

—7.4 x 10 (n,.; 

where 	C ra 	h 

nhi 	4 nh) a 0  

berefore, at these terveraturee, C 	—ine  = (6) 1.29 (7i1.20 

e will take C 	1.3. 

(c) 	The critical temperature (T j  for the transition 

from non—degenerate to degenerate conditions is that for 

which the energy of an electron or hole correeponding to 

the energy ut the sari-ace of the fermi distribution is 

e,.lual to KTe. 



e thus have:.. 
1-/, 	- 3 

To  et (h /8 Km) (3/r) n • 4.2 x 10 n  f10) 

, .71ot of To azainst n is given in Fig.13. 

(d) Using the relationships 

= -7.4 x 10 	(neO 	ph)/(noC 4,  ph) 	(11) 

end ne nh = ns  

e may nus, calculate ne and mn separately at all temperatures 

for the w.n-degenerate samples. 

For tht degenerate sa!aple we :Jay substitute the 

uumerical factor 6.25 la place of 7. in e4oation (9) 

samples which are ou the burder-line between 

degenerate and ncm-degenerate we Txy uee a weighted mean 

sf the two ntrrrical factors. 

to the lattice scattering range we take C = 1.3 

in the impurity scattering zlinge we ta.,.e C a 1 

Az. the transitional range a wt'ig,lte„. mean ;')btained 

graphically)  Tust be used. In practice this variation of C 

makes only a slight difference in the cases of some of 

the alloys over a range where ne4nti  corresponds with 

the transitional region. 

The values obtained for ne and nh are given i 

Tables 54 and 55. The valued of ne + nh are given in 
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:able 56 arid in fig.12. The beendery between the degenerate 

and non-degenerate se eqes is shown by plottine Te. 

t is seen teat the number cif charge caters 

increases exponentienally in the intrinsic vange and is 

cenotant in the impurity range. 

(e) esine the relationships 

a- = enetat  r enhrh 	 (13) 

and 	yte  = 1.3 It 141 
	 (1)4) 

we eey now celeelete veluea for lee  and leh in the lattice-

scattering range. 

Tn the impurity-scuttering range we must take 

ior intermediate ranges we must take a weighted mean 

of the numerical rntios 1.3 end 1.0. (eeund graphically). 

([n practice this eeeee only a alight difeerence and then 

only when tie  nh in the intermediate range). '1he 

eeeults are given in rable 57 and in Ylg.15. 

t is seen that in the la Aloe-scattering range 

tAe. end !eh are given oy the equatiens:- 
)/ 

11.6 x 10 T-'1' 	(15) 
d 

tehi, 	10 f 	 (16) 



rmpurity f,,Atevine gives rise to loner eobt/ities end 

the ;treater the eumber of imeurity atoms the sr tiller the 

6 	44*(ilt4J 4A11. 

6.1. .11afelLtallenaePt elfe=012—an1-111X1 
.,,
he veluee of ne  and n1 as funotions of temperature 

given in Tebles 54 and 55 were calculated from the Hall 

oenotant ens the requirement Lor electrical neutrality, 

nathely thet the dieterence of ne end nh euut be equal 

to the number of &lame carriers introduced by the 

addition of impurity stems in substitutional eouitiene 

in the grey tin lattice. 

ehe lay also be calceloted elthout knowing the 

T 11 cof3stent by eaking use of the theoretical equation 

(5) for the pr; duct nenh. The values so calculuted 

out to be within the limits of experimental error 

in the reeesurement of the nail constant tereuehout the 

entire range of temperature. 

in the ease of silicen, Pearson end eerdeen ( 

aid not obtain such close agreement and therefore cast 

aoubt en the adequacy or the theere ee the Hall effect 

ie the iretseeeie range. 	the ease of grey tin the 

theery see, o to oe euite adequete. 



6.2. Mobilities of Electrons and holett  

iter the nor.—degenerate samples the mobilities 

of electrons and holes aroach the same vilues et high 

teuperatures for 411 i purity concentrations. 	r2i is 

due to lattice scattering and it is fund that Fi 

as 

t lower temperatures impurity scattering becomes 

Lportant, slthugh the temperature range investigated 

did not extend sufficiently low for an accurate evaluation 

to be made of this ei%:ect. •,a,cing a rough comparien 

with the impurity scattering observed in silicon alloys 

by 	rson and 6ardeen (5) it is reclarkable that in 

grey tin the scattering by impurity atoms s<,:;:ems to 

ae less ei t ective 	ractor of about 100. The reason 

for this is Dot at all. 	sreat. 

or the deeserate samples the ::obility shauld 

be relatively insensLtive to temperature, hqj this is 

&w en to be generally true, although alloy (3; which should 

be degenerate at low temperatures shows a signiticant 

Secrease in mobility at low temperatures i.e. it WerfiD to 

behave as though it were non—degenerate. 

6.3. Tin47Q01:104-141t1 RAZA407 
This alloy has a cparatively large impurity. 



z:ntent. bat only a 	nutber of charge carriers ._, wing 

to the -311tual neutralization of n- and p-type impurity 

centres. 	The p-type impurities are in sliht excess. 

'he conductivity-temperature .1-elation is unusual 

in that the slope of logcr/t-I  is not constant in the 

intrinsic range (tig.6). 

The Ha 1 constant has the value one wuld expect 

fl4om the difference la the Jb and Ga contents. The -rob: city 

approximates to the value one w,,,uld exnect fcw.i the tug, 

of the ..32 and Uta contents. It would thus c)pes that neutral 

scattering atoms are just us e.i oetive as 	ized ones. 

6.4 	Tin..Lead Allay 

Athugh thc 	concenteation is 

comparativli larje the number of free charge capiers 

produced le s: =a11 ur-... the Hall c,..riatut is theref,re 

large. The mobility col,responds to approximately what; 

one would expect trots the added ii,iparity eoncentriAtion )  

su thiat a zuch luvger pr pol:iAon o the lead Must go into 

43ubstitutional positions than is 	ective as a caier 

$roducer• 

?he sirlst assumption to make TiL-,uld be that 

lead itoelf e_ntained an impurity (e.g. antimony) which 
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-(1 the el ective clectron-producing agent, while the 

1s. ad remained only a neutral scattering cocnt. .(fwver 

about 10 of impurity 	the lead v,oulJ be re:idired, and 

in fact spectrosco ,ically pure lead was used. 

o.3. Variation of Oonduetiv4y and qall Constant in a 

tLinetic Field 

(a) Oonductivity 

,t low fields we have (26,27) 

(071 
	 (..7-1- 	 7r).1/ ti 	

(17) 

clues of 	i/617) are given in Tables 25 

and 26 fc.) .• alloys (1) and. (6) and 	a plotted aainst H 

in Figs. 16 and 17. it is seen that at low fields the H 

law is obeyed but at nigher fields the relationship 

falls to a lower power of H. 

rom the values in the low-field region an 

estimate of the mobility of the charge carriers l'ay be 

ntmducing , umerical values Into euatiun 

(17) and changing Fri;;;, e.a.u. to practical units, WO 

obtain 

ta - 
	,G 

(c7_. c ) /07› 	at U.38 	1 x 10- 	 (18) 

slues of :Tobility calodl:Aed from this 

equation bre given in ..able 58. It is seen that much 



higher values of mobility nre obtained by this method, 

esneclully st low temperatures. ,,lso that the mobility 

h,les appears to be hi ;her than that of electrons. 

eiTects have also been ob4rved by Fearson and 

;Aithl ( r' - n germanium. 	They are due to the aAe..-t 

nature of the magneto-relatanoe ei.i'ect. In A.ace of 

cr-o in. the =..above equations we should really have cr 

where cis the conductivity in a L.nr,itudinal magnetic 

field. 	n certain directions in the c-ystal this is 

nearly the same as Crop but U some ( ir-ctions it is 

significantly different (coavA:'able th 0-) Equation 

(13) wilf this lead to a too high value for the mobility. 

(b) tit! cstpstant 

lcsAvonio theory gives a sitUlar formula for 

the variation of the Hall constant with tmnsve-se marTnetic 

lield ti 
-tp

TT
H 	 (lc.) 

? )/tzo  = 

or in :practical unite 

tdRo =1.38 P H 31 10 
	(20) 

of 	- ii )/H0 are given in Tables It-J nd 

50 jur alloys (1) and (6j and are plotted against it in 
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16 and 17. ft is seen that at low field an. H law 

is obeyed, but at higher fields the relationship falls 

to a lower power of H (even lower than in the lase of the 

,1e4neto—resistence effect). 

From the values in the low—fiAA region an estimate 

of the mobility of the chare—carriers may be obtained, 

an 0 these are given in Table 58. It is seen that the 

values in i!.enetial agree with those eatimated frorn the 

ma4neto—reuistance ei'feat. 

7- i2;L;VT^CT RIXTIFLOATI41 

The eJe:_ents silicon and germanium ulhu ccntact 

reetlfication4  and germanium exhibits tclusiotor action, it 

therefore seemed possible that ..7,rey tin would also exhibit 

these properties and the ftllowing investigation was 

carried out to determine the current/voltage characteristics 

of a contact between grey tin und a metal. 

cryataLline piece of s:tectrose, icAay Aire TeY 

tin (a:,  ,roxicrately 30 -Lm ) was held in L,  br,aus cupaid 

a cat's—wh sker cL.litact was made to it ith copper wire 

mm. diameter. This wire wee pre oed n *t( the tin 

by a weak spring. .:a,rent was .41see tilr-.1h the 

comb nation an‘,, the irltage drop mcw.)ured, by ;:leans of a 

potentiometer, tro the cat's—whis?rer to the copper cup. 
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his gives the itatage dr4 across two grey tin-metal 

.?.,ntets in series, but since the area of the cat'o-whierter 

c,Jntact was much smaller than the cap contact the bulk 

of tie resistance was concentrated there. oee fig.1 rot' 

the exerimental arz-ungement. 

resistance of the combination was very 

lepenuent on ccintact pr sure. A.thout the grey tin 

(i.e. with the cat's-whisker prei:Amp: directly on the 

brays cup) the f Lowing results were obtained:» 

esistance 
(ohms)  

(1) Very light pressure 	5.20 -,0.00 	17 

(2' Pressure approximately 
-ai,  used on grey tin 	'..;i0 	20.00 	'4.58 

(3) ieavy presure 	5.65 	7'425 	1.30 

(4) eatie-whiliker wire 
soldered to cup. 	5.75 	0.80 	0.14 

Ith the grey tin in place the following results 

weie obtained:- 

A. 	UPLRIMLNTAL Rk.UULT8$ TU.11011AATURE m 15QC 

        

•••••••••-o••••.0114*•11•11110•001111.•111.....10.•••cm6 	 .•101110.00/111. 

      

      

1. :r,obt.  positive 
	2. ,robe nseative 

a 

r • 	: esistance 
jahmsi 

V :Zeeistance 
(ohms) 

  

.2 

• ) 

12.4 

11 

2 

50 

2.62 

2.56 

2.42 

.0 

(.25 
17.6 

10 

25 

43 

2.50 

2.70 

2.44 



...d........dmdmwwowmmmimgommowomliorr.dawwrmmowmmommwmmw 

1. rrobe_NeittEt 2. Probe netive 

  

r, A 

	

31,2 	82 

	

96.2 	252 

	

142 	363 

	

388 	1043 

	

670 	1775 

	

1200 	3200 

	

;540 	6700  

117 

)7.5 	258 

	

i5Q 	144 	375 

	

2.69 	330 	1005 

	

2.65 	650 	1720 

	

2.67 	1050 	27A 

	

2.64 	2500 	5600  

2.6c) 

2.65 

2.61 

2.65 

2.65 

;,.65 

2.64 

$ r V 	'zcsistunoe 	A s 1-0/ 	ftsietance 
(.94a81  



B. 	 * 	c  

 

,••••••• 

  

1. 	Probe positive 2. Mrobe Elective 

r A IA V 	.aesistanoe 
__Lohc)  

A qesistonee 
Ca4maL 	 

   

3.0 10.0 3.33 ').4 i,b() 3.34 

16.5 3.44 5.1. 17.0 3.33 

9.35 32.0 3.42 9.5 32.0 3.37 

14.1 ,47.5 3.37 14.7 49.5 I.37 

1..6 62.5 :).,36 19,5 65  
23.3 79 3.39 24.2 82 3.39 

55.8 190 3.40 57.5 195 3.39 

278 1.39 90.0 305 3.39 

220 738 3.36 240 815 3.39 

418 1.420 3.'-;0 435 1480 3.40 

6:6 2325 3.39 705 2400 3.40 

1210 4120 34,V0 10.0 4780 3.39 

2520 8550 3.3(2 2550 8650 3.39 

(4L  

The change in rcklistunce nTAng from room. temperature 

to .496°0. is probobly to be asceibed to a consequent change 

in contact prc-sure and has no other signiticanee. It is 

not necesary to plot out the results on a graph to see that 
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there is nu y.;,,n-linearity of current/voltage. tt was hoped 

that at low temvrature and e2all voltage drop across the 

contact some non-linearity might have been apparent, but this 

is not the case. 

It is concluded that grey tin is too nearly metallic 

to show non-linearity under the experimental concitons 

used. 'on-linearttly might hopever be loberved if even purer 
gLey tin could be obtained :rid it the etioureents were 

caried out 	liquid Nyrrogen temperature. it is also 

concluded that there is in thecae circustances little pint 

in attempting to construct a transistor with grey tin at 

preent. 

n.,..A40041.1WTRiG LFY4XT  

o  luantitiitive measurewente of' the ?hero-electric 
co-eficient 	grey tin alloys were attempted; but a uri f 

qualitative confirmation was made of the sign of the 

cos.efficient in. n and p type alloys respectively. 

he cx rimental arranement is shown In fi ure 

19. The cylindrical specien of grey tin wad placed betw-en 

two coper blocks as shown and te bottom block !Nns 	led 

by :.casing liquid nitrogen into the containing veoel. 

he temperature difference across the grey tin specimen as 

not measured, ,nd the results given in4table below therefore 

h-ve no tiantittive significance. 
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?he e.m.f. was measured with a potentiometer. 

iecIen 	 "'he metric e. f  (LAI.; 

(1) Aire tin + 2.8 

(3)  .023' je + A .3 
(4)  .07h b + 7.8 

(8)  .031. 	.je — 2.6 

(9)  .322.. Oa 1.9 

(10)  .063. 	(la 	) — 3.0 
.056 	b ) 
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vtallg 1 , 

41.1.0Y§ PREPARED  

Alloy 	$ 	impurity 	1-tomie , : 	':11ric for 
specimen: 	: 	: tra sfirmation 

(days; 

"Spectrosc illy 
	0.0 	change 

pure°  (Unseeded) 

Aluminium 
	0,11 	15 

(Accelerated !ethod) 

"Spectroscically 
pure" (,:leeded; 	v.0 	6 

A0hempur" tin 
	 14 

(Caoper-Pa) (6eeded) 
411111.. 

(All subsequent spacimcns seeded; 

2t4 24 

32 

62 

"Spectroscopically cure" 

-do- 

-do-,  

.0 

0.0 

u.0 

5 

5 

6 

4 aluminium 15 , 7 0 change 

56 -do- 1.Li. -do- 
15 -do- 0.45 7 

25 -do- 0.16 

52 Oallium 0.57 23 

51 -diJ- 0.40 20 

67 -do- :.),322 21 

37 -do- ),15, 7 

66 -do- 3.0506 10 

69 -du- 0.0115 7 



TAJAA 1 Wontinuedt 

Alloy 	s 	Impurity : 
specimen: 4Umic 

or 
strondr rmation 

10111111.e.m. no...../Para/MY/A.M. .•••••••••••••••••.•••/.• 

70 .aUium 0.0060 6 

44 fndlam 0.44 . Q change 

4, —do— 0.19 —do- 

35 Thallium 0.091 o chcinge 

55 —do— 0.0154 

41 —do— 0.0100 "v12o 

54 —do— 0.0052 40 

53 —do— 0.0017 8 

1 ,,rsenlc 2.85 o change 

13 .do. 0.60 —do- 

23 —du— 0,043 30 

5 fltimonY 1.52 N-Q change 

7 —do— 1.67 —do- 

11 —do— 0.71 "a 365 

50 —do— 0.310 "l 100 

lai —do— 0.0740 2(;) 

20 —do... 0.046 14 

46 —do... 0.0279 15 

0.0143 14 

—do— 0.013 10 

;47 —dc... U.0059 10 

6 Asmath 1.33 ,v,c) change 
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TA ,B 1 cc,JIAAmmig) 	  ___ 
Alloy : Impurity : ..tumic • . 	1.mc or 
12c0iMILL 	I 	:  47a-si,T,rition !dur,  

16 

22 

3 

12 

21 

isif4uth 

-d„). 

i,ead 

-do- 

-do- 

0.42 

0.02- 

1.:?6 

:.79 

G. 	 I.:=7 

u change 

44 

110 change 

-do.. 

-do- 

66 -do- 0.025 ,...., 365 

42 -do- 0.0056 " 175 

14 Cooper 0466 14 

36 A.e1 0.175 14 

31 Cadmium 0.092 21 e 

33 Zino 0.163 )6 * 

34 Akimesium 0.175 18 * 

38 Silver 0.083 18 m 

61 (Gallium 
0.11i 

15 
(Antimony 

64 (Gallium 7 
(Antimony 0.056) 

'rheee 	peained *nchaagsd for =Ane year. =hey we 

then untaled 4r1 	abeeouent transror cation ,41Ler 

exposure t the air t,,ic lace in the tlm( stated. 

Possibly the initial "seeding4  waa ineffective due to 
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the alloy ,-peeimen icing inadvertently warmed* 

Yt was noted that n selile after grey tin had 

-trot been mrAe iq the laboratory almnle exobure 

to the air WGS theenfter quite suilicient as a 

seeding 'orocess. 

ote: 
	

homical analysis by the su71liers of the 

t n L,vt the following 

results: 

	

.read 00012,, 	Almony 0.001 

	

Iron 0.00027 	Copper 0.0002 

	

.„reenic 0.0002,: 	Bismuth 	(40001,4 

	

zAilphur 00001.; 	Tin 	99.997 
Oy difference) 

-45- 



 

•1111...41namie 

it4,4:_cr4  

 

  

Iv  

 

c 	„ma cc: *arrlfara/1311,1 ,:arrie a: 	re. 
:cc at tai; of #41441 	tars/ 
z temp. 	tear* 1**Itadi 	. tome 

7 
0 

.Q143 4.1.4O 

;•.ib 0.0279 .17 

41) 	0.074) 	...1,̀ ,x1filel  

(5) al 0.310 -.y.07 

Ic 
2.52x10 

4.08 

2.163E10  

0x10 

3.76 
c. 15 

2.133:10 '1 

0.53 

0.46 

0.38 

0.24 

0.00.0 la 76,10 1. (4E0
Ic  

11  

0.0119 3.Led 	1.24x10 

2.36xle 4.15 

1.02'10 

a. 
2.75 

 

0.58 

0.45 

G.36 

0.29 

 

0.322 9.42 2.702:10 
C 

' 

(lO j 
	 0.063 le 814210 

0.4). 56 
	

1.63XL) 

;i1t. tterenca 	2. lx10 	:ux10 
17 	

is 45X1017  

'1 
0.025 7.32x10 6001(10 T ;40-i(15 

4. 

