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ABSTRACT.

3

An apparatus for the growth of . cadmlum sulphlde
151ngle crystal platelets by the flow technique was con-
structed. The platelets so grown’ were exammned»by varlou51 _
physical techniques; X-ray photography, electron'difffacf
tion microscopy, optical absorption and photoluminescénce;
Devices were constructed with ﬁarious contaét;mater-

ials on the two large area faces of the platelets.  The .

-contact materlals used were, cuprous sulphide, gold 5111- o

con monox1de and cuprous 1od1de, whlch were non—ohmlc,
and indium and galllum, wnlch appeared to be ohmlc.,'

The radiation wetting technlque u51ng atomic hydrogen
was adapted,for the simultaneous melting of;indium énd fhe
atbachment of gold ‘wire Leads d;regtly'to_thé'platelét S
surface or to a épecific contact, Heat treatment of the |
devices.was performed ih.the radiation wetting apparatus.

Devices with one ohmic and one'non—dhmic cOnﬁéct
behave as dlodes, the easy current dlrectlon belng w1th
positive blas to the non—ohmlc contact.
| Hole injection probably by a fllamentary mechanism
‘into cadmium sulphide from cuprous‘Sulphide was-indicated.
by the observation»of_qegative,resistanée in the fdrwafd
characteristié~of deﬁices with a cuprous sulﬁhide_anode.

Volume oscillations below iOOoK observed in devices with




a cuprous sulphide anode appear to be due to carrier
recombination and provide further evidence of minoriby

carrier injection in this system.
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© CHAPTER 113
AT j I_,”,;~" INTRODUCTION
4.4 IT - VI COMPOUNDS - "f:Tf"f ‘%;‘ B

_ Cadmium sulphide belongs to ‘a ‘group of compounds
'f;known as the "II - vI" compounds. Althougn thls could
tfmean compounds formed from any of the elements of groups

. .II and VI of the perlodlc table it usually refers to
:7fo;,the ox1des, sulphldes, selenldes and tellurldes of zznc
'fﬁf,fj‘cadmlum and mercury., These compounds form a series c””:”
";nfihav1ng related phy31cal and chemlcal propertles.,‘l.
i d . The serles is bounded at one-end by zinc sulphlde
"“pfgw1th a band gap of 3. 7 ev which is an insulator and at
ngipthe other end by mercury selenlde Wlth a band gap of
':;{?-.07 eV whlch 1s a semlmetal. Cadmlum sulphlde, whlch
”qulkdhas a'band gap of 2. 4 eV at room. temperature, can by

fo*prepared with propertles both of a seml-conductor and

‘ffrjua seml-lnsulator with a r951st1v1ty varlatlon’between
""ffjfiﬂo 2 ana 1013 ohm-cm.'f;;'”pge'- L | J
: l A w1de varlety of appllcatlons have been found for
5ﬁp“?the II - VI compounds.‘ Hlstorlcally, interest was
'}ni;flrst centred on the photolumlnescence derlved from
Hf.deep lumlnescence centres 1n 21nc sulphlde and photo-

LV“’quconduct1v1ty 1n cadmium sulphide.v The develOpment of .

S {jtechnlques for the growth of all the II - VI compounds e

'ﬂgef{ﬁln a hlgh‘purlty form has'led to a. better understanding f'




2

. iof the earlier investigated propertieseand also to'theeh
VEQ“investigation of other effects such as’ electroluminescence,
Tfp‘piezoelectric electronphonon coupling, thermomagnetic
'?fcooling and the stimulated emission of radiation.jf.:
The properties of the II - VI compounds such -as
‘i;band £ap, impurity ionization energies and carrier ’
“[smobilities, are related ‘to more fundamental parameters
'5ffai;such as ion’ Size,'bond distance, polarizability and
| u?f;{the electronegativity difference (ionicity) of theﬁh'
.‘fhgconstituents. It is from a conSideration of some of

sxéy’these parameters that the properties of cadmium sulphide:t

””;;].can be related to those of other semiconductors and
“]thhySical explanations offered for results obtained in'

/“:fgthis the81s.

,“'

1,2, 1, CRYSTAu 'STRUCTURE e

T;:{i%f;fth'» y Cadmium sulphide crystallizes in two modifications.m-:fvf”

""Sf{fﬁThe most common is the hexagonal (wurtZite) structure ; ?iéiif?

" with latbice constents a = 4. 1364° ‘and ¢ '= 6.713a°

T e room temperature: 7When grown below 25000 ‘the cubic.hii'

~5V_(z1nc blende) structure with: lattice constant 8 l;; f:f:;j;tf

ff*:5 82A }occurs.kafi“‘h" _"“f _,: , t s
The lattice parameters of the II - VI—compeundS*v

\thfﬂhave shown a large scatter in the measured values whichawp".

- ffin many cases is greater than the precision of measure-<
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e
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tf{i*of these moments and creates a potential a_fference the

il sencedof'impuritiesfand imperfectionsl 'WEBER‘(1961)
‘ivshowed how the addltlon of varlous lmpurltles such as‘-
e chlorlne copper and galllum to cadmlum sulphide of
"'ffuwurtz1te structure could sllghtly alter the cell dlmen-hi'
Jffs1ons. In general the lattlce constants are decreasedvA'h

“”ff'by the addltlon of 1mpur1t1es._' -A'vjhf*

1 The two crystal modlflcatlons for cadmlum sulphlde

hd?ﬁffare shown in Flg. 1 1. ~In the wurtZLte structure half .
ﬁd?)fugthe tetrahedral 31tes of the hexagonal °1°Se packed
;wwfltcadmlum 1attlce are occupied by sulphur atoms, whereas h
”t?-;i{ln ‘the zinc blende structure half the tetrahedral 31tesi;fa7
‘;;Of the cublc.close packed cadmlum lattice are occupled t:pif
“Llfhby sulphur atoms. _An important aspect of these two o
“5ffstructures is that they lack a centre of symmetry or ]d$5ﬁ
'h?aéilnver31on, w1th the result that Opposed crystal faces
"l_fftand directions may have different physlcal and chemical
'ffipropertles.: A consequence of this is that wurtz1te and
"“?f7z1nc blende crystals are piezoelectrlc.‘ VON HIPPEE:(1952)
. considered that the group II and group VI ions having
'w"floPPoslte polarlty formed a network of permanent le°1e m:h»ﬂ“ﬂ
C g

’fmoments. Dlstortlon of the lattice dlsturbs thetpalance ; s

- .nr‘

"Qfslgn of whlch depends on whether the applled stress 1s :

5

' ments, due to the distortion of the lattice by the pre- .-

‘°?“hcompre551ve or ten31le.- In the unstreSSed wurtz1te }f;?i'*f“"
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5
Qiplattice these moments do not completely balance and

lfl’create a 51ngle polar axis in the (0001) direction.'

“:ﬁihence wurtz1te cadmium sulphide is also pyroelectrlc and-

i . The faces ending in cadmium or sulphur atoms can d}hnj

J”sbe shown to be different by their d1351milar etching

”"*ﬂ;i characteristics (WAREKOIS et al 1962>'v°

55ijfwould 1nvolve complete transfer of 58 electrons from

“,”li:1W1th stable closed shell configurations Cd+2(4324p64d10)
. ena s 2(33 3p6) SHERMAN (1932) observed that calcul- " o

| :1;;;1 2.2, CHEMICAL BONDING

There are three main. varieties of chemical bonding T

vfpionic, covalent and metallic. The II - VI compounds

itf][ations of the crystal energies of cadmium sulphide and
k“f}fselenide 1ndicated that the binding is not completely

'"“~;.ionic.

The distances between the group II and group VI

u“ﬂf atoms: calculated from conventional ionic radii -are

“ﬁfﬁblende modification of cadmium sulphide the observed .

"ii"ffwcadmium - sulphur distanceais 2 52A° (MILLIGAN 1934)

.eidevelopes potential differences on heatlng and °°°1lng.‘lp,f:7f

4ifjlcannot be described completely by - any of the above types.14§iv}
'fiSEITZ (1940) originally classified ‘the II - VI compounds’;}fh”
,:hdfpjas ionic solids. .In cadmium sulphide for example, thisifffﬁVr

e d
”'33*_cadmium to the 3p orbital of sulphur forming the ions ﬁ_f\b*a‘

-

‘fﬁasignificantly larger than those observed.. For the 21nc-7pf“f;
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" whereas the calculated distance asSuming»ionic bOnding

- - is 2. 66A° and assumlng covalent bondlng is 2 52a°.

The tetrahedral co-ordlnatlon observed 1n cadmlum

f}sulphide 1nd1cates covalent treatment of dlrected valence

“h?if}bonds shows that four hybrld sp5 orbltals with maximum

'fhfbond forming ‘power are formed with the bond dlrectlons

7fﬁflon1c bondlng occurs ‘between. elements of the extreme

"flmaklng tetrahedral angles with one another.

Conslderatlon of ‘the periodlc table 1ndicates that

.

“alleft and extreme rlght hand portions whereas covalent

v”ftbonds are formed between elements near the centre._ The

“tffII - VI compounds are often con31dered to have an 1nter-w”ffii*

'b:'“!medlate type of bondlng.’ The bondlng is treated as

‘f"g.essentlally covalent and a fractlon is a531gned to des-:,ffﬁp

"ifi'crlbe the partlal 1on1c character of v1ce versa.‘ WEBbR \~Lfif

‘"5xf;(1961) has- ascribed an ionlc character to the bondlng of

'Vf*vcadmium sulphide with a covalent contrlbutlonwofwﬂEqGS/b.,--J’

hﬁf;He determlned the electron dlstrlbutlan between the atoms

-}

' ii‘by Fourier analy51s of X-ray dlffraction structure

& since Brags scatterlng does not occur for -

”‘A‘"".“:-sufficlently small values of s:.n9/ (where 0. is the

*'*ﬁ"Bragg angle and 3\ 1s the Xpray wavelength) the accuracy

waﬁﬂf70f the above methos is doubtful due to the 1nab111ty to

}ffiigmeasure the electron dlstribution at 1arge dlstances

'5;;from the: nucleus (BIJVOET and LONSDALE 1953) MOOSER




- and PEARSON (4964) have polnted out that the whole
icconcept of asslgning a partlal character to the bond—

h'ing may be mlsleadlng. .

It seems likely that the bondlng w1ll have a
'[maxlmum ionic character in zlnc sulphlde and ox1de
*?kyand a minimum in mercury selenlde and tellurlde in ;y‘
-1Ec;jbaccordance w1th the electronegat1v1ty dlfference be—._7"lﬂb“‘
'"”"».'.'f:tween the constltuents (PAULING 1960) |
| ~ When high pressures (of the order of 30 atmospheres)
Uiffare applied to cadmlum sulphlde ‘the bonding appears o

"ffybecome completely ionlc (KABALKINA and ”ROITSKAYA 1964)

© o The crystal structure .changes from a wurt21te or zinc
';féifblende to a sodlum chlorlde type of structure.: l‘h:.s is

’fiff;a transformation from a tetrahedral to an octahedral

*{co-ordlnatlon. On removal of the pressure a. zmnc blende\\’7

L

\

“vstructure is always obtained.

It 1s the mixed covalent - heterovalent bonds with

'zy”gﬁvarlous degrees of 1on101ty whlch glves ‘the II - VI

”Tticompounds their characterlstlc PrOPertles’ ;F vv’

}”}{ffﬂ.E 3. QUALITATIVE TRhNDS IN SEMICONDUCTING PROPDRTIES.
- The semlconductlng propertles of cadmlum sulphlde |

: f}ﬂican be predlcted in a qualltatlve manner by cons1dératlon
*iof trends observed in other semlconductors. For example,

ifll,éii[conslderatlon of the group IV serles of semiconductors o

‘hf"ugrey tln, germanlum, sllicon and carbon (dlamond)»shows '




s ‘.'8'.;“-.;‘-:':‘;

ﬂ‘j.that decreasing'atomic Size and 1attice'con9tantilends:'

Vj-]to increa51ng band- gap and. crystal coheslon energy

~""‘-.',,_:v’(melt:Lng p01nt), see table 1. ﬂ. f“ﬁ

ff:_§gbstanoe 2 Atomlc ‘LatTice Y;gEnEng Meltlng
BT Slze‘,'“T constant ‘ggp,:h{, ~point
1040 V}f;,ta 567 *;08.;2*{;1a 232
Si _ j?r1 47 . _5.567< g IS 09'"Q 1410
-‘_C R 77 , 491 ,1 _5 2 3500+

o Table 1 1

Increa51ng 1on1c1ty (electronegat1v1ty dlfference)
‘ also leads to 1ncrea51ng band gap.} ThlS is. demonstrated
in the isoelectronic series germanlum, galllum arsen1de,,f5rs

"fﬁg'ﬁ z1no selenide anchuprous bromlde,_see table 1.2, Q;;Qa‘fgﬂ{d

;‘lectronegatlvigz

‘*Energy gep
'«,dlfference G

eV ,"_'_:‘:
| | : ,2.6;, G

‘”!iﬁf?Substan¢e

T e CuBE
St ZnSe
oo GaAs il
Lol o Ge

.'/,’

The band gaps of the II - VI compounds are related Gﬁff“f

to the various degrees of ionic character in a mlxed

7”711 covalent wfheterovalent bond, see table 4 3.5;h
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 of the WIdth of the allowed bands in Wthh the carrlersfipa?
:”Q:Jmove. The ‘width. of the allowed bands 1ncrease w1th
lﬁélncrea51ng covalency of the bonds and polarlzablllty of'*dﬁ{
V;the atoms. Cadmium sulphlde, which is more 1on1c (less\fﬁf
“édcovalent) than cadmlum selenlde, has an electron mobllltyy
'fﬁat room temperature, about half that of cadmlum selenideffpf

"jfpw1th the same scatterlng mechanlsms occurr1ng.,~

'lnlbcompounds such as indlum antlmonlde over that of the

'"fSubstancelj : fElectrOnegatiVltz]j;p}”
. T '.gﬂg_difference-ﬂpg;gj[;;'

’al'ﬂi'f Dable 1.3 -

The moblllty of carriers is ‘an 1ncrea51ng functlondf'”

The 1ncrease in polarlzabllity of the III - V di_:SQfo

"5;group IV compounds outwelghs any decrease 1n covalency e
4';5?ffand leads to very hlgh measured values of moblllty.; The'a@it{f

'ﬁjf?g4reverse is true for the II - VI compounds._“f .

In a blnary compound con31sting of a metal and a

'd“?a?non metal it 1s probable that the conductlon band is

'"1{‘;1nf1uenced by the metal and the valence band by the R
,“7.ff pnon metal.i The smaller the s1ze of the atom the smaller |

'dfkfi”the band it influences and hence the mobillty ln zinc.

| "~3tellur1de, for example, thevz1nc atom has a tetrahedral :v;'g]i




ap
 radius of 1.31A° ‘and the tellurium atom one of 1.324%.

. The'ratioioﬂﬁelectron to hole mobility at room»tempera-'
‘ture is of the order of 3 (TUBOTA 1963). In cadmium -

E) Sulphlde there is a 1arge difference between the atomic S

- s1zes, the cadmium atom havmng a’ tetrahedral radius of

4 48A and the sulphur atom ° one of 1 .044°, The ratio =

‘.; of electron to hole mobility at room temperature 1s of

o the order of 20 ( SPEAR and MORT 1963 ) _*_’“‘f\“‘ﬁffhf;i*:;tf
| The dielectric constant of a material 1ncrease“ o
B with the covalency of the. bonding and the averaged
polarizability of the atoms.. In the II - VI compounds .
the dielectric constant 1ncreases from sulphide to',v  dflfe~h
telluride, that is with’ 1ncreas1ng covalency., The |
1 coulombic binding force of a carrier fo an 1mpur1ty

" centre 1n the band gap decreases w1th 1ncrea51ng dielec-
tric constant.‘ The higher the dielectric constant thel

| e shallower is the centre, that is the closer 1t is to a

ﬁf:ff band edge, see table 1.4.‘:

"Af Electronegath1t7 Dielectric Dongr Level*tr

";?Substancefffﬂwg - difference . constant J? Range 4157
igds - wf,ufﬁ]Vaﬂ,f'1.of‘~-;“§“§gs 59.02-~;_.024- 032 %
ogdse s Lt a8 10620 ',.014- 03.~

‘IfTable‘1;4_ v

The impurity levels associated with broad bands are’

o shallower than those associated with narrow bands.t The



’“f;;;W,fgj_*

IA:Valence band corrésponds to an'aﬁom shell whichlis:l'

;.-&“ i

””\scloser to the nucleus and less polarlzable than the )

ﬁif}shell whlch is assoclated with the conductlon band. _."':w e

.v‘slmhe valence band 1s narrower 1n energy range than the

-~ conduction band in most semlconductors and donor levels

© . are shallower than acceptor levels in’ the same crystal. rig}""J

l:],In cadmlum sulphlde donor 1eve1s are not much more thanﬁ -
':b:jilevels can be more. than 1. OeV below._e S
i'*‘%rf would normally produce p-type conductlon. 1t 19“d°ubt' ”;
":?;ful whether p—type conductlon can be achieved in. cadmium

'Qiﬁ,fsulphlde by 1mpur1ty doplng although claims have been

"ch{reason that cadmlum sulphlde cannot be made p—type 1s

'1_.03ev below the conductlon band edge, whereas acceptor i

The word acceptor is used for cadmlum sulphlde to B

L descrlbe 1mpur1t1es which from consideratlon of valency ;f

”’?:,made ‘to the contrary (woons and CHAMPION 1959) The_;,f\;}?

”5ifthe mechanism of auto-compensatlon; whlchllsla common {hgjﬁff?F

“;ffdphenomenon 1n wide band gap semiconductors (KROGER and

" VINK 1954, MANDEL 1964) . Hole conductlon in cadmium ;]*""""'

'del].sulphide w111 occur 1f they are 1naected through

. external contacts (KEAMNG 4963, SMITH 4956> ox pro~" |

'”:ff~duced by external radlatlon. fsi"j g 'A;'; ,vf,‘ -;rlff'?l

S .2.4. SELF COMPENSATION AND IMPURITY DOPING

" At the hlgh preparatlon temperature of cadmlum

"ggrsulphide (of the order of 400000) the crystal so formed

'5f€:sW1ll, by thermodynamlc necessity, contaln Schottky

[U——




| 1, 22 i‘ :
“:~721?defects in falrly hlgh concentratlons. These-are'cad— .
."mlum and sulphur vacancles. ‘The number of these defects =

T ag any temperature varles 1nversely with the crystal
'f“hpﬁpcohe31on energy. A fraction of Them w1ll be frozen o

hus]twhen the crystal is cooled to room temperature and the lk

'efprconcentratlon Wlll depend on the speed of quenchlng. »;:&&”;
ﬂi;The sulphur vacancles act as donors and the cadmlum e
“ufvacancles as acceptors. When the crystals are grown.ln S
'Tffan inert atmosphere equal numbers tend to. occur and 1'

1 ftiucompensate each other and the crystal 1s insulatlng

L ;ﬁ.because the number of thermal carrlers is small.' Equal

”!ﬂﬁj?ﬁfnumbers of vacancles occur because energy 1s galned by ﬁﬁ,
j'mijdonor electrons recomblning with acceptor holes and by lfi'
ij&lOPposltely charged vacancles forming gairs on neigh- f-
ﬁd}ibourlng lattlce sztes.‘ S le}l ""'v..f,'ﬂ ;::;t;fgggﬁf

‘o The heatlng of cadmlum sulphlde in the vapour of " "(;ﬂﬁ;

"1f~one of 1ts constltuents w111 cause an 1mhalange in the

"*{f;vacancy concentratlons. Cadmium sulphlde heated 1n g
‘tffg?ﬁcadmium vaponr becomes n-type because of the 1ncrease _
Hﬁhﬁof sulphur Jacancles. Cadmlum sulphlde heated in sulphur
'ér vapour does not become p-type but only more 1nau1at1ng.;3,p;f*
' When cadmlum sulphlde is heated 1n cadmlum vapour :
"”3ﬁ[ a SU1phur atom w1ll mlgrate to the surface leav1ng
‘ behznd a vacancy and comblne w1th a cadmlum atom thereby
gainlng energy (going to a lower potentlal energy state)

accordlng to the equation

d
D .+'Ss




‘ITfsulphur vapour.;f

| When cadmlum sulphlde 1s heated 1n sulphur vapour “f

'ufg?‘a cadmlum atom 1s freed from the lattlce to comblne W1th

_f,”a sulphur atom on the surface accordlng to. the equatlon

‘Thelenergy'gained-is‘now less;‘due to'the'dissociaef'“'

'f;tlon energy of sulphur.. Cadmlum vacancy formatlon is
”f‘therefore energetically less llkely than sulphur vacancy

| formatiom. .

The d1$3001atlon energles decrease as atomlc welght

‘*=“iﬁ%1ncreases 1n the serles 52, Se2’ Teys The formatlon
;'“jg_of cadmlum vacancles in cadmlum tellurlde by heatlng in
“”ﬁf ellurlum vapour is more probable than the formatlon Of

FIQfﬁ[cadmlum vacancles in’ cadmium sulphlde by heatlng 1n _r;f

'.L'he extremely larsre conducta.vity varlatz.ons ob-: |

f@ftalned in "pure" cadmlum sulphlde are due to the form-ifyld&i?_
"3“*piatlon of sulphur vacancles in varlous concentratlons, S{pfﬁl~4”“
'fuIProduced for- example by control of the cadmlum vap&grftf’"77

-Zwllﬁpressure durlng growth or after treatment.

o Cadmlum sulphlde can be doped n-type by addltlonIfﬁ;"‘

}"r:of impurltles Whlch are atoms 1n groups III or Vllxof'u
'Vﬁ;the perlodlc table. The group III atoms §uost1tute

'*?gdfor cadmlum and the group VII atoms for sulphur.‘ﬁ‘r

| rhe additlon of group l or group V 1mpur1t1es does '

'fpnot dope cadmlum sulphlde p-type due to the 31multaneous

'Lﬂ{ﬁffformatlon of sulphur vacancles Wthh compensate the
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‘material (KROGER end VINK 1954). -
. The crlterlon for compensatlon to occur 1s that

“»y_lf the energy galned by compensatlon 1s greater than the

gfenergy needed to form a vacancy then compensatlon will

"7__proceed. The energy galned by compensatlon is the

,recomblnatlon energy of the carrlers attached to the

";_:1mpur1ty centre w1th those attached to the vacancy.,_

. The energy needed to form a vacancy 1ncreases w1th
hthe crystal coheslon energy. Crystal coheslon energy

_Ydecreases w1th»1onlcity and atomlc 51ze. Gompensatlon

”'7:1s greatest in soft 1onlc materlals w1th large energy

xti»dlfferences between the levels due to 1mpurltles and

t;those due to the formatlon of the vacancy.4 A w1de band

‘"r;:‘of 1onlclty as’a’ smaller band gap mater1a1 such as’ f?.-\g;rLTC

".Ecadmlum sulphlde w1ll be more compensatlon prone."'

The fact that sulphur vacancles occupy shallow

f‘.«;levels and cadmlum vacancles occupy deep levels leads

:5fito small energy galn by compensatlon of n-type impuritles

s

"h*lffyand 1arge energy. galn.for‘p-type 1mpur1t1es 1n.cadm1um
‘f7fb.sulph1de. i | ' ' '

If cadmlum sulphlde was. avallable as both p and n- S

: ‘lfgigap mater1al such as zine sulphlde w1th the same degree ‘dwf“ﬁ

.

‘qptype materlal then p-n homoaunctlons could be prepared._,a L

\.__A

. An applled field would cause minorlty carrier 1njectlon jf;:?*

uleadlng to recomblnation and electrolumlnescence or even S

i’mlaser action due to the recombinatlon radiation.;-.*



_v:ip‘ésgig,

4;Cadm1um sulphlde 1s a dlrect band gap materlal the

B extrema of the conduction and the valence bands pro- 7

bably occurrlng at K = (O O O) in momentum space.
The existence of the d1rect gap has been shown by the

analysls. of the structure of the exclton spectrum at

: ~llqu1d hellum temperatures (HOPFIBLD and THOMAS 4959, _
l71HOMAS and HOPFIELD 4964) and by near threshhold absorb-l-"
\iﬂfftlon (THOMAS et al) show1ng the ex15tence of longltudinal

. 7j2miopt1cal phonon direct exclton creatlon.»~

The ex15tence of a direct band &ap w1th a tran-"

‘ Q55v51tlon g1v1ng emlssmon 1n the blue green reglon of the

Vfl.able materlal for laser appllcatlons./ Laser actlon ,”:"ﬁ.
:X‘Vil”has been observed at room temperature and below under .;ff”

v'}'high enersy electron beam excltatlon (HURWITZ.4966, .tS'J
&ef;ANICOLL 1967, BASOV et al 4964) The emltted llght<25'
:iﬂpipolarlzed along the C-ax1s. Laser actlon has also"

?V:dbeen observed w1th optlcal pumplng from a ruby laser

‘ r““vJ

SRS rilt“arsenlde. Eor thls reason and also for the preparatlon
'ﬁﬁ . 7 of photovoltalc dev1ces much effort has been made lnq.

*“7l'f1‘attemptln8 to prepare p-type cadmlum sulphlde.