11 



LgiN DUCT LVI_TY implataAVTAL Gt (1) 

2000 
5000 4000 5000 6000 

0111=1....•*“.......111.1........0 • , 

h.=0 	53 7G0 1000 	-1.5)0 

3 ....0~1111ft 1 

10 /T Airsent ';oltage 
(amps) (iV) 

Li . i52 1.665 1.682 1.708 1.760 1.862 1.985 2.225 2.440 %-r,60 2.325 3a.r 
._).).:. 1.770 1.7,45 1.820 1.850 1,96L 2.1213 2.340 2.560 2.770 2.912 3.20 

11 .52 1.15 1.50 1.532 1.805 2.065 2.175 2.410 2.598 2.785. 2.985 3.355 
10 .35:? 1.360 1.0 1.3)2 1,925 2.005 2.102 2.265 2.438 2.600 2.770 3.102 
, .352 1,755 1.762 1.775 1.792 1450 1.915 2.038 2.185 2.310 2.05 2.650 

.50 1.72 1.790 1.800 1.818 1.845 1.885 1.975 2.045 2.150 2.220 2.360 
7 .505 1.523 1.532 1.540 1.550 1.572 1.590 1.63 1.700 1.760 1.05 1.S65 
6.5 .600 1.545 1.552 1.555 1.562 1.578 1.600 i.5-42 1.682 1.718 1.752 1.620 
6 .600 1.332 1.335 1.335 1.340 1.345 1.360 1.385 1.410 1.435 1,46i 1.512 

.704 1.320 1.322 1.325 1.328 1.332  1.338 1.348 1,362 1.378 1.392 1.42') 
1.165 1.1.15 14,1'6 La f:i 1.190 1.192 1,195 1.2W1 1.21a 1.225 1.245 
1.122 1.122 1.12.? 1.125 1.125 1.123 1.130 1.140 1.144 1.155 1.172 

4 4, , 	5t) 1*G32 1,032 1.032 1.032 1.032 1.035 1.038 14,042 1.048 1.050 1.065 
.:.;•5 1.005 ..,11 • Al • ';:ta • '..1.1 • 12 .512 • 913 .915 .917 • :121 .923 



4

H 0 0 700 1 15 0 2 0 30 0 00 50 0 o 0 8 00 ~v.~ )
,

CM • ~

I

nt
I

,rl/, r
(

• • • -
1 . 800 • L~ . 9L~ . . •. 56 . 975 . 997 . 02 1. 050 1.074 1. 1.129

1~ • 00 . 93 • . 9 3 .- 0 . 9 9 . 992 • 17 • 1.010 . 0 1. 1

11 • • • 45 • . ·9 • 75 • 9 1. 0 .0 5 1.0 1.1 •
10 • 0 • . 1 .54 . 9 7 . 966 •9 1.0 0 1. 030 1 • 1 • 2 1.10 1.145

9 · • 0 . 9 • 72 • 7 .' .00 1.01 1. 72 1. .3 1.11 1.14

• 0 1 . 0 1.011 1.01 1. .3 1.049 1.017 1.095 1.114 1.13 1.1

7 · • 00 1. S 1.0 1 1. a 1.07 . 0 5 • 07 1. 1 1.150 1. 1.1 0

• • 1.0 1. 1. 1. 10 1.1 9 . 1 · J 1. 1 .175 1.190 • ..,

• .1 1.1 .1 1.131 .13 .1 , 1.1 .1 .3 1.197 •
5. 5 • 0 1. 24 .1. 125 1. 1 7 1.1 1.133 .1 5 •1 1. 110 1• 75 . 1

• 00 1.0. 5 1. 055 .1.0 1 . - 1.060 1.06 1 . . 076 1. 1• S 1. 1

• 5 . 905 1• 2 . 0 • 1 . 0 1.08 1 . .1 0 1.106 . 115 .1

• . 0 . 97 . 974 • 7 • ·7 • 76 . 97 . 9 • • 7 •

• 1. . 9 • 01 • 01 • 2 • 0 • 03 • 0 • 7 • 10 • 1 • 1
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6000 8000 5000 

. . 0• 890 
•862 • 6 

*890  • • • 

(Vas) 

• 900 • 905 *910 • 920 
.58 • 61 • 866 876 
4•!82 5 190 • 901 
• 12 • 916 .921 .932 

.888 .894 

.146 .849 

.373 .676 
• 901 .905 

3 	Current 
10 /T (asps) eis 

1 1.150 .852 *8514 
12 1..150 • 860 • 862 
11 1.150 .870 .872 
10 1.150 .665 • 886 

.884 .845 
1.075  • '5*•-) • 371 

7 1.075 • 90() • 900 
6.5 1.050 .894 
6 1.050 .913 

5.5 1.050 .933 
5 1.050 .903 
4465 1.075 .882 
4 1.150 .894 
3.5 1.150 .368 .868 

TALE 6  

coNDUcTivin  •  VIPER 1 Up TAL 	.. ALLOY 

H.10 1500 2000 3000 4000 

• ,369 	.370 	372 • 374 

• 923 
• 942 

962 

903 

356 .862 .366 
• 864 • “70 .876 
• 874 .878 « 

894 
• 914 
.934 
• 904 
.882 

.908 914 
• 927 .932 
• 945 .952 
.615 • 
• .k!?90 .6914 
.902 . 06 

• 895 	.899 	.!,iO3 

• 915 	.918 	• 923 
.935 .936 • 940 
.905 .907 .911 
.883 .885 .387 
•• 395 .f396 .898 

.380 



TABLE 7  

gwymigTx MO TAIL I? 44. 

.''1000 0 2000 	3000 5000 6000 
3 

10 /T 
'::;ur rent 
(amps) Ei.ge 

LaVt 
13 1.400 705 . 710 711 .71.:'.71'. . 7V-) .7:f1 
12 1.400 . 723 724 .725 .726 .7,' 7 • 7 . 735 
11 1.400 737 .737 • 739 *740 • 741 • 744- • 747 
10 1.400 .747 • 747 .748 .750 .751 .753 • 757 
9 1.400 • 762 • 762 .763 .764:. . 756 .768 .772 
6 1.400 77ji 776 • 779 • 730 • 732 *784 • 788 
7 1.300 .743 • 743 • .745 • 746 • 748 .752 

6.5 1.300 .76U . 760 .761 .752 .763 .764 .767 
6 1.300 • 776 • 776 • 777 • 778 760 .781 • 784 

5.5 1.250 .775 .775 .776 .777 • 777 • 778 • 782 
5 1.250 794 .794 795 .795 .796 .798 .800 

4.5 1.250 • 794 .794 • 794 • 795 • 796 • 793 • 
4 1.300 .776 • 776 • 776 .777 • 778 780 .782 

5.5 1.400 •7 • 783 • 788 • 789 .790 • 792 .795 

,u 





TABIA 9  

001!DO0T1VITif *.  EXPLRIlthiNTAL RE8U7171.. 	ALLUi (11 

fb.0 500 700 1000 1500 2003 
ou() 	4000 	31.) 	60;:)0 

  

Current volt - 
10 fl (amps; 	age 

trait  

     

•••••••••••••• 

 

4.1•1.111611101b. 

 

    

! 3  .5)0 1.020 1.030 1.050 1.070 1.135 1.205 1.325 1,455 1.540 1.620 1.75 
12 • 500 1.005 1.015 1.030 1.055 1.125 1.135 1.330 1.440 1.550 1.620 1.730 
11 • 500 1.030  1.045 1.055 1.080 1.1.1,t0 1.195 1.520 14•435 14.540 1.615 1.750 
10 • 500 1.125 . 1.135 1.145 1.170 1.225 1.290 1.415 1.515 1.625 1.735 1.:::70 

• 500 1.235. 1.245 1. 255 1.275 1.315 1.370 1.480 1.530 1. &.0 1.740 1.900 
• 500 1.340. 1.350 1.355 1.370 1.400 1.435 1.520 1.600 1.660 1.740 1.770 

7 .500 1.300 1.305 1.310 1.310 1.315 i• 330 1.370 1.410 1.430 1,0)70 1. )60 
6.5 .600 1.470. 1.475 1.478 1.4:;0 1.490 1.515 1.550 1.595 1.620 1.670 1..765 

6 • 600 1.298 1.298 1.300 1..,05 1.303 1.325 1.355 1.3135 1.410 1.440 1 •1490 
,3•5 .700 1.320 1.320 1.322 1.325 1.32. 1.330 1.342 1.360 1.380 1.400 1.L45 
5 .600 1.265 1.265 1.263 1.265 1.270 1.275 1.280 1.290 1.302 1..315 1.335 
•5 .900 1.1)5 1.155 1.155 1.1!. 8 1.158 1.160 1.165 1.170 1.17e 1.138 14,210 
4 1.000 1.050 1.050. 1.050 1.050 1.052 1.055 1.055 1.058 1.062 1.068 

_:,.5 1.100 .947 .947 .947 *947 *948 .948 • 949 .951 .953 .958 .965 



TAB 

H.0 700 

Curren# 
10 /T (*mpg) 

Volt 
age 
fildr) 

13 1.100 *847 848 

22 1.100 .846 •847 

11 1.100 *847 .847 
10 1.100 .864 .865 

1.100 .372 .873 

1.100 .w398 .899 

7 1.100 .918 .918 

.5 1.100 .927 .928 

6 1.100 .947 .948 

.5 1.100 . 	79 . 979 

5 100 1.020 1.020 

1.100 1.024 1.024 

100 .978 .978 

5.5 1.100 .908 

Quti MOT I VI  Tt 	MiUjJggii2t, .....111tAY, (11 

1000 1500 2000 4000 6000 C;U,  

.353 .858 .868 0 .889 .897 .u,'(.1  

. 54 .860 .872 .892 .899 11 

*852 o 858 *868 *880 • 391 

*968 3 ;5 .897 .905 '913 .926 

..117.1 3 . 	9,5 .906 .914 • 921 .934 

'7!04 907 1 .932 .9143 .950 .964 
.923 .927 .537 .951 .960 .968 0,980 
.932 .935 .948 60 .968 .975 .986 
.952 .954 .963 .973 .983 .993 1.002 
. (.?82 184 .993 1.002 1.011 1•021 1.034 
1.022 10024 1.029 1.040 1.051 1.059 1.073 
1.025 1.030 1.03, 1.039 1.047 1.052 1.070 
.979 0 .981 *984 • 990 .995 1.008 

.903 .908 .910 .912 14 • 19 .926 

• 00 

.850 

849 

366 

* 875 

.x'01 

.920 

.930 

.950 

*980 

1.020 

1,024 

.973 

.903 



VI 

TALS, 11 

;• 

ii=0 3000 4000 5000 6000 3000 

3 	Ourrout 
10 A (tape) 

vA,t- 
age 
fian. 

13 1.400 .700 .7(k) .704 .706 .70 .711 

12 1.400 .705, .707 .710 .712 .714 .717 

11 1.400 .710, .712 .714 .715 .717 .720 

10 1.00 .714 .715 .717 .71 .720 .724 

9 .7'!, .720 .721 .722 .725 .72 

8 1.1400 .72. .729 .731 .733 .735 .730 
7 1.400 .747 .743 .7149 .751 .753 .757 

'45 1.400 .756 .757 .759 .762 .762 .766 

6 1.,50 .773 .778 .779 .782 .734 .788 

1.3!i0 .794 .793 .797 .798 000 .-04 

5 1.350 .105 •&5 007  .,809 .811 .315 

4.5 1.350 ..A.7 4.18 .820 .821 .823 .826 

1.350 023 .824 .825 .827 .J29 .833 

3.5 1.350 .17 .817 .818 .821 .523 .326 

(gauss; 

rc 



TALi4aat 

I 

'gac: IWO 1500 2000 3000 	4000 5000 	6000 	0::)0 

3 

10/7 
Currant Vale 
(amps) 	age 

tiaV) 
13 =75 3,860 3,875 3.920 3.975 4.025 4.060 4.110 4.180 
12 .275 3.775 3.820 3.870 3.910 4.950 4.975 4.020 4.080 
11 .275 3,650 3.690 3.750 3.790 3.840 3,860 3.880 3.910 
lo .275 3.'1.0 5.450 3.500 3.550 3.580 3.620 3.675 3.700 

.,00 '.130 3.170 3.210 3.250 3.290 3.310 3.360 3.390 
8 .550 ,).720 2.750 2.775 ') 	00 2.:25 1,60 2•1',10 2.925 

7 00 2.025 2.040 2.050 2.075 2.105 2.120 2.135 2.175 
.500 2.020 2.030 2.040 2.060 2.090 2.115 2.130 2.160 

6 .550 1.670 1.675 1.610 1.690 1.715 1.740 1.755 1.770 
5.5 .650 1.)30 1.535 1.540 1.55O 1.565 1.580 1.595 1.615 

5 .700 1.275 1.260 1.260 1.235 1.300 1.312 1.320 1.340 
4.5 .300 1.122 1.125 1.12t5 1.132 1.140 1.145 1.1) 5 1.172 
4 .900 1,000 1.000 1.000 1.002 1.005 1.010 1.015 1.0 
3.5 1.050 .955 .956 .955 .957 .959 .961 .961 .-75 



13

----I
I
I
I
I

. 0 1 0 0 0 3 o 0 6000 0 )

3

lOfT
( mV)

3 .4 0 2. 5 0 • 5 ~ . 59 • 1 • 0 2. 0 2. 702 2. 7 0 2. 76
.

. 40 • 15 2 . 20 2 . 35 • 5 2.5 • • 2. 2. 69

1 . 4 • 55 2. 460 • 15 2. 00 . r.: 5 • • 05 2 . 0

1 • 0 2.' 2. 35 • 5 . 3 0 . 4 • 0 . 41 . 4 0 2.

• 2. 2 . 2 . 0 • • • 0 • 0 • . •3 2• 0

8 . L :.>0 ~ . 140 . 140 • 5 . 1 • 30 • 50 . 2 0 •
7 •5 1. 7 1. 7 . 7 . 77 1. 815 • 3 1• 0 1 . 1

6.:> •55 1• S 1 . 1. 1 . 5 1 . 3 • 1. 70 • 1. 7

• 1. ·<# 1. 1. 4 :> 1. 0 1. 5 1. 51 • J. . 40

5. 5 ·./ . 3 1.3.. 1 . ::>9 1 . 30 1. 0 - .470

5 . 7 1. 2 1. ' . 225 . ' 2 ;, 1. ;;J • 5 1. 5 . 2 1 . 2

• •H50 1. 13 . 1..5 1.1J • 1 • 1.155 1. . 1 , 1.1

• 1 . 0 5 1 . ' 5 1.02 1 . :; 1. 32 1 . 0 j 1. 1.0 5 •,. • • .. • • . 935 • • 3 . 9 . 9 •

- ---- ---- - - -



>'8

-- -- r- --

)



TABU', 15 

SONDUCTIVITY OW ALLOY (2) 

10 tr gs0 s 	500 s 700 10..)0 	z 1500 I 204,0 : 	3000 /4000 5000 )0 ,;000 	( 	 LL 

13 NW 3390 3370 3.340 3280 3210 .3130 3050 2980 2920 2830 

12 31$20 3410 :::: 3•") 0 3360 3300  3140 3060 2990 2930 2830 
11 31400 3390 3 .',70 5340 3230 .p.10 NM 3030 2960 2900 2800 
10 3360 3350 3340 3;510 3250 3200 3100 3020 2960 2890 2300 

9 3300 3290 32 .. 0 3250 3200 51 0 3070 2980 2930 2860 2790 
6 3170 3160 3150 313.0 3090 3050 2970 2920 2870 230 2760 

7 3020 3020 3010 3000 2980 2950 2890 28i..0 2780 2750 2690 

6.5 2920 2920 2,20 2910 2885 2860 210 2770 2720 2690 2620 

6 2350 2350 2850 2640 2830 2'315 2775 2740 2705 2675 2630 

5.5 250 2..:;50 2850 245 2835 2825 2795 2765 2740 2720 2630 

5 3:)3c 3030 3030 3030 3C25 3015 2995 :'., 70 2950 2920 20 
:4. j 33140 331,:,0 3340 3340 3340 3330 3315 3300 3270 3250 3210 

4 3900 3900 3900 3900 3900 3890 3880 3970 3850 3830 3730 

3.5 4680 46 ?,0 4680 46e0 4680 4680 4670 4660 4650 4630 4600 

) 



16

- - - ----

•
:>

10 I • a 5 0 I 7 a 10 s 1 o l o : 00 • 00 • 0 I 0 I o (g.• •
.-. . . • • - ==

13 4 50 o 0 0 0 0 10 . 70 3 00 7<

12 2 0 0 41 0 4 4075 70 .3 40

11 0 2 42 2 0 17 4110 4 .3 0 3910

10 .3 0 4 10 43 4 0 0 41 0 0 05 010 3 70 70

9 0 4 50 42 4230 1 0 4 0 4 0 0 .3 0 3 7 0

0 1 0 1 417 130 40 0 010 3 3 ,n
7 o 0 0 0 40 40 0 0 90 37 37 0 36 0

6.5 3 .300 3 90 .3 0 3n 37 0 3670 3 70

.3 00 .3 0 70 '790 n 37 3700 :>0 10 3570 10

. 5 3750 3750 37 0 '7 7 0 7 7 .3 .3 .30

5 37 0 7 0 7 37 37 0 7 710 0 36 0 3 0

4 . .3 0 0 .3 0 0 0 4 .3 .3 3770 7 37 0

4 4 0 4 0 4250 4 0 0 4 0 2 0 4 2 0 0 4170 41 0

3. 5 00 4 00 4 0 4790 47 0 77 1 0 710



0,ROWTIVITY 

TABLE 17 

(4) OF ALLAY 

3 
10 /T Hoi0 s 1500 s 2000 s 3000 : 4000: 5000 : 6000: 800. 

13 5400 5390 5370 5340 5300 5270 52'90 5170 

12 5350 5340 5325 5290 5250 5220 5190 5130 

11 5290 5280 5270 5240 5200 5170 5140 5030 

10 5200 5190 5180 5150 )120 5090 5060 5000 

9 5100 5090 5080 5060 5025 5000 4970 4910 

8 4950 4940 4930 4910 4880 4860 4830 4770 

7 4730 4775 4770 4750 4720 4700 4675 4620 

6.5 4700 4700 4690 4670 4650 4625 4600 4550 

6 4600 4600 4590 4575 4550 4530 4510 4460 

.5 4J00 4500 4490 4480 4460 4440 4410 4370 

5 4650 4650 4640 4630 4610 4590 4570 4520 

5 4'.;0 rt'40 4870 4560 4850 4830 4810 4760 

4 5150 5150 5140 5130 5120 5100 50.0 5030 

3.5 5300 53)0 5300 5290 5280 5270 5260 5230 



16 

.l.uX (51  

•••• 

10/ : 000 : 2000 z 3000 z 4000 5000 : 6000 : 3000 4-f,au8ui 

13 T:00 78390 7,0 7370 7.:$.40 7➢',20 7760 

12 77-;0 7740 7730 7720 7700 7630 7620 

11 7600 7600 7580 7570 7560 7540 7500 

10 7'.,00 7500 7490 7i t 70 7460 7'.40 7400 

9 7350 7350 7340 7330 7310 7290 7250 

3 7200 7200 7190 7180 7160 7150 7110 

7 7000 7000 6990 6930 6970 6950 6920 

6.5 6 '!50 6350 68:40 6 30 6320 6810 6770 

6 6700 6700 6690 6630 6670 6660 6630 

5.5 6450 6450 6440 6430 6430 6420 6390 

5 6300 6300 6290 6290 6280 6270 6250 

4.5 6300 6300 6300 6290 6230 6270 6250 

4 6700 6700 6700 6690 66 )70 6'650 

3.5 7100 7100 7 too 7090 7030 7010 7050 



T.A8LIS 19 

A14.011 (6j GuNDUCTIVITY OIF 

3  10/ T -zt 0 ',00 700 : r000 : 1530 : : .j000 	: 40e_l0 )00 I 6000 O00 
Se 

man 

13 1460 1435 1.1.0 LYN 1,'75 12130 1,P)  ) 	70 ' 0 35 760 
12 1320 1300 12.0 1.2'iU 1.170 1090 . 75 	?:390 , )0 775 7,)0 

11 1190 1175 1160 1130 1060 1000 505 	'X) f75 725 655 

10 1070 1060 1045 1025 9,30 920 ,' 10 	7 0 72") 690 620 

9 1010 1005 995 93t) 950 515 ;35 	600 760 720 655 
1080 1075 1070 1060 1035 1010 555 	905 165 835 780 

7 1300 1300 1295 1290 1270 1245 1195 	1140 1595 1060 955 
6.5 1450 1450 1 :45 1,440 1430 1240 1375 	1340 1320 1215 1210 

6 16,10 1680 1675 1670 1660 1645 1610 	1975 1545 1510 1460 

5.5 2000 2000 20u0 1995 1990 1935 1.965 	1940 1915 1890 1830 

5 2400 2400 2400 2400 2390 2390 2375 	2350 2330 2310 2280 

4.5 250 2950 2950 2950 2940 2940 2930 	2905 2190 2365 2020 

4 3620 3620 3620 3620 3620 3620 3610 	3600 3') )0 3560 3520 
3.5 •1)450 '490 1450 4450 4450 1.-450 4440 	4430 , ,L4,20 4390 4350 

( gauss ) 



- --- -- ,--



(gimes) 

C ONDUCTI 

TAilck: 21 

(3 j V /Di Oto m.440! 