- ““optlcal spectrum makes cadmlum sulphlde a hlghly desxr-fgf:ftfg

udditmv'(BASOV et al 4966) when a two photon excitatlon process
‘,jvoccurs. No laser actlon has been reportem*due to m1nor-.- S

L lty carrler lngectlon, as observed for example in galllum m;{"

beveral 1nvestigators (woons and. CHAMPION 4959,{., R

“v'jREYNOLDS et al 4955, AVEN and WOODBURY '1962, BUBE et al . _' |



o TEiCHAMPION (1959) olalmed that X—ray and thermoelectrlc S
'l‘ff‘:power measurements dld not support thls theory. The f‘
”’{,;observed values of hole ooncentratlon were at least
| ffithree orders of magnltude less than the concentratlon
r{}?sﬁof copper atoms, suggestlng oompensatlon or preciplta-:.

”'rﬂfiltlon had - ooourred..,_f}ﬂ

'LPVfﬁ},fllamentary conductlon was demonstrated by other 1nvest-/7:d_
': igators leTRIKHOVSKII and KURIK 1966, STURNER and BLEIL . o
;?f!:1964, DREBEEN 1964)._ lhese fllaments could clearly be SR

'#bi_seen by optical microscopy which was not performed by

. the earlier investigators. STURNER and BLELL (1964)

"b:1962)‘olaimed to have prepered-p-type.cadmium sulphide‘-

’Hﬂ”by heavily‘doping With'oopper'(1 - 29b)l The oonduotlon fV.T. %
‘.fu'mechanlsm could be 1mpur1ty conductlon, 1mpur1ty band g
“?.e;conductlon,‘or conduotlon along fllaments of cuprous -“[u é

? ,'sulphlde which 1s A p—type semlconductor. The latter }'v. §
N ;fmechanlsm seems - the most probable althoudh NOODD and f&7;i5ih '5

That the mechanlsm was almost oertalnly due to 'd~f‘7”se3-f

™~

»V;;j:observed that the limltlng concentratlon that oould be L

" The precipitated fllaments were observed to line up

'5:>1noorporated before prec1p1tatlon occurred was 2x10 29b.vu}.-

{3;parallel to the C-axls produ01ng a small degree of e77f;fg§”i§

= lattice straln which prevents them from formlng too

>i¢jj_(STURNER and BLEIL 1964) probably accounts for the

?5ffolose to one another. The small value of mlsfit vector

G _v




'sjprlnclple axes.. Q;f'f

7

- aifficulty of observing the precipitation by X-radiation’ = .

(WOODS and CHAMPION 1959). SINGER and FAETH3(4967)"'

f;showed that heavy c0pper penetratlon (up to 609%9 1nto_~ﬁ?fﬁﬁ
cadmium sulphlde caused by 1mmers1on 1nto a. cuprous |

.,> ~fohloride solution resulted in the precipitatlon of
1Tcuprous sulphlde in slngle crystal form. The cuprous |
ei‘sulphlde was exactly : Cu2 OOS (SINGER 1968) and of the. Jff;- :
HrJ7chalcoclte (orthorhomblc) structure. The 1att1ce con—

'ulflstants of the chalooclte and wurt21te structures are'- _ifo‘

a, of 6ds h136A zf a of Cups  11.884 -ff7'7
~ao-o£‘CdS; - 41364 ° v of Cugs . 27.324°
e, of”dds 6. 7134 °© o of Gu2b 13 49A

cﬂf.The a axes are 49&Jfrom a factor of 3 apart and the *ﬁ‘ e
e axes O. 49&) from a factor of 2 apart Wthh permlts.:fiﬁ':*t"
"“ithe two crystal structures to line up along thelr ]."'ﬁfﬂ;w7

B . §

Thermoelectrlc power measurements (VITRIKHOVSKII

}‘”Wq,and KURIK 4966) 1nd1cated a degenerate hole concentra-‘tfufaﬁﬁ
S . ation
-  2t1on typ1cal of cuprous sulphlde Slnoe the igzi:“tl
.. energy of copper: acceptors 1n cadmlum sufpnlde is of .

" ‘the order 1eV (BUB 1960) thls could not be the cause

"', of the observed hole gas.. Furthermore a degenerate

“awfvalence band should cause a shift 1n the fundamental

| ’;absorbtlon edge whlch doee not occur (VITRIKHOVSKII'_i f 5f5
”*and KURIK 1966). A | s 5
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| CHﬁRNOW et al (1966) claimed to have grown, from
the vapour phase 1n argon, platelets of hlgh re51st1v1ty

“ p=-type cadmium sulphlde. The p—type character was

“demonstrated by the results of pulsed llght photovoltage,

l";perslstent 1nternal polarlzatlon and thermoelectrlc

’

uiﬂ‘power measurements._ Only crystals whlch were given

L behaviour. The‘crystals were‘immediately made n—type
'vai when indium electrodes were attached, whlch is- llkely

'd,-to prevent ‘the fabrlcatlon of a useful dev1ce.

Except for the above case all as grown undoped

;Tt"cadmlum sulphlde crystals are n-type, the conductlon {-i
'“f*vbelng due to sulphur vacancles. Low res1st1v1ty (of the
jtéaorder of 4ohm - cm). crystals often grow ‘when a sealed el

B ﬂwfttube method of growth is used (PIPER and POLICH 4964). ~L o

:u~aorystals grown by a dynamlc vapour transport method

" electrodes of'gold;fsilver,or platinum_exhibited:thisk': B

' ;(FRERICHS 4947) are usually hlgh re31st1v1ty (of the.f

1Oohm - om), due- to a hlgh degree of self i

ifcompensatlon. Most of the measurements dlscussed in

‘%f;this:thesis'are on crystals ‘grown by a'dynam;c method~’.”:d
‘ f? with no 1ntentlonal 1mpurit1es added. TheSe crystals
ﬁ’.f?are high res1st1ve but current flow is. obtalned at low

'af‘voltages by the injectlon of charge through external

‘{_Lcontacts leading to non-equlllbrlum current flow.




" +han in. metals and, hence, a non unlform dlstrlbutlon S
[{*_‘of current carrlers can occur, leadlng to d1ffus1on ,
' _deown the concentratlon gradlent characterlsed by dlff—

'?bfﬂusion currents of the form ;Qf

mjhhcharge no excess charge can accumulate.«

“Viﬂ_such as hlgh re81st1v1ty compensated cadmlum sulphlde 1f

-.jfthe carrler concentratlon 1n the bulk can’ be 1ncreased

‘“ffexternal radlatlon such as light, electrons, Xyrays and

T T

| 1.3 SPACE CHARGE' LIMlTED CURRENT
Conductlon in a Solld is normally due to thelf'-
movement of moblle charge carrles already present in f

the bulk of the solld., In metals thls takes the form

. of a drlft current (electronic)
Tapigg 7 PERE . eeeeec T3 e

'-w1th a linear relatlonshlp between the current and the

“]applled field.

5 In a semlconductor the carrlers are less moblle U‘;““-f%

Tl -r—

—

.\Jaiff t'm‘la f”.ethn/dx”*14-.15;“4,4.5.-.
| Slnce metals and semlconductors contaln moblle_‘,.'

High currents can be passed through a sem1-1nsulator

::Iby external means.; Generatlon of electron hole palrs by

Vfﬂfgamma—rays 1s one method. (The high sens1st1vity of
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'__cadmlum sulphlde in varlous forms to- these varlous

t'stlmull has led to its. use in varlous forms of detect- .

”’(}ors.) The other method is to 1naect carriers through

b‘fexternally applied. contacts.'

lf the d1electr1c relaxatlon tlme is very much

”"h‘igreater than the translt tlme of the carrler then slgnl—:g

‘ﬁh'flcant currents can flow.: These . currents w1ll e f -

n“greatly reduced 1f carrier trapplng centres are pre—

'fjsent as’'is- the case w1th cadmlum sulphlde.- The ma1n

o barrler to further current flow is the space charge B

:tm”?7?WhiGh bullds up to oppose further 1n3ectlon., “

MOTT and GURNEY (1940) performed a s1mple analysis

”pfor drlft controlled 31ngle carrler space charge limited

Ki{ﬂjocurrent in a trap free 1nsulator.‘ They found the current ﬁf’

_gu,to be proportlonal to the square of the applled voltage
. . JSCII : : B 9€’Jv /8d ) . 0 2o es’ ’I 5

‘i”{a'solidtstateianalogue offthe Childs haw for-the vacuumﬁf'c”

foiltriode, where‘the current is“proportional‘to*the threeeszn

‘?ff>halves‘powerfof'thehvoltage.« In general the. expre531on,cf'”ﬂ§;

',ﬁp'for the space charge llmlted current 1n"a solid” is” com-!flfa’

i5f,p11cated by'the presence of. dlffu51on currents (WRIGHT .

'»’4960) and trapplng effects (LAMPERT 4956, ROSE 4955)
:The 51mpllf1ed analysls of LAMBERT (4956), leads to a

'f'three reglme current-voltage characterlstlc.' Inltlally

‘”; the current is ohmlc due to the thermal carriers already

......
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'present in the~material."The obmic characteristicfiSM K

'replaced by a steeply r1s1ng characterlstlc \traps fﬁi

‘;fllled limit) as ‘the 1naected dens1ty increases and fills

. the traps.. When the traps are fllled the square law

’characterlstlc of MOTT and GURNEY (4940) aPPlleSolQﬂ;r,,"J°"'

The requlrements for observ1ng space charge llmlted

‘"~j*currents arei=

"}( 4) ‘The semi-lnsulator must be relatlvely free from

' traps.

'°’fjf;2) One or both electrodes must prov1de a large reser-‘.eﬁ"°“

“"%t];;,v01r of carrlers w1th no barrier to the appropriate

conductlon vand (ohmlc contact).

f7;3)i The anode—cathode separatlon should be small.v3e7lfe'

These conditlons mean that a carrier has a high

AT

Y

probablllty of tran51t across the crystal after hav1ng N

xbeen 1naected at one electrode.'

The discovery by SMITH and ROSE (4953) ‘that lndlum s

-“*ffl;and galllum make ohmlc contact +to- cadmlum sulphlde and

:;ffthe use of thlnjcrystal platelets led to the first

'flmeasdrementsfof,space charge‘limitedjcnrrents.in solids;”j77a‘“

. BMITH arid ROSE (1955) observed high transient currents . ...

""QVfwhlch could only be attrlbuted to space charge effects. T

'“4‘WRIGHT (4958) observed a square law dependence of current {MV

‘*on voltage in a: cadmlum sulphlde crystal having one

S ohmic and one blocklng (non-lnaectlns) contact., It is S

| u'dlfflcult to. observe the square law reglme under steady 51];ébﬁ

*— .“-




d_;:fidecay, Hall effect and thermally stlmulated current
*1;pmeasurements (BUBE 1962).,;_:“_ j‘__‘.= o ;j\a

.&p “‘;'."_ v"“i‘”d ijupf%;lﬁuz¢;~#',5532f_f

_f,state dlrect current condltlons as breakdown occurs at
 the requlred currents. RUPPEL (4958) who observed a |
' squdre law reglme 1n;z1hc sulphlde suggested “that breahf"ﬁfll"‘;

K doun was less likelyltoroccur;beforeithe'séuare'laWV |
:reglme in zinc sulphlde due to the. higher concentratlon

. of shallow traps.

’whe dependence of space charge llmlted current on ‘;d_fﬂ'

: R5Eelectron traps (ROSE 1955, hAMPERf 4956) has led to 1ts
use in determlnlng electron trapplng parameters in Wide'g{:hﬂb
| :“dband gap semlconductors, such as. cadmlum sulphlde (SMITH
1959, BUBE 1962, 'MARLOR and WOODS 1965, BUGET and WRIGHT
“fd1965, ""RODDEN 4967) This technlque is commonly used in

':'h congunctlon w1th other technlques such as photoconductlve fibh

The results of early investlgators (WRIGHT 1958

”hf{fﬂ959) applylng the theory of LAMPERT (1956) led to
.’“a;fexbraordlnarlly low trap dlstrlbutlons of the order of S
3[;,s40ﬂ2/cm " MARLOR and WoODS " (1963) suggested ‘that thls fdfd?f"*
) a;ﬁls because the steeply rlslng portlon of . the current S
jl:voltage characterlstic is due to trap emptylng rather‘
:ﬁf~than trap fllllng.' ‘Double 1n3ectlon, that 15, the_ | ,
'Vllslmultaneous 1naect10n of electrons and holes through :jfdd”}”
}'dfirtwo external contacts was suggested by BUBE (4962) as a

':Jposs1ble cause of the steeply rlslng portlon of the
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1.4 bOUBLE fINJEOTIoN

Slngle carrier 1naectlon leads to space cnarge

'"nfllmlted current flow whereas double 1n3ectlon leads ton.f‘J:“'

‘,space charge compensated'current flow. The 1naected

lrholes compensate the space charge due to_the,electronsl

‘bination of the holes and electrons can lead %o the

“ﬂ~emlssion of radlatlon. Double 1naectlon “has been- usedf(“ﬁf" O

to Explaln electrolumlnescence observed in cadmium

S sulphlde (SMITH 1957, KOMIYA eb al 1962, KEATING 1963,‘,'

'~ LI7TON and REINOLDS 1964, RUSHBY and WOODS 1966) »
- HAIL (1952) was the first to consider double

i*.‘lnaectlon in the de31gn of power rectlfiers and tran-r" |

;?e51stors of germanlum.; Slnce then the phenomenon has‘en“i,"jﬂ
- been investlgated in a wide varlety of semlconductors .
“‘fd.and 1nsulators. The form of the current voltage o
.l:characterlstics depends greatly on the trapplng para-e[ t”i“\
""Tf“fmeters, carrler mobilities and dlffu51on lengths, and . d
‘ l’the physical dimensions. of - “the materlals used. "In’ con- - o
";F:sequence a great. varlety of models have been developed . -
:lonto explaln the varlous observed characterlstlcs. ROSE SR
'i(1964) comparatlvely rev1ewed several of these models.;.ftyifl

ST Many of the models use the same three 1n1t1a1 Y

‘"‘fvstartlng equatlons.fQA \ | N

f’ddf_ﬂ) The current flow equatlon whlch, in general, '

contalns terms for both drlft and dlffu51on.

-~

"’}-permitting higher Currents to pass; Often the rédbﬁ—»f,,jff?'

-~
RN

s ot -




..\."i

~3) . Poisson's equatlon relating the electrlc

?f:fhrln ‘the current voltage characterlstlc is ev1dence of f,;ﬁﬁ
_;f_double 1naect10n and is predlcted from the ana1y51s
" of various models (STAFEEV 1959, LAMPERT 1962, ASHLEY
E"v_"-“‘and MILNES 1964) The negatlve re31stance is attri- :\\;}
'ih‘buted to the 1ncrease of hole llfetlme w1th 1naect10n .T'

ﬁ ilevel due to the filling of hole traps. -

f,ifor the observed negatlve re51stance in galllum arsenide
ﬁf?ﬁgip-l-n,dlodes. The,Space Qharge 11m1ted,current ;naectgdhj J:‘
‘f:hat the cathode rgcbmhines,radiativelj withkholes at
"vr_ﬁhe anode. ’The gehérated light creatés'electroh-hble S
“r palrs Whlch flll up photoconductmvmty centres cauS1ng
‘an. increase in the electronlc current.. If the quantum
:‘efflclency is a superllnear functlon of current then a

negatlve re51stance w111 occur.;"

B4
\ currents.' Most theorles in order to smmpllfy
- the mathematlcs only consmder one type of
:f current flow. although thls can ‘lead to error f_;_ix'ﬁi%#”f ;

é'(BARON 1965)

’;ré){vThe contlnulty equatlon which shows how the i;jfhf

" ¢garriers are concerved 1n _space and tlme.

",:fleld to. the net space charge and’ whlch, in ';,

‘Ahgeneral, 1nc1udes terms due to the charges

-'._on traps and recomblnatlon centres._;:

Often the onset of a- negatlve resmstance reglme

DUMKE . (1964) suggested an alternatlve mechanlsm r

L
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It isirelatively easy tohmake efficientyinjecting

" contacts to the semiconductors like silicon and german-tu

-;1um., lhese semlconductors can be made seml-lnsulatlng‘“:f'
‘:;by doping w1th a deep acceptor llke gold and compen- |
‘sating with a shallow‘donor. ‘Double_inaection has_
been observed ,(TYLER 1954, LEBEDEV et al 1957, WAGENER
- and MILNES 1965) and agrees well with theory (LAMPERT e
1962, ‘ASHLEY and ﬂILNES 1964) ‘There is no eiflclent |

. nole 1naect1ng contact: to cadmlum sulphlde and in con- :

' sequence the observed cases of double 1naect1on are

'3f:difflcult to reconclle w1th one partlcular theory
'l‘fV:(bMITH 1957’ KEATING 1955) The current ‘may be- contact
:frgcontrolled (STOCKMANN 1963) If the contact supplles

B

i Aless current than can be carrled away in the crystal

> f;then the current is contact llmlted.. At hlgh flelds :*<Q;LQ}“

the contact reslstance may decrease strongly w1th

"{{g~1ncreas1ng fleld-due to contact_breakdown caused‘by :

ﬁﬁr“_fleld or Schottky em1s51on.'

Cadmlum sulphlde has shallow electron traps and

'fdeeep hole. traps. A device fabrlcated with a poor hole'f

.dlnjectlng contact will only permlt a few holes. to be.

‘T;'nlnaected under an applled f1eld and the holes w1ll be"'

"Hfjcaptured by, - and stored for a long tlme in, the hole

‘traps.‘ The trapped holes will reduce the barrier to
”-:electron flow and the electron current increases as 'in N
a photoconductor.i Some of the electrons are accelerated

‘.:into the anode causlng more holes to mount the contact
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"'jable, only heteroaunctlon dev1ces can be studled.~s

i

barrier aféer collision.l‘The process‘is'illuStrated‘ -

in flg. 4 2. for a contact materlal hav1ng a’ band gap
‘smaller than cadmlum sulphlde. bTbELh et al (1962) s
" have theoretlcally considered double 1naect10n produced

reby impact 1onlzat10n at the contact.

BARNETT (1966) observed that double 1naection in

'e:seml—lnsulatlng 5111con preferentlally ocecurs along a

fa‘fllament where the 1mpur1ty doplng condltlons are most

ﬁ:»l7fby a magnetlc fleld.

: Hysteres1s and relaxatlon osclllatlons of the

”f:Current voltage characterlstlc are also 1nd1cat10ns of

'aﬁetrapping time of-holes and the qxﬁllations are due'to fif
'  the 1nteractlon of the negatlve re51stance and the '

' external clrcult elements.

.5, ELECTRICAL CONDACTS 'TO CADMIUM SULPHIDE . .

QThe‘greater”paft of this thesis is concerned with

»ejattempts tb"prepare hole injecting contacts‘to thin ;

'f platelets of cadmlum sulphlde and to measure thelr

.favourable.‘ Fllamentary breakdown could be. the mechanlsm;  ﬁe
o in cadmiun sulphide. SMITH (1957), for example, cvservea

f‘fstreams of light in h1s crystals whlch could be dev1ated«}f]fi

Tf;double 1naect10n. _1he hysteresls‘ls due,tokthe}f;nlta\g',,“

 5propert1es. Slnce p-type cadmlum sulphlde is unavall--e"

-
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' Tonization of holes in anode : .

e by!fén'ergjetic‘ electrons
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s causing 1mpur1ty conduct1v1ty of the same s1gn as that

‘;t_of the semlconductor. S _ft“n" o "f'“'"jlﬁffﬁ=*\

1.5.1. OHMIC CONTACTS -

Ohmic contacts to a semiconductor are chatacterized

by a low reSistance'so;that any‘appiied potentiai appears -
ﬁ,across the bulk cfhthe semiconductcr'rather than at thepf
t°.contacts. r"here’.should be no harrier tc‘carrier flow
. ab the aunctlon and thls requlres the use of a contact
'.'materlal hav1ng a hlgher worh functlon than the seml-
"if;conductor for p—type materlal and a- 1ower work functlon
h] than the semlconductor for n-type materlal. The two E ~‘%F%$
e«i;cases for a metal-semlconductor contact are: shown in .

_flg. a. 3 ‘€ htfj-o

Ohmlc contacts can often be prepared when the o

E fﬁpcontact materlal acts as an 1mpur1ty in the semlconductor

Often the presence ‘of “surface. states can 1ead to

't”fa barrler whlch can be overcome by "formlng", that 1s,
‘ﬂdamaglng mechanlcally or electrlcally the surface area
'ch'lnvolved in the contact, for example,_by thevuse'of a

~'high current capacitor discharge (SIHVONEN and BOYD 1958).

Indium and gallium were the firet.substances'to be

- hused to give ohmic‘contact to cadmium aulphide (SMITHa |
~} and ROSE 1953)._ The ohmlc propertles are probably due :“'
"to a comblnatlon of the lower work functlons of 1nd1um

”"‘and galllum than cadmlum sulphlde and of dlffus1on of




. High work function metal o p-type semiconductor
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‘Low_work ‘function metal'to%n-tybe:Semicdnductor'“°"

| 1@. 1.5"

;r;Ohmlc metal-semlconductor Junctlons




o din cadmium sulphlde.

,1nd1um and galllum, whlch are n—type 1mpur1t1es, 1nto
"‘the ‘cadmium sulphlde surface layers. af._;‘. L e o o
| The work functlon of cadmlum sulphlde 1s not knomn
.. with certainty althouwh READ (1968) is measurlng 1t on p
platelet crystals.n High work. function materials such |

’”as copper, gold, ‘silver and platlnum glve blocklng

contacts., KROGmR (1956) suggested that the o%ﬁé;:;g may
" be attributed o the fact that they are p-ﬁ&pe 1mpur1t1es

o bontacts may be prepared uslng melted or- evaporated l;ftf

~indium and gallium on the surface of cadmlum sulphlde.

‘"”Several 1nvest1gators requlred the use of electron or

ion bombardment prlor "o evaporatlon in order to" get

. good ohmic contacts (FASSBENDER 1956 KROGER 6t al 4956

'”ffBUTTLER and WUSCHEID 4954, MARLOR and woons 1963) The._

'*effect of bombardment 1s enhanced by a reduclng atmo- .;“Fkiy
' sphere (FASSBmNDER 1956) suggestlng the formatlon of

- sulphur vacancles resultlng 1n a low re51st1v1ty surface

“ﬂ; layer. It appears that meny metals make ohmlc contact p

~ to a bombarded cadmlum sulphlde surface (BUTTLER and
- fMUSCHEID 958y, -
| Contacts prepared 1n the above ways often lose

f‘thelr ohmic nature or else dlffuse 1nto the bulk at

‘acff,elevated temperatures.; BOER and HALL (1966) have f_'

B

' psuggested a- multllayer technlque w1th improved hlgh




5v‘températurezcharacteristics. .The technique'involves]'
the consecutlve evaporatlon of a preparatlve layer,

an active ‘metal. and a coverlng metal.v The preparatlve

 layer desorbs undes1red surface layers and also renders Q;

them chemlcally 1nactive maklng them suitable for the
lbactlve,metal. The coverlng metal prevents corros1on

| from the atmosphere.

Only ohmlc contacts whlch can supply,electrons 1

© " have been. prepared o date. In thls the31s melted

ff indium and galllum have been used as electron 1naect1ng

chontacts. ' A'l:‘,

S A.5.2. NON—UHMIC CONTACTS |
i l Non—ohmic contacts, whlch are often called 1naect-

*f'lng or blocklng contacts, are hlgh re51st1ve, rectifylng

S and noisy (GREINER et al 1957) usually occurrlng between\x;:

:materlals w1th large dlfferences 1n their work functlons.bb

" Fig. 1. 4.-shows 1naect1ng contacts to both P and n-type
zfsemlconductors._J"' :

Many metals make non-ohmic- contact o cadmlum

tlsulphlde. GOODMAN (1963) 1nvestlgated the behav1our of

 evaporated gold, silver, copper,,palladlum, alumlnlum

"nand platinum. He:obtained afvalue of. 4[volts forhthe~ﬂ

lelectron affinlty of cadmlum sulphlde.ﬂg

e R

: When a cadmlum sulphlde crystal is fabrlcated w1th

‘one ohmlc and one blocking contact then the resultlng
: : '.ff R : ,
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A'”extractlon, see flg. 1. 5., The thln 1nsulat1ng layer=‘

‘7u»dev1ce acts as an efflclent rectlfler. P”ntlficﬁmlon1 _
.<ratlos as hlgh as - 406 are obtalned (SMITH 4955, REYNOLDS ‘
‘5f‘et al‘4956, KEATING 4965) These rectlflers suffer

3 <from low values of reverse breakdown voltage.

"14 5, 3 _HOLE INJECTING CONTACTS 10 CADMIUM SULPHIDE

No efflclent hole 1naect1ng contact to cadmlum sulphlde .
‘has yet been prepared. The barrler to 1naectlon 1s often .
large (of the order of 4eV) and the mechanlsm of 1ntro-'iAA
‘d”_.ductlon of holes is usually more compllcated than 51mple

”*f«lnaectlon over the barrier..

bMITH (4957) clalmed to have achleved hole 1naect—

.]' 1on from galllum electrodes at 77 K on the grounds that
" he observed. recomblnatlon radlatlon.; Galllum is normally

. an ohmic contact for: electrons and blocklng for holes 80.

- .injected. The mechanism may be tunnel_or'avalanches

'711nject10n..

) wunnel 1naect10n normally takes place through a-

thin 1nsulat1ng layer (of the order of 4OOA ) and 1s

vljan efflcient method of carrier 1nJectlon because the

?thln 1nsulator reduces majorlty carrier (electron)
’::fﬁcould be produced by the dlffu31on of the contact 1nto

Eg;cadmlum sulphlde hlgh r931st1ve._ Several 1nvest1gators

" that it 1s'd1ff;cult»to v;sual;ze how the holes are_ "\;f‘

‘the bulk, such as copper for example, whlch makes the f~“'l
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".a~ﬁv451?”

. “have. prepared dev1ces w1th a thln evaporated 1nsu1at1ng -
. film between an 1naecu1ng contact and low res1st1v1ty ‘

~cadmium sulphlde (FISCHER and MOSS 1965, JAKLmVIC et al

'*fe 1963, O'SULLIVAN and MALARKEY 1965) The 1nsu1ators

‘ used include calclum fluorlde, magnesium'oxide, alum-

o inium ox1de, 3111con ox1des, zinc fluorlde and sodlum

‘-fslldcate. The 1n3ect1ng contacts used 1nclude gold

- silver‘and cuprous 1od1de-wh1ch is a wide bandvgap (3eV)

" p-type semiconductor. hhe_passage.oi‘ high-currents

'!(of the'order'of.EQ,OOOA/cma).through-a layeredvdevice .

'"'hof gold;‘chromiumfsilicon monoxide and'chlorine.doped

-";cadmium sulphidetresulted in~the'1ine narrowing“of the

(‘

- recombination rad1atlon although no laser actlon was

‘:observed (O SULLIVAN and MALARKEY 1965) mhe efflclency

o of these dev1ces is reduced by the presence of inter- . 3

-~

g faclal surface states and because the tunnelllng barrler I

Mmore

ito the 1naectlon of holes is generally >S5 than the
: barrier to the extractlon of electrons. |
Heteroaunctlons 1nvolv1ng cadmlum sulphide and o

"7op—type semlconductors are another means - of obtalning

.d)t'hOle aneCtlon‘ SAL KOV (1965) Prepared heteroaunctlons"~'5'

'-:by grow1ng a cadmlum sulphlde crystal on a p-type.'

}"f 31llcon carblde crystal.' Negatlve res1stance and the

em1s31on of radlatlon were observed under forward blas

_1nd1cat1ng double;lngectlon had-occurred.: The radlatlon

‘:ﬁ’ saturated‘at'highfcurrentsfprobabiy;duebto-the‘presence_



of surface states. AVEN and uARWACKI (1963) observed
'-,negatlve re51stance and the em1551on of radlatlon from |

‘heterogunctlons prepared by the ep1tax1al dep031t10n

~ of cadmium sulphlde on to the (III) z1nc face of a.

»p-type copper doped zine tellurlde crystal.
» Cuprous sulphlde is a hlghly degenerate p—type _
 semiconductor (WOODS and CHAMPION 1959) and has been L |

"uof 1nterest as a’ contact materlal in the productlon of

“:f cadmium sulphlde and galllum arsenlde photovoltalc cells.'

g VThe majority. of cadmlum sulphlde photovoltalc devices 'H“sr{,ff

ff%are dependent on copper as an 1mpur1ty for efflclent

“Ggrperformance. lhe actlon appears to be assoclated w1th

L; the 1nterface between the copper sulphlde and cadmlum

“Vsulphlde (CUSANO 1963) rather than the formatlon of . _
dfgp-n homoaunctlon by copper doplng (WOODD and CHAMPION =$\;;f"
,.r34959) S _»_‘ o K ?,' B _ '<;

| KEATING (1963) observed an S—type negatlve re31st-_

-

“ej:.ance and the em1551on of long wavelength radlatlon at

*_,room temperature 1n dev1ces con51st1ng of cadmlumfr.

. FN\ - s TR L
f;sulphlde platelets hav1ng an evaporated Gﬁprous sulphlde"

" contact. He attrlbuted the results to hole 1nJectlon |

‘through a p-n heteroaunctlon with recomblnatlon at av.i'~

- _deep level although the explanatlon of DUWKE (1964)

J,would glve the same result. All of the em1551on was

concentrated at the anode and qu of low efflclency. ?,



u,et al ﬂ968) | The values obtalned vary conslderabJ;a
-”-as can be seen in table 1 5. No comment h s*been glven
lby any 1nvest1gator on the dlfferent values obtalned._,
ci Author :57“;'*. Band Gap eV RS
. SPAKOWSKI 2 '_'ifa o "9075p;“5,'1”" L
7'f'MARSHAL and MITRA B R R

4‘»

"The low efflclency 1s probably due to a comblnatlon p
‘of surface states, "klller" centres in the band gap

e due to tran31tlon element 1mpur1t1es, and to the fact f

that . cuprous sulphlde has a smaller ‘band gap “than. cad-' &

v;lfmlum sulphlde, cau51ng 1neff1c1ent 1naectlon (FISCHLR

S 9e1).

The band gap of cuprous sulphlde has been recently

“measured by several 1nvest1gators (SPAKOWSKI 1965,
"MARSHAL and MITRA 1965, SOROKIN et al 1966 ABDULLAEV

 SOROKIN et al = ' 1.84
"ABDuLLAEv?et"al . jr;jtif_q 80

‘ The comp051tion of the cuprous sulphlde was pro-'

"bably dllferent 1n at least three of the above cases.q
'5f5f00pper sulphlde occurs’ in maw'forms, for example, Cuas,
.'_'ACu,l 968 Cu9 XS5’ showing varlatlons 1n 1ts copper con—yk.'
tent. It 1s the copper deflclency whlch glves cuprous -
"‘sulphlde 1ts p—type behav1our.¢ The crystal structure

l:’sof the copper chalcogenldes 1sfvery strongly dependent l.'s”

a7
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_dlfferent effectlve masses,.leads to a domaln ve1001ty Rl

on stochlometry (JUNOD 4959) and could account for the e

variations 1n oand gap., The modifications of crystal .

structure for.cuprous sulppidepinclude, tetragonal

odcubic, hexagonal and orthorhombic forms.'(ASTM index)Q

1.6. CURRENT INSTABILITIHES IN D-¢ FIBLDS

' Many oscillations observed in bulk semiconductors e

are due to the formatlon of hlgh field domalns whlch
'itravel through the sample.u The domalns are assoc1ated
. with a negatlve differentlal conduct1v1ty (RIDLEY 1965)

' There are several mechanisms - whlch are responslble for

N -

.'ﬂjdomaln formatlon and they are characterlzed by the'”‘
'r'domaln ve1001ty  The Gunn effect, flrst observed 1n :
‘.ff:galllum arsenlde (GURN 4964) and whlch 1s due to a

Nredlstrlbutlon of carriers over energy bands w1th ,

-~

~

‘;1 of the order of 4O7cm/sec. Acoustlc ampllflcatlon,"'

flrst observed in cadmlum sulphlde (HUTSON 4961) and

-rwhlch is due to energy transfer from the electrlc fleld
) f;to the acoustlc fleld when the carrler veloc;ty exceeds
j the ve1001ty of sound in the ‘material, leads to a domaln
:u‘ veloclty of 405 --4O6cm/sec. Low frequency os01llatlons
;_w1th domaln ve1001t1es of the order of 4cm/sec. are
inusually assOC1ated w1th fleld dependent trapping and
ivtrap emptylng and have been observed 1n cadmlum

~rsulphrde (BOER and UILHELM 1964),; in gold doped




‘"r49.,f

’germanium'CRIDLEY and PRATT 1964), in menganese doped
21nc sulphlde LFISCHLLR—HAZLONI and WILLIAMS 1965) and
Cin galllum arsenlde (BARRAUD 1965, NORTHROP et al 1964

| ‘7‘sMITH 1965) .

The occurrence of osclllatlons 1n the p051t1ve

"fre51stance regime of the current voltage characterlstlc

of a semlconductor bav1ng deep 1mpur1ty levels was "

"predlcted by KONSTANTlNOV and PEREL (1965) The oscllla- .

" tions are due to the formatlon of recomblnatlon waves
' and depend on the presence of both types of current

© carrier. Normally any 1ncrease in free carrier den31ty

‘ decays'exponentlally w1th'tlme.‘ If a‘constant fleld_ls

,1'applled o a semlconductor contalnlng two types of

'f}carrler w1th dlfferent llfetlmes then any fluctuatlons

" in the free carrler den51ty w1ll move under the lnfluenee

© . of. the drift fleld and will not necessarlly decay with

‘o‘time. If the drlft velocity exceeds a certaln crltlcal S

',value the fluctuatlon can capture more carrlers than are:

rlost by decay and a recomblnatlon wave travels at a |
fﬂ constant amplltude_representlng a free osclllatlon. |
Cadmium sulphide with very different lifetimes for

;electrons and holes could exhibit such 0501llatlons.—'

HOLONYAK and BEVACQUA (1963) observed 0501llatlons -

\___

‘ _whlch occurred 1n semlconductors such as 3111con com--«~

;‘pensated w1th deep levels.j-“he 0501llatlons were 1n a

l
J .

s

o
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- positive résistance regime of the characteristic and

were thought to'bevassociated with the simultaneous

’1n3ect10n of both types of carrier and ‘the. charge con-

dition of the traps. - MOORE et al (1967) suggested that
. the ccillation-is related to ‘the finite tlme/of recom-
‘1b1natlon whereby the space charge barrler to electron d_n
‘ffflow successmvely collapses and reforms. Thls type of :

'oznllatlon is. not due to domaln motlon but ‘o domaln

build ‘up and decay. The osnllatlon perlod w1ll be a

-»functlon of the recomblnatlon tlme and in - materlals

"1'tron llfetlme.' The Osclllatlons reported 1n this thesls

'.uelhappear to be of the space-charge recomblnatlon type.

, YASUKAWA et al (1966) ‘have observed 51m11ar osc1l~

d%'lations in cadmlum sulphlde crystals under s1multaneou5x\

'jrlllumlnatlon with v151ole and 1nfra—red radlatlon._ilheln

such as cadmlum sulphlde w1ll depend malnly on the elec-'

o

presence of free holes appeared essentlal for the form;._h,;

L atlon of these osclllatlons s1nce they dld not occur

'5*;[above a llmltlng 1nfra—red wavelength. e

Although plezoelectrlc os01llatlons are. often |

‘observed in cadmlum sulphlde crystals they are not
‘fllkely to ~ocecur in- the devlces used 1n the present
"fjwork due to the hlgh reszstlvlty (of the order of 1010‘
.}ohm-cm) and the short dev1ce length (of the order of

'7vp'3x10 3cm) whlch leads to extremely small values of round ;

”trlp galn (HAIDL 1967)



CHAPTER 1T -

5.  GROWTH oF CRYSTALS R

2.4, INTRODUCTION

" In the study of the electrlcal and optlcal pro—'

3,'pert1es of cadmlum sulphide 1t is des1rable o' use

‘_ hlghly perfect slngle crystals. The presence of graln

boundaries and surface 1mperfectlons would lead to

- 1naccurate measurements. Slngle crystals of cadmlum

*~“{sulph1de have been grown by a variety of methodS°:f

ﬁ‘;lﬂ)iffGrowth from solutlon (ALLEN and CRnNSdAW 1912)

’.2)af/Growth by subllmatlon (FRERICHS 4947) :

3 Growth from the melt. (MEDCALF and FAHRIG 4958)
;f:4)' _Hydrothermal»growth,(NIELSEN and KOLB 1963)

.vThe relatlve ease of growth from the vapour phase ‘\M:;
'-;has led to the growth of the maJorlty of cadmlum sul— o
:phlde crystals by a subllmatlon technlque.‘ The use =
“n‘of the melt technlque, whlch should produce good qual— fd

Vhlty crystals, has been hampered by ‘the lack of a sult-
-»able contalner materlal for use at the meltlng p01nt

'.of cadmlum sulphlde of . 14?5 C, at a mlnlmum pressure

"'of 3.8 atmospheres. Solutlon growth and. hydrothermal .o

k i,.growth technlques have not yet been develOped to produce

'good quallty crystals.;

The crystals used for the measurements reporsed



52
in thls the51s were all grown’ from the" vapour phase.

2420 THL BV APORATION OF CADMLUMN SULPHIDE

Sl

Cadmlum sulphide does not melt at atmospheric'”:‘f

'*ﬂ ”pressure but- subllmes at temperatures greater than

"Tfievaporatlon.

- 1000 C. No ev1dence for subllmatlon as the molecular
'7specles (Cdb) has ‘been found (GULUFLNGhR and JEUNEHOMME
"uﬂ963) uadmlum sulphide subllmes accordlng to the ”
‘reactlou"" L B o
‘Cde-=“.Cdgp'+‘ %828- (PoGOREu¥1'1948) ..;;.é.ﬂ.,'%pfv*
IBUKI (1959), however, assumed that subllmatlon
’pfoccurred w1th little or no dissociation. '

It appears that the . follow1ng steps precede :j,;

LS e

"_;1)A‘-Formatlon of. Cd and S atoms on the surface -fﬁ_'?‘ng'

! T

,:2)p‘ lefu31on of Cd and S atoms on the surface-

o 3) Recombination of S atoms %o form Sy molecules;g.

- . pressure of cadmlum sulphlde has been measured by varlous

4) Evaporatlon of ud and By from the surface B

'pmhe control of vapourvpressure 1s 1mportant for the

| growth of hlghly perfect crystals. The saturated vapour

.. investigators (VESELOVSKII 1942, POGORmLYI 1948, HSLAO
. and SCHLECHTLN 1952, IBUKI 1959) and thelr results are

'shown in flg. 2, 1.-A~[“'Lf”

e .
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The evaporatlon rate 1s a functlon of the temper-

:-ature, the surface area and surface” reactlons such as

"dlssoclatlon or a55001at10n. The evaporation rate
could be controlled most accurately by evaporatlng from
one face of a slngle crystal. The evaporation rate is
_not the same for different faces. When a large amount -
, :of charge transfer is requlred lt is not practlcal to
fuse a 51ngle crystal and 81ntered powder charges or

vpolycrystalllne lumps are used in crystal,growth.

2.3, GROWTH FROM THE VAPOUR PHASE

Vapour phase growth 1nvolves the evaporatlon _
'”_stransport and solldlflcatlon of cadmlum sulphlde.s'The
emany technlques that have been used are modlflcatlons

‘of two basic methods:,ifi'li
‘f1>]3 Dyﬁamic‘SySteﬁ.'-' open tube‘methods.using aksi---_.\‘~’:'
-'carrier ges. o | | : | |
2y Static System. { sealed,tube nethods .

Dynamic systems use a carrier gas to carry vapour

“ 'ffrom the\initiaiﬂcharge to a cooler part ofthe érOwth

tube where theevapOur’beeomes subersaturated_andferystal-f‘”’

. lization occurs, usually on the walls of the growth tube.

Static syspems.rely‘on'sﬁbliﬁaﬁion and diffdsioﬁfin'an-‘

_evacuated tube placed in a temperature gradient.

 COrystal growth in sealed tubes suffers from the
! S ST T T ST

!
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adisaduantaée thatjimpurities evolved‘during growth re-~

- ‘main in the system. ' Due to the slower rate of charge

:e,'transport, crystals take 1onger to grow in sealed: Gubes

(of the order of days) than in open tubes (of the order '

~of hours). ' The growth rate in sealed tubes may be

qulncreased and the growth temperature lowered by the

‘1ncorporatlon of a halogen in the: startlng materlal
(NITSCHL 1960) . bauslng the formatlon of volatlle N
, halides. The halogen flnally appears as an 1rremovableﬁf,hf
: »‘1mpur1ty in the crystal (BhUN et al 1962). -

- Sealed tube methods have been developed—uto produce |
large slngle crystal boules, from the orlglnal method of r
PIPER and POLICH (4961) Nucleatlon occurs in the sharp
,vtlp of the’ growth tube as 1t is slowly moved through a |
steep temperature gradlent. ”hese methods, which can ~

:produce large quantltles of crystals thh conslstent

-".propertles, are very sultable for 1ndustr1al productlon.

| Open tube methods generally produce a great varlety
_l'of crystal modlflcatlons dependlng on the condltlons of
-"1temperature and flow rate.. The modlflcatlons 1nc1udev
f-'_ribbons, neddles, platelets and chunky crystals. | V
- In the study of 1naected charge carriers and related |
"phenomena it is de51rable to use thln 51ngle crystals‘

(less than 50 mlcrons thlck) so that bulk effects do SRS

"not.predomlnate.‘ Thln sllces cut from boules suffer r




" the cadmlum vapour'to a zone of the growth tube where

]

surface damage and have too 1ow“a'resistivity, so that
s'lt is. des1rable to use as grown thln s1ngle crystal .‘
‘platelets. o _ > R | H*?
| The bulk of the crystals used in this study were

'_;.prepared by a flow technlque and were of the form of

!

thin platelets. Some crystals were grown by the halogen o

gtransport technlque uslng 1od1ne but were found to be

‘heav1ly contamlnated by 1od1ne..v

2.4, THE FLOW TEGHNIQUE

LORENZ (1891) 1n hlS study of synthetlc mlnerals o
v'was‘the flrst'to -prepare synthetic s1ngle crystal~

"cadmium sulphlde. FRERICHS‘(4947) modified the method

- - of LORENZ (4891) to produce ribbon like 51ngle crystals._*{f'

“pHydrogen gas was passed over heated cadmlum and carrled

~

'slt met a stream of hydrogen sulphlde, to react,. and

_ form cadmlum sulphlde whlch crystalllzed out in a cooler

“portlon of the tube. KROGER et al (4954) prepared s1ngle
"dcrystals by the FRERICHS (1947) technlque but with an
initial charge of cadmlum sulphlde. SCHOSSBLRGER (1955)

B modlfied the FRLRICHS (1947) technlque to give more

 control over. the evaporatlon rate of cadmium. KR?M-
f.HELLER (1955), bTANLEY (1956) and IBUKI (1959) used a
fstream of nltrogen or argon to rransport the vapour

‘ "from an 1n1t1a1 charge of cadmlum sulphlde.; FOCHS and

. .
. -
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"having‘one narrow and one W1de arm. A stream of hlgh

LUNN (1963) used argon as a carrier gas and a W0 zoneu'e

~ furnace to control the position of nucleation. ‘hey

studied nucleation on silicon fibres and quartz single .

. - - o o <

crystals. GREEN-and GEESNER (1967) grew crystals of

different optical properties‘in a'multi-zone furnace
"'u51ng mixed carrler gases such as hydrogen sulphlde and

_argon,_and oxygen and argon.. SASA&I (1968) usg ’?3

4\"-

selfpurification technlque where cadmium sulphlde vap-

- pur was passed over successlve charges of cadmlum sulphlde..

' 2.5. METHOD USED TO GROW CADMIUN SULPHiDE PLATELETS.

The method used is based on that of FOCHS and LUNN

(:(1963) "~ this technlque 1nvolves the use of a U-shaped

‘fgrowth tube made of 51llca 1nstead of the more conven- l

tional stralght flow tube as used for example in the .

 work of FRERICHS (1947)., The U—tube is non—symmetrlcar\

purlty argon enterlng along the narrow arm carries

1‘vapour from a charge of cadmium sulph;de 1n.the‘hot'
" zone of the furnace to cooler regions where crystalliza- -
~ tion takes place on the walls of the_silica_pube’uuderj

 suitable conditions of supersaturation.

‘/2.6. EXPERIMENTAL DETATILS

2.6.1. FURNACE CONSTRUGTION

The factors affectlng the furnace de51gn are~”

”fﬂ)f Temperature of the vapourlzatlon zone.:




i _ , , .
2) Temperature of the groWing zone.

3) Temperature gradient in the growing zone.
4)  Overall temperature..s__ta’ci'litj.

- FOCHS (1960)'used a two windingpfurnace;to obtain"
the correct conditions.‘ In'the present study a single
" graded winding was‘used;_f] S o
_ ‘ Two”furnaces have been conStructed.. The first
r‘cons1sted of a 51ngle ended mullite tube with a KANTHAL
AT w1nd1ng (upper llmlt 1375 C) The second was con—
. structed from an open ended high purlty alumlna tube
- with a KANTHAL AI maln_w1nd1ng and.supplementaryfend

windings,f(High purity alumina'cement was used‘to imbed

-

" the windings. The furnace element was mourited on shaped'

pflrebrlck supports and surrounded by mlcafll which acted’r;f

‘.as’an‘lnsulator, The m1caf1l was,contalned_by 31ndanyo\\;
- panels in a steel framework. The whole furnace was | S

dmounted on bearings which allOWed it to be rotated from:

:Va horlzontal to a vertical p051tlon.

_ The temperature of the furnace was controlled u31ng:}”‘

an ETHER 991 antlc;patory-controller actlvated by a
platinum/platinum - 13% rhodium thermocomple emoedded

f in the furnace winding near  the hot'zone..'A'bistabletf

-mult1v1brator was placed in. serles w1tn#tgg_thermocouple_;”lc

'[ to glve a small alternatlng voltage:of frequency 1. 5

_seconds and amplltude 1mV superlmposed on the thermo—

i
-
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cbuple voltage. The‘dseillatien caused‘the,galvonometer'
needle of the controller to vibrateeslightly which

increased the-anticipation’of;the system and overcame

7any.tendeney_of the needle to stick. The current;switched ;‘

was iuductive and of the order of 5 amps. wo prevent

‘any damage, to the controller relay, a high curreut_

relay was plaeed in series. A 4 microfarad oil filled
capacitor was:plaCed across.the:high‘current'relay to
prevent sparking. - A cut out switch placed across the i"‘
ammeter prevented the suspen51on belng subaected to

repeated oscillations. The circuit dlagram for the con—.

trol system is shown in fig. 2. 2.
The temperature profiles ‘of the two furnaces under

the usual operating- condltlons are shown- lﬂ—flgq 243.

i M . o AR

2.6.2. GROW‘.T.‘H TUBE CONSTRUCTION = =~ B

Several silica growth uubes have been used 1n this
_;study. They were_typ;cally_?ch in length w1th_a narrow

. arm of 5mm bore and a widesarm'of“BO-BSmm;borel The

- wide arm terminated in a B~34 silica socket; The 5—54
cone which fitted 1nto ‘the socket was furnished w1th an |
optlcally-flat glass plate to perm;t observatlon of-the_;:
.crystallgroﬁth;t.The exhaust:line for the carrier gas. .
was connected to the slde of the cone. A’typiealfi'dﬁ

.growth tube 1s shown ln flg. 2 4.4

1 e
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2;6;3. GROWTH'TUBE PREPARATION

The Slllca growth tube was’ thoroughly cleaned
before each crystal grow1ng run to reduce tﬁe poss1bll-
Hlty of contamlnatlon “of the crystals. The ﬁollow1ng
vprocedure was used., | h

‘1)“ The tube was 1n1t1ally soaked in a 2% solutlon of
~ RBS: concentrate to remoéve any- organlc matter on-
the surface. | o
62)_. The concentrate was removed, by thoroughly wasnlng 5
” '1w1th delonlzed water, to prevent it drylng onto o
and contamlnatlng the surface. Lo IO
B)lﬁ‘The tube was then filled with a specmal pollshlng Sy
eteh . of compos;tlonISp hydrofluoric acid: 35%
pitric acid‘"éo%'deionized water for half~an-hour;
4)’1 The tube uag/emptled, washed w1th'delon%zed water \\;nL,i.

-and drled.',' ﬂ : - : _ K

_ After the tube Bad been cleaned it was flamed to
white heat in the flame from an oxy-hydrogen torch."ihe‘
heatlng procedure»performed two 1mportant functlons.
1) id removed volatlle 1mpur1t1es from the surface‘
_ of the 51llca tube. : . | d Lo
- 2)5' It locally melted the silica, which reduced the:l
‘-.number of nucleatlon 51tes on the wall of the
.-v tube and also prolonged the llfe of the tube by

_av01d1ng dev1tr1f1catlon._ The result of reduelng

e
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of 10'minutes,fin a Separate sintering‘furnace. Volatlle \

'1mpur1t1es such as, excess sulphur, sulphur dlox1de<snd

" the number of nucleatlon sltes was that fewer- s
but better quallty crystals grew spaced u1dely

apart.

2.6.4. CHARGE PREJ—:ARALL‘ION v

The 1n1t1al charge of cadmiun sulphlde Was elther

7."pure“ cadmlum/sulphlde;wwder obtained from Levy West
',Laboratorles or "puré" polycrystalllne lumps obtalned
‘from B. D H. as OPTRAN material. No pretreatment was
eapplled to the polycrystalllne lumps before growth. The

powder, however, was slntered 1nto a solld charge 1mmed—

1
o

‘1ately before the crystal grow1ng run. The s1nter1ng

e

. was carrled out in a s1llca boat, in a stream of hlgh

purltypargon,,at a temperature of 445006,_f0r a perlod

o

" water were driven off ;n the gas‘stream. -The very fast

flow rate (10 litres/minute) led o the appearance of

very fast grow1ng dendrltlc rlbbon and needle crystals»

of cadmlum sulphlde on the walls of +the Jfﬁterlng tube.