3 
700 1000 15')0 a000 ; 3000 : 4000: ° 00 6000 8000 

5200 5190 5130 0160 5130 5060 5000 4950 " 10 4850 
12 5200 5190 5130 5160 31,?0 5050 40 Li.",•)14() . 4830 

U. 5200 5190 51 .0 5160 .A.30 5060 5000 4940 4830 

10 5100 5090 5050 5060 5030 4970 4900 14 60 4620 4750 
9 `j 050 5050 5030 5020 4990 4920 4860 4820 4780 4710 
8 4900 4900 4890 4870 4850 4730 4720 4670 4640 4570 
7 4800 4800 4790 4770 4750 4700 4630 4590 4550 14490 

6.5 4750 14750 4740 14730 .710 /4(350 4590 4550 4520 4470 
6 14650 4640 4630 1.4620 4575 4525 144a0 4440 4390 

5.5 4500 4500 4500 .14L0 :470 14430 .1,4390 4350 4310 4260 

5 4320 .!4320  4320 ;4310 4300 4280 . 230 ,; 190  4160  4100  

4 5 4300 4300 4300 4300 4230 4270 4240 4210 L:1. A) 4110 

4 4500 4500 4500 4500 4500 4490 4475 :4450 4425 
3.5 4850 4650 4350 4850 4650 4840 430 4 . 4.750 



C IIDUCT 1)11 

TABL1i 22 
010.1.0,.....••••••••••••••• 

(5) TY UP ALLOT 

3 
10 T 3000 4000 i 000 I 	6000 i 8000 ( gau t!'- 

13 000 7980 7960 7940 7920 7380 

12 7f:50 7930 7900 7880 7860 7820 

11.  7330 7860 7840 7820 7780 

10 7 7840 7800 7780 7780 7740 

9 7780 7760 7750 7720 7700 

3 7700 7680 76'1:30 7650 7620 7580 

7 7500 7480 7470 7450 7540 7400 

6 . 5 7400 7400 7370 731) 7350 7300 

6 7200 7200 7180 71,0 7140 7100 

5.5 7050 7050 7020 7020 7000 6960 

5 6950 6950 6930 6910 600 670 

4. 5 6850 6350 6630 6320 6800 6770 

4 6800 6800 6780 6760 6750 6720 

3.5 6850 6650 650 6820 6800 6770 

) 

66 



T,614, 23  

(10) 

3 
10 IT z H0 : 1500 2000 : :0(:0 : )4000 : 5000: 6000: 8000 

13 25 2.5 210 275 275 270 270 265 

12 290 290 235 230 275 275 275 270 

11 300 300 295 290 235 285 280 

10 320 3.?0 315 310  305 30, 300 300 

9 330 3:30 3/5 370 365 360 355 355 

3 515 510 505 500 495 490 435 lit) 

7 790 785 70 770 760 755 750 735 

•5 990 94 90 ;70 "!55 445 940 925 

6 1320 1315 1310 1300 1230 1265 1255 1245 

1700 1695 1690 1675 1660 1640 1630 1610 

5 2200 2190 7190 210 2155 2135 2120 2090 

4.5 2150 250 2840 2830 2 10 27(;5 2770 2730 

4 3600 3600 3600 3590 35q) 3560 3540 3500 

..5 4400 4400 4400 4390 ,13 0 4370 4340 4310 

67 



,11 canart or Amt Cu) 

w+1....04•00.11111.1C.:, 

'3 
10 i'T 	t '1,70 t 1, 00 : 1.00 j 2000 t ' 	'00 : 4,)00 	'000 ;)O: 8000 

13 620 620 615 510 605 595 	590 90 5;30 

12 i 35 635 630 625 515 610 	605 600 595 

11 o )0 650 6145 640 630 625 	620 615 605 

10 ,-, 	0 6,3) 675 670 660 550 	645 CILto 635 

G 9 720 720 715 710 700 690 	68 60 670 

40 335 .130 •15 605 	:)00 795 735 

7 11.0 1135 1135 1125 1110 1100 	1090 100 1070 

6.5 13 3 1375 1370 1365 1345 1330 	1320 1310 1295 

6 1660 166 1650 1640 16,-.0 1605 	1590 1530 1560 

5,5 2.20 2020 2010 2005 1980 196019145 1930 1905 

5 2460 21460 2450 21450 21430 2/40 	2390 2375 2330 

4.5 30,.x0 3000 3000 21,90 2975 2950 	2930 2910 2870 

14 3100 3700 3700 3690 35 5 3670 	3650 3640 3590 

3. $ : 4 ,30 0 4500 4500  4500  4490 44i0 	La470 14450 1.4420 



• 

TA81,111: 25  

itTNN 

.9U 6000 	(:7c.kuLls) 10 /11  : ft 	o 	500 : 	700 	: 300 : 
••• 

1500 z 2000 : • 3000 
.41•••••••••••••••••••0•• 

6000 

13 
12 

11 

10 

9 
8 

7 
6.5 

6 

5.5 

5 
14.5 

14 

3.5 

0.012 

0.0125 
0.013 

0.007 

0.006 

0.0214 

0.019 
0.020 

0.013 

0.0125 
..1.11,10 

0.0075 
0.003 

.1•1111.• 

0.053 

-.0144 
0.040 

0.033 
i). 025 

0.020 

0.011 
0.0065 

0.0055 

':. 106 
0.100 

0.093 

0.073 
0.056 

0.033 

0.023 

0.019 

0.011 
0.005 

0.004 

0.160 

0.170 

0.133 
0.113 
0.0;37 

0.055 

0.038 

0.032 
0.022 
0.00 5 

0.004 
0.003 

0.003 

O. 54 
0.245 
0.220 

0.180 

:''.).1/43 

0.0914 
0.06 ,  

0.05; 

0.039 
0.0235 

0.012 

14,0065 
0.003 
0.002 

••••••••••••••••••• 

...) 	32 

0.31 

0.28 
0.24 

0.20 

0.13 

).10 
0.077 

0.0 56 

,. -0,3 

J.020 

0.0165 
0.008 

0.0045 

j s  :,7 

c,. 36 

0.325 
0.285 
0.24 

0.17 
0.13 
0.10 

0.072 

0.042 

0.0275 
0,023 

0.0135 
0.007 

0.441 

(:)7):3379  
0).• 23725  

0.195 
0.15 

0.115 
0.00 
0.052 

0.035 
0.030 
0.016 

0.011 

0.47 
0.146 
0.44 

0.40 

0.225 
00:i] 

0.117 

0.075 
,0.0 051 1  :).3 

 
0.030 

0.413 



--------



TABLX 27 

A)1( - 

*An ••••••• 

01400 : . , ,,rj ,  600 : 700 : 1000 	: 1500 s 2000 t,., 	: ,,,,„, 	•.'; 
3 • a 

13 . 	:•0 -,) 'i. 0 6:3. 'i 76.5 Li? 1 ' ,:::• 194 3::',  

12 , 7. L.) 57.0 67.5 78.0 107 L;1 187 264 3,-::.' 

52.0 61.5 714.0 98 1 177 249 320 

10 35.0 2.5 50.5 56.0 80 U5 136 208 263 

23.5 28.5 33.5 394 54.0 77.5 L.)0 144 1..5 

14 .3 19.0 22.5 26.5 .0 11,5 103 132 

7 11.5 10.5 12.5 15.0 21. -̀.) 30.5 : 

64 7.0 9.0 11.0  17.5 : 	I . 31.O :Jr  b5.0
77.0 

6 4.5 5.5 7.0 3.0 

7:: 

1 .3 .-?2. 0 

(:: 

B.0 
2'5)509.. 

42.0 

5,5 3.5 4* 5 :',• 5 6.0 1.3,0) 17.0 33.5 

5 2.5 3.5 :, . 0 145 60 10.0 12.5 19.0 25.0 

445 2.0 2.5 3.0 3.0 4.5 7.0 13.5 1 .:,. 0 

4 1.5 2.0 24.5  4.0 35.. 55 

!;.. 05  

11.0 15.0 

3.5 1.0 1.) 1.5 2.0 2.5 5.0 7.0 9.5 

0 

	

400 	! :-,, 	568 

	

410 	470 	585 

	

342 	Lt42 	560 

	

320 	370 	470 

	

?22 	260 	330 

	

160 	138 	2444 

	

94 	110 	140 

	

0 	 95 	120 

61.0 	ao 
50.0 	6i.5 143571221,....55000 

37.0  

27.0 	

48.0 

22.0 2395:00 
12.0 	14.5 	749.0 



fljIL 

TABLE 28 

• hezil.Tki (2) 

.airomoirr,  

= iingarriia. 

3 H • 500 s 700 s 1000 : 1500 2000 s 30,)0 4000 : 5000 g 	6000 t 8000 10 : 14: 	!:44,F4• 
(pi) 

••••••••••• 

13 13.5 2540 35.0  65 914 1..""):,  15 170 218 
12 18.5 25.0 35.0 50.0 65 94 119 1...:4 170 712 
11 18.5 23.0 35.0 51.0 64 93 121 145 172 215 
10 18.5 25.0 35.0 50.5 65 93 122 148 175 215 

9 18.5 25.5 35.5 50.5 65 95 122 150 175 25 
6 111.0 24 • 5 3440 50.0 66 95 123 148 1714 215 
7 16.0 22.0 31.0. 1A6•0 61 88 113 138 160 202 

6.5 14.0 19.5 28.0 40.0 53 78 101 125 144 182 
6 11.5 16.0 23.0 34.0 4).$ 67 83 104 123 160 

5.5 9.0 12.5 18.0 27.0 51 67 t15 101 128 
5 6.0 8.0 11.5 17.0 23.0 3.0 42 53 63 ;30 

4.5 4.5 6.0 8.5 13.0 17.5 26.5 35.0 42 50 65 
14 3,0 • 0 6.0  12.0 1,1.0 2).0 0.-!..) 37 148 

3.5 ,..0 5.0 4.0 6.0 •.s.0 1;'.5 17.0 4..0 25.0 34.0 

(guts.) 



P0500 

13 1'.O 

12 13.5 

1 13.5 

13.5 

-.., 13.0 

7 12.5 

6 1.1,0 

5.5 1J.0 

	

5 	7.5 

	

14« 5 	5.5 

	

4 	3.0 

	

3.5 	2.0 

UALL     ::;,T4 	dU 	'Y 

2030 i 3000 

1..-., 2 --.0 . 	.0 Ji 73 r ) L1 1.3.. I -A) 

1 	" ') :7.0 ...'; c:. , j 51 7L !',;6 120 140 132 

19.0 27.0 39.5 51.5 75 , -! 122 140 1':0 

19.0 ,//4.0 39.0 1.5 75 ,7 120 140 130 

19.0 27.0 39.0 51 73 5 120 138 1.,2 

18.5 26.5 3%0 -,0 72!; '5 11.6 131 178 

170 25.0 36.0 47.5 69 I. ILO 13L 170 

17.0 24.0 35.0 46 67 A7 10P. l'JI 165 

15.0 21.5 32.0 112.5 62 0 115 152 

13.5 1-.5 2 .0 1).5 57 713 1 106 140 

1i;.5 15.0 4,0 30.0 44 ;-)0, 71 ,44. no 
7,5 t,to 15.5 21.0 31.0 41 'A 60 75 

40„0  0#5 '',5 12.5 19.0 25 A. 57 50 

3.0 4,:.7) .5 13.0 17.0 21 25 Y4 

/a) -T--T000 : 13a) s 4050 ; 	o3:14)0 ; 	0'1,0 (gauss) 
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• b . .. . ... . -..... . -
3 . 700 • • • 2 • 30 0 • 0 0 5 0 • 0 0 . 80 ( u )• • .,; , • ,. . . •
/'l "•• •- . ' Il' tt ) • - .... . ,. - - .-••

:J 2 . 0 r: . 0 .. 0 1 44 17{t 2 0 2!)5

1(-
t 11•• 0 • 1.s4 1 1 6':; f ) 25

I i · 3. 4lA. 0 ll~ 1 . 6•
10 t :?. . 5 L I 60 76 110 0 1 5 1 247

l • r. 1 I.J. 70 100 126 0 30
.
• 0 ·f .3 110 1 215. ;)

. 9. 0 1 . • 5 , 65 :t ~5 25, • •
.
. 5 1. • 7 49 ' ~c. 72 95* :;1 • • • ....

G • .. ;) • • .... 19.5 . 0 3 . 0 7
.

'j 5 . 5 5. 5. 0 . 0 .0• 3. 0 I h ea 1 . 0e ;J ... • •
5 2 . 0 . 5 -. 4. 5.0• -.

th 5 - • 0 - .:,) - . 0 - . 0 . 0 ••.,. - • •
- 1. 0 . 5 . j . 0 - 5.0

,. .. - -1- - - - • • 0 .. 0

3.5 - 1. - 0 - . 0 - 3.0 -l.~. o - • ··7.0 - • - •

' 7



. 	44 kti 411 ,T ( 	) 

.0700 : 1000 : 	1500 : 	2000 ; 3000 : 4000 
10 f'T 1 .1 • 

molionloway ••••••••••••1100. 	-,••••••...•••-• 	.4••••1111,1111•II• 1.11M•••••••.~ ••••6 

3 . . 	, 13. 1. 	.5 	25.0 36 48 61. 71; 

U) - a u 13.5 1(1.5 	25.5 37 le 61 70 

IL .') U.0 .40.0 	25,5 37 49 62 72 

10 9.5 1 . 5 20.0 	26.0 36 48 62 72 

9 9.0 13,5 20.0 	26.0 3.3 50 62 73 

8 9.5 15.0 19.5 	27.0 30 50 62 74 

7 9.0 13.0 1.9.0 	26.0 38 51 61 /4 

6.5 8.5 12.5 19.5 	25.5 39 50 63 73 

6 9.0 12,4.5 1 .0 	2).0 38 4 , 61 70 

5.5 865 12.0 1:.5 	24,0 36 47 60 6,11 

5 7.5 11.0 16.0 	21.0 32 42 52 61 

1465 6.0 )410 . 3.0 	17.5 26  

14 4.0 ').5 8.0 	10.0 1.3.5 .-1 26 31 

3.5 ' .0 ..5 •4,0 	5.0 8.0 10.0 13.0 15.5 

60001,-gullas'i 



-



f" -

- ~----



~,





Ili Li. qemtpar 

Wu() 1000 (Rattles) 10 /IT : 	H.500 2 700 z 1000 1,U0 2000 3000 z 4000 5000 I 
wooKnalwar ,a1.+01 .1.110 	rot 

13 2.t) 24: ,''• 75 2.65 • '.i.) 2.45 2.4 2.3 '.25 ...'• 

12 2.9 2.,) ,.•'...75 :- . 6 2.55 2.45 2.35 2.3 2.25 2.15 

11 2.9 2.8 2.75 2.65 2.55 2.45 2.4 2.3 2,25 2,2 

10 2.9 2.8 2.75 ;'.65 'f. 	 5 2.45 2.4 2.35 2.3 2.2 

9 2.9 2*(35 2. 2.65 2.55 2.5 2.4 2.35 2.3 2.3 

8 2.8 2.75 2.7 2.6 2.6 2.5 2.4 2.35 2.3 2.2 

7 ,-. 5 2.5 2.45 2.4 2.4 

6.5 

 2.3 2.2 2.15 2.1 2.05 

2.2 .'• 2 2.1 2.1 2,05 2.0 1.95 1.9 1.8 

.a ; 	• 	.. 1* ..*, 1.75 1.75 1.65 1.65 1.6 1,6 

ri. 5 t e i4. 1.4 1.35 1.35 1,35 1.35 1.25 

5 .90 .f..0 .85 .85 *35 .80 

.60 • 60 .60 *60 .55 

4 .40 .40 

3.5 .25 



1+0 

w.yompkoftwla%•*emOnw,owY 

t =500 : 	700 
.ND • •=111•11MOMP • ...••••••WM. 

: 1000 : 1500 : 2000 
•.••• 

: 3000 

•n•ne..0• *.m.a 

: 	.!:000 

e 

:300 60)0 z 6000 ( pass) 

13 1.75 • 75 1.75 1.70 1.65 1.5 1.60  .55 1.55 140 

12 1•'.:0 to 0 1.75 1.70 1.65 1.60 i.60 1.55 14.53 

11 1.:.) 1.75 1.70 1.65 1.60 1.60 1.55 1.50 

10 1.80 160 1.75 1.70 1.65 1.60 1.50 1155 1.50 

1.80 100 1.75 1.70 1,65 1.60 1.55 1.55 

8' 1.75 1.75 1.70 1.65 1.5 1.60 1.55 1,55  

7 1.65 1.65 1.60 1.60 1.55 1.50 1...4 5 1.45 1.40 

6.5 1.60 1.60 1.55 1.55 1.50 1.45 1.45 1.40 

6 104 1.45 1.40 1.40 1.35 1.30 1.30 1.25 

5.5 1.30 1.30 1.25 1.25 1.20 1.20 1.15 

5 1.00 1. -0 .95 • 95 • 95 

5 .70 .70 •6 

4 .40 .14 

3.5 •25 .25 



An 1.4 L1  

Qw46T4T gr ALLOY (44) 

• s, 	) 10 iT s 	H .1500 3 '700 s 1000 	1500 : 2000 

v.* 

t 	300v .u0 - .`1000 

.401...4N01.10101.0.00 

13 . 75 .75 . 70 . 70 .70 . 70 
12 • 75 . 75 . 70 . 70 • 70 
11 .75 .75 •7i .70 .70 
10 .75 .75 .70 .70 .70 

9 • 75 . 75 . 70 . 70 . 70 
3 • 75 . 75 . 10 . 70 • 70 

7 .75 .75 .70 .70 

6.5 • 75 .75 • 70 .70 
6 • 75 • 70 . 70 

• 5 . 70 . 7u . 65 

5 . 70 .7' . 65 

4. 5 

4 • . 50 

3.5 . 35 .35 

eti 8 



BALL 	A 	(5) 

aegyurow.........$11101011M0.11.1■111111.01.01110..1.11010.111•111111•01.10111.001.0.010 

3 

10 /V I 2 	W 01024001ble ehonpm with field 

	

13 	.30 

	

18 	.30 

	

11 	.30 

	

10 	.30 

	

9 	.30 

	

8 	.30 

	

7 	.30 
6.5 JO 

	

6 	.30 

	

54 	.30 

	

5 	.30 

	

4+5 	.87 
4 on 

•22 



TA.11.4.4 

ALL0r { 6 ) 

9=5)0 700 	1000 
-.reap .sodloromeolm.,•,... 

1500 s 2000 s 3000 s 4000 50.)0 6000 5000 ( 	c 9 ) 
*itni 

13 9.9 9.5 	8.95 13.4 7. a 7.25 7.0 6. ?5 • ,f) 6.0 
12 9.8 !.'. 5 ', .0 :,.. 5 ;i.1 7.5 7.1 6.8 6.2 
11 9.8 9.5 9.1 •3. ' 5 9.2 7.65 7.25 7.0 75 6.35 
10 8.9 8.7 5.3 7.9 7.6 7.15 6.3 6.6 6.35 ,".• 0 

9 6.7 6.6 6.4 6.1 5.9 5.6 5.4 5.25 
8 3.9 3.i 3.7 J.65 .5 3.4 3.35 3.3 .15 
7 i .25 1.,15 1.2 1.1. 1.15 1.13 1.10 

6.5 'i.50 0.47 0.45 0.45 0.45 4.44 
6 0.12 0,11 0. t1 

5•5 -.1.) • L,05 

5 .).14 - 	14 
4.5 .■4:).16 

4 
3.5 	 -0.12 

Si 





- - - ------- - - --- -_.._----- - - -

T

- 7 : • • 0•

•7 . 7 . 15 . 7 . 7 . 7 .7 • • 5

. 7 • • • . 7 . 70 . 6 • 5

1 . 7 . 7 . 7 • . 7 . 70 • 8 • 5

. 7 . 7 . 7 . 7 . 70 . 6 •

. 7 -7 . 7 . 7 _70 • •

. 7 • • .1 . 7 . 7 •
7 . 7 . 7 . 7 . 7 . 7 . 7 •

• . 7 . 7 . 7 . 7 . 70 . 70

. 7 . 7 • . 7 • •

~ . • • • • • • 5

• • . 5 •
• • 0 • 0 •
4 • 0 •

- ' • •



46,  
• 

3 
: 	 -o ciboerveble chfAnge ivIth field 

......0.11111111111011• 	  

• 23 

	

1.2 	•23 

	

ii 	.23 

•23 

•23 

• 

	

7 	•23 
.23 
• 23 
.23 
• '3 

• 5 	• 2 

• 20 

.13 



"11



..
3

I: 0 s 7 • : • 40 • 5 : I• • • ..... ...
l

9. • • • 2 9• • •7 • • • I
2 • • 9. 1 • . 0 • • • - .3 • I

1 .1 .1 . 0 • • . 7 • . 3 '.' . 1-

0 . 7 .7 • 5 • • • • 5 • 7. 7.7

• • 7. 7. 7. 7. 7.15 7. • •
. 7 . 7 •7 • • 5• 5.' • • •

7 3. .4 3.3 • 3. 3. 1 . 15 ,.
• • • • . 4 •35 " 2•• •

•7 . 7 • 1 • 1 . • • 5

• 1. 1 . 1 • 1.06 • . 0 1. 01

. 7 . 7 • • 7 . 67 •
• • 0 io . 4 . 47

• • •
• • •

--- - ~ -- -

_ _ _ _ _ 0



- - --- -----



1 _



Ti414  51.  