Crystals also grew on the surface of the charge slmllar-

* to those observed by CZYZACK et al (4952) in thelr statlc
| growth technlque.

| The use of an 1n1t1al charge of cadmlum sulphlde,

'rather than separate charges of cadmlum metal and sulphur

L ek

S




or cadmium metal and:hydrogenlsulphide:gas,_leadS»to

~ a smaller number of variables to'control° ‘the variation

in the evaporatlon of cadmlum belng one of the most
. \v'

difficult. '_"<~

2.6.5. GROWTH TECHNlQUE'

The growth tube was placed 1n the furnace ;r”cdlately

L‘aIter belng cleaned and flamed ' The tube was posmtloned
= such that the U—bend was in the hottest portlon orf the
‘ furnace between 1050 and 1150 C. |

The 1n1t1al charge which was elther the szntered

,pellet or several ‘large polycrystalllne lumps was. placed

1n the cold end of the tube whlch protuded from the “"'”

t imouth of - the furnace.‘ The end cap was placed in pos1-
h_tlon and hlgh purity argon (5N) was passed through the

.system, for several_hours, ‘at: the rate to be used for“/'ﬁ\

growth (of the order‘of'.25:litreS/minute). This fe-’

'moved oxygen fromdthe'growth tube_andhallowed'the systemf

to come to thermal equilibrium. Water vapour was removed

from the‘argon byhpaséage'through a=molecular’sieVehf}
surrounded by solid'carbon dioxide.: The exmtffor the
argon was elther a bubbler fllled wzth heavy Oll or a
butterfly valve.; “The second method was less llkely to
cause’ pressure varlatlons along the growth tube.v

-dhen steady. condltlons had been attalned the furnace

was tllted to a near vertlcal posztlon, as 1n flg. 2 5.,:u‘
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cau51ng the charge of cadmlum sulphlde to sllde down

o the ‘hot zone of the ‘furnace.. The furnace wasﬂthen"
returned to the horlzontaluposltlon.> | .;?f |
CAL the end of the crystal grow1ng run, whdch

typically lasted between one and two hours,rthe whole |
'growth tube was removed from the furnace. It was not
.'_necessary to dlsconnect the argon supply to perform
this operatlon because a U—shapedwtube was used. The .
U-Shaped -bube also had the advantage that the "cempe'rature'_‘ i
dstablllty was 1ncreased by preheating of the argon ‘
}‘before 1t passed over the charee., All the crystal/grow-xh
ing runs were air quenched in the above manner to prevenr.
“the ;ncorporatlon of impurities from,the resldual charge.f
and the thermalwetchingrof the:grown crystals, which
occurs when slow coollng is used. The quenching procedh\;7f
,'ure was llkely/%o produce Erenkel defects (GREENE and |
| GZHESNER 1967), . whlcq are 1ntest1t1al sulphur and cadmlum

atoms uogether w1th the correspondlng vacancy.

On examlnatlon of the tube it could be seen, that

' crystal growth occurred in a temperature range.SOO,to

1050°C in an average temperature7gradient of theiorder,v o
of 15°C/cm. :Several types of crystals grev; chunky cry:

- stals whlch grew nearest: the charge,. plate shape crystals,

| needles, rlbbons, rods, and whlskers.‘ggfp” "'.'f. N

Sp801flc 1nterest was taken in the growth of the B




platelet type of single erystals, since'they have &

convenient'shape'fOr electrical and optical'meaSureéJ
ments, which grew in a region betWeen'850_and‘950°C.
The platelets either‘grew'directly on ‘and perpendicular

to the'walls of the silica tube or else fromfthe’side

“of. a needle as///Jflag" crystal.. The platelets had

68

typical dimenSions of 1em xo.5cm x 30 microﬁs. Crystals

‘of tth£DGSS less thEn 1 micron could be obtained if

- a run was terminated after about thirty minutes. ‘The

"
i

e thin_crystals}exhibited viviad interference colours{‘

In order to obtain platelets free from surface

" during their formation.' If a run was left on for a
"long period after the crystals had grown then the plate—
elets started to thicken up and allow other crystale to

grow out of their flat faces.i\’" |
When the growth tube had cooled the crystals
could be removed by gently tapping the Side of tube

.' _,_‘-4-‘

‘causing the crystals to drop out onto tiu_de*paper.

'The thicker crystals_were handled by means of vacuum

,with,tissue,paper‘moistened with acetone, which allowed

" them to drop off when the acetone had evaporated.

,_suriations it was necessary to keep the vapour pressure

. and hence the temperature constant in the grOWing region S

. tweezers whereas_the_thinner onesfcould be picked upu;-"'
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2.6.6. 'VARTATIONS OF THE GROWTH TECHNIQUE

In order to s1mpl1fy the method of extractlon

‘several varlatlons of the growth technlque have been

_ attempted.

Inltlally, silica flbres and quartz crystals were
used as nucleatlon sites follow1ng a procedure slmllar
- to that used by EOCHS and LUNK (1963) 1n thelr 1nvest-
1gatlon of the mechanlcs of the growth process.

‘‘he flbres whlch were- about 25 microns in dlameter
vwere stretched between two plllars of~1mm..1n dlameter,J
shown dlagrammatlcally in flg. 2. 6a. The fibre‘and.

- the cradle ‘were flamed to whlte ‘heat before the. start

' of the run. The cadmlum sulphlde charge was placed 1n

"~ the cradle, the posltlon of which could. be controlled

~from outslde the growth- tube by the long s1l1ca rod, 'f\g\'
',whlch fltted closely through a tube sealed into the end -
,cap as in fig. 2.6Db. | | |

At the start of the run the cradle was &ept in
the cold zone of the growth tube. when thermal equl-'
~librium was reached it was pushed into the growth tube
so that the flbre was at the hottest part of the furnace,:
.:at a temperature above theacondensatlon temperature4of
cadmiunm sulphide.: The whOle furnace was thenvtilted
| aud‘the charge transfersd from the cradle to the hot :

~

zone. The fibre,uas pulled back-into'the,growing’regiou’:
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after a few minutes had elapsed to allow the flow'pgf

R

become stablllzed.’& |
A similar procedure was used for growth on quartz -

crystals. ‘he quartz crystal was - suspended on one of

- the silica plllars by means of a’ hole, ultrasonlcally

drilled, through one of its faces."

-

The crystals which grew on the fibres or the qnartz‘

crystals were never as perfect?orhas large as those
‘which grew on the walls of the silica tube itself. The

‘reason 1is probably due o the lack of suluable;? llea~'

s-\"'\

tion sites, (such as steps on the surface) 1n the case

of the flbres, and to too many close together on’ uhe

"surface of ‘the quartz block.

To facllltate the removal of plate crystals Wwhich

.}grew on the surface of the silica tublng, a’ serles of S

¢

double tube systems were used-w1th-an'1nner-"llner"”'

tube on which the crySuals could grow.f Several versions'

of these are shown in fig. 2.7..

' 2.7. BXAMINATION OF PLATELET CRYSTAILS.

Platelets were.selected from each run which were

of a reasonable_area (at.least .5cm x .5cm) and of good.-

perfection as in fig. 2. 8. Platelets which exhlblted

surface striations as in flg. 2. 9. were not used.

P

All the platelet crystals had the c-axis (0001 ax1s)

-1n thelr large area face. Most of the crystals contalned
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'the.lﬂéolplane as_their large:area face;althoughv12gQ‘.
and 1010 planes were.also obserVed.: fig; 2.10. . shows
the transm1881on.Laue eradlographs of the 1120 and |

1250 planes. The dlffractlon pattern of 1120 plane is.
4symmetr1cal and could be used to identify other planes

by the angle needed to move on the gonlometer to obtaln

'_'the 1120 pattern.

-Very thln crystals (less than 1 micron thlck),
5obta1ned when the crystal grow1ne run was stopped after :
only a short tlme, were very anenable to study by trans-'.
'm1551on electron microscopy as there was no need for
ﬂchemlcal thlnnlng.. A JLM - 7 electron mlcroscope was
used for-thls,lnvestlgat;on. _ |

the very‘thin crystals were highly perfect showing

‘very'few observable defects. The"thicker crystals”used%\y

in later measurements w1ll not have been .80 perfect as

v’_' more defects occur as growth progresses. Observatlon of;

. the thlnner crystals, however, gave some lndications of
posslble‘growth mechanlsms.
The electron-diffraction pattern of ayﬂoao,orienta—‘
;tiOn is shown in fig. 2 1. The pattern shows & high
ﬂ-deoree of crystalllnlty as. d1d all those‘examined in‘i-fl
thls manner.~, , | | h
| Observatlon of the grow1ng edge of some of the u

.crystalsgshouedgsome_unusual structures. Flg..2.42.:*

Pt

——
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exhibits‘uhat appear to be hair like structures'onxbhe’
‘growing‘edge of a crystal parallel_to the directionlofv
crystal growth. Thej appear to merge directly into the
crfstal bulk. An ordered crystal 1s unllkely to grow
in this manner. The whlsker growchs are probably an
effect of consbltutlonal supercoollng as the growth
.;htube was removed from the furnace.»

Small globules were seen on the grow1ng edge of

‘another crystal and are shown in llg. 2. 15 | These are-

- similar to those observed in the SLV (Solld Liquid Vapour):.'

type of growth, where a small 1mpur1ty acts as a con-
‘densatlon s1te for the vapour and pushes out solid behlnd -
.1t. The exlstence of a liquid phase 1nvolved in’ the
‘=vrouth mechanlsm is possible because 1t is dlfflcult to _Z
':coucelve how an ordered structure can ‘be obtalned Dby a N

direct vapour - solld transformation.

The crystals could be cleaved very easaly\parallel

"'and perpendlcular to the c - ax1s which is very useful

. g :
if they are to be used as a laser device. ;A parallel

- sided sectlon cleaved out of a thln crystal %s shown in
fig. 2.14. ThlS\crystal also exhlblus lnterference
contours caused by phe_buckllng}of the crystal under _b

' the electron beam. ﬁ]‘. | o | “ | |

Vefy.few dislocations Wererbserved and'these Were

§ R ‘ ~ _ o
probably introduced by handling after growth. Several







9

..theories'of the‘growth mechanism depend‘on;the,initial.
formation of screw dislocations. UHLKAWA and NAKAYAMA
(1964) examined the dislocations by adding impurities
' whioh prevented them slipbingoouu durlng growth.v__ |

| Several of'the~crystals also exhlblted Kikuchi g
lines which are due.tofsecond‘and_hlgher order dlffrao—"
tion effects which can only occur when the internalt:
structure of the crystal is hlghly perfect..

The optloal transmlsslon spectrum of a typlcal
erystal obtalned on a Berk;n—blmer spectrometer 1sv
shown'in fig. 2. 15 'The sharp absorption edge indicates
‘vthat the crystal is of good quallty and is hlghly '
stochlometrlc. ’ | |

On illumination‘of the‘crystals with.ultraviolet ‘
radiation (2,537A°) at_??oK a green edge emission‘waS'Sﬁh_:.
“observed indicating the presence of sulphur vacancies'-'f;/

(KULP and KELLY 1960).

2.8. GROWPH IN A SEALED TUBE

A short study was made of the -‘1iodine transport “

. method of growth 1n ‘a sealed tube (NI”SCHE 1960) and an B
:1nterest1ng method of crystal growth was dlscovered.- A~
. charge of 51ntered cadmlum sulphlde powder uas plaoed in

a silica tube whlch-was then connected to a/multl-head '

~ /

vacuun setb. The tube was evacuaued to a. pressure less

:"than 10"5 Torr. Iodlne was leaked 1n by gently heatlng
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e silica tube containing iodiﬁe attached to another,
head on the-vacuum set. The silica tube was sealed off,
under vacuum, with an oxy-hydrogen uorch.
| whe silica tube was placed 1n a furnace, in a‘;
temperature gradlent of about 5 C/cm. The temperetufe
‘of the charge at one end of the smllca tube was atout |
900°C and the temperature o: the ‘other end of the 51llca'
. tube about 800 C. The tube was leIt 1n_pos1t10n.fcr
"e week. . | |

A'single crystal_grew at thetCooler.end.cf the |
tube which had been brought'to a fine point to facil—
itate ‘The growth of only one crystal; “An 1nterest1ng
effect occurred at the hotter end contalnlno_the 1n1t1al

T

charge, for the- 1n1t1al charve 1tself’had‘changed<1nto :

a 81ngle crystal w1th several well defined facets. Une-\,;

of these’ crystals is shown in fig. 2. 15. The crystal» -

could have been the result of a sintering meehanlsm

going to completlon but a more llkely explanatlon 1s that'

the crystal was formed by successlve evaporation and con—,

:densatlon aided by the iodine. The reactlon is llkely

to proceea accordlng to the Iollow1ngequatlo?s-
Cas, + IBg v=: Cdlz(g) + %Se(g2‘ ....2.2

| CdIgs + %S2g | '*cds(s)'+ Ie(g)'-....z 3

4 .

which also apply to the maln growth process (NITSCHE and

RICHMAN 1962)
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' The crystals exhibited a low résistivity of less

than 1 ohm-cm, uue to the 1ncorporatlon of 1od1ne, whlch

acts as a donor, into the lattlce.

 &n attempt was made o reduce_the'lodine.content |

by growing in an atmosphere containing excess sulphur.‘

“No transport or crystal formation occurred. Uhe presence

of sulphur vacancies appears to be an essentlal 1ngred1ent'r
for both evaporatlon and crystal vrowth of cadmium sulphide.
| Slnce the crystals were of too low a res1st1v1ty

they were not used for subsequent electrlcal measurements.

2.9, SUMMARY

nghly nerfect single crystal platelets of cadmlum
sulphlde have been grown whlch are very sultable for the

study of 1n3ected current carrlers. Thelr growtn appears>'

~

to depend on high degrees of supersaturation obtainableee
with a;flow.technique. erays;'electron microscopy and

. optical spectrometry have been used to examine some of .. -

their physical properties.
Low resistive crystals grown by conversion of a

sintered charge into single crystal by means"Of iodine

,_transport technlque had oo low a res1st1v1ty for 1n3ected

charwe carriers to be 51gnlflcant.

0 R




'investigated had a gold/cuprous sulphlde contact'qn one
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" CHAPTER IIT

DEVICHE FABRICATION

5.4. INIRODUCTION

The dev1ces that were’ snudled con51sbed ‘of flat

» platelets of cadmlum sulphlde w1th electrodes on the two

"large area faces. The ratio of the surface to bulk con-

ducblon path lenvth ‘between contacts on the two opp051te

'faces, was of -the order of one hundred to one.

The magorlty of_the dev1ces had twe;termlnals but
a few three terminal devicee,"with'twe electrodes.on one
of the’ flat faces, were made. : |
. Cuprous sulphlde, 3111con monox1de, gold cuprous
1od1de, indium and oalllum were all used as electrode

materials. The majority of the dev1ces that were ;l i'\\,

.i .

 3.2. DuVICub WITH A CUPRUUS SULPHJDE CCNTACT

=
2.2.7. PnuPARAerN oF CUPﬁOUS SULPHIDE o

/
QCommergialgy prepared cuprous:sulphidefiS~available

but since its purity is unknown and a number of modifica-

. tions exist, cuproue sﬁlphide wasispecially:prepared for

use in these experlments.

Lhe cuprous sulphlde was prepared oy the thermal

~decomposition of cupric sulphlde., AT flrSu the cuprlc

./':




sulphlde Was prepared by preolpltatlon from solutlons of'ﬁ
ammonium sulphlde and aoldlfled cupric sulphate.- Purer'
cupric sulphide was later orepared by homogeneous pre-
'olpltatlon from solutlons of ouprlc sulphate and thlo-
aoetamlde. In the latter method the ouprlo sulphaue ;p‘"
'asolutlon was mlxed w1th ammonlum hydroxmde to'lorm the
complex oupro-ammonlum ion before addition of the thio-
acetamide. The correct pH was obtalned when addlng the
ammonium hydroxrae oy addlng untll a blue pre01p1tate
formed and then aust dlsappeared.
1he ouprlc sulphlde preolpltaue ‘which was obtalned
by the latter method appeared in the form of large flakes
- instead of a fine powder and S0 reduoed the amount of .
oontamination by aosorption'of'ith'from solution;/j;’ |
The ouprlo sulphlde vas thermally decomposed by \\dv
,heatlng 1t 1n a quartz crucible, in a stream ‘of argon for. b
about fifteen mlnutes at a temperature vreater than 4150 C.l
If the temnerature’yas too low the deoomp051tlon did not
procede to oompletlon. Intermedlate Sulphldgs, 1nolud1ng
those of the form ng XSS’ were formed. The varlous
sulphides were 1dent1f1ed by X—ray powaer photography and
. the dlffractlon llnes obtalned were oheokea w1th the
ASTM index. The Dowder phOuOUraph‘Of the oomp051tlon

obtained at 445000 exhlblted the same lines as that of

oommer01ally obtalneo (BDH) ouprous sulphlde (Cugb)

(A)"



'he powder’ photovraph did not chdnge when the commerc1ally

\‘_.

‘obualned cuprous sulphlde was heated. ,above 1150 C and this 'b

. / o
was assumed to e the terminal comD051tlon./;v

The cubrous sulphlde was ground 1mto a/powder and
remelted (meltlng point 1100 Q) into the Io;m.of small
ingots by heatingﬂiqlafgon-or_ﬁhder vacuum. The ihgots'
. were suitable for ext}ap'oration as they did notb tend to

spit on ‘heating.

: - , A
2.2.2., THE EVAPORATICN OF CUPROUS SULPHIDE

The evaporation of cuprous sulphide has been‘Studied'f 

extensively.mainly because of its use in photevoltaic
devices (VOHL et al 1967, ﬁYTON.1968; SPAKOWSKI {965,
CUSANO 1963). The main requirements'df'the evaﬁorated
film were that it was transparenb to solar raalatlon and

" had .a small value of‘sheet re51stance.n If tﬁe film was
too thck then too much radiation was absorged whereas
'1f it was too thln tLe resmstance was high due to incom—-

‘plete film formatlon (1sland structure SWANSON 1967)

' SOROKIN et al (1966) studied the evaporatlon from
- single crystals of cuprous sulphlde. The £ilms obtalned =
had larwe variations in their propertles such as photo—~

conductivity and resistivity,'which were also affected-f'

by the atmosphere. The varlatlons were probably due to

dlfferences 1n stochlometry, whlch is alfflcult to conurol

<

';4i‘*} ‘86f
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<
in the evaporatvion of a two component compaund, and also
- due to'the forma*‘on of cuprous oxide.-v

LLLIS (1967) decreased the resmstmvxuy of cunrous -

.,—r’

,'..q..a

sulphide LllmS by exposmng them bo ammon}uu sulphlde
fumes. The rESlSthlty ceased to decrease when theA
terminal composition Uu985 had formed according to -

the eguation

Stochiometric fllms were ootamned by the 1lash evaﬁora—
tlon of materlal of comp051tlon Cu985

“[he conductmvmty of cuprous- sulphlde 15 almost
,entlrely due to uhe motion of free holes caused by copper )
vacancles and is very dependent on composmtlon.' The

~

~
reported re815b1v1ty values, whlch varled between 102

~

- and 10~ =4 ohm—cm, are many orders of magnitude lower than
- the resmstlv1uy of the cadmium sulphlde crjsﬁals used in -
‘the present 1nvesu1gaulon.,~”he mosb 1mportant consxder-‘
ation for the measurements in. uhlS lnvestlgablon, was
 the nature ef the cuprous sulphlde dlrectly 1n contact' "ve
 with the cadmium sulphide wbieh'would deterhine‘the‘ |
“injection mechanisn for holes. Resuits-of meaSurements

on chémically depoeited £ilms of cuprous sulphideeindi—

cated.it is almost certainly of'compesdtionfuues;’




SPAKOWSKI (d965)rpepformed measurements on tﬁin and
thick layers of eupfousdsulphide. _EleCtron/diffraetion
measuremeuts of verxlthin layers of'eupreus sulphide
puﬁ dewu on cadmiumﬂsulphide‘shewed the'cuprous'sulphide
%0 be of the hexagonal high'temperaturee(460°Q)-modifie
cation of CuES'with a close match to the cad%ium sUlphide
.lattiee. X—ray measurements on thicker dep051ts away
from the cadmlum sulphlde surface indicated the formabloui o
of the low temperauure (EO'L) orthorhombic chelcoc1be |
"strucﬁure. ’ | | | | '
| the evaporabed layers of cuprous sulphlde are also
likely to Tend towards the composition Luzs gt the Cad—
mluu sulpalde/surlace due to uhe uransferende of sulphur '
atoms to flll sulphu£ vacancles 1n the cadﬂlum sulphlde._
Further ev1dence is the exact’ formatlon of, CuES when | ‘\*\3J
}scouper is dlffused 1nto cadmlum sulphlde. _

 The evaporatlon of the cuprous sulpnide, for tne
devices fabrlcated here, was performed in an Edwards 12E
vacuunm set.. A cuprous sulphlde ingot placed in a tantalum"v
boat was evaporated upwards onto the faoe of a cadmium
'sulphlde crystal at pressures less than 10~ 5 Torr. 'The
cadmium sulphide crystel rested on‘top QI a mask;_%? :
'microscope slideigeving holesbdfilled in it ultrasouically:’

The hole 51ze varled between 4 and 2 mm. dependlng on

the area of contact deslred. The fllm thlckness,could

- ~-l“
.,«\ P 4
s :
St
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be estimated, during deoositiong by observation of‘its

. order‘to:produoe a smaller area fllm-uhan the ouprous -

89
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transm1551on colour on the surface of the sllde near to}
the crysbtal.,  The colour oqanged from a llgh yellow

(of the order- of ﬂOOA ) to a red brown ctﬁé order of
1OOOAO) and'beoame highiy reflecting and metallic for
films greater than SOOOA . The'thickness‘of the various
fllms on the mlorosoope sllde could be measured acourately e
by means of a Talysurl. Films thicker than BOOOA vere

generally used on most of the dev1oes 51noe the varlaulon .

.01 thelr properties with thlokness oeases at bhat value'

(SOROKIN et al 1966). The film thickness by necessity

was kept below BOOAO,for contacts to very thin orystalsui

-~ (less than 5 microne %hiok) to avoid severe buoklinn
‘produced by the stress in the evaporated frlm (TURNDR
and TRUBY 1951, WILLCOCKS 1968) o - N

"
-

mhermoeleotrlo ‘power measurements on the thin. fllm -

‘showed the materlal to be p-type. The small;yalue-of
' voltage produced indicated a high carrier concentration

Cof a degenerate nature‘40j9 - ﬂozg/oma.

A layer of gold was evaporated‘oVer the cuprous

sulphide since it was known to provide a low resisbtance

- contact (KUATING 1963) “the gold layer was*evaporated

through the same mask but from a greater dlsbanoe in

‘sulphide.




3.2.3. MOUNTING or THE CRYSQAL T

Galllum which mel s,dust above room temperature

" (melting point 29°¢) was first used ©o provide ‘contact

to the side of crystal opposite the cuprous sulphide

- contact. The gallium was also used to attach the Cry—

stal to a power transistor header on which~it-was'td  o
be mount ed. ' s |
The @alllum (5N pure) was sllghtly warmed apd stroked

onto the surface of the tran515uor headexr u51ng a;palrv

- of stainless steel tweezers.” The crystal was held sus-

pended over‘the header, by a vacuum tweézer,'witﬁ‘the
evaporated contact facé faciné upwards. The malliﬁm
surface was continuously stroked to remove any oxide
layer which had Iormed and Lhe crystal qllowed UO drop
onto the surface of the galllum 0 which 1t adherﬁd. "\ .
The gallium 4id not solldlly conoleuely and in order..
to obtaln a more rigid structure galllum was replaced
by indium (meltlng point 150 C)-ln later dev1ces.
 The highép mélting point of indiumﬂpequired the
heating of.fhe transistor’ﬁeader prior‘té ap@licétion.
A‘tantalum strip heater was used for %his purpose (éee
fig. 3.1.) The indium (6N ﬁure) was stroked‘dn'as the &w
temperature reachédritsvmélting‘point._:The durrent.;
?hroﬁgh Tthe strip'heateriwés reduced %o zerd-whenhthe

indium was molten. The indium remained molten for a






3.0.4, CONI WOT 7O THE EVAPORATED LAYER

|
i
ro.

short time due to the thermal capacity of the tranSistor

header. Durlng thls time the 1na1um was stroked conuln-
uously to remove any oxide Illm. ‘ihe crystal was drooped

onto the freshly cleaned shlny 1nd1um surface dusn before

»SOlldlflCaUlOﬂ occurred. mhe.above procedure reduced

'coubamlnatlon wit h 1nd1um oxide. In later dev1ce ﬁabric—

ation forming gas was also blown over the surface to

reduce10X1datlon.

:""\\, e

Contact to the evaporated gold layer Wwas made w1th

fifty microns thick gold wire. At first the devices

were made with a'press contact. The gold wire was

fashloned into a 51mple sorlng and n051tloned u51ng a

.mlcromanlpulauor. The gold wire was soldered w;ta,lndsup

(tin dissolves gold) 5o a copperrbar attachedwuo one of
the tran51stor header terminals. A dev1ce of Lnls con—
structlon is shown dlagrammatlcally in ng 5 2.

Since measurements were.to be perxormed at low

temperatures 1t was‘necessary to have a,more permaaent

form of contact.“Au attempt was made to solder the gold

wire to the gold layer using indium solder. The gold

wire was positioned with a micromanipulator and the’

-

solderlng performed under a microscope. A4 1ow:tempera—'

ture solderlng 1ron was used to preVent Goo much ox1de

g2

/

-
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Press contact device

copper bar 4

gold
wire
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formation on bGhe suffaCe of the indium.’vwheAscldering

was nob successful because the indium did nct wet. the
surface easily and the use of a flux such as 21nc chlcrlde
ccruamlnaced uhe surface of the crystal and removea the
.evapcratea ;Wlm. The undue heaulnv of tne cryscel ;ﬁ ;_A
air was also undeslrable. Lo fﬁ

CA technlque based on the radlatlon wettlnﬁ meLhod

of BARBER (4965) was success:ully deveched Ior putting
on indium contacts Lo the evaporated layer and also
. }directly‘tc thevcadgium'sulphide'crystal.‘.The.system
used is shown in fig;\a %. The transistor header, with
the crystal fixed to 1t, was placed in a mount underneath
a tungsten fllament. The mount was adjustable in fhree
»dlmens1cns for accurate p031tlcn1n¢ under the fllcment.-w
Indium was compacted onto the end of -a flfuy mlcrcn gcl&\
- wire by pressing between two mlcrcsccpe slldes. The

indium was then shaped to the aeslred size w1th a scalpel.

The compacting procedure was preferred to meltlnv the
/

3

indium ontovuhe/éold wire 31nce it avclded ﬁhe fcrnanlcn -
of an cy1de skin. Tpe gcld wire (about 1. 50m lonv) was
vplaced on Lhe crystal SO that bae 1nd1um pellet lay on
the evaporated vcld layer. ‘'he header waszthen Dosltloﬂed:igi
SO that the 1nd1um pellet was dlrectly under and a. mllll—:
metre below the fllanent. The_lndlum tended %o r;se up-

when it was molten and a millimetre was the closest
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~distance the indium couwld be positioned without the risk

of shorting to the filament on melting. A glass cover

with a ground base was then placed on the apparatus and

hydrogen passed through the system for several minutes.

Current was then passed through the wire causing it to

become white hot. - The radiated heat from the wire

melted the indium almost instantaneously. 'The intense

heat from the wire also caused the hydrogen, about a
millimetre from the wire, to bresk down from thé.molecular :

state according to the relation:

H2 - = 2H oo;ooocbo 5.2

. %o form atomic hydragen (LAIDER 1951). . Atomic hydrogen - -~

is a very powerful reducing agent even at low tempera-
tures. ''he reducing action probably removed oxygen from
v : -

the surface of the indium and from the surface/of the  ~ ~

cadmium sulphidé-which dould otherwise contribute %o

current decay;iﬁ the eléctrical’measuréﬁghts“?MARi63 and

WOODS 1963). The molten pellet of indium ﬁas'pullea into

a sphere ﬁy theiacfiQn of surface tension.J;The surface

of the indium became very shiny which indigated the sur-
oecat - ; .

face oxide had been removed. The spherical state was

very unstable Bééa&éé}the‘critiqa;cwetting condifions(such'

asrtemperature‘androxide rémoval were reacheé;dbwnwards

from the top of .the pellet to the point where contact




was made to the«crystal. When wetting starﬁéd;itﬁx
proceeded almoso~1nsuantaneously so that the nellet

collapsed onto the crysnal. The crystal vemperature

- was below that of che pellet as the crystal was effect-

ively resmlng on a heat sink. When the pellet wetted

the surface it now made good thermal contacé so that it

1assuﬁed the temberature of the cryetal anddsolidif%ed3

The current throuvh uhe filament was then reduced to zere.d-
When dlrect contact was to be made beuween 1nd1um

and cadmium sulphlde‘excesslve_heaulng was undeSLrable

.due to the rapid diffusion of indium. When contaCu was

made to’ the vold/layer no diffusion of 1na1up was observed

on heatlng.”/zhe devlce was often heated Iurtner in the

‘above apparatus aftem wettlnw had occurred 1n order to -

“form" the cuprous sulphlde contact. It the furuher ‘\*\3'

heatlng in hydroaenlwent on for more than one or Two

minutes the surface(ox the cadmlum became black due to

the removal of sulphur and‘the formatlon of Ireejcadmium,
A finished device is shown in fig. 3.4. The gold

wire was jeined to one of the terminals'of the t;ansistor

'header with silver eenducting!point; Tﬁedde#iees'COuld !

be keptbin the darkdby_means of a press_fit capiwhgch

Iitted on +the tregsistor headeile

L=
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[a]

'to cause sufficient dl;fuslon 0¢ copper.
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%.%., OTHER D EVICES

The smaller band/gap of cumrrous sulphide'(see 1. 5.5)f

,/‘.
—~

than cadmium sulphide results in efflclen@ carrler

‘injection due to theilargelinjeC' on barrler and the

ease of majority carrier eXtrc:»;on; W1der oana gap

‘semiconductors and thin insulating films have been used

here to try and 1mpcove the 1naectlon efllClency.};
The forming process mentioned in 5 2ol could have
resulted in a thin 1nsulat1ng layer at the surface of:

the cadmium sulphide through uhlch tunnel 1n3ectlon could

“have occurred. Copper is anown-uo increase the re51stlv1ty
of cadmium.sulpﬁide-(SIMHONEY et al 1967) . whe-temperature
: . o _ < ,

of the. top‘surface*of the crystal'reached about'250°0 i

for about: one mlnute and this may have been su¢flclent

BN

Several 1nvest1gauors have used 51l%e9n*3”avx1de as’
the 1nsulator for tunnel aneCulOn in cadnium sulphide
metal- oxlde—semﬂconduccor typos of dev1ce (dnnLAVLu et
al 1905, O'SULLIVAN and MATARKEY 1965, YEu and CONDAS 1968)
Only low resistivity doped and undoped cadmlum sulphlde
was 1nvest1gated.' ’

‘In tGhe bresent work dev1ces were fabrlcated with a.
thin s11100n monoxide layer (about-hupdrea angstroms)
between'a,cupreus sulphide er gold layer‘and.fhe'cadmium_

sulphide crystal.
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The silicon monoxide was evaporated from a tantalam
| boat. The amount of material evaporated waé'centroiied
by a shutter. +The thiekness of the film was measufed,
With avTalysurf, on the.microscope slide thchfhad acfed
as a mask. | | o |
| A few three terminal devicee_were fabricated with Lo
a gold/cuprous sulphide and a gold/silicon‘monoxide'eoﬁ—"
tact on thevtoﬁ sprface, The device was mounted.onvan a
indium contact on fhe transistor header. .The two eontaetse
on the large area facee_wefe separated by aroand.o.Scm
E (see fig;-B.B). | | |
The cuprous;halides are wide'bahd gap Semicpnductors‘.”'
- and usually exhibif'p—type conﬁuction Cuprous iedide
was used in device Labrlcablon and evaporated*layers on - -
mlcroscope slldes of the brom1de and chlorlde were also ~ ;'
‘ prepared. The evaporated cuprous iodide aDpeared as a

white Cpaque film (due~to;particle‘size). wgermal probe
-.measurements sﬁoﬁed‘it to be p-type. Contac% was made
-to the evaporated.layerjén the?eadmium.sulphideICryetal
with a gold film. | |

The cuprous bromlde and chlorlde both appeared as

‘tran parent colourless films 1ndlcat1ng uhey had high

band gaps.‘ The bromlde exhlblted p~-type behav1our w1th

fhe thermal probe,but.the:chlorlde shoyed nelthbﬁ,slgn :

of conductivity.



B e

indium

_Fig._ags

Three terminal device
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The cuprous sulphide éontéct was invesfigated'
fufther‘by putting it down by Qhemical deposition._1A“
cadmium sulphide crystal wasjfloatedbqﬁ fhéjsﬁrfaeewof T
a solution of cupric sulphaté‘for a'few;minuteé durihg
_which‘time a’layer of cuprous.su1phidémdepoéited on‘fhg
surface‘éf‘the cr'ys‘,cad._,._~ ' o

4 few devices were fabricated‘with.a gold/éédmiﬁm
sulphide contact similar to 'the ones examined by RUSHBY
‘and WOCDS (ﬂ966).in ocrder to éxamine the‘performanceiof |
gold as an injecting contact. | | ' |

The nature of the indium contact was studied by -
fabricating,devices'with an indium coﬁtaqt oh;boﬁh.the

ﬂlérge area faces. The top bpntacf waévputJon>by‘means.
of the radiation wetting procedure..'A_Short heafihg'timév'_.

was used to prevent excessive diffusion. (see 3.2.4). . ™.

3.4, SUMMARY

The following‘devices.were prepared'and studied.

1a. Goldwire/Au/CuéS/Cdb/Ga‘
: ,(Cugs -~ ‘evaporated) .
1b. In/Au/Cuzs/Cdﬁ/In
(CuQS' -~ evaporated)
Te. In/Au/CugS/Cdb/In |
-(Cugs ~ chenically deposited)

2. | In/Au/CuyS/S10/CAS/In



In/Au/Cul/Cds/in

In/Au/CAS/In
In/CdS/InT‘
_In/Au/CuES:
In/Au/Si0 -
.

- cas/In
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CHAPTER IV

MEASUREMENTS AND RESULDS

4.1. lNTRODUCTION

Iany dev1ces have been fabrlcaued by tae methods
descrlbed in Chapter III. Due %o the fragile nature of e

the cadmium sulphlde:plauelets,.a hl?h proporulon were

SN~

;nltlally damaged 1n handllng, as experlence was gaiﬁed

in the labrlcaulon technlque, and ‘had to be ﬁlscarded.

_Others whlch were successfully completed were’ later de-

stroyed, durlng the course of elecorlcal meaeurements,l

by the passage of too large a curreht.' ‘
Measurements were made in a temperature range

| 'oetwecn 77 °k and BOO °g. The measurements, which were

mainly electrical.in‘nature, vere performed in'order te\\ﬁ\

gain an insight‘into'the injection mechaniem. Phenomena,‘

such as light emission and eurrent-oscillations, dué to -

the-preseﬁce of the injected carriers were also'obeerved;‘

mhe measurements'wefe performed in the.dark'eXCept in

the cases where observatipn of the effectvof‘illumination '

was desired. e

‘ - P ’ .e . /
- 4.2, DEMPERATURE VARIATION ~ = .

H : A
Low temperature measurements, on the original

‘devices which had been fabricated, were pepformed by -
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immersion of the device in liquid nitrogen in a simple
split silvered glass dewar; The formation efbice on.
the surface of the crystal on heating to room ﬁempereﬁure
and tne lack of controi;over temperature led te the use
of a stainless sﬁeel’optical cryeetat supplied by the
.British Oxygen Oompany.-vThe cryostat was of the cold
finger type of construction. The cold finger formed the‘
base of the inner‘dewer in a double dewar sysﬁeﬁ-intended
for use with l;qﬁid heliunm. Liéuid nitrogen waskused |
. in Dboth dewars during the course of'the‘measurements
discussed here. A'copper‘screw—on adaptor was fabricated_
lor mountln" the devxce on’ the coppor cold Ilnger so
that the dev1ce was au the ‘same level as the. wxnuows of
rthe cryostat. The adaptor was ;abrlcated w1uh'heater_:’
wires (eureka or constantan) between the base of the
cold ¢1nver and the dev1ce to raise the temperatuve of
the dev1ce above that of liquid nltrogen. Eleccrlcal
1nsulatlon between - the device and the cryoetet wasrob—
tained by use of a tﬁin.layer‘Ofvvarnish or5thinv3tri§e
of mica;f The traﬁsietor header wasaserewed onte the
adaptor with polythene SCrews. | _, :
the working chamber was evacuated to near 10 ° Torr
during the course of meesurements preventlnm the formatlon |

of ice av low temperavures. The effect of the abmospherejp

could be observed by performing measurements at room



[
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temperature with-andeithout the chamber beiﬂg'evacdhted.
j
Flectrical ponnectlons, to che dev1ce, %o;the

heaters and to thermocouples were made w1th a spe01al

multi pln adaptor’construcued_lrpm a valve base which

fitted by means of an o-ring seal into the sidé of +the
cryostat. ‘

4,3, MBASUREMENT O THE DEVICE CHARACTERISTICS. - /ﬂ

The specific properties of the devices which effect-
ivelybacted as high resistance diodes‘necessitaﬁed,taking :
several precautions in the measuring circuit, and allied
The dev1ces were to be churacteflzed by a hlgh rate

‘ apparatus.

of rise of current with voltage over severaT orders -of
avnluude, often accompanled by a negatlve re51Suance,'\\ﬁ :

in the Iorward dlrectlon. A range of serles re31stances

. was 1ncorporated 1nto the measurlng circuit in order to

obtain a continuous plOu of the characteristics uslng.

a constant current sﬁpply and aléo to prevent deétrucfiop‘

of‘the'dévice by passage of too large a current. o

The devices were‘véry suSceDtible ﬁofthe pick-up of

500/8 voltages emlbted by mgains operated measurln('

instruments and.power supplles, The pick~up voltage was

rectified by the device and opposed uhe:applled measurlng

"voltagé. The ef;ects of pﬁck—up were reduced to ne@llglble
| o T

KT
=
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proportions by using a bank -of baﬁberies as the power
supply and in later experiments by the use o; a 'lﬁkev
412B;h1gh voltage (2100V maximum) high'stabilityipower'
‘supply. | | |

The high resistance of the devices at low currents
led to the use of a csthode follower circuit to,erVeﬁt

the loading of the dev1ce oy msasurlnw 1nstruments.

Fig. 4.1. shows the measurlnw cxrculb used w1th battery
operabed power sup plles._ The valve was'biaspg (-ﬁ8V
supply) so that lC.WéS always switched off t?fprevent

the passage offleakéée currents which would ﬁave'cagsed
errors in the measursd Value of samﬁle'current: Coaxial
~cable was used for'dilbconnectibns,snd jack plugs used
for convenient intershange sf'instruments.' Two pos1t10ns
were provided for.the dev1ce, one in tne *rld and one im™
‘the anode circu 1t.}_The former was the nprmal pos1ulop'
for d4c'measuremenns;v'The sécond position aliowediﬁhe
vaive to Be used as a pulse amplifier.in'pulse measure—‘ ‘
ments. In practice'this facility was not used, the

device being'directly conﬁectedbto the output of the

/

‘pulse generator. - .-

| The devmce characterlsulcs were s»udled/benween
77 °K ‘and BOO K u51ng]a varlety of technlques.
1) Point by point measurements

'2) Continuous measuremnents,

1 N

' 3) Pulse measurements.

'
I
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The point by point measurements were performed u51ng
the circuit of fig. 4.ﬂ. The . devdce current was measured
ﬁsing a Vibron electrometer (lowest range 40— ) or a
Keithley electrometer (lowest range«do A) or a Pye
galvanometer (lowest range 2 5 x‘ﬂO A/lelSlcn) | mhe
device voltaﬁe was measured u51ng a Bhllllns voltmeter

8 ohms.

type GMe020 hav1ng an ;npuu lmpedance of 10
| Continuous traces of the characteristics at higher
~ currents (greater than 40—5A) were . obtaiﬁed-dsinv a'
Tektronix type 575 curve tracer or &a Bryans type 22000
autoplotter. -The conulnuous trace could onLy be studied
‘over one decade of current at a time. |
The Tektronii curre tracer was generally uSed’iny
the diode %eSting‘mode with a_maximﬁm‘applied voltage
bf i"i.5£<;v“:'s_z:L seriee with a resietance of 1.5.megohms.'4\d
For currents greater thanve'milli—amp the device was |
connected‘betweeh the emitter and base connecﬁions the
curve tracer outbut with a p0551ble maxinum applled
"voluage of &00V and a series re51staace range from zero
to 105 ohms.l'The devlce characteristic was rerraqed
fifty‘times a second ﬁhen it was examined in this manner.,
The sryans X - Y recorder.enabled observaﬁionlof
the device characteristic at slow plotiing speeds. The
device’voltage_waS'fed from the output of the cathode

follower into the X input and the voltage'across a'series
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Fig. 4.7

Cathodé~Follower Circuit
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resistance, COrresponding to the Curreht,_was fed‘into:
the Y input. ‘“he voltage acrst fhe device was i@créased'
by manually operatlng potentlometer. ,Sloﬁ variations
(of the order of seconds) of the voltage across uhe
device as a funct¢on of time could be observed by u51nv
the autoplotter in the ¥ ~ T mode.  the plotting sveed
could be ﬁaried between .05 and 20 cm/sec. |
Pulse voltages applied to the device enabled high

currents tQ be passed.and also the transient respohse :
of the device to be studied. & Hewlett-rackard type
244A.pulse generator was uéed for this purpose. Pulse
amplitudesdup to a meximum of ZOO‘volts and 2 amps.béould
“be passed. The arrangement'used for pﬁlsing islshown
in\fig; 4.2. ‘he pulses were diéplayed on a'rektronix
type 545A.6r 585 oscilloscope, the time‘base'of which fw;”
was triggered éxterhally by the pulse generator. Simult-
aneous display of the'curreﬁt and voltage pulse was
obtalned using a type D differential amplifier plug-in
unlt |

| Measurements were performed in the dark'by using a
press-fit cap over the tiansistor héader or elée_gz’ |
covering the windoWs of. the cfyéstat with bTackfbhoto;
'graphlc wrapping paper. The devices were kept 1n uhe
dark for at least a day before measuremenus., ” ’

! ""
ng. . 5 shows a general view of the mebsurlng

apparatus.r' I ‘ _ i

i
i
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4.4, PRISS CONTACT DEVICES

The initial.devices which utiliéed a press éontéct
were-all fabricated with galiium as the electron inject-
ing contact. Thevdevices fabricated in this manner at
first showed a'low resistance characterisfio in both
directions. After heat treatment for several hours at
10000 ﬁhe characteristic changed considerably. The
devices now exnibited rectificétion, the lowvresistance
direction being when positive voltage was anplled to the
G‘oil.d/cupz:-ous sulpalde contact. The Iorward dark, roon
temperaturevcharaccer15uic of such a dev1ce, LRP/P4L, about
_30 microns thick is shown in fig. 4.4. A pronounced °
negativelrésistance éppeared'in the forward characteristic.

The revérse‘current at 30V was less than.10~?Akgiving a
. ' . g
S at this voltage.r'“

rectification ratio of the order of 40
The low current portion of the characteristic of
the presént device‘Was a complicated function of applied
voltage. An exponential 1aw would be expected fpr~ﬁheg
injection of carriers over a ﬁarrier. The devicé undér
con31deratwon,however did not con51st of —a 51m91e p—
homoaunctlon, but - of” a heterogunctlon compllcated by the
presence of surlace stabus and tunnel’ barrlers. The pre-
sence of spaoe-charge due to injected carriers in the cad-

mium sulphide bulk would also complicaté the!characferistic.

-



113‘

Mz, 4.4
ki N A

Forward Characteristic
Device LEF/PA 300K

‘Amps.

._10‘5

0t

1077
- 107 - /j/ T

10=9 . - ) '




'l-«f

7
;4

“detail in unAPTEn‘V together w1th other uheorles on
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_cﬂ ,.«w‘

A dlcconblnulty vias ooservea in the % 1"ac""cﬂlsm.c

AN

(fig. 4.4.) at about 10 7A and may have been due to

filamentary injection (see 1.4 and 4.6.2.).

1he portion of the characteristic after the nega-

tive resisténce regime followed a current proporticnal

to the talrd power of.the voltage laN, see ;1@. 4.(. 
LAMPERT (1962) obtained the same law follow1ug the
analysis of a simple model for double 1n3chlon into an
insulator hav1n9 a 51ngle recomblnaclon centre 1n the"

band gap. A negative resistance was also DrteCUed by

this theory due to the increase of hole lifetime with

injectidn level. The Current proporvional tb VOlt8geV
cubed seCulon of the characteristic was predlctcd for -
hlgh injection leveils in Lne presence of space charge.

The theory of UAMPuRT (1902) w1ll be dealt Wit h in more™~.

double injection.

No visiblé luminescence was observed using anhEMI
9558vBQ photdmultiplier at-rpdm temperature contrary to
the results of KEATING (ﬂ965) on sinmilar dévices, where
a'weak long-wavelengthired electroluminescence was |
observed. It is possible that recombination between
blectrons and holes did occur bun that the recombination

transition was in uhe 1nfra-red in the present dev1ces.

KEATING (1963) did observe a negative resistance in the
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forward dlrectlon 1n‘some of his devices and explalned
1t as due to a doubWu injection ﬂechanlsm.

Lthe press—contact did notb appear reliable at 16w
temperatures and no measuréments wérel%aken on this'

type of device below room temperabure.

T A

4,5, FILsD CONBACT DEVICHS. Ty

:The najority of he'deVicés, on which measurements
'were performed were fabrlcaued w1tn the Tora wire fis xed -
to the evaporated goid,layer by the method described in
section 3.2.4, r :f | | | “
The heatlnw of the device in nydroven durlng the
course of tne above procedure ellmaueq Tthe need for heat.
treatment experlenceu Wluh the press-convact devices.
‘he fixed contact devices did notb exhlblt the,lrreversiblgi
éhénges observed with,presé—contact devices before<aeat.
e ' i
treatment. The press-contact devices had been fabricated
with a galiium electron injecting convact. The femper-,

ature at which the original devices were mounted on the .

RS g
T

—
galllum was only just above room btemperatw.s. Heat -
treatment was probably necessary in order to produce an
ohmic contact between the gallium and the cadmium

sulphlde (&ROubR et al 4956) as well as to "form® the

cuprous sulphlde conbacn (bRAUNLICH 4967)
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4.6, DsVICES UF THE ORI Tn/Cds/Cuns/tuy/In

4.6.1. ROCH TEMPERALTUSE CriRACTERIASWICS.

The dark, room temperabture, forward characteristicsl
of devices of tﬁe form In/CdS/Cugs/Au/In were obtained
and some of these are plottedAin fig. #.6. The Thick-
ness of these devices was more than 20 microns but less

than 50 microns. A negative resistance was observed in

the forward characteristics of all the devices in the

above thickness Tange. The negative resistance’was

followed in most 01 the dev1ces by & region wqere the

[ N

current 1ncrpased at a constant- voltare and was 11m1 ed

Aby the serles re81stance»1n'the circuit. 4 pnaracver—

istic of this form is predicted by bthe. theory of ASHLEY

and NIuNDQ (ﬂ964) for the analysis of .z model for double
. RN
1n360uﬂon into a solld hav1ng a partlally conneDSatcd

trapping centre for holes in the band gap. The tneory

of ASHLEY end MILNAb wlll be con51dered in more deuall

in CHAPTER V. S | | , _ﬁ_

‘The devices exq101ned rec sification with rectlllca— o

tion ratios up_to ﬂO6

similar to that observed'with the
press-contact devices. Breakdown occurred in the'feversev
direction at surl 101enuly hl?h voltaces(were ofnen more
than 1OOV ) The actual cause of the reverse breakdown is

uncertain as most 01‘ the’ voltame Lrobably appeared across

T T

the junction. & pr ooable mechanism is the avalanche

]
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breakdowvn injection of carriers discussed by STEELE et
al (1962). e - ' /

4,6,2, HIGH CURREND DaMAGH

The aev1ces ﬁere permanentcly alterea to a. low
resistance state by bhe passage oi too hlgh a current.
Ubservation of the deVﬁce showed a dark veg;on haa ¢ormod
on the gold/cuprous suLonwac contact at one point: dbcre
breaktnrough had occurred. The probaole meunanlsm of
this breakthrough was the diffusion of the indium contact.
At room temperature conulnuous cu%rents of more thén a

'

few‘milliamps were sufficien’ to cause the irreversible

-

change. Tﬁe,coffespOﬁding @ower input o “hl device was
. : ,, : : >
of the order of .1 w?tt into a volume less than 1O—j¢m5
: ! ' : :
which should cause a'significant“temperaturé rise.. The_
inputb power'increased rapidly with anblied/vdltége‘due
to the rapid 1ncrease of currenu w1th volTage.

Indium is knownico diffuse rapidly in caamiQ$ 
sulphide} viffusion of the indium electrode wbuid have -
& twofold effect on the currént. The théory of LAMPIRT
_(1902) for examole, predlcts the current to be inversely
proportlonal to the fifth power of the electrode spac1ng-
at hlrh currents £or the model menuloaed in schléz AL, ;
MOCRE (1967) observed that the"exppnent‘in the power

law variation .of current with volwage was a function of

iy
{
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" the lenéth of the insulating regioﬁ ih silicon'p—i;n
devices. The exponent varied from 2 or % for thicknesses”
of more than jOObmicrens to greater than 10 for‘devicee
less than 20 microns thick; The above'two.effects‘were
probably-oceurring in the preéent deﬁices.and wquld'be
acting as a positive feedback mechanlsm tb'ceuse_very
ranld tnermul breakdown.

The fact that breakthrough anpeared to occur_at
only one point indicated thau the current may have been
carried by a,filamentary mechanlsm similar Tto that pro—
Dosed by BAQV”“T (1066) whlcn will be discussed in mo*e
detail in UH PLmR V. Sone devices exnﬂblted multlple
'negabwve resistance “eglons 1nalcab-ng uge posslble
formation ozlmore than one filament. Fig. 4.7 shows'the
forward characteristic of a.device‘exhibitiﬂg»two nega;\\gh
Tive resistance xegioﬁs.