Q. ruLjCTrv LT?  

T11.00.160..1 

3 
3.0/7:11 	(3. (L4) (5) ( 6) (7) t 	(8) (9) 0.0 4-4„ 

13 80 91,00 14050 5100 7900 11460 1964 5200 00 5 620 

12 793 3420 4250 5350 7750 1320 1990 5200 79 50 290 635 

11 750 :1400 '4300 5290 7600 1190 190 5100 7900 300 650 
IC; 755 :1360 4320 5230 7500 1070 1780 5100 7850 320 Ci,10 

05 .1300 4260 5130 7350 

8 

1010 1620 5050 7800 380 720 

1310 1170 14200 1930 7200 1080 1/490 4900 7700 515 640 
7 1320 'Sc 20 4350 14730 7000 1300 15140 4300 7500 790 11140 

6.5 1550 2920 3^00 4730 650 1/450 1630 750 7400 ¶:90 1Y.10 

6 1,500 2q50 3300 4.630 6700 1680 1850 3,50 7700 1320 

5« 5 2130 2e5o 3750 4500 6450 2000 2120 '4500 700 1700 )020 

5 2550 3(30  3750 4650 6300 2100 2'530 L320 6950 2200 2L.60 

4415 30 30  3340 350 148 50 6300 2950 33.20 14300 6850 2q50   3000 

14 3680 3900 4250 '150 6700 3620 3810 4500 6800 3600 3700 

3. 5 41410 14660 14800 5310 7100 .2  0450 ', 650 ?4 1150 6 50  1000 



5q 
CvNTNT aL..„0,11capil))._ 

t 4 
40.0 

a 
: 	(1) 2 	(2j (3j (4) (5 (6) 	(7) 

4. 

13 22.1 2.9 1.75 ).75 0.30  10,5 	6.0 -.77,  0.23 16.5 ' .3 
12 21.3 2.9 1.8 u.75 0.30 10.25 5.0 , :.75 u.23 16.0  9.2 
11 1 .7 2.9 1.8 '. •75 0.30 10.15 	5.'7.-: 0.75 0.23 15.0 
10 16.0 2.9 .. 0.75 0.30 142 	5.7 0.75 0.23 12.8 667 

9 10.6 2.9 /.8 9.75 .)„30 6.0 	.).,1 0.75 0.23 8.8 7.6 
8 ,,.14 2•8 1.75 ,J.75 0.30 4..0 	4.0 0.75 0.23 446 5.7 
7 2.7 2.5 1.65 0.75 ;J. 30 1.3 	2.3 0.75 0.23 1.8 3.4 
6.5 1.•:: ;?.2 1.,ii 9.75 0.30 0.50 1.4 0.75 0.23 1.15 2.5 
6 1.2 1.8 1.345 0.75 0.30 0.12 0.70 0.72 0.23 0,60 1.7 
5• 5 0.80 1.L 1.3 0.70 0.30 -0.05 	.).,.50 .70 0.23 ' ..).32 1.1 
5 0.55 0.(0 i.00 U.1 0.30 -0.15 0.05 0.60 0.23 0.17 0.70 

4.5 0.35 :.).6.0 ',•70 o.60 0.27 -0,17-0,07 0.50 0.22 -0.02 0.50 
4 0.25 0.40 0.45 0.50 0.25 -0.15-0.10 0.30 0.20 -0.10 0.30 
3.5 0.15 0.;.?5 ).30 ..)•35 0,22 -o.12-0.08 0.15 0.18 -0.12 0.18 



.1,01,a 53 

VALUES01nenh AS A FUNOTIQN u' 1/T 

3 ion 	h ; 

31- 
13 7.22 x 10 

12 1096 x10 

11 5.32 zY. 5 
4. 

10 1.515 x 10 

9 

8 

4.34 

1.29 z 10 

28.50 

2d.d2 

7 4403 29.14 

6.5 7.27 29.30 
6 1.34 x 10 29.46 

5.5 2,45 

5 4482 29.78 
9.56 29.94 

4. 1,92 x 10 1  30.09 

3.5 4.24 30.26 

.1..1111.11..1.0ree,4•AkI 

 

	Alliftwiromrant 	*01•111101. 	 

 

  

 

(Caleult:tea from equation ()) ) 
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IT ( { ( J • ( J {7 ( • ( I ( •• • •- - .- • - . ~

'1 'i 'i Ii ,r '7• x 2. • X • X 0 . 1 - - - ~ x 0 . 0
,'"

• • • • • - - - .0,,, ,e.
• • • • ~. l 7 - - • 1 •,Go

• • • • • - - • •

• 2. • • • •
. 7 '7 '1 '7

• • • • • - ~ •
If

7 • •7 4• • . 1 e
, - - • • 10

,i

• • 1 • • • • 1 . 5 - - • • 2
'7

• • • • • ~ • •
'i ,f I~

• • ,. ·e • • • • X 1 - • • •

• ,. • 9. • • • ~ - 2 . I .6

4. 3. 2 . .4 '1 ' . 7• • • • •
" I~ '1·') • • . 0 1 • 2 4• • 7 0 4. •

Ii
•7 7• 1 . -,

• • • • • • • . ;> •

'--- - - -
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x IMP 

In* 

**0 *me 

Oar 	 r so* 

I 

13 	 ) X 

12 
11 	L. 

	

1.0 	4.0 

	

9 	1.0 A 1,I7  

5 
.5 

1.14 	7 	5 	5 X 10
i  

if 
2.1 	1.3 X 10 	9 	 5 

if 
2.8 	1.9 	1.5 x 10 	9 

3.3 	2. 	1.5 x 10 
6./.$ 	5,3 	ii..7 	3.5 

Val* 53  
`i1J111111it 07 MASS (na) 

- ri 	sg 	it 	 li 1.i,..) x 10 	.,„i x :: ; 	.'.' 1.,,- 	./ ;-; 10 
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OTRAOOTie, 

Silicon carbine is a 	lid in which the bonding is 

intermediate between herLepAar and heterorliolar. It is stAlar 

Its oreptiee to the typieelly he moqolar 	 . €u 	ici; sand 

has a strellar crystal structure, but with half the carbon 

etoA) re laced by silicon. 	Due to the different electron 

a11inities of carbon and silicon, this wives rise to a certain 

eree of heteroplarity in the crystalline V:tnds., According 

to aiding (1) the AC bond in silicon cebide is approximately 

ionic in eharecter. 	it will be showu le the Theoretical 

1pecelation4  below how this may help to exelain uemi-conductivit3 

in silicon cerbids. 

iv noteworth that electoalc 4:ilduction in 

Silicon carbide ay be of n- or p-type. in the CQ 

caeterial crystals which are cAouied green are n-type 

conductors, and blue or b'ace crystals are .-tyoo. he 

coemiercial !crater .al ie made in the SAMO rtay as the oriinal 

synthesis of ,cheson in 1.86 by heating together sand aA 

coke in an electric furnace. eny impurities Are introduced 

in this way - chietly aluminium and iron - and an investigation 

by .etridquist (2) hap indiceted that aluminium as 1:.. irity 

may give rise to black p-type crystals, and .:.t  iron ally 

give rise to green r:-type erysz,als. The interpretation of 

Lundquist is rat, however, clear-cut since all c - ercial 
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crystals contain considerable quantities of both iron .1.1d 

aluminium as well as other elements. ::oreover, the 

preparation A' pure silicon 4:forbid. by ':en: all and Leo (3) 

0;:.te4 that the prt.epoe cf impurities is not essential for 

c-e-A-conductivity in eille'n carbide. 

-'he 7..rff:ecnt resesren was, therefore, directed to the 

following c,JInts - (1) :veparJtion of pure and impure 

ccimens 	sTicon curtide OA) determination_ of the type 

of semi-conductivity produced by changes in the conditions 

of formaticn of the crystals and by the introduction cf 

specific ixpurities, 	spectrographic analysis of various 

specimens of commercial silicon carbide, with a view to 

determining the relevant impurities. 

2. PREPARATLA 	eiLICON CARBIDE 

tE method of )1.4restring pure crystailine 	fuJs been 

deribed by 'oera (4) and by Kendall and leo 0). nriefly, • 

Jarbon filament 0.025 cm. in diameter and about 1.5 cci. 1.;ng 

is heated in asteaT 	hyogen containing the vaoure of 

vilicon tetrechi ride ana a hydroclrbon such au t Luene. The 

proportions :';,f the row:Ai:AI constituents and the temperniure 

„12 	can both be varied, and upecific 	unties 

can be introduced by means of volatile chlorides. A detuilel 

-escrition of the method has test been •abliohea, and since 

considerable improvements have been trade since the publication 
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,)f the .:.lrers cited tlbove, 	tletatIMI deeeription ol the 

ilethod as et present prootleed stll Mtbe liven. 

The owsratus to 111ustPited In 4tsgren tor in Piga° 

stress 0( hydr0, (tree free oxygen) le dried by passing 

osici.= chloride and then pease  tear jan tnrao bubbling 

b_Atlea 	anged in parallel' 	't the Virat, is cut toluene, 

the seeAld tita n tetrarAiirios 	in the third 

conoentreted walpinvis said. he b ttlee are immersed in 

liquid bathe nalatsitted at constant tealdurkAures The a, onto 

of toluene and silicon Chloride vu,ourict 	p by the 

hydrogen stream can thus be separately varied by re. 4ating 

the rote oi bubbling through each outtle end thu temperAture 

of its c,,riterl,te, 4 the n,JitIon ut v lattle ohlridee 

t a f,.Irth ililine—bottle specific i.,,artics "Ay be 

ints%;duoeti. 	yiU1,,,na ye - Yours them peso thr,Jugh the 

reaction yepsel ptie a chtt,--m filament t3 aintalned at • 

temperature iv the range 1500 to 24)0c. 'Yeecoaposition of 

the 111POWO or!ours on the filament *ith the de;:kAgition of 

crystalline ollioon osirbidz end the 7rmati,n of hydrogen 

chiLqiide. The stets gas finally ;losses through a necond 

esic;um ctride c,,lumn and then equeuus caustic sods to 

avivirb the hyrogen chloride iwi excesS ilion tetrachloridl. 

he current to the filament i 	tlted ir2i-.1 the ,k•G 

ns thr ugh a atepiiidown transU,mori  %ith a 0--ti amp. 	 eter 

log 



ScrieS with tt;e se ndcry winitng, controlled by a variable 

transfcaomer. The temperature of the centre 31 the filament 

la measured ci a disappearing illament pyrmeter. Da01241 the 

build up of a deposit on the filament the reef stance of the 

ftlaTcnt decreaaes, alai fixer vaviable tranafrner ust be 

c_atinually turned Up (by hand to .,11Intain thcJ filament at 

desired temperature. aster a=e experience it tn not 

uifficult tv maintain the filament tewperaturt constant to 

at least A.ua or minUe 

rwo tunasten rods are sealed into the stocaw of the 

reaction vesels  lnd the carbon filament ( sto lied by ciierm-

.mao 1Aectvic c:o.Ltd) is securei at each end bv rwFi 

aqua6ag. (t has been f,unl best to build up a considerable 

tilic4necis of aquadag at the lunation:3 with a series or thin 

layers, drying off each layer by passing $ s all currev.t 

ugh the filament befre arnlying the yx-t. ?ter some 

expetience was obtqined in 	-trig these tirt:Itions, It wee 

U.und that en -v rheated filament invariably lurnt out in the 

centre znd never at the Junctions. Lt was ui d. necesary 

to cool the outside of the veaction veesel with running e.ld 

water. 

A. typical preparation was curried out as follows: 

ialb_ ling buttle number 1 was half filled with toluene, number 

2 *ith silicon tetrachlride, number 3 with ounces truted 



sulphurie eels. nubtling btt1erAmbers 1 and 2 sere 

it 	reed in ester bathe at lee. 	ourtson filament sae 

Muted E; the tutwten leads and ths whAA apparatus 

flueted Qut veth hydmgen. 'Ft7tt) 	nnd 3 're then otoiled 

so that ealy liYdregea and Cauane woour peered through 

the reaction wesiel fit the .r:Ate 	t4proximately 3 ivbbles 

pr second. Me filament was then astatalase at 1.500°0 until 

it bad incrsa4 in diFieter wAorAlinatel, throe times ttoe 

to a thiamine of sb,ut 0.075 oris). MIS Usueity to &that 

3 minutes aL4; :-etx1red a final tt1entourrant 0C tlout 25 

aloe. This praltmlnary building up of the filament by 

ueposition of tiorbJn Itat .fund to be neeesesry to produce 

a rauetnese atid decreased terOenay to burn out at n7her 

temperature*. Tab 3 wee then opened and tap I ctolvd co 

that only Aare nyqragen gassed thr,sugh the reaction veosiel. 

The rilernent temperature VMS then raised: to (say) 2OOfY and 

OA the taps opened to (ably the fillowing extents:- thrJugh 

the t,luene beAtle - 1 bubble er 	thruugh the silion 
tetraelirtas bottle - 2 1::tubb1es 	throuqn the 

euthr“, kiti -bottle - 2 bubble Air second. 'itit Mogen* 

te*erture 	maiApained oonstant t 	15 nutes 

(att_igh it kl.squently burnt out at a 0044 soot before that 

time). 4 the and of the experiment the filament earrent 

usually about 40 amps. 

rystn tine uilioon carbide was dePoelted ,n the 

ii0 



fliellento end a hotograph of • typical Aapoalt le (4W:in in 

Plg.21. The else of that crystals inoreseee towards the centre, 

owe that part to ocnet;trubty hotter thad the ends. A 

n4faber f eartati.ons lu 	oupfor'AmeNLal 34hditiono wore trted 

onto irm; the rewAte *A a large number of esper1esntn1 runs 

are NW'S 18 ettuoarieed rJm below 

(a) Dtrtilltlen rilkAritjtuaraturts..1444tralALMAILLAAL 
-37aa  a .A.C1“ 

..amemisholow.d..0•11 

1500 OP 11004 .:41  

1700 . 19004C 

-Asoic umar,5hella 3opoalt. .4utly Qi  but 
Xsiirey investigation imileated amall 
aw 

 
unta of 4G tAior the eentre ot trio 

rilmTant. 

else emit:1:1110e dolvalt of 4.0 at 
zealot*, OAS morphuse 444040uit ve 
C • el0 (wary yeah rysta1e) 

1900 - 2100 I:: 	fail*, arretalline AS at centre of 
filament (larger vrystale), bloc* 
oryete'line isie away Cron centre (mall 
cryetrae), amorphQue 0 .6 410 at ends. 

p100 nUO'C 	West temparaturs for formation of largest 
arretals of yellow 610. 

220 - ;$40e:1°(.; 	Tqleates* usual, burnt ,Ait guleklro 
oliherotee large yellow orletala obtained. 

(V) 	,.p$:AA 	.ouotaitna ott-alarlyissh  T iti4110  on4 Otlteon 
rtraohlo 

5112 0711, : 01014 
	4opaeitod at all tomperaturee 

4:1 - 2:1, 07118 41014 0 deposited below 2200 ; a little WC 
(blrolo deteotiod by x-ray Investigation 
in deposit, ‘ormed abve 720000a 

1(1 



1'5:1 1:1,C7 : 

L:146 - 1:5, 07thi „4014 

1; ilL J(04; o 4/0 
denosited Ht 1500-170 4̀0; small 
jelow oriatala deposizei at 
1100-2200u0; no deposition above 
2200°C. 

< 1 : 	1 .A014 	Alan re1i.w 	dine 
deposit at 1500-100,9 . L'o ;icpcsit 
obove 1.00c40. 

0) 4i.ktat.411.9t 444e1 	 __________ 

Yhis only atrected the rate of depoeition rot tie 

Mature of the deposit. 	A, maximum rate of decomposition vas 

found if about butoles per sea. weue paosed through 

the su1A4ric acid, althoqgh thez.e was little variation 

up to 5 but)olf.q) per sea. ,:ifter which the depocitton rate 

Nal o sii3nincantly. 

t Oiald be koted tt the vapour proures of 

tA.bene aal silicon tetrachibride at 18°0 are as f ilows: 

Oria 19.5 lm j 	175 

The latter vaomir lb therefore in coneidrahle exceos in tle 

reaction vesoel for the beat conditions of formation of 

silicon carbide. 

1 tosited below 1900C; a little 
bleak :A.0 detected by -ray 
investigation in diposits k:A.:mod 
from 1900-100; black crystals 
forced at centre of filaftents 
above 21000(;. 

.s described ,/bove uner (a) 



ry, all cases (3,..1c (the cubic nlodification) was obtained. 

This ie in agrc-ement with the t.es,;.lts of Taylor and Laidler (5) 

who found that the hexagonal type was only produced at very 

high to  

3. rItiutAilio,41 a iiirthai, aj:Liao  

latile chlorides of the following eleAente were 

introduced during the preparation:- 'e, 	c, s. Qb, 

Bi, Cu. Fe. They were each z.-.iced separately in t fo,Arth 

bubbling bottle in parallel oiltL t e other three, on,1 the 

bottle immersed in a lioulu oath 	temperature which would 

ive a reasonable vapour ;.,rk 

In all cases the introduction of an impurity 	not 

ear to aifect the a -,:c:e*rnce of the final product, black 

tInU yellow crystals bein6 fored 

4. AlAti>44  (41,  11040Akie0d 	4a44 	ii.4 14  c; Ai  

The crystals nroducei were all t-o smell fur any 

aatisfactJry measurernwAs to 	of conductivity and Hall 

constant. It was, however, po-sible to !Atice a qualitative 

G etermination of the sign of the theretoi.-electric coefficient 

at 	tellperature. This infomlation det rtrilnes whether 

the cryst, is are n- or p-type. A crystal was held betwcen 

two ilosphor-bronze electrodes, one of v)hich Was heated. 



he electrodes were connected externelly thrgh a sensitive 

galvanometer, and the direotion of c)vement of the 

needle gave the sign of the ther,.3o-eleetric coeficient. 

It was found that nil yellow crystle (whether yure or 

contaminated with n- or p+type 1±1r.klvities) were n-type ser4i-

cowuctors. 'ost black crystals we lso n-type (although 

cercial blac4 sA.icon carbide le 0-tp.e,;, but a few black 

crystals were found to be -type. Mese weee Obtained. only 

in those deposits 17,)rmed when the astir of the butling 

vatee through tcauene and silicon tetrachloride was w 	to 

or greater than 1 : 1, and w en tNe deposits were ure or 

contaminated with boren or aluminium, Crystals prepared in 

the same way, but contaminated by germsfAum, tin, phosphorus, 

i‘F.3cnio, antimony, bleuth, co per or iron we:.12 found to be 

lthough identical in 6poalorance. These p-type black 

crysals were formed at teratures above 2100°C. The black 

crystals formed at lower temperatures, and hence with a lower 

rats of toluene $ 	licn tetrnehl:Jride, were nli i'dnd to 

be n-type even when contEelinate by boron or alaqiinim. 

The conclusions 
	

this would seep to de 63 f 

(X) In the preparation of silicon caAJide by retictioY: of 

silicon tetrachloride aria toluene vapours on a hot carbon 

filament silicon le norally ;:tresent in gveat exceve over 

carbon, and the resultant silicon carbide is n-tjpe, cren when 

• Of 



par*, du* to $ stuichlutzletrie excess of eineon. It dues not 

appear possible to introduce aufficient boron or aluminium 

to neutralise this excess allieon. 