CTS OF CARRIZR TRAPPING

R

[

1

4.6.3,

L

Carrier trapping was an important mechanism which
affected the device characteristics. Hysteresis was
always observed in the fofwardpcharacteristic because
of the change in the-trap population due to-carrier.
injection oxr the action of. the ar pllea field. ~lhe
revereion to the er;ginal state of trap occupancy was
‘time dependent and this ﬁas‘more easily cobserved by con-

tinuous tracing of the characteristic either with the
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Tekbtronix curve-tracer or the Bryans Autoplotter
the characteristic

Us:.nCr The ecronl curve tracer
Once the

was con letely retraced fif y Cimes a second.
he hlgh resisvance t.O bhe low

device had switched from
resistance state after negabive resistance on the first

resisvcan
trace it generally stayed in the low 96513*“qce s*auo.
1 the cadmium

The short 20 msecffetréce time did not alTOU

to return to the initial trapping state whlca
Fig. 4.8. shows the
ST After

.

sulphide 1
‘led to the negative re31sbanoe.
trace OL such a device (LF/ﬂ) at Toom CeF”QTatn

the low resistance state had been reached the hySuchSlS
he reverse characteristic is

became more, pronounced.
demonstrating pronounced rectificatlon.
e

glso showr

1 T
Using the Bryans Auuoplo ter with a retrace tim
RN

of several seconds u51n~ manual oPecablon Lhe pegatlve
The_curve

could. be easily demonstrated.
showed a significant change

! resistance
réplotted after a Tew mlnubel
due. to the effect of.slow 1 ps;' Fig. 4.9 shows the
'fesult for a dev1ce LR/A left in the dark overnig h"and
the curve plotted three tlmes with a lapse of the oraer'
of & minute bebtween successive traces. . . :
» A curren decay observed at low cu"rents bplowbﬂO—6A
was prooably due to injected carriers £alli ng ;nto-ﬁ“aps
éémf-thé

associated both w1bn the surfdce and the bul
S5

cadmium sulphlde_(SMITH and ROSE 1955, ROSE 1955)
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The low current points in +he device characteristics
/
which . navo ‘been Drcscntea represent the equlllovlum VaWues

of currenb.

4.6.4.  PULSH CHARACTERISTICS

i

Pulse‘measﬁrements were performed using jLhe circuit
of - flg. 4.2. The curcent pulse always‘eﬁhibited an
initial capecitive‘epike. The duration'of tﬁe'epikefwes‘
of the ordér of 1 mwcrosecond qnd limited tne mininum
width of the pulse that cogld be applied to the sample.
The maximum pulse width was limited oy the puiee generator
overload mechénism depending on the amplitude‘and the

. : A e
duuy cycTe of the pulse. The maximum input power to the

device was limited by the hl"h current damage described
] ! :
in section 4.58.2. ' S -
‘Fig. 4.10 shows .the current pulse for device LF¥/o,  ~ ~7i

vsee fig. 4.6, at a cufrent above the evatlve reS¢scance'
fegime. After the 1n1L1al capacivive spike the current
was an'increa31ng funetion'of pulse width. With a duuy
cycle of 0.1 seconds. uhe device eventually suffered.
catastrophic breakdown when the pulse width>was increased

to 50 microseconds. The series resisbtance in this partic-

-

. ! S . g :
ular case was only 1 K-ohm and was insufficient to control .

the current.

Prior to the final breakdown a hysteresis was observed

—

in the relationship'betWeen the width and»jhetg;::;t of

>\ Padd \

=T
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the cu:fent pulse,lsee fig; 4.11. The lowe © trace ﬁas
fér a pulsevwidth'of 20 microseconds, the highest.tfaoe
odcurred after the pulse'width vas increased from 20 to
30 microseconds and the middle trace when the pulse‘.'dth
was reduced fromléo to 20 micfoseconds. The applied
voltage pulse amplitude was kept constant Lnrouﬁhouf.

The hystéresis could have been due 0 changes in
_thé trap occupancy, however, at the high currentsf
(2 - 3 mA) which were passed it was possible théﬁ the-
‘actual trap distribution in the crystal"was altéred.
KORSUNSKAYA et al (1968) have shown that the bresence
of free eladtrons an@thles,in cadmium sulphide 51ngle
crysfals can céusé the formation of_new local-centpes.
A further explanation is that the indium contact has
diffused due to local heating so decreasing the e1ectroae
spacing and 1ncrea51ng the applied field St“cnguh (spe
4.6.2),

Using‘é higher'series resistance 1T was possible
to study the effeét‘of'ghe'trahsition through bthe nega-
tive resistance region of the characteristic on the'shape
_of‘current‘pulse. The effect of increasiag pulse,ampli-j
tude on device LF/A is shown in fig. 4.12. At‘loﬁ cur-
rents the curreﬁt.pulse had -the shape expected for a

apacitive circuit element. A% the switch-on point of

the pulse there was an initial sherp rise of current which .-
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was fqllbwed oy a gradual Qécay probably due o trap
filling. At the switch~off point of the pulse there
Was a sharp decrease of current causing The éurrenf’to
go nevatlve and slowlj dccay back to zero. A,vthe
annllou Dalse ampTluudL vas increased the QGCQJ, fullow—
ing the 1n1tlal sharp rise, becamel;ess pronouncea unvil
a sguare current‘pulSe occurred near the negative resigt—
@ncé region. #Further increase of the(applie&»pulse
amplitude now ceused a graduel rise of current to occur
after tThe sharp initial increase of Current; when the_
pulse weas sw1tchea off a saawp decrease in cﬁrroa
occurred equul and onp031ue to the 1p1t1ai sharp Llse.
‘The current now decayed slowly from .a posltlve value
to zero. | | |

. The veriation of voltage across the'saﬁplé with '\\\,
the total epplied voltage is shown.in-fig. 4..1%3. ‘the
pulse éharacteristic was probably'a combination of the
capacitive action of the device, inciuding the”aétion
of traps, and Gthe double injection of freé_carrie:sz‘
leading to a complicated variation of the impedence of
the device with volbtage. BINGGELI and KIESS (1967), for
example, have shown that éppreciablevihcreases.in
capacitance‘can occur in-thin cadmium sulphide crystals
‘under d - ¢ bias. One of thre reasons'for performing

pulse measurements in the present case was to pass high -



currents without destruction of the device. It was
noted that at relatively high currents (up to 1 mA)
the voltages required To produce a given currentjunaer'

pulsed or continuous:volbage conaltlous were re“rly

N C ot

equal indiceating unage heaulng of uqe devices was nowv
occuring under the cohtinuous voltage condit;ons.'
4,6.5, PMEASUREMENTS BELOW ROOM TEMPERATURE '

f
!

No.electroluminescence had been obéerveé at roon
uemperaturc. Comnétition\with"ﬁon radiative ("killer")
c»ntres i1s much more significant near room ucmnerature
(MANDBL et &l 19oﬂ) Blectroluminescence 1s/also known
to be thermally’quenched, the efficiéﬁcyigénerally
decreasing with témperature‘aécording to the relaﬁion 

Y >—1

A1 + B exp RUSHBY and WOODS (1966), for

_example,'observed electroluminescence in devices of the |
fofm gold/cadmium sulphide/indium at 770K. The emission
effectively decreased to zero ab 130 k. Assﬁming.the
above relatiqgghi@ ﬁhey obtained a value for/the activa-
tion energyrw of O.ﬂéev. Tﬁe crystals of RUéHBY and WOODS
were at least Iive times aé.thick_aé those used in tae
present investigation. ) | ; N
Measurements wefe perforned on.tﬁe present devices
below, room bemperature in order to obgerve if elcctro—’
luminescence had occurred and also to study the cnan

in the electrical characteristics.

-~



No iuminescencé‘was observed when the,p“esen* devices
were operated at the btemperature of liguid nitfogen.
The geometry of the devices, however,'did not easily allow
observation due to their thinness and the opagque nature
of The tdp electrode. The presence of ”kille:5 cenﬁres S
was also probable since spectrographic examinationléf
the crystals‘revealed the ﬁresence'of severa;'parts rer
million of the elements& likelyltp produce'ﬁhese,ceﬁtres,
iron, nickel,agd/ébbélt. The electrical characteristics
of the devicés were Significantly altered by?reducihg
" the temperature %o 7%OK. The room temperature and 77K
forward characterist;cs fdf device L¥/A, which Was a'
Typical device, are shown in fig. 4{44, The negative
resistance whibh occﬁrred at foom temperature did”ﬁot

.~

appear atb 77°K for the current range covered. Ovér most$*
of the current range the effective resistance of . the | -
device was increased by reducing the temperature.
The'disappearance of the‘negative‘fesistange region
and the foective“}ncrease of resisbtivity is shown<%or
device‘LF/9 over a range of temﬁeratures between 245°%

and 77°K in fig. 4.15. In the vemperature range 1750 -

O - o - : . T
140K where the negative resistance disappeared .=
. ) - TN . e ‘.

also appeared a reversal in the resistivity increase at

L

currents below 10™ © Amps. Between 140° and 77OK"the

resisbivilty increased once more.
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Negative resistance was however observed in several
. » ] O . - q ~ N
devices at 77K when the current was increased to a few

ig. 4.16.

Hh

millizmps - and is shown for device LF/3 in
KUSHBY and WOOD3 (19586) observed negative resistance in
the above current range at 77OK and ascribed it o a

double 1nJec tion mechanism. | 3

ihe dov1cos all exhﬂ01 ed recoifi c tion which wes

more pronounced than at room temne“ature.
A% high injection’levels_under pulsed ceonditions
the room temperature and_77QK characteristics tended %o

approach one another. : ;

!

4.6.6. OSCILLJTT NS AT'LOW TAMPERAVURE

i'

AT temperauures near thab of llqu“d nlbrogvn many of
the dev1ces bzq1b1ueq oc01lla silons in uhe Vo % age across,
tae gGV1ce in certain ranges of current. <the electrical f'*
circuit only contained the device, a 4 - c supply,andia
‘series resistance. The oscillations oécurred in théﬂ
absence of illuamination. Mostiof:theioscillations"
occurred in a positive resistance region of the characté
eristic.

Thé.posit;ye/feéistance region oscillatifons were

' . . 4 . . . ! )

of two main tTypes, ones which occurred at cufrents of

' o . ; :
the order of milliamps and those which occurred at cuw-—

rents between 1 and 100 microanmps. :
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The high current oscillations occurred near the
limit of operation’ of the devices and it was often
discovered that raiéing the current could significantly
“alter the freQuéﬁcy and amplitude. ‘The éause_Qf this

she contact

=y
N

change may be due to Thermal diffusion o
into the crystal or a change in the imperfection
distribution in the cadmium sulphide.

Close examination of fig. 4.16, the forward charact-
eristic of device LE/% at 77°K revealed the presendékof
oscillavions at currents Dbetween 0.5 aﬁd 1.5 mA.‘ An
expanded portion of this section of the characteristic
15 shown ih,fig. 4.17. ‘Changing the series résistaﬁée
in the circuit hed no effect on the oséillatioﬁ ffequency

which indicated tThat it was a fundemental property ol the

device., - ™~
The oscillabions'only appeared within a limited
current range. As the limits of the range were approached
the oscillations-bécame incoherent and finally disappeared
éltogether. As fhe current was increased from the lower
limiﬁ the oscillations became complicabed by the presence

of harmonics, see fig. 4.18.

’

An analysis of The oscillations was performed using
a Wayne Kerr waveAanélyser. It was found that The . .

frequency of the fundamental increased with applied
- o

i

/
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o

at'a particular fixed current is sﬁown.in fig; 4.20.
- The high currentrtypé osgillations were
of a'simple'fgrmfxfﬁig. 4.21, for'example9-$,‘ws the
oscilletions observeé in device LF/G &% 77_&?5% a
current of 4mi. The BSCilL b on showea an upwérd peak
aﬁ the énd. | |
Hostvof'the high current oscillabs ions ooseﬂved were
in the frequency ranée 1 =10 kHz. However, oscxllatlon
freguencies up to 100 kHz were observed'in’deviceé‘r
throu@q which very high currents héd previously béen
passed.
| The low current OSClllaLlO 1S were more uniform and

exhibited dlLLereax characteristics in their relation-

ship to the applied field. The low current oscillations-

.
~

did not ocgur»in é region of negative resistanceq The ™
portion of the'charactefistig for dev ice LF/12 iz7iaich
this tybe of ODCLllauwon occuvfed is snowﬁ\i flg; 4,22
A sllgnt saturation in Qurrent ocecurred betweeq 32 and

%6 Vf: Oscillations occurred throughout the whole of thé
part of ©bhe charac?eristic shoﬁn. The oscillation
periodfincfﬂ sld linearly v "h applied zleld see fig.
4.2%,. The period of hlbf current OSClllaLlOﬂS had shown
a-slight'decrease with applied zlel (fig. 4.1S). The
ampll tude of the OSCWllaLlO 'also-lncreased with appliéd

field, see fig. 4.24. . The oscillation amplitude was
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less than 1% of the total voltage across the device.
On close examination of the oscillation it appeared

0 be a combination of ©Ttwo exponential curVesg' Fig. 4.25

1)

shows the oscillatvion at applied voltages of 30 and
33,7V,
On raising the tenperature Iron 770K tThe ampli'u“e

of Lhe osclllatﬂon gradually decreased. No oscillations

could pe observed .°bove 1OO K. The oscillations were

0]

‘observed both whcn the sample was directly immersed in
liguid nitrogen and when at c ched to the cold finger of
the cryostat ét a‘pressure_of,the order of 10"6'Tofr.

‘8light illumination of the device with white iight"
reduced the amplitude of the oscillations. Strong
illuminaﬁion completely removed them.

Several mechanisms involving two cafriér curfents_
are known o lead to Qscillations in compensatedVSemi;

conductors. 'Some.ofjthese mechénisms‘are—diSCQSSeq-in
sﬁctidn 1.6. The_anbl cability of these theories to

] : 7 -
the Qscillaﬁions_observed in the present de%iges'is
discussed in CHAPTEZR V. |

Oscillationd were also observed at 77OK/lelowing

a ncgmvlve resistance région inithe chabacteristic ana
were of a large amplitude and”sihusoidal. bevice LE/8

exhipited particularly spectacular oscillations under
/ _

reverse bias ‘condigions foll O'\*'lfl@" a Derraulve resisvance




breakdown. Tig. 4;26 shows these oscilla u¢oﬁs as- vhey
appear as part>of the chéradteristic and 4,27 as théy
appear as & Iuaccloﬂ of time. "The amplitude was an
'1ncreu81ng Iunctlon cf the appnlied field and was about
707 when the aﬁpllud voluag‘ was $5V. The fyeéuency
was around 27kHz. ‘“The same device also exhibited the
pbsitive resistancé low current type of osc 1llatioﬁ-
in <the fdrward diréction.‘ | |
AlGhough coherent oscillatibns were noﬁ obserﬁéd
at room temperature,'monitbring of tae.voltage across
the .device revealed a_éigﬁificant increase of the noise
in the,devicgywhéﬁytﬁe sharply rising or negétive resist-

. ! .

ance portion of the characteristic was reached. Observ-:
_ . i ' .
s . . n ., . -

ation on The oscilloscope or autoplotter revealed com-

ponents varying from.a few Hz to several hundred kHz

Cooling the device whilst a counstant current wss

S':Q

being passed had the effect of IEdUCLng “he noiéefﬁb
low level at 779K and often resulted in the appeaﬁance;
of the oscillations vrev1ouolJ discus ed |

The observed noise at »oom uemperatuja.associatea
with the negativé resistancé breakdown may have been due.
%o the action of current filaments'ﬁhich had formed and
only existed for a short periodvsimilar,té microplasmé

breakdown.






4,6.7, HARDWIING AND SWITCHING BsFECTS

It is.DOSSible to increasce tihe breakdown strength.
of dlodes DJ anoly nz a high value of reverse biasv'a
rocess known as harapnlno. BARBER (1065) ior example,
has'obsérved the effect in diddes fabricaged Lrom indium
antimonide. In The present devices thié oh enonena was
used to reverse a switching effect in both the lorwafd
and reversé directiéns.

When high-.currents were passed through the deVLCes’

:.‘.)

near‘théir 1imit of operation the devige switched fr
a power law characteristic, which may contain a ﬁegative
resistance,; to én’ohmic characteristic. Wheh Teverse
bias was applied the onmic CﬁarPCter“SulC Sulll per—

51sted. Cn 1ncre351ng the reverse blas, bowever, the

.~

‘l )

characteriétic becane non—ohmic. At
decreaced but on further increase ox_the reverse bias
Ehe reSLStance of the device sbarted to.indreaSe again
to give a high value of reverse breakdown volbage.
When the forward bias was reapplied the original po'c“
lay characteristic was obtained. The series of opera-
tions was _aproduCLOle. | o | -

AT room temperature-ﬁhe power laﬁ gradually decayed
to the 6hmic'charactefistic ativoltageSJjust'béloﬁ,the
threshhold for switching, pfobably due o heaﬁing.

A device which was in the ohmic state &t room Temp—

I

rst the resistance”

" 149
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" Hardening and switching observed in device LF/3
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erabure would'remain in\thaﬁ state fhen cooled %o /7 X.
On repeating the above serlos ‘of operaivions a final .
non-ohmic staté was bot 2ined. AT liguid nitrOgen Tenp—
erature the final state was stable with time. whé.séries
of events for a device both av: room +emperaﬁure and av |
97% is shown in fig. 4.28.

A possible ékplanation for the bbserved effect atv

high forward currents is that local heatlng could have
caused enhanced diffusion of indium into the ca dm;um
sulphide doping 1% n~tybe.- The app pli cation Qf t reverse
bias, howevor, could not have caused L ne 1qdiu1 to be
removed oy the action.of solid s tate clcctro lysis since
the applied lleWa was now in the wrong derCElon; ;ndium

becomes a cabion in cadmium sulphide and would normally

-~
~

be attracted to the nega‘ ive bTerminal,
Thelphenomenonvcould bave been due %o a surface

effect wherebdy & low resistance surface path was made

bLSD resistance by 'olc fielé dependant d111u81oa of

copper obsccved by 1IHONY et al (1967)

4.6.8. THERMA \LLY_STIMULALED CURRENT .

 Therma1ly stimulated cupreht'is 2 method of observ—'
ing'trappiné levels in the forvidden gap. When & semni-
/ )
conductor is cooled and free carriers generatved, usually
by optical ‘stimulation, bthe majority of carriers will be

trapped. Lf the stimulation is removed and the semi-
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/
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Resistivity decrease due tto thermsl
emptying of a travoing level
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conductor is ﬁarmed Quickly'the tfaps.will enply inﬁo
Ghe oppropll&cc conduction band. The phenomenon mnay be
observed by a temporérily enhanced conddctivity. ,With
thevpresent devices The phenomen was observed oy cooj ing
the devicé whilst under the Tluence of & forward bias
which provided injected carriers,‘_un warmiﬁg the pre-
sencé of a trappin g level was indicaﬁed by a large
decrea @ in resistance which occurred around 27001 and
is shown for one device in fig. 4.29 as it wasvobseTVed

on the gryans Autoplotier..

No quantitative measurements of trap depthsz and

f‘u

related paramet=rs were attempted as it was necessary

to De able to heat the device at consvant rate tb'enaole
The 1nueLore cation of ¥the results to peﬁformed (WRIQ?T
and ALTEN 1965) . The‘cryostat used nad a lafge thernal ™
inertia and did not lend itself o simpiﬁ temperature

control,

4,6,9,  THIN DEVICES

Thin devices, that is, devices less than 10 nicrons.

c
[

in thickness did not in general exhibit'a négaéive'resis
ance in the.forward cheracteristic at room temperature.
The rOom-temperature characveristic of such a device,
LF/2, which was below 5 nicrons thidk is‘shown in fig.4.350.

esistance

L]

KBADING (1963) dlso did not observe & negative

in his thinner devices. SHOBENO (1965) observed a similar
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result with silicon p-i-n devices.
the diffusion lenﬂua of holes in cadmium sulphide

is of the order of 1 - 5 microns (SP 4R and MORT 1962,

[0]

sUTH 1961). If holes were injected they could travers
the crystal immediately and hence remove the c;iberion,
for negative resistance, of changing hole lifetime
discussed in sectlion 1.4. |

Cnly thin contacts. could be evaporated on thin

crystals to prevent buckling due to The siress in The
film. The thin concécU permitted 11LuM1natlon "0f the

rystélbdirectly veneath the conbact. & photovoltage
was cbserved in these crysbtals. Device 1L¥/2, for example,
exhibited a photovoliage of 0.25V whenvilluminated with

light from a medium power mercury vapour lamp. The
_ =N IS

.~
~

photovoltage indicated the presence of a p - n junctbion

or hetero-junction. | |
Simultaneous illumination and forward bias qfléhe

crystals resulﬁed in a current composed of a photdourrent

and. an injection current. - Flg. 4.27 shows

.

ch

@
oot

1

dark

N

current compared to current under illuminabion by The
. i Y. . N L
uercury vapour lamp for device LF/11 ‘at 300 K. ATG
I|
currents above 107 'A the injection current preuoml wated.

n

‘4! .

BRAUNLICH (1907}'has since observed the samegeffect

similar devioes illuminatea in & similar nenner, that is,

with light which did not interact directly with the

i
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injected carriers. Using infra-red light he also
observed an interaction which reduced the conductivity
by excilting electrons to thé cbpper centres probably
produced by diffusion from the cuprous sulphide dontact.

AT low currgnts the aev1cos in comnon with the
thicker devices exhibited a lower resistance chaféct~ 
éristic in air than under a vacuum. The effect of the

-ambient on device LF/11 is also shown in'fig. 4., 214,

\ﬂ

At high currents (greater than 5 x 107 in this case)
he characteristic in alr was identical to Tthat in

the vacuum.  .The above result indicated the low current

N

P

characteristic was affected by surface sta

(@]
|83

[

es wni

could be altered by the adsorption of gas molecules.

4.6.10 vUPROUb SULPnle LAYAR FROM CUPRIC SULPHATE SOLUDIO

Devices prepared with a cuprous sulp. de'layer}.
depo 1ued by flo’tlﬂg a crystal on the sufface"of:a solu-
Tion OL cuvric sulphate (cupric ions) exhibited similar
prODerties to those prepared with an vap0“° ted layer.

A negative resistance was observed in The Lorward direction
at room temperature and low current oscillations_at 77OK
with a frequency of the order of 10kHz.

The fact that similar results were obbtained

£
cf
ry

chemically deposited and evaporated layers of cuprous
sulphide indicated the laycr of cup ous squL'de in con-

tact with- tqe Cddmlhm sulnfuav may have assumed Lpe same
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mbdification independent of the method of application.

The use of chemical déposition.w&s disdontinuad_
due to the éifficulty‘of masking ©Tthe area on whilch The
contact was o be applied and of preventing thé cﬁpric
sulphate solution wetting both large area faces of The

crystal.

4.7, OTHER DI VIC

L,7.1. DEVICES COF THim TORM In/CdS/Sic/Cu~3/Au/In

I

The devices of the form In/CAs/s 1O/Cu20/AL/In were

prepared as descrived in section %3.3. The samples daid

not exhiibit the current decay observed at low currents

Tt

in devices which dlo not have The silicon mOﬂO side Tayﬁr.

~

The decay was pvooao ly associlated with surface states  ‘at
the Junction. mhe introduction of the silicbh monoxide
layer had probably-céused bending of the energy band
edges at the surface causing carrier repulhién.(EISCHER
1964). o

The devices with the silicon monoxide layer exhidit

& negative resistance in their forward char acteristic at

room Gemperature but not at 77OK. The forward character4

istic for such a device LF/S/1 at both these temperatures .

is shown -in fig. 4.32.
The dévices exhibited rectification and This is
shown, together with The switching corresponding to the

negaulve re51 tance for device LF/S/1., as it . was obse

Hy

the curve tracer,:in fig.4.%5. 1y5"erisi% occur,ed

.

rved

~
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(AN

ter The negative r?sistance reglon.

a

]

the region of negative resLﬁ“ance the devices

cxblblted OSCLIlatlons at room Gemperature. The oscilla-

~

tions which occurred in the volbtage across device LF/S/7
are shown in fig.4.34. The amplitude of the osclllavion

this device.

(S

3

was about 5V and the freguency about 8Hz fo

“he osclllation corresnonded to the switching between
_ D]

the two regions of fig. 4#.%3. . A possible explanavion

Hy

is that before the negative resistvance breakdown most ©
: <

the applied voltage was across. the cadmium sulphide.

After the breakdown a large current flowed which charged

up. the silicon monoxide layer, waich in turn reduced

the current flow through the cadmium sal

it bac& to the high resistance state.

The oscillation threshhold could be initiated by ™
either reducing the current from a high value or ralsing
it from-a low‘value.

The oscﬁITatibns assobiated with The devices where

O

The cuprous sulohlde was Girectly in contact Wi ch cadmium

sulphlde were not observed when the silicon monoxide

layer was inserted.

4.7.2. DIVICES WITH A CUPROUS HALIDE COWERACT.

Only devices utilizing a cuprous iodide contact
were fabricated (see 3.3). The room Gemperature forward

and reverse characteristics of a device LP/H/1 of the
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Wweg aprearing across'the series resisztance provided by

forward characteristic followed an ohmic law whereas
the reverse characteristic followed an ex ﬂ ntial law.

In the forward dﬂrecclon ost of the gpplied ficld

G

oy
@

cuprous iodide/cadmiuvm sulphide Junction and the
effects of any injection were completely masked. The
reverse characteristic may have been the result of

tunnel injection.

4

4.7.%, DEVICES OF THZ PORM Iﬂ/Cdo/ fm/m

The devices having a gold/cadmium sulphide contact

exhibited similar characteristics to those with¢aﬂguprous

g

Faa -

sulmllde/oadmlum sulnhlde contact. The ciiiracteristics

of a gold/cadmium sulphide device LF/5G. as. observed on
uhe curve tracer is snowa in fig. & .90 AT roém temper-
ataro rOCLlLlCaLlOH was observed together with & negative
resistance in the forward direction.  The negativej
resistance was exhibited on the curve traCer as é‘switoh‘
between two charéoteristics. No nerabﬂve resistance was
observed at 77 °K even up To curre of gevera mllllamus
contrary to the result of RUSEBY and WOODS (19 6) on -
thicker devices.

to luminescence‘was observed either at room temper-

‘ Op . . . . 3
ature or at 77K in the current ranges examined.

W






—
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4,74, JEVICES OF THE FORM Iﬂ/Cdb/TD
[

Devices with indium contacts on both large area
faces exhibited the same cheracteristic independent of

the direction of “he@ ppl‘ed bias from room temperature

p:

c

oy

to 77 K. The synettrj of the characteristic indic
the contacts were ohmic.

o nezative resistance or oscillations were observed

‘with devices of the avove form. The”iuncvlonal varl'“won

of current with voltabe was deocndenu on The t1lckx~ss
and trap density.
Tor currents where the baermal free carrier density

exceeded the injected free carrier density a linegr

.
.

variation was observed oebwcea current awy;VOLu“) .

AFBE

4% higher currents a power law variation was observed.
Fig. 4,37 illustrates the treansition from a linear o .
a power law characucrls tic for device L¥/IK/AL by reduction

AN . - 0 - <
of the temperature_irom 3007K o 7?0K and hence the

reduction of the thermal free carrier densivy.

L,7,5. THREE TERMINAL JQVTCES

No lumineécence had been observed in devices with
one contact onAeach ofmthe'opp051ue large area facés.
Iin ordef o sﬁudy'whether the apbsence of luminesceﬁce
was partly due to the contéct'geometry, devices with Two

contacts on one large area face were fa b%lca"eq as
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déscribed in section;5.5..

The charactefistic with volvage anﬁl;—a“got”cca‘ i
cuprous sulphide/éédﬁium,sulphide and the cu nium sulphide/
indium contacts showed a lower resistance paﬁh‘than Wit
voltage applied betwecn the silicon mcnoxide/cadmium
Shlﬁh;dc and cadmium aulnhl G/¢DQlu” cont acts.i Flg. &4.58
shows the charaCL“rlstlcs for The Ttwo i atns at 77OK for
device LF/ﬂ/A. (The crystal was uniformly DlCi)o

The devices GthDlteQ unilty current gain Wheﬁ
‘operated as a three»terminal device on The curve tr acer.
Fig. 4.39 shows the collectdr cheracteristic for device
LB/ /A opérating5in tﬁe PN mode. Lopps'ooqurred'in
The characteristic due Go T rapplng effects.

vihen the devices were operated with bias only between

“he two contacts on the top surface they exhibited a ™.
. ! /

relatively low”field;(order ODV/C m) bLeallown et 77OK‘

with the cuprous sulphide/c dmium sulphide covt ct

positively pissed. The current increased almosc ab.

cops*ﬂpt voltage. &L green~blue light (probably edge

emission) was seen emitc;qg from between the contacts
i

in the breakdown r g on, 1 - 10mA. ‘The light aopeared

to be emanaving from isolated spots rather vhen &s a

|.J
[
o
m
]
=
t
e}
H
o
e
RO
‘1
W -
o
I
<
ISH
i
[¢)]
!,_I
e}
=
}.-J
3
(0]
n
Q
[0)]
e}
(@]
o
]
E.
d‘
<t
[0}
=l
::‘.
rp
o]
-
5
[0

device was first switched on was extremely bright and

could easily be observed in da yl'ght. The luminescence
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appeared again butb greatly reduced in intensity when the
device was switched off and then switched on again.

A1l th

()]
ol

evices fabricated in the above nmanneér

joN)

e a . . O ., . '
exhivited luminescence at 77 K when a bias was applie

between The two Lop surface conbacts:

4

4,8  SUMMAR o S .

Measurements have been performed on & number of
cadnium sulpnide devices made from thin single crystal

platelets with different electri

on their large area faces. All the devices had one

~contact of indium or gallium, which.could be considered

To be ohmic. The results obtalned with diiferent con-

tacts on the opposite face are summarized below:-

1)  Gold/cuorous sulbhide contact . e

These devices exhibit;

a) Rectification with reCuzilcatlon ratios up Lo
4O6§ the low current direction corresponds ToO & posi-—
tive bias on the gold/cuprous sulphide cpntéct.

v) Negative resistance in the forward direction at
BOOOK if the devicés are of sufficient hickness.

¢) Disappearance of negas sive resistance on COOllﬂP
to 77°K. . | ._ —

d) Positive resistance oscillations below 1COOK.

e) Oscillations associated with negative resisivance.
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f) Wo visible luminescence in bthe Gemperabure
PR O F Ao - OT
range 777K GO QOO .
g) The results of btrapping, hysteresis, current
decay, and thermally stimulated current.
h) Switching at high current.
i) Photocurrents plus an injection current when

illuminaced uvunder bias.

2) . Gold/cuprous sulphide/éilicon monoxide contacy
These devices exhibit: |
a) Rectification; rectification ratios greatén ﬁhan
10°. | | o -

b) Negative resistance in.thé forwerd character—
istic at 300%K. |

é) Dissappearance of negative reéistance.on.cooling'

_ v ~

et 77°K. )

d) Oscillations associabted with negdbtive resistance

at 300°%K. ' o

£) No positive resistance oscillations.
g) No visible luminescence in fthe temperature

range 77°K to %00°K.

%)  Gold/cunrous iodide contacy
These devices exhibitl:
a) Rectification; rectification ratio up’toJﬂogif

mic 1 iour in the forward characteristic
b) Ohmic bebaviour in the forward characterist

at 300°K.

I}

o ¢) Ixponential cherecteristic in reverse dirvection atb
%00 X- | |



Z4) Gold convacty

These devices exaibitl:

2) Rectification. —

<

b) Negative resistance in forward characteristic
at 300°K.

c) Disappearance of ne

gative resistance on cooling

. o0, | ‘ : S Eonu
at 77 K. o L e
d) ¥o visible luminescence in the temperature

range 77°K to 300°K.

5) Indium contacth

 These devices exhibit:

a) No‘rectification; these devices appeared'tgzﬁe
ohmic in}both directions. | | B

b) No oscillations in the temperature range
?27°K to 300%K. | |

¢c) No luminesdencé in thé tenperature range
77°K to 300°K.

&) Gold/cuprous sulphide plus zold/silicon monoxide

congact
These devices exhibit: , —

a) Lower-resistance,patﬁ)via the gold/cuproﬁs
sulphide contact. |

b) Low field electroluminescence 2t 77°K when bias
applied bvetween two conbacts on one éide; gold/cuprous

sulphilde positively blased.
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CHAPTER V

DISCUSSION OF RESULTS AND CONCLUSION',

5.1. Devices witﬁ'a cuprous sulphide contact,

5.1.1;' Nature of the contact.:

\

The occurreﬁce of negatlve re31stance at room temp—
erature and the observatlon of p031t1ve re31stance
0301llatlons below 100 K, in the device charecterlsfic,
indicated the participation of both electrons and holes
in the conduction.ﬁeehanism (see 1;4..and-1.6).; Elecfrons: |
- can be introduced inpo'fhe cadmium sulphide bulk through
the ohmic indium or gallium”electrodef The mechaniem'
for the injection of holes is not so simplevto'underétand,-
however, due to the complicéted nature of the.cuppousn.\ _? .
sulphide/cadmium sulphide]qonﬁaetp o
| Cuprous_eulphide has a'smalier band'gap thaﬁxcadmium
sulphide aﬁd is unlikely to be an efficient source of
holes by injection to the valence band, because ef the
competing'process of electron ektractions. There is
considerable disegreemeht in the reperted measured values
of bahd gap of cuprous sulphide (see table 1.5) due to
differences in stoichiometry, degeneracy and the effects
. of free carrler absorptlon on optlcal measuremenus.'

Since the electron afflnlty of cuprous sulphide and the’

s

work function of cadmium sulphide are also notukn0wn; a




4

"simple energy band diagram oflan abrupt.heterojuuction
cannot be accurately constructed. An abrupt heteroaunctlon-.
is unllkely, however, due o -the presence of 1nterfac1al -
surface states, and the effect of heat treatment durlng
fabrlcatlon of the devices (see 3. 2. 4)

Copper is known to alffuse rapldly in cadmium'sulphide
(CLARKE 1959, SZETO and SAMORJAI 1966, SIMHONY et al 1967)
- SHITAYA and SATO (1968) ‘have performed electron micro- -
- probe analyeis on'the surface of a cadmium'suiphideﬁcrystal
prepared bypeléctroplatimg”at Troom temperature in'a
dcupric_Sulphate solution{ A transition uaspobservéd'from
a cadmium rich cuprous sulphide layer to a coppcr rich
cadmlum sulphide layer over a reglon of about % microns.
ﬁlectron microprobe analy31s could not be. performed on
. the present devices due to the difficulty of lapping the\\‘
thin devices used. It is probable, however, that COpper o
had diffused the order of a nmicron into the cadmium sulphlde.
The rapld diffusion of copper indicates an 1nterst1t1al
diffusion mechanism.  The relatlvely small atomlc radlus
of Cu (O 964°) would permlt 1nterst1t1al dlffu51on. An
interstitial copper atom can react with ionized cadmium

- vacancies to settle ou a, substitutional site.

Cui + VCd = Cus LI B I ) 5.1

Substitutional copper ions are more saluble in cadmium

‘sulphide than cadmium vacancies (SZETO and SAMORJAI 1966) . <
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leeding o a reduction in the cadmium‘vacancy'conceqtration.
Any excess copper has to dissolve in the lattiée by a
self compensaﬁion_mechanism (see 1.2.4) producing Sulphur

vacancies.
Cu = CuS F VS seseeenne 5.2

~Cadmium sulphide crystal-@latelets‘groﬁn by‘avvepoﬁr
transport teehnique.exhibit a high degree of.self cempen—
sation. The degree of self compensation is not® eomblete,
even though the"resisfivityvis high; and in gene:al will
vary from crystal toecrjstal. Undoped'cadmium Sulphideﬂ
crystals are always e—type at room temperature indieetiﬁg"
an excess of sulphur Vecancies.over cadmiunm veeancies}
The n-type nature is caused by éh excess of the cadmium
partial pressure'duringlthe grewth process and_supseqpeng\
gquenching to room temperature (KRBGER.and VINK 4956). ' T
‘Evidence of excess eadmium was obserVed during‘the'growth |
of crystals exemined here by the devosition of free”cad-
mium at the cool end of the g:thh'tube.' The: addition of
coppe? is knewn to increase the resistivity'of'cadmium
sulphide (SIMHONY et al 1967) due to the compensation of
shallow donors by deep acceptor levels. Copper increases‘
the resistivity of relatively highly eelfvcompensated.'
cadmium sulphide because it feduces the ratio of shallow
donor to deep acceptor concentratioh towards uhity. R v

| Copper, however, is not. very soluble in cadmlum sulphlde

at room temperature and precipitates as crystallltes of.
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cuprous sulphlde at concentratlons greater than 100ppm o
(SILURNER and BLETL 1964 SINGEQ and PAETH 1967) y~,. L
| Prom the above con51deraclons a 31mp11f1ed model can
_be proposed for the cuprous_sulphlde/cadm;um sulphide
junction (seenfig. 5.1) . Revion A repreSentS thé‘simple'
band model for a p-n heteroaunctlon proposed by ANDERDON
(1962) for a p-type semiconductor with a smaller band gap
than that of the n-type semlcondu0uor and neglectlng the
' effect.of_interfacial surface Statés. Thegdiscontinﬁities ,
at the interface are due to the difference in dielectric
constants of the tﬁo materials.kaegion B represents
cadmiun sulpﬂide COnﬁa;ning copper.' The concéntration
of copper will be graded across :egion B. -Aﬁ;small values
ofbdistéﬁce‘x, the'copper concentration is high and
preCipifation oflcﬁbious_sulphide.OECurs. As x incréasé3§_~'
there is a gradual traﬁsition from‘highlyvresistivé copper 
compensated cadmium sulphide to the less highly resistiVe, .
cadmium sulphide bulk, region C. | ‘
On the other side of the erystal diffusion will have 
occurred from the 1nd1um or galllum contact. Indium is
known to diffuse rapldly in cadmium sulphide (WOODBURY 1964) -
and produces n-type conduct1v1ty. The relaulvely small

_ 1on1c radius of In5+ {0. 814° ) 1nd1cates both a substltutlonal:f

 t——

and 1nterst1t1al dlffu51on mechanism; are p0551ble. Indlum
has a segregablon coefflclent of about unlty,in cadmlum

sulphide grown from the melt (MbDCALF and FAHRIG 1958) whlch
' /

L . .
~ - . !




Model for the cuprous sulphide/cadmium-sulphidé
Jjunction region. .

0.9-1.8¢eV. | R "i e
‘ o 'ﬁl o 2.4eV
|

- Model for the cadmium sulphide/indium Junction region
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impliés a high solubility.

It was. Doss1ole to diffuse indium right through the.
cadmlum sulphlde platelets used here by heatlng a crysual
containing two ;ndlum contacts for more than five minutes
at arbund BOOOC in the radiation_wetting apparatﬁs._[

‘Indium and gallium in'gédmium sulphide lead to-doﬁsr
levels on substitutionvfor dadﬁium, arbund 0.03eV Dbelow
the conduction band (PIPER and HALSTLD 1964) whlch are nov
compensated for by cadmlum vacan01es, a conseguence of the
fact that cadmlum vacancy formation requlres more energy T
than that gained oy compensatlon (see Te2.4. )

The n-type character observed in the cadmium sulphldei
and dlscussed above could also be due to uncomnensated
donors .due to-alffuslon from the 1nd1um contact. - Arfurtherf>'
poSSibilit& is fhs iﬁcorporatisn of halogens,iWhich may"\::"
have been present‘in the initialJchargé, into thé erstélss.

during growth can also 1ead'to uncompensated'donbr_levels

u_ln cadmium sulphlde by subsUltutlon for sulphur.. The

chemical 1mpur1tles responslble are likely to be of low

COncenuratlon, because the crystals are hlgh res1st1ve,

and below the llmlts of detection of conventional analytical

technigues.

In the region close to the indium contact a high

condtctivity n~typs_cadmium sulphide layer will exist, ‘.,

see fig. 5.2. Region C'is'continued from fig. 5;4. Région;

D represents a. graded indium doped cadmiﬁm sﬁlphide layer}_.
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Region © represents the ohmic‘iﬁdium ca&miﬁm-éﬁlphide contact.
The transition region between D and E will contain degeneratej.
indium doped cadmium sulphide (KRE’)GER,et al 1956) jfwhe,rel" ’
1mnur1ty band conductlon can occur.

| 1ne open circuit paotovoltage of 250mv obtalned under
relablvely hlgh,llghtAlntens1b1es, (see_&.6,9) 1ndlcates
the presence of a barrier. The barriér responsible is in -
the conduction band edge, 5etween region B-and/regiohﬁA
of figure 5.1. For a ﬁ-n.heﬁéyojuncﬁion the open’circuit
photovoltage is élfﬁnction of the conduction baﬁd’barrier
height, the di”“erence bétween the quasi-Fermi ieVels in
the two semlconductors and the ratio of density of states
and carrler lifetimes (KEATIVG 4965) blnce none of the
above parameters are known, no calculation of the barrier
height dén'bé attemptea.; MYTTON‘(1968)'obtaihed avvélue\'v_A
of 480nV at 300°K for a cuprous sulphlde/cadmlum sulphlde h
photocell. The cadmlum sulphlde, ‘however, had a hlgh
conductivity and consequenuly a higher barrler occurred |
under equilibrium condltlons (Ferml-levels llned up)

For a simple Schottky barrler between metals and cad-

mium sulphide the_Qpeﬁ-circuithhotovdltage_saturaﬁesfto
a value equal %o the conduction band Barriér'heigﬁf 2% high
light intensities (BUJAITI (1967), (1968),). A Schottky
barrier is unlikely to have occurred in'the,preéent”devicesl
due to diffusion'of the contact. |
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Contactibarriers-oh insulating semiconductors are
difficult to measure'because‘of.the properties of.the_
bulk material. -Bulk effects: can be separated from contacf
effects by the use of pulsed ligh*‘(nanosecond pulses)
hav1ng a small penetration depth (COURTLNS andzﬁHERNOW 1906)

The fact that similar resulbs were obtalned on devices
preoared with evaporated and . chemlcally deposlted layers |
is evidence for. the dev1ce characterlstlcs being 1ndependent .
of the comp051t10n of the cuprous sulphlde layer. The
properties of the dev1ces appear to be determlned by a
compllcated region containing: copper,cadmlum_and sulphur.-
SHITAYA and SATO (1968) have suggested that the barrier .-
height at the junction.does-notddepend‘on tpe work functionws
‘of the cuprous sulphidevbut:oﬁ the poSition of the.Fermi—; .
 level in‘the.copper compensated surface layers;ofiphed “\;
‘cadmium sulphide. EvidenCe‘for'the above is that:

a) the photocurrent versus wavelengfh relation of
. cuprous sulphlde/cadmlum sulphide photocells was the same
as that for copper doped cadmium sulphlde (BUBE 1960)

b) the reverse bias capacitance wasilndependent_of
applied voltage which suggested a high resistance'(MOTT)
layer had formed in the cadmium sulphlde bulk due. to copper,
conflrmlno bhe result of SIMHONY et al @967) for copper

- diffused layers in cadmlum sulphide.
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5.1.2. THE ANALYSIS O THE D VICD CHARACTERISTIC

Several mechanlsms can lead: to a current controlled SRR

(S-type) negatlve re51stance

1) Avalanche breakdown
2) hlecvrolumlnescence - photoconduct1v1ty feedback
' 3) Heatlnﬂ effects o

4) Doublerlngeculon

Avalanche breskdown roqulres field strengths greater.
han 5 x 105V/cm in cadmlum sulpnlde (SIMHONY et al 1907)
The low average flelds observed at the onset of negative
re31stance in the present dev1ces ('IO5 -~ 10 V/cm) 1nd1cate
‘ avalancheroreakdown does not occur. The averaﬂe lleld in
'very thln dev1ces was of the same order of magnltude as;

thick: dev1ces, whlch 1nd1cated that most of the applled.\

voltage was not across a high field region. Furthermore,

avalanche breakdown should Still7occur‘atd77°K-and the

disappearance of negative resistance cannot be explained

on this basis. Negative resistance observed in the reverse

‘direction (see fig. 4. 26), however, is almost certalnly

‘due to avalanche breakdown Wwhen most of the applled voltage-

appears &across tne,gunctlon region.

The electroluminescence—photocondnctivity mechanism
can leed to negative resistance (DUMKE 1964) and;appears,
to be the mechanism in gallium arsenlde p~-i-n dlodes.

Before negatlve reslstance breakdown the conduct1v1ty is

4

-
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dominated by an electronic space-charge limited'current
and in the simplest'case of no diffusion.currents;or
conuaot llmltatlon w1ll be .of the form J proportlonal to
2 (MOTT and GURVEY 1940} flectrons reoomblnlng with
holes in the anode can generate photons at a rate depend—
ent on the 1npernal quantum efficiency. In a semlconductor ﬁfl
eohtaining deeb‘levels there'is a strong possibility that zfﬁfl
a photon will be reabsorbed in the anode'regionfprodGEingéeke.
a free electron ahd.a hole'bound»to'a deeh level. fﬁntil':”ev'
this hole decays,.another electron can be present in
addition to the electrons contributing toethefnet spade
charge. Assumlng/thau “the photoconduct1v1ty Broduceo
-current can be “added UO the space charge llmlted current
it can be shown that hreakdown will occur when at least

one of the N /t ) electrons, that traverse from cathode ~

to anode durlnm the llfetlme of the bound hole, recomblnes

producing a pnoton wh;ch can produce another free,electronfiz?i
bound hole Pair-‘T‘n/tn is the ratio of'electren{llfetime -
to electron transit time. If the quantum‘efficieﬁcyh' o
depends superlinearly on current then breaxdown nay be
maintained at Progresslvely lower values of voltage leading -

to a negatlve reslstance. - =

&

The absence of v1s1ble lumlnescence in the present
dev1ces, however, 1ndlcates that the above mechanlsm dld :

not occur.

!

(-?\
.\;_

PN .

-
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A simple analysis shows.that‘heeting-of a semiconducter'
can lead to negative resistance.‘ The temperatﬁre~dependencev'
of resistivity of,intrinsic semicenductors_generally'obeje  .
a relationship of the form: |

i

o= fbfexp (B/T) ceseees 5.3

Assumlng the re81stanco of the semlconductor is

. determined by uhe actlve reglon below the contact of area |
A, then the res;stance R/unlt length is glven approx—
~imately by: ‘ : h
T = o
R = 4/Amb exp B/T eeveenns Dottt
Assuming Newtons law of coollng tne thermal balance

" equation for the actlve region is glven by

- : . . . ' . ‘ ,./ i - :
, A | I2R - Vg/R = . C(T-—To) sessonse 5.5 ‘ ‘.

where C:is the dissipation coefficient per unit leﬁéthe T’;“
is the temperavure of the active reglon and T the amblent
temperature.

Hence using 5.4 and 5.5:

bpomr e (aem
-  eeeeilds 5.6

I

§C(m-mo)/4ﬁbg%exp B/2T |

<
]

'Differentiatingiv with respect o ﬁempérature it can

' be shown by equating dV/dl: to zero that a meximum will

Py




1

occur in thé voltage at a ﬁemperaturet
Tm = B/2.i gB(B“"q’T )%-2‘/2 .-o-noo.-o 5.7

Negative resistance can appear for the above simple>f

analysis if the condition:

B > l‘l—To "...“..‘ 5'8

is satisfied. Assuming B is given by Eg/2K where Eg

is the band gap and k is Boltzmann's constant then the
above condition would be satisfied for cadmium sulphide
at room temperature.

The pover input to the devices at the onset'of
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négative resistance . was of the order of O, 5mw ana unllkely

to cause 1gn1flcant temperabure rise. The above

analysis would be,more applicable to ceramic.materials _

(LOTODSKII and CHIRKIN 1968). -
 tThe relatively low flelds (SMITH 1957) at which

negatlve re51stance occurred and ‘the- large conceﬁ%ratlon

of holes 1n tne cuprous sulphide 1nd1cates t@at a double

1naectlon mechanlam can be used o explaln uge device

characteristics: | 3 R

N

In 2 wide band gap semiconductor containing a deep

 impurity level which acts as a hblewtfapjthe’simultaneous

injection of holes into the valence band at the anode and

electrons into thé cOnduction band at the cathdde from

ohmic contacts, results in electronic current 51nce the

»holes w1ll be trapped. '”he re51stance of the semlconductorf,
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is determined by the space chafge barfier, due to the
free_injected carriers, to fUrthef injection. The,hole
lifetime will be shorter than the electron lifetime.: As
the injection level increases the hole traps will become
1ncrea51ngly populaued by holes (equivalent tO’a transfer o
of eleotrons to the conductlon band) and hence the hole .
lifetime can 1ncrease. As tThe applled voltagc 1ncreases
fhe‘hole'transit time'decreases and the hole llfetlme
increases. When.fhe‘hole lifetime is'of ﬁhe order of
the transit timé the hole'traps'wili_haVe~beeﬁ filled
between the anode and cathode. The space charge‘barrier ‘
at the cathode to électfbn'injectioﬁ’ié'feduged and higher.
currents can flow. . | | | o
A negative resistance will~ocduf becausé tﬁe'hole ‘

iifetime‘when the hole traps have all been‘fiiledeiil_“\\\\‘
have increased to alvaiue abbrdximately equal‘télthe¢electr6£
 lifetime. Hence the condition that the hole_lifetime eQuélS"
. the transit time can be.maintéined at a lower appiiédlvolt-'

so. _ s - §

Tor dev1ces where there 1s no llmltatlon on the supply

of electrons at the cathode and the supply of holes at the
anode The dev1ce characterlstlc can be obtalned by the
s1multaneous sqlutlon of the following equations for one

dimensional current flow:

a) Current flow equation
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-

4
i

-g =‘;eEPn<nfno>El_+ Dnan/@#g‘:
o+ egnp(p+po)E - Dp@p/dx% eeeeen 5.9lj

b) Particle'conservation'eQuation

1/e 4T /ax = -1/ 47 /dx
=:‘V n/\cn v . ‘ '..;.... 5.10

= P/t

c) Poissons equatlon

é/e dE/dx"— (p-n) + Sq » .:Qlﬁ?ﬁ. 5‘ﬂ1-~_

‘ Where o and n are the 1n3ected free hole and’ elecbron
densities, po and n, bhe holes and electrons present in
thermal equilibrium, u and.Pn the hole and electron

P

- mobilities, and‘f the hole and electron llfetlmes,

D
-'Dp and D the hole and elecbron dlffu31on coelflclents,

Sq 1s a term whlch accounbs for charge redlstrlbutlon on

» 1mpur1ty levels 1n the band gap and € is the dlelectrlc'
constant of the material. | | - o

The equatlons for varlous models Wlll have to eatlsfy

different boundary condlblon ‘They are,u51ng Dresent
Techniques, insoluble when dl:fu51on currents and drlft
currents are taken 1nto account. Most models con51der |
only one current flow mechanlsm and hence only one boundary'

'condltlon is requlred. Common boundary condltlons are

‘Lhat the fleld is mnﬂform, or else that it 1s Zero at the
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contact (implying an infinite supply‘of_carrierS). 'Ahalysis 3
of the characteristice of the present devices cannot be
performed cuantitetivelj_since_both_diffusion‘end drift T
currents occur.andvthe:boundary‘conditions are ucknown due
to the complex nature of +he anode'cohtect. 'Coﬁsidefetion.
of verious simplified models, however, leads to an explan-

ation of the characterlstlcs observed in the preeentt
devices. | ‘ _ |

LAMPERT (19625econsidered\a wide band,gap‘seﬁi;fﬁ
conductor or semi—insulator'where a'deep_impurity level
was ccmpletely'compensated by shallow doncfs,-see'fig 5.3..
He only considered drlft currents and neglected contact

votentials. The main reeults of the analy51s were.‘

a) At low currentsithe current was ohmic and carried'e
byvcarriers present in_thermal equilibrium.,f ' o "\Qﬁ
) At a threshhold when the. injected free carrierl

- den51ty exceeded the thermal den51ty uhe current became

space charge llmlted and obeyed a J. proportlonal to V2

law.
_ c) A nogablve resistance occurred -at a threshhold
voltage (VB) when the hole transit time (t ) was twice

the hole lifetime (t '

oy Y

% = ch | A 5.12
- 5 _ |

\Cp _ . d /zi'\l.)VB’ R EEEE) 5.']3

-

Where d is the effective'thickness;of the device.
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- Fig. 5.3

Complete compensation of deep level by shallow 4onors

Fig L 504‘ .
‘Partial compensation of deep level by shallow donors . =~

o
)
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d) The voltage after th:eshhold'drops to a minimunm

value VM givén épproximately by:

Vy = p,low/f ,high -, (VB)"
- p low/bn : * <YB)' |
o= 65/sn “ Cl ('vB) ' §544
where‘?p’low is the hble llfétlme below ﬁig_ggvaulve

resistance threshhold ‘C the hole llfgﬁlme after

pshigh ‘
the threshhold,<§p ‘1s the capture croSs-sect}on'of a
negatively charged centre for holes'and<5§ the dapture

chSS-seCtion of a neutral centre‘fof electrons;
e) Above VM a J'&.V2 law-again*applieS'the currenﬁ o

being recomblnauion llmlted in the bulk.