(2) If the tluche 	,lic,„Ai tetrachloride ratio is increased 

pure silicon carbLie 	stale can be deposited which are 

piptype t  presumably te4Al8e there is no a stoichtmetric 

exce 	of carbon. Za this case'  ho*ever, the introduction As 

n.-type impurities sears to raverse the effect of the exces 

carbon. 	(3) 	t thus appears that n 	pwtype conductivity 

in stlic,4n carbide can be caused by non-,stoiehlometric 

prortions of silicon and carbon and also by the introduction 

of tptirttla (i 	he te,pertAare ot 	 the 

silicon. curbid.e ot.irs to ilLve no influence la) the type of 

conductivity. 

5. ; .tik.i,a414oe 	 OARBW4 F1L4.  

it is of intsreat that tilts of silicon carbide can 

be prep8red by evaporating at a high teLiverature in a va-cu_al. 

The carbn filAiment on which silion earbfue had be 

o.41siteJ tz4a; heated to 2500 Q in a vacuum cvJproximately 1 cm. 

way tr4m a silica plate. 	in %oat cases the filament burnt 

out utcc.ly, but in a few cases it remiAned clete for a 

sulicient length of time for a thin ovaoorated layer of 

cbrticie to be deposited 	the silica plate. In all 

c6ses this layel' was contaminated with carbon evaporated 

sir 



-Chi i x ims ,rojuced were yellow or black 

in c:lour, depending on the de4ree of carbon ontaff,inution 

*nu on the c. lour ot the original silicon carbide. it 

h.ded to pre;re evaporated films fur -Aeasuremant of 

conduct4vity and Hall constant *  but it was not round . L?!J 

to prep*re films of sufficient thic,‹ne * fur this purpose. 

Ands thiCh films could not be built up the method was Not 

farther deveLped$ 

6. 	 OTRUOR4P1112aAIAAILItt9A4146.61LAIWCON  CARb r1)  

Various specimens of comliercial 	carbide were 

analysed spectrographically, using the sensitive 	thutfie 

layer" technique, , powdere veoleh was .Hlaued in a s.; all 

graphite cathode. The intensities of the lines observed 

a photographic film were messure,.1 by a Olotoelectric 

.zensitometer and compared With each .ether. The experim tal 

results are summarised in Table 1, (TA1-5-) 

ft will be seen that all, the crystals contain iron and 

alu- inium in a:proximately c,m3Lnat -*tic's, and the Al does 

not 	pear to be any clear—cat corelation betwen cfAour, 

or conductivity type, 1.a nature of ,pu 

7. THUaltTICAL 444J3ULATIAik  

(a) UenerslTheoretical .ouel 

we may describe the ionlo...h..)mopular structure (1i 

'I' 



of silioen carbide as oeme resonant cembinetion of:— 
4t 

e 	und [ell 
	

[CD 	ehe relevait otemic and ionic 

4— 	
3 radii arose. 	or 0.77 	1 

C = 2.60 AtU. • i 	i.1 ^411.1. 0  

4+ •  0.39 	.e may therefore heve, in She ionic 

missing 4/
4* 

ions (ot.CuOj or ,nterstitiai 61 ions 

(cf.en0). The ionisation energy of these "!asperity" otntres 

may be ealculatee i'ra'te the usual 	NI a 2/TielOi'l-h 

where m = Taos of free electronli or helo t  e magnitude of 

electronic cea-ge, We dielectric eenstent, h Planck's 

cenetant. 	eilioon carbide 'Keay be teeen ae 7. Therefore 

el * 0.275 eV. 

hie value for the ionleatien energy of ee "impurity"' 

centre *ill be the same whether the "impurity" arises Vrem 

the eveeence of foreign et ms (electron leintore er 

aeceptors, or from non...st ichiometrio or ertions ut carbon 

And ',Melon, or from both causes. 

,t teepereteres above oieelute zero some of the 

"impurity" centre will be in excited states. At low 

ooncentrations of impurity theciectronic levels of these 

excited et rtes will be localised, and since the nuleeor of 

electrons in them will be smell teey raw generelle be 

neelected in oensidering the procees of activation of 

free electrons. 	H. ever, at high concentretions of impurity 

the excitedestete levels dill broaden out into bands, as 

shown by erginser (6i. 	situation is illustrated in 
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ire 22. 	this occurs we hl:tvt_ the csosibility of an 

electron conduction band, since the excited—state impurity 

electrons will no longer be localit3ed. Ails can be shown 

actually to occur Ai silicn carbide no fotlowst— 

radii of the normal and excited orbits of the impurity 

electron 08A be calculated. in a medium of dielectric 

cnotant 	the rloral radius of the carbon aCJui, 0.77 x 10'e 

will expand to r =x q
2 

x br qadus (where q • princial 

quantum number 	Ole orbit, i.e. 1 for the ground state 

and 2 for the fVst excited level). 	or successive values 

of c44  and -Ku 7.0 we tus have r = 5.4 x 10 , 22 x 10 

x 10—s')  cm. 	tnt,.se 4411 h,ve activation energies of 

E//q2 i.e. 0.275, o.)7, 0.03 eV. These expanded orbits 

will allow electronic conduction to tke place II' the mean 

aistance between Auturbing centres is less than twice the 

raelus of the "impurity4  electron, for the orbits 

around neighbouring centres will then overlap as fliwn in 

Vig.23. 

o frJm the experimental retaliate of ausch (7) all 

crystals of claw 	licon carbide have a7:,:tr.)Ately the 

name number of holes,  bound and tree, a , A.'ximately 20 

per cc. cc. una the number of mi,sing silicJa atoms (or electron— 

acce)tor ivapuritiesj ,Aaet therefore be the sae. nowing 

the lattice parameters of silieon carbide, the ,,ean 

distance between acce,A,..)r centres can then 	be 



calculated as about 214 	 -his situation is 

depicted in ?ig.23 end it can be seen llat electrons 

excited to the level correaponding to'q a 2 will have 

overiseTing orbits and therefore sufficient mobility to 

form a conduction band, while electrcne coeresponding to 

q 	I will be held in localised energy levels. A similar 

situation arises for p—type steiliconduction in silidon and 

germanium, but in their cases the activation energies are 

much lower, end for q > I beeJme ao wzall as to be 

indistinguiahable at oruinary teagperatures from the top 

of the full conduction band. in the case of 'silicon carbide 

there is en appreciable activetin suer, y corresponding 

to q a 2 (and even higher) so thet G.rt loser temperbtures one 

c; ay ex ;)act to find narrow conduction bands corresponding 

to q = 2, 3, 	;,e are therefore lA to propose an 

energy level ileSrass for black silicon carbide as In Fig.24a 

in which distilibing centres of one kind (z,;L.aing salami 

cure or electron acceptors) give rise to more than one 

energy level, and the mObility of electrons in the Nei  level 

sill be dependent on the Inean distance between disturbing 

centres. 

i'or green sAdci.ir cif rbide (an n—type eetAconductor) 

analogous calcoations, assuming interstitial silicon atoms 

or electron—donator impurities, lead to an energy—level 

diagrom as shown in Pig 24b. There is o signifiant 
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diiference in the two diagrams for black and green silicon 

carbide. In the former case electrons may be thermally 

excited from the normally full 'band, firstly to the excited 

level, i411. wiLth un activation enery of 0.07, tInd seeAldly 

to the localised level,i, with an activation energy of 

^).275 eV. ((1 may neglect the transition fr,,m Se to Li as 

the number et electrons et the level Bo is always very such 

greater than at Lill) •easurewent of conductivity as a 

function of temrature should therafore give these two 

activation encri4es,E1 and e2,  and moreover the ratio 

of0  1/€2 sh1d be o.25. However, in the case of green 

silioon curbide, electrons f;iust be excited initially from 

Li to Y1, end eubsemently from 'A to 4(i. The activation 

enegies observed sh:Aild therefore be 	0.20 eV. and 

E2 	).275 eV., nd the ratio ofEl/e2 should be 0.75. 

oe are thus aoeuming that for p—typie die the current 

ciers are holes in the no rally full band and electrons 

in the im unity conduction band; while for n—type sie they 

ire electrons in both the normally empty band and Ira the 

impurity conduction bend. 

gesparipon with iverilent  

The experimental reulte of 5uech (b fur a number 

of different crystals of ellion carbide are given in 

Table 2 9nd there is seen to be a qualitative correlation 

11.0 



w ith the model given above. To exsoLine the prooeties ot the 

proposed odel in more detail, we may consiOer the eXPerimentel 

results of iOlsch and Labhart (o) on black ullicun carbide, 

co: shown in Fig.25. According to these results the conciuctvity 

le given by 

or=j exO. ( 	+ h2 exp ( mig.2/2KT) 

vier ranges I and LI of it 25 RnO laximum conductivity over 

range 	was explained by the 	1.11g the result of 

degeneration in the conOuction oond. The presenoe of two 

different activation eneroies *ve ox)6ined by them on the 

aosumption of two kinds of disturbance centros having 

di terent energy levels u.0 it was found nececsary, ti eit'Jer 

to exolat. the anomalous all constant ut low temperatures, 

to assume that conduction eould take place at one of these 

levels, although thera seemed no particular reason why this 

shAlld occur. The necessity of postulating two'Kinds of 

disturbing entre has to,2n ovoided lo the prevent model, which 

turns out to hove or , pertiee similar to L4uch nd Lsbhart's 

and moreover proviOeo a satisfactory ex lanation for tht 

oognitude Jf the activation enegies obrved, for their 

Oiflorent ratios in n- o.nd p-type oryetals, and for the 

occu:rence of conduction at one of the disturbonoe energy 

levels. Furthers 	the anomalous low Hall conotant at low 

temperature found in black but not in groen silicon carbide 



r: y else be accounted for, as 	shewn below. 

re the teeperature range t of Fig 75 eemeuction will 

be eue to holes in the noreelly fuil band ane to an equal 

number of electrons in the disturbance conduction band at 

et'. The cendectivty Tay be expre >eed as 

eh,  re c its the maenitaue of the cleetrenie charge, nh and 

es are the number of hulas and electeens, and r„ and re  
ere their me:elective mobilities. 

i.e. 	r r ( 

since 	tele temperature range eh = ne n/,. The 

situatjon will thus be very aimiler to that ebtaining for 

intrinsic seaticonductors, except that electeons in the 

eieturbance cenduction band weuld not be expected to have 

such a high eobility us weuld ner:al conduction electrons 

:wing to the comparatively large a,eilL distance between 

disturbanoe centres. For intrinsic semiconduetore re  

is elwaya greater than rte, while in the preeent case the 

sign and eagnitude of the Hall constant show that reis 

greeter than rt. 	The Hall constant will be given by 

11 • 31/aen 	r, i. Thus its sign and magnitude 

eill depend on the relative mubilities of holes and electrons, 

se well us on their nuMber. jince Busch and Lab 't obtained 

ebnormally low velues ox the Hall constant at fc,..v temperatures 



it seems that Nis nearly equal to re-and also since they* 

is no chongs in the sign of the Hell e.m.f. the hole 

mobility clust be rliqhtly higher than the electron mobility. 

ft can also be deduced that Nand inuat vary with 

temperature, as otherwiee 	corve or log against 

wnuld show a small cAistnnt 	nitive 

the higher tsaperature ranee U, electrona will be 

excited from the normslly fufl. band to localiaed energy levels 

at 41. onle conduction will theretnre become predominant 

since Ai will increase without a co responding increase 

in ne. 	1.yoally, when 	the conductivity will be 

whnlly p—type and will be given by tne e.onation 0-= cahrh and 

the 	cYi8tnt by 	ajr1V3eb40  

An. Rmen Alicon carbide ::usch and nathart di i not 

obseeve the enow0ous low Hall constant in the low temperature 

range (ate .1,ge.ik —7 of their paper, but note that eigs.6 

and 7 have ben inadvertently transposodi, and this is easily 

understood since f. the prevent .odel at both high and low 

temperstures cnnduction in green sllicLol carbide is due to 

spotronp excluoively nnd we do not hive the simultaneous 

hole and electron conduction in the low temnernture range. 

i..7efinemcnts to the theoretical model .Jay .;:ake it pu Bible to 

determine with Lore certuinty the nature of the diaturbahce 

centres cnu$ing n— and p—type conduction in silicon oarbide. 



lor Aher semiconductors the same 7Jodel may be apollcable 

and it* properties will, be largely dependent on the dielectric 

cmstant of the crystid. Yor lure values of dielectric 

icristnt io.g. 4ermsnium &ir ilicon) te activation eneroies 

will be low oral the disturbcnce conduction bends c4ill lie ver 

cloae to the norally full (or empty) band uf the crystals 

Col. swell values the activation encries will be high and 

th .0 will bu 0L:ditional localised energy level°, due to 

the excite0 sttes,lc d,o not devA.,Jp into oisturonce 

conduction bands. f:'or interm,mliste values (e.g. i it en 

carbide, cin Elditinol energy level may occur which, ao 

indicated above, will 41ntain eloctrons which are localioed 

or free according to the crystal parameters 1_4d. tr.e 

oncentration of licturbgitce centres. 
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it 	Alerk,k,  

of the faniementel electronic pr ',erties of 

earoon-eilicon-geroantum..grey tin are given in Toble  

The venetian of the energy map E with the crystal 

net;Ant a. can De eiricelly correlated by mesh. Of 

the felotionship 
cc 

E. on 	exo (-14, /6400) 

'his relationship te sh4s, plotted in .Ft.24 and it ke sees 

thet all the points lie exactly on a strolAt line. It ii 

intersting that the vmbetenee nt1to.n carbide which is 

asorly htmlepeler in tt prupertiee, 	lies very near the 

otraight Use. 

'41-445eee (1) WO* a sLAler eirtca1 relottonatp, 

out the ;:;c.: given here is more Gwavrate• 

he dleleotpic a-natant of grow tin has not been 

,red, but an estimate may be ,btainett fr4 the empirieal 

relationship (*oat MO 

El? m 173 

hio J.vt„s 	1$ (1,3/k 0614.1 	a 52 

Jt„te tne other elements we havel- 
, 

EK = 	 = 167 540P 31  (5.67j 

= .1.12 x (11, ) 05 	164 

0'74 it (16; 	-1:12- 
riA SOSTI 	.12A- 



The mobility of hales in grey tin is the saie as in 

germanium in the 1ttice scattering rang*. The mobility of 

electors is somewhat kr-Ailler. in the imp-arity scattering 

range the r.tilities in grej tin ere very much larger than 

in germanium or silicon. 

In :able 2 the intrinsic conauctivities of the homooAar 

1.etants are c1 :red 	various temperatures. There is SvCr1 

to be .n enus variation i'ro asmon4 to arey in. 

n i'oble 3 the nabers of flee intrinsic electrons ::tre 

sililarly copared. 

Table 1 vLso includes sume :41ita fur compounds. Those 

for •11b, Awl) atiu £u 	are taA.en 	ti4d recent ptipers 

by ,.4.4.1t (2) (3). The values of 01: ore lalcalated 

ar,proximotely frdai his curves of intrinsic 6-  ainst 1/T. 

t it; sen that these binary *or. Quads of awovf III 

.5ith tiftw 	V 	ts ha,vta 	e4,ties sillar to those of 

the Grukp tV tte. he very large mobility which 4elksr 

quotes or Inb h ,ald be noted. SALOAAA,6tiliAlb (4) gives 

a sillier figure. Vrom the values dtfrived for 6; the 

bilities of .1;b and 081,112 will not be 

hat these bim$ry tlounds zire not so hoHol)Afir as 

silicon is indicted by the fact that their electron 



1A,tivation energies ‘14 not bear any relation to their 

lattice aanstaato as was t>und to hcld ervArioally lor the 

truly homunolar semiconductors. 

rhery 9PC U laego number of ouch binary cJm-ounde 

awaiting invtatigation, and woae intsPosting Properties 

-ay be expooted. , o14ar has already found transistor 

action in tnP (3). 

190 



S (j€"/bT 1.<
'J(-,.. _ 'l (",- r''l.( Cl-

~ r~\ t'~ \ r'""

"- -If. " "• • • • 7 1 . 7 j •
~

-~ Go "1 9. • • • o. • •
If. -40 " "3 . - 7 l ' • • -4-

,
"(VO tv • (' • -.• •

_. •
IIf.

• •
I- It

I
'" • • •-

so ,
...

I• •



- - - - - - - - - _.- _ ._-- ----

( -

-
• - "

•

•

•

4

-(,.
_ 1.-

_II -,
_1.. )

-14-•

J



  

n :?(iteria) • 

      

     

...01•11•0•W•WOMINImpa.•••••••••,......•1111011.1 

     

2(2.3 x 	tAto: 
.11111...01•100•110111iMilmile,  

(4"Arr) exn 

 

iL 	exp ((A) 7.14 	31.5 P 

 

• 1.0 Ike 

       

       

       

2000 	7.6 x 1014-  

   

7  
it 	 IS 	 1.0 

	

1000 	:.7z 1Q 	2.8 x 10 	,.0 x 10 	2.2 it 10 
r• 

	

500 	3.3* 10—c•  1.5 x 10 	.) 	lo 	. z 10 
13 	 /5 3 2 10-""-  6.0 x 10 	4.0 z10 	1.3 x 
lo 	 ig 

	

200 	 1.6 a( 10 ' 	1.14 x 10 	4.43 z 10 

	

100 	 5.5 x 	5.6 	1.2 x 10
7

20 
 

8.6 x 10 

13.3 



(1)  kitiliati T•S• 411  "titc.:toconciucti.vit,y in the .:lernents'‘. 

Fmtturwita ;,1)52) 

(2)  If attirforsehang Ze., 	7 	(t952) 

(3)  .1/.41131ii z."setturt‘)vw,-..M.ing 248 (1953) rnts  

(4)  a. 	Phisiiiiev. 488 (1953) 



LI  

a-  l  Conductivity (,bine:1  

H,oltsmann's constant (* 8.70 x 10 eV 

Abcdiute texparature 0 
3. 

umber of free electrons (W7 ) 

Number of tree h lee (mm ) 

umbei of substitutional i.ur'itj atoms ne  (r 3  ) 
a 	 ratio of electron to hf)le floblitty (re/rh) 

	

r e 	,f)lity of .!,:ety.ns (cmovit oeo 	) 

	

r h 	 blAity of holes tem.volt— 	j 

moll e,nstant (om 0ouloHbfr i  ) 

13 
	

leetnio mass 

e 	 lectAinie ahtwge 

Aeleeteic *wistant 

h 	 Lai4OK t U 

	

i 	 ,utilk,tion energy for 	electrons (eV) 

E 	,etivation ezlergy ior intrinsic cleotrona (elf) 

wmetie field et-enth (Efpus) 

Variation of zwith tera,;erature (eV.. Ai. I) 

Jriticoal topevILure for degeneracy (abs,) 

Crystal lettiee co4%stant (ingatrom units) 



2 

,1,4y14_44 

(1) fiergy1eVc1E3 tn &ray tin 

(2) Transfor:4ation :, te of tin (;:.,tin) 

(3) Transformation 	of ti a (iohen) 

(4) sour.) of white/grey tin clectrochtiAimA cell 

() 	Vaaaum evaporetIou of tin 

(6) ,Jpe trawl holuer icy electrIonl 'essa;.*ei:44:1te 

(7) Uectvical rileasuring circuit 

(/ 	2Attoya 

ball c-,2natnt ot oiloys 

(l0) -',',ItilatirJn of ,-40.1 c3riztint in a magnetic ficld 

(11) Variation of j,111 constant in a me,/tie field (TI) 

(12) Variation of (nenh) with tempvratars 

(13) Variation of To with nuirbar of charge carriers 

(14) 'utbar of charge ea ricra in Yilloys 

(15) ,ibtlities of electrons and h,lea 

(16) Variation of c-and R with h (Li Qy (1)) 

(17) Variation of 6-aml R with M (Alloy (6)) 

(1'6) 	 ontact Rectification with 4ray Tin 

(19) Therelactric e:e.2t with Atj Tin 

(20) 40paratits tor preparing ,tlicon Carbide 

(21) Aotograph of 	,3arbide Preparation 

U2) 	lectrunie ImAirtty Sands in a beffAaJtlductor 

(23) Radii oi tkaes in 41icn arbtda 

(24) zAergy 4.,irele in ,Allcon-Oarbide 

(25) Condu.tivity and io1l Constant of allcon Carbide 

(26) Ralsti.nship of 6 with Lattice Constant 
126 



4, 0 

The w.rk. -escriSed i this tilusie W513 cv-1,1ed Aat 

durIng 1950-53 in the eltrictil -nt;Inceving Jeportment at 

Jmperisl :ollege, ondor. 	4hs 'author wishes to thank 

krofessor 	JsoKeon for his help and enco.irsgement and 

for piscine! experVoe:tal fsetUtls t his dispowat  the 

-)4154.I01. far o grent tor equipment, the Leverhtibe .#;e11,wshipe 

Committee for a Oeilowehip (1949-42), and the DIxectore of 

Netrop, litbn—lcAers lectrieel Oo,Ltd. fc.a. Irantkng hio 

extend,d 	tqtanoe. 	.4lecimene of clAsmevclial. silicon 

carbide were ,Andli su ,lied by the Oottherdwcre 

witzerLuld tInd the rendal rieltewerks  tytehiwn, %may. 

7 



1"4
I 
iji 11801.16.11.1.4,00 

	

1042 	4t_41441444kA04  

Reprint* of the foll,:ming publiout _ma are uttached:- 

1. i.AM4. 	00 M104, Phys. ,4004o ap 123 (1944i 

*The Ractitring property of -41con Oz,q,bide.  

2. jALL J.T. and uu 0 . epos*  internat•C)nv. ure end 

	

Appl. 	11, Li; (1947) 

reparation of 11010 Silicon ObrOlde". 

3..:qt9ALL *Ts?. 	eroo. 1.11704,6oc., lja, 821 '1 

"Sleetrieal Conductivity of Urey Tin" 

44 	LANDALL 4.T. - J.Chenwitre. ILA  821 (1953) 

nlAtitronic Conduotion in Altman jarbide 

ote 	A paper based on rt l i.c VALI Cleats 

hLus btlen aoceted for Iblioation in 

the i-hiloeophical 4agasince 

/9 



REPRINTED FROM THE 

PROCEEDINGS OF THE PHYSICAL SOCIETY, VoL. LV E, p. 123, 1944 
All Rights Reserved 

PRINTED IN GREAT BRITAIN 

THE RECTIFYING PROPERTY OF 
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ABSTRACT. A technique is described for obtaining a non-rectifying carbon-
carborundum contact. Experimental current-voltage curves are given for single rectifying 
contacts. These curves show that green and black carborundum are essentially different 
types of semi-conductor. Experiment also shows that all the rectification takes place at 
the contact surface, and that any volume rectification (if it exists) is a second-order effect. 

§1. INTRODUCTION 

mUCH of the literature on the rectifying property of carborundum is 
confusing, owing to a lack of attention to two important factors. 
First, there are at least two types of carborundum crystals which 

are completely different in their electrical properties. In green carborundum, 
rectification takes place in such a way that the direction of easy flow of electrons 
is from semi-conductor to metal ; in black or blue carborundum, rectification is 
in the opposite direction. This fact is evidently not generally appreciated, 
for as recently as 1942, Fairweather, in describing experiments on the 
carborundum rectifier, omits to mention with what type of crystal he is dealing. 
On the other hand, as early as 1921 Dowsett distinguished between green and 
black crystals, which he called positive and negative ; and more recently Russian 
investigators (e.g. Gokhberg (1937) and Losev (1940)) have distinguished the 
two types as excess and defect semi-conductors. (See Wilson (1939) for an ex-
planation of these terms.) 

Commercial carborundum, as manufactured in the electric furnace, consists 
. mainly of masses of opaque black or deep blue crystals, but in parts of the furnace 
the product may consist of clear crystals, varying in colour from green to pale 
yellow or even colourless. The various crystals differ little, if at all, in chemical 
composition. They may differ in-crystal structure, and an investigation on this 
point is at present in progress. 

Secondly, the fact that,,experimental data may refer to two contacts in series 
is often not mentioned. For example, El Sherbini and Yousef (1939, 1941), 
Khastgir and Das Gupta (1935), Chakravarty and Khastgir (1937), and others, 
clamp a crystal in metal electrodes and measure the overall rectification. If 
there is no volume rectification this simply gives the difference between the 
rectification at the two contacts, and the results can become very misleading. 
As shown below, even a soldered contact does not have under all conditions a 
resistance small compared with that of a cat's-whisker contact. Fairweather 
(1942) has avoided the difficulty, and has measured the voltage across a single 
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contact by a potential probe and balancing e.m.f. This method is theoretically 
sound, but is comparatively insensitive, especially for small voltages, owing to 
the high resistance of the measuring circuit. 

In the present series of experiments full account has been taken of these 
two important factors. Data are presented for both green and black carborundum, 
and the rectification is referred to a single contact by making the resistance of 
the second contact very small. 

The crystal fragments used were roughly rectangular, having a volume of 
about 0.01 c.c. There is an advantage in experimenting on such a small scale, 
for commercial carborundum is a mass of irregularly fractured crystals, and it is 
difficult to obtain a single crystal of larger size. 

§ 2. METHOD OF MAKING A " LOW-RESISTANCE" CONTACT 

Three types of low-resistance contact have been tried : solder, mercury and 
carbon. In the first method, a crystal of carborundum is partially immersed in 
molten solder, which, on solidification, holds the crystal tightly, and presumably 
gives a large area of contact. In the second method the crystal is held by means 
of three screws in a metal cup filled with mercury. In the third method 
(figure 1) the crystal is clamped between two pipe-clay tubes, through which 

'12)1  

tje,keide 
Asbestos 

-WY?
v:41i I 	, 1r  1  

Figure 1. 

pass carbon rods (sharpened H.B. pencil leads) which are pressed on to the 
crystal by springs. The initial resistance of the arrangement is non-linear, of 
the order of 100,000 ohms at 4 volts. The carbon-carborundum contacts are 
broken down by passing a heavy current for a short time (e.g. 7 amperes for 
10 seconds). The current was obtained from 110 v. A.C. mains with a series 
limiting resistance. With 7 amperes passing, the crystal reached about 
1200° c., judging from its colour. The specific resistance while at bright 
yellow heat was measured as 0.07 ohm/cm (black carborundum). This rose 
on cooling to about 5 ohms/err0 In this experiment it was impossible to tell 
how much of the resistance was localized at the contacts and how much represented 
volume resistivity. 

In figure 2, curve I represents voltage plotted against current for two fused 
carb on- SiC contacts in series, prepared as above. The resistance is linear, 
of the order of 100 ohms, up to about 7 volts. In curve II, two solder-SiC 
contacts are in series. The resistance is linear, of the order of 1 megohm, only 
up to about 0.5 volt. A similar curve is obtained for mercury-SiC. In 
curve III, a solder-SiC contact is in series with a cat's-whisker contact of copper 
wire. The two separate branches of these curves represent the two different 
directions of applied voltage. Curve II coincides with one branch of curve III, 
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since the direction of easy flow of electrons for the high-resistance (cat's-whisker) 
contact necessarily corresponds to the direction of difficult flow for the low-
resistance (solder) contact. The dotted branch of curve HI is obtained when a 
fused carbon contact is substituted for the solder contact. For this low-
resistance branch of curve III, the solder contact is evidently only satisfactory 

I

, 

... / 
//

/ 

5:7  

..... 

a 
trs 
E' 
l'' 

Ce'rent f (Amps) 
10 -te 	10 -9 	10-9 	10 7 	10-6  . 10 - 	to 	to 	10 

	/0 

Figure 2. Typical current-voltage relationships. 
I. Two fused carbon contacts. 

II. Two solder contacts. 
III. Cat's whisker and solder contacts. 

at low voltages, and this condition is most definitely not obtained in much of 
the published experimental work on crystal rectification. The fused carbon 
contact used in the present work has such an exceedingly low resistance that 
distortion of the low-resistance branch does not occur. 

§ 3. EXPERIMENTAL RESULTS 

The electrical circuit is shown in figure 3. Voltage is measured by the 
multi-range voltmeter connected directly across the carborundum crystal and 
series resistance. The voltage drop across this resistance is allowed for when 

10 

•1 

•Ot 

I, 
APAR IFIER 

1  

C - Crystal Contact 
R - Standard Resistance 
v - Voltmeter 
A - Uniprvot micraarnmeter 

I 	0 

Figure 3. Circuit diagram. 

it is significant. Unfortunately this method of measurement, although simple 
and direct, gives the voltage across two metal-SiC contacts. In practice one 
makes the resistance of one contact small compared with the resistance of the 
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other, as described above. Current is measured by measuring the potential 
drop across the series resistance, which is variable in steps from 102  to 107  ohms. 
For this purpose a D.C. amplifier similar to that described by Vance (1936) is 
used. This has an input impedance large compared with 107  ohms, and is con-
nected so as to give 100 o/ negative feed-back. The voltmeter in the output 
stage measures 0.1 or 1 volt full-scale, and the current range is therefore 10-8  to 
10-2  amperes for full-scale deflection. 

Experimental curves relating current and voltage for single carborundum 
contacts are shown in figures 4 and 5. It should be. clearly understood that 
while these curves are exact for the given contact and conditions, they are only 
typical of the given contact materials. This limitation will he readily appreciated 
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Figure 4. 

by anyone who has done any experimental work on crystal rectification. For 
those who have not, it is as well to emphasize that the effect of such factors as 
contact pressure, actual (not superficial) contact area, exact composition of 
contact materials, thickness of any surface layer, previous history of contact, 
etc., which are factors controllable only with great difficulty, can cause great 
variation of experimental results. These difficulties are often glossed over in 
accounts of experimental work, and it is as well to read such accounts with a 
highly critical eye. 

The contact combinations studied are shown in the table, which gives in 
each case the number of different crystals studied, the number of observations 
using different parts of the same crystal and the overall experimental variation 
observed. The last is expressed arbitrarily by the range of current for a voltage 
of 1 volt applied across the contacts. This variation is generally enormous 
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(showing the effect of uncontrolled factors), but this does not invalidate the 
conclusions given below, for the direction of rectification is constant, and for a 
particular contact the current-voltage curves are approximately repeatable. 

In figure 4, a current-voltage curve is given for a cat's-whisker contact of 
copper-black carborundum. The direction of easy flow of electrons is from 
metal to semi-conductor. In obtaining this curve, the voltage was raised in 
small steps to the maximum value and the corresponding currents measured ; 
the voltage was then decreased similarly. This procedure results in two curves 
for ascending and descending voltage, showing that the current at a given voltage 
depends on the time of application. A point to notice is that in the direction 
of easy flow of electrons the current decreases with time of application of voltage, 
while in the direction of difficult flow the current increases with time. 

Table. Contact combinations studied 

Contact 

• 

No. of 
different 
crystals 

No. of 
different 
points on 

same 
crystal 

Total range of current 
(amp.) at V=1 volt  

Metal+ Metal — 

Copper-black SiC . 25 10, 10, 6, 2 3 X 10-9-6 x 10-7  4x 10-8---3x10 5  
(remainder 1) 

Solder-black SiC 4 (all 1) — — 
Mercury-black SiC 2 1, 1 — — 
Fused C-black SiC 6 (all 1) — — 

Copper-green SiC 6 3, 2 8 x10-8-1 x10-5  6 x10-7-1 x10-6  
(remainder 1) 

Solder-green SiC 1 1 — — 
Mercury-green SiC 1 1 — — 
Fused C-green SiC 1 1 — — 

Green-black SiC 2 pairs 4, 1 6 x10-5-3 x10-5  5 x 10-8-8 x 10-5  

In figure 5, curve I refers to a cat's-whisker contact of copper-green car-
borundum. It has been found that the resistance of contacts with green 
carborundum is always less than similar contacts with black carborundum. 
Rectification is in the opposite direction, the easy flow of electrons being from 
semi-conductor to metal. The effect, described in the last paragraph, of the 
current varying with time was not noticed. Curve II refers to a contact between 
crystals of green and black carborundum. Rectification is in the direction to 
be expected by analogy with the results for metal-carborundum contacts, the 
easy flow of electrons being from green to black carborundum. Contacts of 
green-green and black-black carborundum also rectify, but less efficiently. 

Other experimental points of interest are : similar results were obtained 
with dull, shiny, striated and fractured surfaces. The crystallographic orienta-
tion of the surface was immaterial. Similar results were obtained on a surface 
which had been exposed to the air for a long time and on newly fractured surfaces. 
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Heating the crystal in an atmosphere of nitrogen or prolonged washing with 
hydrofluoric acid had no effect on the contact resistance. 

The curves were repeatable except when more than about 12 volts were 
applied, when the contact resistance began to break down, and was only partially 
recovered on lowering the applied voltage. At about 20 volts a white glow 
appeared at the contact. Sillars (1942) has reported that this glow gives a 
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Figure 5. 

continuous spectrum. Pressure applied to the contact altered the resistance 
characteristic. With increasing pressure the resistance decreased and became 
less dependent on voltage. 

At low voltages (or, it may be, at low current-densities) the contact resistance 
is linear. Over a certain voltage range non-linearity is observed, and at high 
voltages the resistance apparently tends to become linear again. This latter 
may, however, be a contact breakdown effect. 

§4. THEORETICAL DISCUSSION 

It can be deduced theoretically that for an excess semi-conductor the thermo-
electric force against a metal is negative, while for a defect semi-conductor it is 
positive. It has been shown experimentally by Gokhberg (1937). and confirmed 
by the author, that on this count green and black carborundum should be classed 
respectively as excess and defect semi-conductors. The cause of this difference 
is obscure. Carborundum is certainly an " impurity " semi-conductor, but the 
identity of the impurities is not known. 

icre 
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It has generally been supposed that there is a surface layer of silica on 
carborundum crystals, acting as a " barrier-layer ", but the evidence is not very 
convincing. Heine and Scherrer (1940) have, from electron-diffraction experi-
ments, shown that such a layer, if present, must be less than 10 *thick. Finch 
and Wilman (1937) have similarly shown that a layer 15 A. thick may sometimes 
he present, but can be removed by the usual means (e.g. hydrofluoric acid)• 
The fact that a freshly fractured surface is indistinguishable electrically from a 
natural crystal face shows that any silica film must be formed very rapidly on 
exposure to the atmosphere. In any case, it is inconceivable that the thick 
barrier-layer (approximately 10-3  cm.) required on Mott's theory of contact 
rectification (1939) can be present. This theory is completely satisfactory only 
for the copper-oxide rectifier. Wilson's earlier theory (1932) postulates a 
barrier-layer approximately - 10-7  cm. thick, and this may possibly be present. 
Unfortunately, Wilson's theory predicts rectification in the wrong direction. 
A possible solution to the difficulty may be found in the work of Losev (1940) 
on the photo-electric effect of carborundum. His experiments indicate that 
while the bulk of a crystal may have " defect " conductivity, the outer layer 
(10-3  cm. thick) will have " excess " conductivity, the " barrier-layer " occurring 
at the junction. It does seem necessary to postulate some sort of physical barrier-
layer, for the formation of an electrical harrier seems ruled out by the apparently 
instantaneous response of the carborundum rectifier to short impulses. One 
must conclude, then, that the current theories of contact rectification do not apply 
satisfactorily to carborundum. 
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DISCUSSION 

on paper by J. T. Kendall (Proc. Phys. Soc. 56, 123 (1944)) entitled " The 
rectifying property of carborundum ". 

Dr. A. FAIRWEATHER. In referring to some earlier work of mine on the same topic 
Mr. Kendall asserts (p. 123) that " Fairweather . . . . omits to mention with what type 
of crystal he is dealing ". On pp. 514-516 of my paper it was pointed out that there are 
five known crystalline modifications of carborundum, and that the crystals employed in 
my work consisted mainly of the second modification. The method of classification 
adopted by Mr. Kendall, i.e. according to colour, as either green or black or blue, does 
not seem very definite. The point at issue is, therefore, whether colour or crystal structure 
is the significant factor, and whether they are alternative descriptions of the same thing. 
There are several possibilities : thus, different colours might be associated with—,- 

(a) different crystalline forms of pure carborundum; 
(b) different forms containing the same impurity; 
(c) different impurities in the same form; 
(d) different impurities in different forms, a specific impurity being, perhaps, always 

associated with the same crystalline form. 

Secondly, Mr. Kendall's fusing technique for the preparation of a low-resistance contact 
(p. 124) is not free from objection. With the particular material for which it was devised, 
viz. carborundum, it involved raising the temperature of the crystal to " about 1200° c." 
Without an experimental check, it cannot be accepted that the properties of the crystal 
and/or its surface remained unaffected by this treatment. For other materials such a 
procedure would be impracticable, and the technique would seem, therefore, to be of 
much more limited application than that described in my paper. 

Lastly (p. 128), Mr. Kendall mentions that " At low voltages 	 the contact resistance 
is linear. Over a certain voltage range non-linearity is observed, and at high voltages 
the resistance apparently tends to become linear again. The latter may, however, be a 
contact breakdown effect". A high voltage ohmic region obtained as a result of a contact 
breakdown (i.e. a non-reversible change in contact structure) cannot be regarded as a 
fundamental property of a particular contact structure. But there is a high-voltage ohmic 
region which is not a breakdown effect : the complete current/voltage characteristic, 
including this high-voltage ohmic region, is reproducible provided that overheating at 
high voltages is avoided by ensuring that the test current flows for a sufficiently brief 
period of time. Prolonged current flow in this region may, however, result in a non-
reversible change in contact structure. The characteristic regions were identified, and 
their significance discussed, in my paper (p. 500 et seq.) : the work described therein 
related specifically to smooth reversible phenomena (p. 499, p. 509 et seq.), and particular 
care was taken to avoid confusion with non-reproducible effects. 

AUTHOR'S reply.. The work described in my paper has shown that there are two types 
of crystal to be found in commercial carborundum, one behaving as an excess and the other 
as a defect semi-conductor. This is in confirmation of earlier work, e.g. Dowsett (1921), 
Gokhberg (1937), which has not, apparently, been generally appreciated. The author 
has been unable to correlate these electrical properties with crystal structure. As far as 
present experiments have proceeded, all commercial carborundum (including crystals of 
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both electrical types) is of structure-type II. This evidence is solely from powder photo-
graphs and is not quite conclusive, since it is not easy by this method to distinguish between 
the various structures. It is hoped at a later date to obtain rotation photographs of crystals 
of different electrical properties. 

The various structures are all very similar, and are based on a structure-unit of four 
carbon atoms arranged tetrahedrally about a central silicon atom. The carbon tetrahedra 
are joined by sharing corner atoms, and different sizes of unit cell are formed according 
to the relative rotation of adjacent tetrahedra about their common axis—which becomes 
an axis of screw-symmetry in the crystal. It does not seem likely that such small differences 
in structure are the cause of such a striking difference as excess and defect electronic con-
duction. It remains a poslibility that different impurities thay cause the production of 
different structural types as well as different electrical types, but there is no necessity for a 
correlation between the two. 

The author's separation of carborundum crystals according to colour appears to be 
much more satisfactorily related to electrical properties. The separation between green 
on the one hand and blue and black crystals on the other is quite definite, and very easily 
made visually ; it corresponds exactly with the separation according to electrical type. 
Moreover, it is well known that the formation of colour-centres in crystals is a phenomenon 
associated with the presence of free electrons, so that one should not be surprised by this 
correlation of colour and electrical properties. 

Commercial carborundum is undoubtedly an impurity semi-conductor, and it is to 
these impurities that its unusual electrical properties must be ascribed. Unfortunately 
th44 nature of the impurities is not yet known ; they may be carbon or silicon in excess of 
stoichiometri proportions, i.e. vacant lattice points, or they may be foreign atoms, 
e.g. Fe, Al, etc., either substitutional or occupying interstitial positions in the crystal lattice. 
Since some carborundurn crystals behave as excess and others as defect semi-conductors, 
it would be convenient to believe that the first possibility is correct, and that excess silicon 
or carbon results respectively in excess or defect conductivity, but this view can only be 
taken as conjectural. Further electrical work starting with pure silicon carbide, and with 
impurities under exact control, is obviously necessary. 

With reference to Dr. Fairweather's second paragraph, the well-known potential-probe 
method used by him is certainly of more general application than the technique of fusing a 
contact on to a crystal surface. In the case of carborundum this drastic operation did not, 
however, affect the electrical properties of the crystal. This was shown by fusing two 
carbon rods to a crystal in the usual way, and then breaking off the rods at the contact 
surface, when the electrical properties were quite unaltered. It will be realized that the 
crystal was at 1200° c. for only a second or two. If it is kept in air at that temperaturre 
for several minutes a film of silica of high electrical resistance is formed at the surface. 

This fusion technique was adopted because of the difficulty of obtaining single car-
borundum crystals of a size sufficiently big to use the potential-probe method. It was 
considered important to exclude possible electrical effects due to the inter-crystalline 
contacts which are obviously present in carborundum fragments of appreciable size. 

With reference to Dr. Fairweather's third paragraph, the tendency towards ohmic 
resistance of carborundum contacts at high voltages is explained by him (1942) on the 
assumption that the resistance of the contact becomes small compared with the bulk 
resistance of the crystal. This may be true, but the evidence is not yet complete, and the 
experimental difficulties of obtaining " smooth reversible phenomena " at the higher 
voltages have not yet been overcome. It is hoped to investigate this range at a later date 
by applying impulse voltages of very short duration to single carborundum crystals, and 
observing the current-voltage characteristic directly with a high-speed cathode-ray 
oscillograph. 
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THE PREPARATION OF PURE SILICON CARBIDE 

By J. T. KENDALL, M.A., and D. YEO, B.Sc. 
Research Department, Metropolitan- Vickers Electrical Co., Ltd. 

Introduction. 

SILICON carbide is a solid of the " valence crystal " type, similar in its structure 
and properties to diamond. It can, in fact, be considered as diamond in which 
half the carbon atoms have been replaced by siliCon. It is obtainable only as a 

synthetic product, although its formation in nature would not seem to be impossible 
(for example by the extrusion of quartz at high temperature into a carbonaceous rock), 
and one natural occurrence has been tentatively reported from Italian Somaliland.(1) 

Industrially prepared silicon carbide is an electronic semiconductor, due either to 
the presence of impurity atoms in the structure or to non-stoichiometric proportions 
of silicon and carbon. It is made by heating sand and coke—and often certain other 
substances such as salt and sawdust, which facilitate the manufacture—in an electric 
furnace at a temperature of 1800-2000° C. 

It is evident that in such a process the impurities will be considerable and will 
vary with different samples of carborundum. Crystals varying in colour from pale 
yellow to black are often found in different parts of the same furnace, and the electrical 
properties are often considerably different. For example, commercial green and black 
carborundum have been shown to be respectively " excess " and " defect " electronic 
conductors.( 2) Unfortunately SiC is extremely difficult to analyse and the impurities 
have not yet been identified with any certainty or accuracy. 

Although it is possible to obtain consistent experimental data on electrical properties 
from one particular sample of SiC, the agreement between different samples, which are 
apparently similar, is only qualitatively consistent, due to variations in the proportions 
and composition of the impurities and the consequent inability to produce identical 
specimens. 

If pure silicon carbide could be prepared, however, it should then be possible to 
produce specimens containing known impurities of known proportions. With these 
specimens much valuable quantitative data could be obtained as to the effect of im-
purities upon the electrical properties ; such data would be of the greatest importance 
both in the formulation of an adequate theory for the electrical,  properties of semi-
conductors, and in the manufacture of an improved " electrical " grade of silicon 
carbide, which is now being used in large quantities for making non-ohmic electrical 
resistors. 

Previous Preparations. 
The preparation of pure silicon carbide has been reported by previous workers—

J. M. Pring and W. Fielding( 3) in 1909 prepared a crystalline deposit by heating a / in. 
diameter carbon rod in an atmosphere of hydrogen saturated with the vapour of 
silicon tetrachloride. The crystals formed on the surface of the carbon rod were 
identified as silicon carbide, but they were heavily contaminated by carbon. E. 
Friederich and L. Sittig( 6) in 1925, and 0. Ruff( 2) in 1935, prepared amorphous or in 
some cases very finely crystalline silicon carbide by heating together silica and pow-
dered graphite. Their product was contaminated with traces of iron and aluminium. 
The purest silicon carbide has previously been prepared by K. Moers( 6) in 1931, by 
heating a fine carbon filament in a stream of hydrogen containing the silicon tetra- 



chloride vapour and methane. Moers obtained several types of crystals. At moder-
ately high temperatures (about 1700° C.) black, hexagonal crystals were obtained which 
were conducting, whereas at filament temperatures above about 2200° C. transparent 
yellow crystals were obtained ; these crystals had a diamond structure and were non-
conducting. (This was shown by the fact that the resistance of the wire did not change 
with the growth of the layer of carbide.) In addition, green crystals were obtained, 
but colourless crystals were never found. It was found that the slightest grey colour 
in the crystals greatly affected the electrical properties, decreasing the resistance, and 
Moers suggested that this might be due to the presence of excess carbon. 

Generally the deposit on the filament was porous, but the individual crystals were 
firm, stable, and well formed, as was shown by X-ray photographs. At higher tem-
peratures the crystals were larger, and there was a tendency for the crystal structure 
to be influenced by the crystal structure of the filament. An analysis, which was not 
too reliable, indicated that there might have been an excess of silicon in the carbide. 
The crystals formed were small, the largest being about 0.03 cm. cross section. 

Experimental. 
The method of preparation we have used is similar to that of Moers. A carbon 

filament 0.025 cm. in diameter, and about 1.5 cm. long was heated in a stream of 
hydrogen containing the vapour of silicon tetrachloride and a hydrocarbon such as 
benzene or toluene. The proportions of the reaction constituents were varied as well 
as the temperature of the filament. The following results may be mentioned. 

1. Using silicon tetrachloride and toluene the deposit wa1 found to vary in the 
following way. 

If the proportions of silicon tetrachloride : toluene were varied from about 2 : 1 to 
10 : 1 the carbide was first produced at about 1500° C. ; below this temperature carbon 
was deposited. Between 1500° C. and about 1800° C. a predominantly black crystal 
deposit was obtained, with quite a large number of yellow crystals present, whereas 
above about 1850-1900°  C. a clear yellow deposit was obtained. Fig. l is a photograph 
of a typical filament produced at these higher temperatures. 

When the proportion of silicon tetrachloride was increased above the upper limit 
of the ratios given above, silicon was deposited at lower temperatures and burnt off 
at higher temperatures without the formation of any SiC. On the other hand, if the 
proportion of silicon tetrachloride was decreased to below the lower limit, a black deposit 
was produced at all temperatures above 1500° C., this deposit being a mixture of silicon 
carbide and carbon. Finally, if the proportion of silicon tetrachloride was further 
reduced so that the ratio of silico tetrachloride : toluene was 2 : 3, carbon was deposited,  
at all temperatures. Another feature of the deposition was that within the ratios 1 : 1 
to 10 : 1 an increase in the toluene concentration raised the temperature at which a 
clear yellow deposit was obtained. 

2. Methyl silicon trichloride (CII3SiC12) was used by itself. At about 2000° C. a 
black deposit was obtained, whilst at very high temperatures (2400° C.) yellow crystals 
were obtained. Di-ethyl silicon dichloride (0,115 )2SiC12  gave a similar result except 
that it was not possible to produce a. completely yellow deposit. 

3. Bubbling coal gas through silicon tetrachloride gave a deposit of carbon ; when 
the coal gas was diluted with hydrogen (about 20% of coal gas) the deposit was formed 
under. very similar conditions to those pertaining when silicon tetrachloride and 
toluene were used. 

4. Silicon tetrachloride and toluene were used under their own vapour pressures in 
a partial vacuum. The liquids were mixed in various ratios and either carbon or 
silicon was deposited, but no deposition of silicon carbide could be obtained at any 
temperature. 

5. Silicon tetrachloride and toluene were used with nitrogen as a carrier instead of 
hydrogen. No deposit of silicon carbide could be obtained. 

6. Using silicon tetrachloride and toluene with hydrogen a number of " impurities " 
were deliberately introduced by adding the vapour of a volatile chloride such as stannic 
chloride, ferric chloride or aluminium chloride. The conditions of formation did not 
appear to be affected, 



FIG. 1. 

The Structure of the Deposit. 
The growth of the deposit was most pronounced at the centre of the filament, as 

is seen in fig. 1. This was probably due to the higher temperature there, because the 
growth was more rapid at higher temperatures. 

A limit was set upon the size of crystals which could be obtained on the filament. 
When the deposit had increased the filament diameter to about 0.1 cm., carbon was 
deposited. Presumably this was due to the fact that the temperature of the outer 
surface dropped as the radius increased. Attempts to increase the temperature by 
increasing the filament current burnt out the filament. 

The yellow crystals were well formed and had well developed faces, but the black 
crystals were in general small and badly formed. All crystals produced were of the 
fl-type (cubic) structure ; this was an unexpected result. One deposit produced at a 
low temperature contained free silicon ; this was shown by an X-ray analysis. No free 
silicon was found in the yellow crystals, but this method of analysis would not be 
sensitive to very small concentrations. 

Electrical Properties of the Deposit. 
The electrical properties were investigated in two ways : thermoelectric tests and 

microcell tests. The sign of the thermoelectric e.m.f. gives the type of conduction, 
and the tests were done by clamping the crystals between two phosphor bronze elec• 
trodes and heating one junction. The microcell technique is, briefly, as follows :— 

About 100 small crystals are placed in a glass capillary tube between two copper 
wires acting as electrodes ; the top electrode is loaded to ensure good contacts between 
orystals and between crystals and .the electrodes. The voltage/cm.—amperes/cm.( 8) 
characteristics are obtained for this assembly. This of necessity gives the characteristic 
over a large number of crystal-crystal contacts in series and in parallel, and so gives no 
indication of the internal resistance. It was hoped, however, that some information 
might be obtained from these graphs. 

It was found that all completely yellow crystals were excess conductors. Some 
black crystals produced when the ratio of silicon tetrachloride : toluene was about 2 : 3 
gave a thermal e.m.f. corresponding to defect conduction, but heating in air so reduced 
the number of such crystals that this e.m.f. was almost certainly caused by the presence 
of carbon on the surfaces of the crystals. 

Fig. 2 shows typical microcell characteristics for the yellow crystals prepared. 
Curve (1) is a representative curve for " chemically pure " crystals, and curves (2), (3) 
and (4) are characteristics for crystals contaminated with stannic tin, ferric iron and alu-
minium respectively. It is evident that the characteristic is more linear for these 
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crystals, and the crystal-crystal contact resistance is smaller. These effects are the 
justification for saying that the impurities entered the crystals. All the crystals were 
excess conductors. 

It was noticeable that, whereas for crystals prepared in the laboratory the thermal 
e.m.f. could be observed simply by clamping the crystals between two electrodes and 
connecting these electrodes to a galvanometer, it was necessary in general to break 
down the contact resistance of the commercial carborundum before a measurable 
current passed through the galvanometer. This was especially so for green carbor-
undum. This suggests that either the thermal e.m.f. is very high for the crystals 
prepared in this laboratory, or that in the commercial carborundum the e.m.f.. is dissi-
pated over a larger contact resistance. 

Comparison of microcell characteristics shows that the effect is due to a larger con-
tact resisitance. Fig, 3 shows a typical microcell characteristic for " electrical " 
carborundum ; approximately the same size of crystals was used. Although the 
pressure was rather different this would not have greatly affected the behaviour. It 
can be seen that the commercial carborundum has a contact resistance many times 
larger (some 20-150 times) than the crystals prepared in this laboratory. 

Discussion of Results. 
From the results given above, it seems certain that SiC can be produced with an 

appreciable conductivity even in the absence of detectable amounts of impurity. The 
presence of hydrogen during the formation of silicon carbide by this method seems to 
be essential. Since the reaction constituents were varied and the crystals obtained were 
still semiconducting, it seems reasonable to suppose that the conduction is caused by 
stoichiometric deviations in the silicon and carbon. The presence of excess silicon 
in some of the crystals seems to indicate that this is associated with excess conduction, 
but this does not preclude the possibility that carbon is also associated with excess or 
defect conduction. 

No conclusive results were obtained from the introduction of impurities. It is 
quite likely, however, that only a small proportion of the impurity centres were caused 

NO. 
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by the known impurities being introduced, and that their effect upon the conduction 
was completely masked by the " impurity centres " arising from stoichiometric 
deviations. 

Black excess conductors were obtained. The empirical classification of com-
mercial black carborundum as a " defect " conductor would seem to be merely fortuitous 
therefore. 

Moers mentioned that the yellow crystals he produced were non-conducting. 
This was based upon the fact that the filament resistance did not change during the 
deposition. This is approximately true, but the crystals have, nevertheless, a definite 
conductivity. One unexpected result was that only cubic crystals were produced, 
even at quite low temperatures, whereas Moers reported that various hexagonal forms 
were deposited at these lower temperatures. 
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Pure silicon carbide was prepared by decomposition of the vapors of silicon tetrachloride and toluene on a 
hot carbon filament. Various n- and p-type impurity atoms were introduced by the addition of volatile 
metallic chlorides during the preparation. For the pure substance either n- or p-type crystals could be ob-
tained by varying the ratio of the reaction constituents. The results show that semiconductivity in silicon 
carbide may be due either to nonstoichiometric proportions of silicon and carbon, or to the presence of im-
purity atoms, or (as probably occurs in the commercial product) to both circumstances simultaneously. 

A theoretical model for electronic conduction in silicon carbide is proposed, which satisfactorily explains 
the magnitude of the low and high temperature activation energies observed, their different ratios in n- and 
p-type crystals, the occurrence of conduction at one of the disturbance energy levels, and the anomalous low 
Hall constant at low temperatures found in black but not in green silicon carbide. The model may be ap-
plicable to other semiconductors in which disturbance centers can give rise to electrons in unlocalized ex-
cited states. 

1. INTRODUCTION 

SILICON carbide is a solid in which the bonding is 
intermediate between homopolar and heteropolar. 

It is similar in its properties to the typically homopolar 
substance diamond and has a similar crystal structure, 
but with half the carbon atoms replaced by silicon. 
Because of the different electron affinities of carbon and 
silicon, this gives rise to a certain degree of hetero-
polarity in the crystalline bonds. According to Pauling' 
the SiC bond in silicon carbide is approximately 12 per-
cent ionic in character. It will be shown in Sec. 7 how 
this may help to explain semiconductivity in silicon 
carbide. 

L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, 1940), pp. 58-75. 

It is noteworthy that electronic conduction in silicon 
carbide may be of n- or p-type. In the commercial ma-
terial crystals which are colored green are n-type con-
ductors, and blue or black crystals are p-type. The 
commercial material is made in the same way as the 
original synthesis of Acheson in 1886 by heating to-
gether sand and coke in an electric furnace. Many 
impurities, chiefly aluminum and iron, are introduced 
in this way, and an investigation by Lundquist2  has 
indicated that aluminum as impurity may give rise to 
black p-type crystals and that iron may give rise to 
green n-type crystals. The interpretation of Lundquist 
is not, however, clear cut, since all commercial crystals 
contain considerable quantities of both iron and alumi- 

D. Lundquist, Acta Chemica Scand. 2, 177 (1948). 
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Flu. 1. Apparatus for preparing silicon carbide. 

num as well as other elements. Moreover, the prepara-
tion of pure silicon carbide by Kendall and Yeo3  
showed that the presence of impurities is not essential 
for semiconductivity in silicon carbide. 

The present research was, therefore, directed to the 
following points: (1) preparation of pure and impure 
specimens of silicon carbide, (2) determination of the 
type of semiconductivity produced by changes in the 
conditions of formation of the crystals and by the intro-
duction of specific impurities, (3) spectrographic an-
alysis of various specimens of commercial silicon 
carbide, with a view to determining the relevant 
impurities. 

2. PREPARATION OF PURE SILICON CARBIDE 

A method of preparing pure crystalline material has 
been described by Moers4  and by Kendall and Yeo.3  
Briefly, a carbon filament 0.025 cm in diameter and 
about 1.5 cm long is heated in a stream of hydrogen 
containing the vapors of silicon tetrachloride and a 
hydrocarbon such as toluene. The proportions of the 
reaction constituents and the temperature of the fila-
ment can both be varied, and specific impurities can be 
introduced by means of volatile chlorides. A detailed 
description of the method has not been published, and, 
since considerable improvements have been made since 
the publication of the papers previously cited, a detailed 

3  J. T. Kendall, and D. Yeo, Proc. Intern. Congr. Pure Appl. 
Chem. 11, 167 (1947). 

K. Moers, Z. anorg. u allgem. Chem. 198, 243 (1931). 

description of the method as it is practiced at present 
will now be given. 

The apparatus is illustrated in diagram form in 
Fig. 1. A stream of hydrogen (free from oxygen) is dried 
by passing over calcium chloride and then passes 
through three bubbling bottles arranged in parallel. In 
the first is put toluene, in the second, silicon tetrachlo-
ride, and in the third, concentrated sulfuric acid. 
The bottles are immersed in liquid baths maintained 
at constant temperature. The amounts of toluene and 
silicon chloride vapor picked up by the hydrogen 
stream can thus be separately varied by regulating the 
rate of bubbling through each bottle and the tempera-
ture of its contents. By the addition of volatile chlorides 
to a fourth bubbling bottle, specific impurities may be 
introduced. The hydrogen and vapors then pass through 
the reaction vessel, where a carbon filament is main-
tained at a temperature in the range 1500 to 2400°C. 
Decomposition of the vapors occurs on the filament 
with the deposition of crystalline silicon carbide and the 
formation of hydrogen chloride. The waste gas finally 
passes through a second calcium chloride column and 
then aqueous caustic soda to absorb the hydrogen 
chloride and excess silicon tetrachloride. 

The current to the filament is supplied from the ac 
mains through a step-down transformer, with a 0-50 
amp-ammeter in series with the secondary winding, 
controlled by a variable transformer. The temperature 
of the center of the filament is measured by a disap-
pearing filament pyrometer, During the build-up of a 
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deposit on the filament the resistance of the filament 
decreases, and the variable transformer must be con-
tinually turned up (by hand) to maintain the filament 
at the desired temperature. After some experience it is 
not difficult to maintain the filament temperature con-
stant to at least ±50°C. 

Two tungsten rods are sealed into the stopper of the 
reaction vessel, and the carbon filament (supplied by 
Edison-Swan Electric Company, Ltd.) is secured at 
each end by means of Aquadag. It has been found best 
to build up a considerable thickness of Aquadag at 
the junctions with a series of thin layers, drying off each 
layer by passing a small current through the filament 
before applying the next. After some experience was 
obtained in making these junctions, it was found that 
an overheated filament invariably burnt out in the 
center and never at the junctions. It was found neces-
sary to cool the outside of the reaction vessel with 
running cold water. 

A typical preparation was carried out as follows: 
Bubbling bottle number 1 was half-filled with toluene, 
number 2 with silicon tetrachloride, number 3 with 
concentrated sulfuric acid. Bubbling bottles numbers 
1 and 2 were immersed in water baths at 18°C. A carbon 
filament was secured to the tungsten leads and the 
whole apparatus flushed out with hydrogen. Taps 2 
and 3 were then closed so that only hydrogen and 
toluene vapor passed through the reaction vessel at the 
rate of approximately 3 bubbles per second. The fila-
ment was then maintained at 1800°C until it had 
increased in diameter approximately three times (i.e., 
to a thickness of about 0.075 cm). This usually took 
about 3 minutes and required a final filament current 
of about 25 amp. This preliminary building up of the 
filament by deposition of carbon was found to be neces-
sary to produce a robustness and decreased tendency 
to burn out at higher temperatures. Tap 3 was then 
opened and tap 1 closed so that only pure hydrogen 
passed through the reaction vessel. The filament tem-
perature was then raised to (say) 2000°C and all the 
taps opened to (say) the following extents: through the 
toluene bottle-1 bubble per sec, through the silicon 
tetrachloride bottle-2 bubbles per sec, through the 
sulfuric acid bottle-2 bubbles per sec. The filament 
temperature was maintained constant for about 15 
minutes (although it frequently burnt out at a weak 
spot before that time). By the end of the experiment 
the filament current was usually about 40 amp. 

Crystalline silicon carbide was deposited on the 
filament, and a photograph of a typical deposit is 
shown in Fig. 2. The size of the crystals increases to-
wards the center, since that part is considerably hotter 
than the ends. A number of variations in the experi-
mental conditions were tried out, and the results of a 
large number of experimental runs are shown in sum-
marized form below. 

(a) Variation of Filament Temperature. (Bubbling 
Rates 1: 2. C7H8 : SiC14) 

1500-1700°C Black amorphous deposit, mostly C, but x-ray 
investigation indicated small amounts of SiC near 
the center of the filament. 

1700-1900°C Black crystalline deposit of SiC at center plus 
amorphous deposit of C+SiC (very small crystals). 

190(}-2100°C Yellow crystalline SiC at center of filament (larger 
crystals), black crystalline SiC away from center 
(small crystals), amorphous C-I-SiC at ends. 

2100-2200°C Best temperature for formation of largest crystals 
of yellow SiC. 

2200-2400°C Filament usually burnt out quickly, otherwise 
large yellow crystals obtained. 

(b) Variation of Bubbling gates through Toluene 
and Silicon Tetrachloride 

C deposited at all temperatures. 
C deposited below 2200°C; a little SiC 
(black) detected by x-ray investigation in 
deposits formed above 2200°C. 
C deposited below 1900°C; a little black 
SiC detected by x-ray investigation in 
deposits formed from 1900-2100; black 
crystals formed at center of filaments 
above 2100°C. 

>5:1, C7118: SiC14 
4: 1-2 : 1, C7I18: SiCI4  

1.5 : 1-1 : 1, C7118: SiC14  

FIG. 2. Photograph of 
part of a yellow deposit 
(magnification X 17) 
showing the variation 
in crystal size along the 
length. The size of 
crystal increases toward 
the center of the fila-
ment. 
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TABLE I. Spectrographic analysis of silicon carbide specimens. 

No. 
Specimen 

Type Al Fe Mg Mn 
Impurity elements• 
Cu 	Ag 	Na Ca V Zn Ni 

Totals 
Al +Fe All elements 

1 Norwegian, black 3 3 3 2 2 2 1 2 2 6 20 
2 Swiss, black 4 4 3 2 2 1 1 2 3 8 22 
3 Norwegian, blue-black 2 2 3 2 3 4 1 2 5 20 
4 Norwegian, blue 5 5 4 4 4 2 2 3 1 10 30 

5 Norwegian, green 2 3 3 1 5 1 2 1 1 1 5 20 
6 Swiss, green 3 2 3 2 5 1 1 2 1 1 5 21 
7 Swiss, pale green 2 2 3 3 1 1 1 3 4 16 
8 Norwegian, pale green 3 3 3 2 3 3 1 2 6 20 

Kendall, yellow 2 2 4 2 1 3 4 19 

.5 =Very heavy line. 4 =Heavy line. 3 =Medium line. 2 =Faint line. 1 =Very faint line. — =No line observed. 

1:1.5-1:3, C,H,: SiCI4 As described above under (a). 
1 :4-1 : 10, CrI-18: SiCl4 Black amorphous deposit of SiC deposited 

at 1500-1700°C; small yellow crystals 
deposited at 1800-2200°C; no deposition 
above 2200°C. 

<1:10, C7H8:SiC14 

	

	Small yellow microcrystalline deposit at 
1500-1800°C. No deposit above 1800°C. 

(c) Variation of Bubbling Rate through 
Sulfuric Acid 

This only affected the rate of deposition, not the nature of the 
deposit. A maximum rate of decomposition was found if about 
2 bubbles per sec were passed through the sulfuric acid, although 
there was little variation up to 5 bubbles per sec after which the 
deposition rate fell off significantly. 

It should be noted that the vapor pressures of toluene and 
silicon tetrachloride at 18°C are as follows: 

C7118  19.5 mm; SiCl4  175 mm. 

The latter vapor is therefore in considerable excess in the reaction 
vessel for the best conditions of formation of silicon carbide. 

In all cases, 13-SiC (the cubic modification) was obtained. This is 
in agreement with the results of Taylor and Laidler,6  who found 
that the hexagonal type was only produced at very high tem-
peratures. 

3. PREPARATION OF IMPURE SILICON CARBIDE 

Volatile chlorides of the following elements were 
introduced during the preparation : Ge, Sn, B, Al, P, 
As, Sb, Bi, Cu, Fe. They were each placed separately in 
a fourth bubbling bottle in parallel with the other three, 
and the bottle immersed in a liquid bath at a tempera-
ture which would give a reasonable vapor. pressure. 

In all cases, the introduction of an impurity did not 
appear to affect the appearance of the final product, 
black and yellow crystals being formed as previously. 

4. INVESTIGATION OF ELECTRICAL PROPERTIES OF 
SILICON CARBIDE PREPARATIONS 

The crystals produced were all too small for any 
satisfactory measurements to be made of conductivity 
and Hall constant. It was, however, possible to make a 
qualitative determination of the sign of the thermoelec-
tric coefficient at room temperature. This information 
determines whether the crystals are n- or p-type. A 

A. Taylor and D. S. Laidler, Brit. J. Appl. Phys. 1, 174 (1950). 

crystal was held between two phosphor-bronze elec-
trodes, one of which was heated. The electrodes were 
connected externally through a sensitive dc galvanom-
eter, and the direction of movement of the needle gave 
the sign of the thermoelectric coefficient. 

It was found that all yellow crystals (whether pure or 
contaminated with n- or p-type impurities) were n-type 
semiconductors. Most black crystals were also n-type 
(although commercial black silicon carbide is p-type), 
but a few black crystals were found to be p-type. These 
were obtained only in those deposits formed when the 
ratio of the bubbling rates through toluene and silicon 
tetrachloride was equal to or greater than 1:1 and when 
the deposits were pure or contaminated with boron or 
aluminum. Crystals prepared in the same way, but 
contaminated by germanium, tin, phosphorus, arsenic, 
antimony, bismuth, copper, or iron, were found to be 
n-type, although identical in appearance. These p-type 
black crystals were formed at temperatures above 
2100°C. The black crystals formed at lower tempera-
tures and hence with a lower ratio of toluene : silicon 
tetrachloride, were all found to be n-type even when 
contaminated by boron or aluminium. 

The conclusions from this would seem to be as 
follows : 

(1) In the preparation of silicon carbide by reaction 
of silicon tetrachloride and toluene vapors on a hot car-
bon filament, silicon is normally present in great excess 
over carbon, and the resultant silicon carbide is n-type, 
even when pure, as a result of a stoichiometric excess 
of silicon. It does not appear possible to introduce suffi-
cient boron or aluminum to neutralize this excess silicon. 

(2) If the toluene: silicon tetrachloride ratio is in-
creased, pure silicon carbide crystals can be deposited 
which are p-type, presumably because there is now a 
stoichiometric excess of carbon. In this case, however, 
the introduction of n-type impurities appears to reverse 
the effect of the excess carbon. (3) It thus appears that 
n- and p-type conductivity in silicon carbide can be 
caused by nonstoichiometric proportions of silicon and 
carbon and also by the introduction of impurities. (4) 
The temperature of formation of the silicon carbide 
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appears to have no influence on the type of conduc-
tivity. 

5. PREPARATION OF EVAPORATED SILICON 
CARBIDE FILMS 

It is of interest that films of silicon carbide can be 
prepared by evaporating at a high temperature in a 
vacuum. The carbon filament on which silicon carbide 
had been deposited was heated to 2500°C in a vacuum 
approximately 1 cm away from a silica plate. In most 
cases the filament burnt out quickly, but in a few cases 
it remained complete for a sufficient length of time for a 
thin evaporated layer of silicon carbide to be deposited 
on the silica plate. In all cases this layer was con-
taminated with carbon evaporated simultaneously. The 
films produced were yellow or black in color, depending 
on the degree of carbon contamination and on the color 
of the original silicon carbide. It was hoped to prepare 
evaporated films for measurement of conductivity and 
Hall constant, but it was not found possible to prepare 
films of sufficient thickness for this purpose. Since thick 
films could not he built up, the method was not further 
developed. 

6. SPECTROGRAPHIC ANALYSIS OF COMMERCIAL 
SILICON CARBIDE CRYSTALS 

Various specimens of commercial silicon carbide were 
analyzed spectrographically, using the sensitive "cath-
ode layer" technique. A powdered specimen was placed 
in a small graphite cathode. The intensities of the lines 
observed on a photographic film were measured by a 
photoelectric densitometer and compared with each 
other. The experimental results are summarized in 
Table I. 

It will be seen that all the crystals contain iron and 
aluminum in approximately constant ratios, and there 
does not appear to be any clear-cut correlation between 
color or conductivity type and nature of impurities. 

7. THEORETICAL SPECULATION 

(a) General Theoretical Model 

We may describe the ionic-homopolar structure' of 
silicon carbide as some resonant combination of 
Si= C and [Si]4+• [C]''—. The relevant atomic and ionic 
radii are C= 0.77A, C4—= 2.60A, Si= 1.18A, Si6+ 
=0.39A. We may therefore have, in the ionic form, 
missing SP+ ions (cf. CuO) or interstitial Si4+ ions 
(compare with ZnO). The ionization energy of these 
"impurity" centers may be calculated from the usual 
relation Er= 272me4/e2h2, where m= mass of free elec-
trons or hole, e= magnitude of electronic charge, e= di-
electric constant, h= Planck's constant. For silicon 
carbide e may be taken as 7. Therefore Er= 0.275 ev. 

This value for the ionization energy of an "im-
purity" center will be the same whether the "impurity" 
arises from the presence of foreign atoms (electron  

donators or acceptors), or from nonstoichiometric 
proportions of carbon and silicon, or from both causes. 

At temperatures above absolute zero some of the 
"impurity" centers will be in excited states. At low 
concentrations of impurity the electronic levels of these 
excited states will be localized, and, since the number of 
electrons in them will be small, they may generally be 
neglected in considering the process of activation of 
free electrons. However, at high concentrations of 
impurity the excited-state levels will broaden out 
into bands, as shown by Erginsoy.6  If this occurs we 
have the possibility of an electron conduction band, 
since the excited-state impurity electrons will no longer 
be localized. This can be shown actually to occur in 
silicon carbide as follows: The radii of the normal and 
excited orbits of the impurity electron can be calcu-
lated. In a medium of dielectric constant e the normal 
radius of the carbon atom, 0.77X 10-8  cm, will expand 
to r= eX q2 X Bohr radius (where q= principal quantum 
number of the orbit, i.e., 1 for the ground state and 2 
for the first excited level). For successive values of q, 
and a= 7.0, we thus have r = 5.4 X10-8, 22 X 10-8, 
49X 10-8  cm, and these will have activation energies of 
Er/q2 , i.e., 0.275, 0.07, 0.03 ev. These expanded orbits 
will allow electronic conduction to take place if the mean 
distance between disturbing centers is less than twice 
the orbital radius of the "impurity" electron, for the 
orbits around neighboring centers will then overlap as 
shown in Fig. 3. 

Now, from the experimental results of Busch' all 
crystals of black silicon carbide have approximately the 
same number of holes, bound and free, approximately 
102° per cc, and the number of missing silicon atoms 

FIG. 3. Black silicon carbide showing radii of holes in ground 
and excited states. a= carbon-carbon distance=3.1X 10-8  cm 
(shown • and X); b= missing silicon-missing silicon distance 
= 24X 10-8  cm (shown 0); c-= radius of hole in ground state 
=5.4X 10-8  cm; d = radius of hole in excited state = 22X 10-8  cm. 

6  C. Erginsoy, Phys. Rev. 80, 1104 (1950). 
7  G. Busch, Hely. Phys. Acta 19, 167 (1946). 
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(or electron-acceptor impurities) must therefore be the 
same. Knowing the lattice parameters of silicon carbide, 
the mean distance between acceptor centers can there-
fore be calculated as about 24X 10-8  cm. This situation 
is depicted in Fig. 3, and it can be seen that electrons 
excited to the level corresponding to q=2 will have 
overlapping orbits and therefore sufficient mobility to 
form a conduction band, while electrons corresponding 
to q=1 will be held in localized energy levels. A similar 
situation arises for p-type semiconduction in silicon 
and germanium, but in their cases the activation ener-
gies are much lower and, for q>1, become so small as to 
be indistinguishable at ordinary temperatures from the 
top of the full conduction band. In the case of silicon 
carbide there is an appreciable activation energy corre-
sponding to q= 2 (and even higher), so that at lower 
temperatures one may expect to find narrow conduction 
bands corresponding to q= 2, 3, • • • . We are therefore 
led to propose an energy level diagram for black silicon 
carbide as in Fig. 4(a), in which disturbing centers of 
one kind (missing silicon atoms or electron acceptors) 
give rise to more than one energy level, and the mobility 
of electrons in the E,* level will be dependent on the 
mean distance between disturbing centers. 	- 

For green silicon carbide (an n-type semiconductor) 
analogous calculations, assuming interstitial silicon 
atoms or electron-donator impurities, lead to an 
energy-level diagram as shown in Fig. 4(b). There is a 
significant difference in the two diagrams for black and 
green silicon carbide. In the former case electrons may 
be thermally excited from the normally full band, 
first to the excited level E,* with an activation energy 
of 0.07, and second to the localized level E, with an 
activation energy of 0 275 ev. (We may neglect the 
transition from E,* to Ei as the number of electrons at 
the level Eo  is always very much greater than at E,*.) 
Measurement of conductivity as a function of tempera-
ture should therefore give these two activation energies 
el and e2  and, moreover, the ratio of ei/e2should be 0.25. 
However, in the case of green silicon carbide, electrons 
must be excited initially from Ei  to E,*, and subse-
quently from E, to Eo. The activation energies observed 
should therefore be e l  = 0.20 ev and e2= 0.275 ev, and 
the ratio of ei/e2  should be 0.75. 

We are thus assuming that for p-type SiC the current 
carriers are holes in the normally full band and elec- 

trons in the impurity conduction band; while for n-type 
SiC they are electrons in both the normally empty band 
and in the impurity conduction band. 

(b) Comparison with Experiment 

The experimental results of Busch' for a number of 
different crystals of silicon carbide are given in Table II, 
and there is seen to be a qualitative correlation with the 
model given above. To examine the properties of the 
proposed model in more detail, we may consider the 
experimental results of Busch and Labhart8  on black 
silicon carbide, as shown in Fig. 5. According to these 
results, the conductivity is given by 

a= A i  expi-e1/2KTIF A 2 exp[-82/2KT] 

over ranges I and II of Fig. 5, and a maximum con-
ductivity over range III was explained by them as being 
the result of degeneration in the conduction band. The 
presence of two different activation energies was ex-
plained by them on the assumption of two kinds of 
disturbance centers having different energy levels, and 
it was found necessary, in order to explain the anomalous 
Hall constant at low temperatures, to assume that con-
duction could take place at one of these levels, although 
there seemed no particular reason why this should occur. 
The necessity of postulating two kinds of disturbing 
center has been avoided in the present model, which 
turns out to have properties similar to Busch and 
Labhart's, and moreover, provides a satisfactory ex-
planation for the magnitude of the activation energies 
observed, for their different ratios in n- and p-type 
crystals and for the occurrence of conduction at one of 
the disturbance energy levels. Furthermore, the anoma-
lous low Hall constant at low temperature found in 
black but not in green silicon carbide may also be ac-
counted for, as will be shown below. 

In the temperature range I of Fig. 5, conduction will 
be due to holes in the normally full band and to an 
equal number of electrons in the disturbance conduction 
band at E,*. The conductivity may be expressed as 

a = en+b++ en_b_, 

TABLE II. Experimental activation energies (Busch). 

Black silicon carbide 
(8 different crystals) 

ei 	ex 	EVE, 

Green silicon carbide 
(7 different crystals) 

e, 	es 

0.044 0.270 0.16 0.120 0.215 0.56 
0.038 0.281 0.14 0.185 0.246 0.75 
0.044 0.272 0.16 0.133 0.285 0.47 
0.042 0.282 0.15 0.191 0.265 0.72 
0.051 0.248 0.21 0.147 0.263 0.56 
0.050 0.231 0.22 0.057 0.157 0.36 
0.050 0.231 0.22 0.097 0.198 0.49 
0.052 0.226 0.23 

Theoretical activation energies (Kendall) 

0.07 0.275 	0.25 	0.20 	0.275 0.75 

a G. Busch and H. Labhart, Hely. Phys. Acta 19, 463 (1946). 
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where e is the magnitude of the electronic charge, n+  
and n_ are the number of holes and electrons, and b+  
and b_ are their respective mobilities, i.e., 

o-= en(b+-Fb_) 

since in this temperature range n+  = n_( = n). The 
situation will thus be very similar to that obtaining for 
intrinsic semiconductors, except that electrons in the 
disturbance conduction band would not be expected to 
have such a high mobility as would normal conduction 
electrons owing to the comparatively large mean dis-
tance between disturbance centers. For intrinsic semi-
conductors b_ is always greater than b+ , while in the 
present case the sign and magnitude of the Hall con-
stant show that b+  is greater than b_. The Hall constant 
will be given by R=3ir/8en(b+ —b_)/(b++b_). Thus its 
sign and magnitude will depend on the relative mobili-
ties of holes and electrons, as well as on their number. 
Since Busch and Labhart obtained abnormally low 
values of the Hall constant at low temperatures, it 
seems that b+  is nearly equal to b_, and also, since there 
is no change in the sign of ,the Hall emf, the hole 
mobility must be slightly higher than the electron 
mobility. It can also be deduced that b, and b_ must 
vary with temperature, as otherwise the curve for logR 
against 1/T would show a small constant positive slope. 

In the higher temperature range II, electrons will be 
excited from the normally full band to localized energy 
levels at E,. Hole conduction will therefore become 
predominant, since n+  will increase without a corre-
sponding increase in n_. Finally, when n+>>n_, the 
conductivity will be wholly p-type and will be given 
by the equation a = en+b+, and the Hall constant by 
R=3ir /8en+. 

For green silicon carbide Busch and Labhart did not 
observe the anomalous low Hall constant in the low 
temperature range (see Figs. 4-7 of their paper, but 
note that Figs. 6 and 7 have been inadvertently trans-
posed), and this is easily understood, since in the 
present model at both high and low temperatures, con-
duction in green silicon carbide is due to electrons ex-
clusively, and we do not have the simultaneous hole and 
electron conduction in the low temperature range. 
Refinements to the theoretical model may make it 
possible to determine with more certainty the nature of 
the disturbance centers causing n- and p-type conduc-
tion in silicon carbide. 

For other semiconductors the same model may be 
applicable, and its properties will be largely dependent 

b. gall Consl-or71-1 

/0 
0 	 /5 

FIG. 5. Conductivity and Hall constant of black SiC. 
(Experimental results of Busch and Labhart.) 

on the dielectric constant of the crystal. For large values 
of dielectric constant (for example, germanium and 
silicon) the activation energies will be low, and the dis-
turbance conduction bands will lie very close to the 
normally full (or empty) band of the crystal. For small 
values the activation energies will be high, and there 
will be additional localized energy levels as a result of 
the excited states, which do not develop into disturbance 
conduction bands. For intermediate values (e.g., silicon 
carbide) an additional energy level may occur which, 
as indicated above, will contain electrons which are 
localized or free according to the crystal parameters and 
the concentration of disturbance centers. 
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FIG. l8. 
CONTACT RECT/HCAT/ON WITH GRAY ruv. 
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FIG. 20. 

APPARATUS FOR PREPARING SILICON CARBIDE. 



FIG. 21 

Photograph of  part of a_Lellow deposit (m4Rnification x 17) 

showing the variation in crystal size along the  length. 

The size of crystal increases towards the centre of 

the filament. 



Er,  (Excited 
Levels) 

>Conduction Band 

Eo 

E (Ground 
State) 

FI G. 2 2 . 
SCHEMATIC REPRESENTATION OF THE BROADENING OF THE DISCRETE  

IMPURITY STATES win4 INCREASING CONCENTRATION OF DONATOR-TYPE 

IMPURITY ATOMS IN AN N-TYPE SEMICONDUCTOR. 0- AVERAGE DISTANCE 

BETWEEN NEIGHBOURING CENTRES El= NORMAL ACTIVATION ENERGY 

AT LOW CONCENTRATIONS. E2=ACT/VATION ENERGY A5 REDUCED BY  

RRESENCE OF EXCITED STATES 	= LOW TEMPERATURE ACT/VAT/ON 

ENERGY GIVING LOW MOBILITY CONDUCTION IN THE EXCITED  

IMPURITY BAND.  



a = Carbon - carbon distance = 3•I x10-8cm  (Shown • and x) 

b = 	Missing  silicon - missing  silicon distance = 24 x lo scm (Shown 0) 

c = Radius of hole in  ground state = 5.4 x 10-scm.  
-8 

d = 	Radius of hole in excited state = 22 x /0 cm. 

FIG.23. 
BLACK SILICON CARBIDE SHOWING 
RADII OF HOLES IN GROUND AND  

EXCITED STATES.  



El* ---r- 

62=0.275 eV 
E2.0.275eV 

EP 
4=0.07 eV. 

Eo 	  

(a) Black SIC  (p-type) (b) Green SiC (n-type) 

FIG.24: 

ENERGY LEVELS IN SIC.  
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FIG.25. 
CONDUCTIVITY AND HALL CONSTANT OP BLACK SIC  

(EXPERIMENTAL RESULTS OF BUSCH 4 LASHART) 
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