£) At hlgher currents stlll a J et V3 applles due to

two-carrier space charge llmlued current. L A
ASHLEY and MILNES. (1964) considered partlal coméen- :
sation and part;al occupation of the deep levels, see"
- fig. 5;4. | | |
The net result is that the-space charge barrierAto
1n3ectlon is due to. trapped rather than free %arrlers, |
~leadlng to hiwhe; values of negatlve re51stance breakdown
voltage. By equatlng,the hole tran51t time to the low

aneCulon level hole llfetlme the follow1ng form of

r

relablonshlb was obtalned for VB

I

e
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~ where Np is the deep leVe1 density,'N§ is the negatively |
charged deep level'dénSity,‘Ng the neutrally charged .'
deep level density and A is a constant éontaining'terms'
for capbture croSs—sections.and‘mobilities. Fér‘é-Sémplé1 
where Ny & Ny ﬁhen:v | o .
vy —= 4PN ... 5.7 S

Hence the breakddwn-voltége is a function nbﬁ oniy
‘of the thicknésé‘but of +the donor coﬁcentraticﬁ;v~BARNETT
(1966) has pdstulated fhat variations in:@onorlcdnééntratioﬁ.
could lead %o ¢6nditidns favourable fér double injection |
breakdownhfo occur preferentially alongifilaments, the o 2‘
variation in ND‘providihg the filament nucleatioh pqint: | ’
RIDIEY (1963) has predicted filamehtary breakdown féﬁ\ \\j\.
current-controlled-negative resistance‘devices from‘thermo—
dynamic considerations. VOItage-éontrolled-negativé~resist-_
ance leads to domain formation. Filamentary Breakdovn
cccurs along-a critical path satisfying equation 5.16,
whereifhe'holevtraps.héve been filled whilSt the rést of .
the device still éupports_a pre-bfeakdowﬁ cufrent._ A
second negative resistance regionloccﬁ:s-at higher current f.
‘when another filament'forms; Devices which undergo |
filaﬁentary breakdbwn exhibitAa current rise aﬁ‘édnstant~g'j'f
voltage after the‘negati#e resistance, fhe increése of
current being accomodated by widening of the filémént.

'

/
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BARNADT (1966) considered radial dlfquLon of carriers4
from the filament and predlcted & power law varlatlon of o
current such uhat J is Droportlonal to V'/I 2 To: Vq ‘9
depending on the dev1ce area. ‘ '

KEATING (196&) has shown that consmderatlon of shallow
trapping can consmderably modlfy the characterlstlc par-
tlcularly in the negatb tive re51stance reclon.‘

r"}:Le characterlstlcs observed in the presenb dev1ces
will now be discussed with reference %0 flgs. 5.1, 5'2;'
and the above cbnsiderations. The cheraeteristicsfcan_
be divided into three'regiqns:-}pre-negative‘resistance,‘

negative resistance and post-negative resistance.

a) Pre-negative resistance region- :

The preeﬁegativeAresistance region (see fig. 4.6)
was generally characteiised by an exponential rise of -\;_ o
current with voltage at low currents which merged:into. H
a region of decreasing slope. as the negative'resistence
was approached. At low currents the resistance of the
cuprous éulphide/cadmiuﬁ su;phide~hete:ojunction pre=
doﬁinates over that of the cadmiuﬁwsulphide bulk and the
currents are a diffusion curfent of electroﬁs from B to A -
over the barrier in the conductlon band and a dlffu51on
current of ‘holes from A to B in the valence band. Slnce

the barrier in the conductlon band is con51derably“1ess o

Than that in the valence band ( ANDERSON 1962?,9he current

will be meinlyvdue.te electron extraction from the cadmium

‘sulphide. Hlectrons will be supplied to the /cadhium

N
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sulphide bulk by the ohmic 1nd1um electrode. As the.
electronic current increases a- space charge barrler bullds
up in region C To Iurther clcctron 1naecclon from uhe
indium ele CUrode.v The rewlon of decrea51ng slope in the‘
.characteristic, see flg 4.6 1s due to a progresslvely
1ncreas1nm voltage arop across reglon C For pure drlft

current a J proportional to V2

character;stic should
occur in this'region.'rln the presenf devicesvthe‘characts |
eristic is cOmplicated by the contact'potehtialldrop_and
dllqulon currents. | # |

Since the res1st1v1ty of bhe bulk region C is llmlted
by space charge effects more volbage can be applled to
. The device without desbroylng it Wluh a hlgh electronlc
current. The_lncreaslng f;eld across the device tilts
the band diagram of fig. 5.1 anti—clockwise.so increasing\N:
the probabiiity of hole injection from the anode. . The \
difference in enersgy between the valence band edées of
~cuprous sﬁlphide and cadmium sulphide is probably arOund‘
1eV which suggests a field dependent.injecfion‘precess,
such as, either Schottky emission or'quanfum mechanical
tunnelling. . Tunnellihg could occur if a high-resistivity
1ayer such as copper.compeasated cadmium sulphide ekisteé.“
at the anode see fig. 5.D. |

Holes could also be given sufficient energy to surmdunr‘
the barrier by energy transfer from energetic elecﬁrogs‘

falling into the cuprous'sulphide anode_(see.fig,:4.2>.

—_

———
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Fig. 5.5

Tunnel injection through copper compensated layer _
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If cuprous sulphide precipitates existed'(see 5.1.1) o
in the anode region they would act as conducting needlés-'

in an insulating medium. The field lines would conéentrate

'_‘at the tlos of the needles 1ead1nv to fleld em1s51on ol

holes and elchrons 1rom opposlte ends. The above process
has been proposed for electrolumlnescenoe obsFrved in zinc
sulphlde/copper phosphors (FLSCHER 1963).

b) Negative resistance region , i

~ . . ' !

It is well known that a deep~acceptor~levei_exists
in cadmium sulphide afout'ﬂev above.the valence band and
" acts as a trapping centre for holes (see for example BUBE

1960). Hence, when holes and electrons are injected into .-

cadmium sulphide a negatiVe resistance occurs (see figs.

4,4, 4,6) for the reasons outlined above.b _ fs‘ S
The nature of the deep level in cadmlum sulphlde has\
not yet been elucldated. The 1evel could be due to natlve

defects such as. cadmium vacancies or to chemical impurities

such 'as. copper. In general more than one energy level is -

1ntroduoed oy the defect. Copper for example Qs known

%o 1ntroduce at least)s1x different lovels (BUBE 1960) «
From the measurement of OpUlCal ionization energles

(BUBE and CARDON 1904) and ‘thermal ionization energles

- (STUPP 1963) it was ooserved that the‘deep‘aoceptor_level~v

. always occurred at the same energy independent of tﬁe

' specific deep acceptor impurities that were present, 'The

above rasult suggests that addition ofladdeptdr imﬁuritiééh”
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such aslcopper leads. to the fornation.of a native defect
such as a cadmium vacancy. Resuits of"ESR measnreménts
(KASAT et al 1961, SCHN@IDER et al 1963) have.indicated‘-
the defect is a oomplex of a cadmium vacancy\suriounded
by three_sulpnur ions:and-a donor'imperfécfion.. RUSHBY
and #OODS (1966) have observed that switching'fromoajpreé
negative resistance region'to a posthe gative resisténcé/
region in 6old/cadm1um sulphlde dlodes can be oaused by
11nht of. quantum energy greater than Te 52eV at 77 K.,
This is the energy needed to remove'electrons to the cone
duction band from recombination centres about 1ev above
the Valence band_(equivalent to completely filling the‘ o
centres with holes). I% was not clear, however, why the
' 1nvarse .process did not occur when 1nfra—red radlatlon :
of sufficient energy to raise an electron from the valenoevw;“
band to the deep centre 1llum1nated the dev1ce. |
lhe theory of . LAMPERT (1962) leads to a value of
hole llfetlme‘fp at low 1naectlon levels, see equatlon
5.13, in terms of the.threshhold'voltage VB’ .Howeve:,
equation 5.1% cannot be used for accurate calculétion-of
‘f because: ('ub_ | "g _ '
1) the voltage droo across the Junctlon is unknown
2) diffusion currents as well as_drlft currents
are present | | | |
3) the.éffeotive inte:conﬁact'distance‘;s not known'

Equation 5.13, howover, should lead to a value”of‘Cp
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within an order of magnitude of the correct valuei..For
‘exanple, device ILF/PA (about BO'A thick) showed a negative
resistance threshhoid at 24V; hence using .a value of

 15cm /Vsec for the hole moblllty ‘at room . temperature o
(SPEAR and MORT 1963) a value for‘C f K-S ¢6 8‘secs. is',’
obtalned. SPuAR and HORT (1963) uslng electﬁon bombard~ |
ment technlques obualned a value of 3 x 10 7secs, and

/"

MARK (1965) from measurements of the amblpolar dlffu51on
length obtained a value of 5 x 10 8secs, ‘ ‘

_ The absence of n gative reslstance at low temperatures.
(flgs. ETME R 4 15) 1ndlcates that hole 1naectlon sufficient
o £ill the hole traps across ‘the- crystal q1d not occur.

~ Hole 1n3e0tlon would be reduced if there was an 1ncreaoe

in the 1nter1ac1al surface state density 1n the Junctlon ]ifi
region. Inuerfa01al surface states are due to 1nter1acralifd;‘
dislocations, dangling bonds and bondlng deelclen01es at

the interface (OLDHAM and MILNES 1964 DONNLLLY and MILNES
1966) . A lattice mlsflt be tween the two components of a
heterojunciion of” 1, w1ll slgnlflcantlJ affect the bahd-
lbending_and e_misfit 9f.0.05p w;ll cause slgnlflcant.

minority carrier_recoﬁbination in the iﬁterfecial states

(OLDHAM»and MILNES 1964). 'Iﬁterfacial.states will be

present in a high density since the lattice misfit between = -
cuprous sulphide is. relatively large (see Te2e4). *The
interfacial surface state density would 1ncrease 11 bhe_f9

lattice mlsflt 1ncreased with decrease of temperature."

& ;
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The Straln in the cuprous sulphlde film would deflnltely
1ncrease 31nce it was evaporated at room temperature.
neductlon of the temperabure reduces the concentratlon -
‘OL electrons in the conductlon band due to jonized uncom-‘p
pensated shallow donors and hence uhe re81st1v1ty of

region C will approach that_of‘reglon.B of frg. 5.4. ‘Hence

hole injeCtion through a layer more. highly resistive than .o» !
the bulk (see fig 5 4) w111 be reduced as the applled ‘
- field is spread moré unllormly across the crystal.

The currentiat 77 ° is an electron extraction current
'from revion'B‘to revion A complicated byvspace'charge
effects in the bulk. ~For a diffusion—free; space charge

limited current a J proportlonal to V?

characterlstlc is
exoched for a 51mple extractlon current over a barrler
cad proportlonal_to eXp eV/BKT characteristic is expected\u.
 (ANDERSON 1962)  (where 2 is in general greater than one). \
A combination of’the‘two;leadsfto a high power law rise
of current with voltage. ?oﬁer law rises of'Currentﬁup to
VTZ were observed in. the present devices at 77 K.; The w
observed characterlsulco will also be complicated by the
presence of.dlrfu31on currents in the cadmium sulphide
bulk (ETLL 1968). N |

At high currents (greater than 1mA) and voltages
.(greater than 100V) negative resistance was observed in
some devices at 77°K, seepfig. 4.16.. Sufficient hole

injection had now occurred because the extra interfacial
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etates had been saturated and the modified‘barriervto‘
hole inJecLion (due to the increase of bulk reSistiVity
in region G) had been surmounted. |
Negative resistance did not .occur in thinvdeviees
(less than 5rxbthick), see fig. 4.30, and can be'explained
by the fact that the hole diffusion length (1 - 5microns)
was now of the same order of magnitude as the device. length.
The current is determined enly by-bhe contact barriers and
hole traps can be‘immediatelﬁ filled across the device.
‘he theory of STAFEEV'(1959)-is~more anblieable"to?thin'
devices when only the ITiffusion terms in equation 5. 9 are r
conSidered. _ |
Negative reSistance did not occur in devices illum-~ _
inated with ViSible light (see fig. 4, 51) because the hole
traps are continuously filled with holes, and the nole A~§,‘-
lifetime is always'approximately.equal to the'electron‘”
lifetime.’ | | | .

¢) Post-negative resistance region

The voltage acress the deVices exhibiting negative

negative reSieuance,(see fig. 4.6). In some aev1ces uhe'
current theh‘increased at almost constant vollage (deVice
LF/A, LF/0, LP/N in fig. 4.6) before changing to a power
law variation. The power law variation occurred aU high
currents and often could only be observed by pulse measure-

. ments (device. LP/N in fl ¢ 4.6, e : Some devices exhibited

A
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a power law variation immediately follow1no the nem tlve}
resistance (device LF/G in fig. 4. 6 dev1ce ILF/PA in
zlg. 4,4) generally of uhe form J oroportlonal ro V3 | J”’Jl?
(see fig. 4.5). LAHPL&T (1962) predlcted a relaulonshlp
of this form for space.charge‘llmlted wo carrler current.
Tt would appear that‘the bulk propertles of the aev1ces,
in the thickness range 20 - 50‘J predomlnabe at hlgh

currents. If most of the voltare dron had occurred across -

.. the Junculon an exoonenulal characterlstlc of the. form

J DrODortlonal exp eVABkT would have occurred. ‘An
exponenvial characterlstlc occurred for thln dev1ces
(fig. 4. 30) at hl"h currents. | |

The 1ncrease of current at constant volcame observed
in several dev1ces i‘ollow.zrzx.nrr negatlve reszstance is pre— _
dicted for double injection along ﬁllaments (BARNETT‘19662;
Evidence for filamentary conduction is the observation of s
more than onelnegative.resistancevregion in tﬁe'defice‘
characteristic, see fig. 4.7 corresponding to'the formation
of more than one filament. _”he observaclon that Ilnal
breakdown occurred at one. p01nt on the cuprous sulphlde is
still further ev1dence for the filamentary mode of conductlon.
The conditions for filament formation at one p01nt_could_be
fulfilled by VariatiOns in the shallowcdonor coﬁcentration,
in the plane contalnlng the c-axis, inbtroduced durlng growth.
Fllaments could also be nucleated at the tlps of crySUall—- l:f

ites of cuprous sulphide present at the anode.
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5.1.3. ‘OSCILLATIONS AT LOW TEMPERATURE -

Space charge llmerd current devices are characterlsed
by their low noise properules,'vhe noise ‘being- suppressed
by the space charge. The neubrallseulon of electronlc
space charge by hole injection leads to generatlon~recow~
bination noise (FAZAKAS and HhIhDMqN 1968) which is, of
course, not suppressed by space charge. In the present
devices the noise increased con51derably above the negatlve
resistance region which 1nd1cated a transltlon from. a space
charge limited to a space charge compensated current: reglme.

The coberent osc1llatlons observed in the present dev1ces

below_ﬂOO °K can be explalned by carrier. recombination

mechanisms.. -

Several. meehanisms involving-both types of current

carrier have been proposed to account for osc1llatlons In\

the absence of a negatlve resistance 1n semlconductors
contalnlng deep. impurity levels. Two of thesemechanlsms

are con51dered here (see 1. 6)
a) The formation of recombination waves (KONSTANTINOV
and PHREL 1965)..

b) Spece—charge recomblnatlon OSClllaulonS (MOORE et
al 1967).
a) The}mechaﬁism for the formation of-recombiﬁation‘waves o
is as follows:- | |

1) A random perturbstion (increase) of relectron concentration

i

-OCCurs.

é) The pertﬁrbation is compensated by the corresponding'
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decrease of negabive charge on the deep braps (increase
.of the fixed p051u1ve cnarge) | | | |
3) A perLurbatlon of this sort dloappears slowly due o
the electron.capture rate by the deep.levell(affluétuatioﬁ
of the hole concenfration would be diseipated in a much
shorter time)' | |
4) When a constvant elecurlc field is anblled polarlsablon
occurs and the negatlve charme and uhe compensatlnv p051t1ve
charge are separated produ01ng a locallsed field reductlon.
5) Assuming the hole capture rate bylthe'deep“centre'is
very rapid then their concentration remains Virﬁuellj
constant. Holes enteriﬁg the localised field’geductiOn
are slowed down whlch leads To a decrease in the hole current
and more holes are retalned on traps.

6) The increased positive charge on'the traps attracts more
. . Ny

-

electrens into this reglon.and,hence the local field is
increased. _ » | |
7) The bppositeleffecﬁ_occurs on the other side of .the local
field reduction and.consequently the field réducﬁibn;ﬁoves%"J
in the opposite direction to electron drift motien.

The direction of motion of vhe perturbatien mey-be
obtained by fhe following simplified analysis. |

Assuming the current ie nainly electfonicv(this‘con~
dition is saulsfled in the present deV1ces) the electrlc
fleld perturbatlon may be obtalaed by assumlng uhat the

current is constant; hence in one dlmeﬂ51on.
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n aE'/bx + Bodn'/dx =0 eeeees 5,17
considering-only drift currentsf
| Where n_ is the steady sbate electron conbéntrafion,
n' the electron perturbation, B the_field‘perturbation’ahd
E, the steady field, | | . |
The rate of Variatién of elécfron concentration in a
civen vélume is equal to the hole_%rapping fate in that

volume, hence:
An'/ét = —po}beE'/éX . o.oo;.o 5.’18

where Py is the steady state hole concentration and. D the 

hole mobility.

Eliminating bE /bx from 5 17 and 5 18 leads o -

on'/d%  - o]upﬁo/n 'Bn'/bx,’ =0 .. 5 '19\
] . ° 1} o .
" Hence uheelectron perturbablon moves against: the ;1eld w1th

1

a ve1001cy -po},\p/nO per unit field. :

!
!

A system such as that described above will. be unstable
if the hole capture rate is finite since the fixed and
' positive charges in‘ﬁhe‘perturbaﬁioﬁ regiOn.will‘increasé

(the hole concentration is not in the steady state).
[
nhe problenm, can ‘be analysed 1n a 51mp11f1ed form,

neglecting the varlatlon w1th Time of‘f “fp and noﬁfﬁ

o
. using the three equatlons for one dimensional flow: o



1) Ourrenu flow equaulon :

Jn

Ip

]

(n' + n )ePn(E +B ) + eD 'B(n +n—)/3X‘; J : '

It

(p! +QPO?ePp(bo+E,) —"er.B(p +Qb)/ax-A....5.?O

2) ‘Continuity equation

Il
B
~
<

on'/dt  + 1/e( J. / x) Ty
3p' /ot - ’I/e(?zJ /vx) = B!/t ceees 5021
3) Quasi—neutrélity:conditibn 3 N
div d =fO‘ | - .
33, /0% + éJp/SXl - 0 i | R 5 oo

n' and p' were assumed by KQNSTANTINOV’and PEREL (1965) to
vary as exp%—i@wt—Kx)g,whéré w is the frequency and K is"

the wave comstant. The equations are solved.fqr'small' v

3 - ~

- . . o N

perturbations to.arrive at the wave equabtion for recombin-"
, 2 ' v © _

/w

ation waves.
Taking into cons£deratlon the finite value of electron

lifeulme for Efapplnm, the alffu51on of carriers and ‘the

fact that Tthe.electron capture rate 1ncreases as more holes

are trapped, (all l&CtOTS Whlch oppose 1n3uaolllcy), several

conditions necessary for-undamped oscillations thQCQU?'

can be identifiedi- : y
1) The hole lifetime should be less than the elecbron

’s

1ifet1me‘€p)ftn a condition satlsfled in cadmlum sulphide

P

containing a deep level.  \‘v "' Y
2) The hole concentration shouldvbe‘sﬁfficiently high
SO that: po/fb > no/fh ."“f‘ 5.25‘
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Under double injection conditions in an n-type semiconductor

po/tp is always less than no/tn'and,apprOaches equality ‘at

 high injection levels as py~n, and T T, -(LAI"IPEQT 1962) .

P ]
uowever, if the volume geﬁeratlon rate of holes exceeded '.'5
that of electrons,thcn the 1pequa11ty 5.23 may be satls¢1ed.f
- The volume r**enerau,:z_on rate of holes may be 1ncreased by v );f;
uhe field enhanced thermal 1on1zawlon of traoplnv centres 7 |
(rISCHLE -HAZONI and MIuLIaMo 4067) whlch.ls The mosG pro-
| bable mechanlsm at the fields used (4O4V/¢m). Thé ﬁemp-
eratﬁre should bé low so that the electron contribution
from ﬁncompensated donof*levels is not toq high.' ” | -4;;

3) The electric field should be such that the dtifﬁ
length of holes is much greater than their diffusioﬁ';ength-'
q*pE:>(Dp/tb)%)’ Since the present devices were opéféﬁing
et average fields of'ﬂOAV/cm before any obséryable double

.

. _ . _ o~
injection breakdown occurred the above condition is probably _

satistied. (For . = 10cn®/Vsec, B = 10%7/cn, Dy = 16%em,
-8 ' ‘

fp = 1Q  sec, then‘])pE/Dﬁtp = 10)

4) The electron-cdncentration should be lower than the
deep level density. Foridevice LF/3 at 77°K.assuming.the
current was mainly electroni§ and neglecting cbntagt effectéi
a free electron cohéentra%ion of"’loqo/cm5 is obcalned at a

current of “mA (contact area 1mm2,'thickness abouu 50 mlcrons,

T, of the order of 2 x 1050m /V sec. (MORT and ofbAR 1965))

A deep level den51ty of the order of 4016 5

- (KZATING 1963).

is probable
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It the{above oonditions are satisfied theh'recombihation
waves may oropagate. Slnce they are travelling waves observ—
ation of the phase chanae of rhe osc1llatlon alonm the cryw'” 
stal would indicate'whether or not recombination waves are
present. The thinness of the devices used here‘did not
permlt such a measuremenﬁ.

The Ireouency of such waves 1s a compTeA functlon of
the hole coqcentration which is in general not known. The
frequercy 1ncreases with hole concentratlon. ’In therbresenf'"
devices Lhe frequency was observed to 1ncrease w1th apolled
voltage for the high current type. of osc;llatlono(see fig.

4,19) which would be'eﬁidence for the field dependence-of
| hole concentration. | | | |

Due to the finite size of the'specimen the theory pre~
- dic®s that the inStability will occur at harmoniobfrequegoies.
as the field is increased. The high current oscillations o~
exhibited harmonics, see fig. 4.20.' | |

It is suggested that ﬁhe.oscillaﬁions obserfed:at high
currents (greater than 1mA) in the preseht devices are due
to recombination waves. = The unknown velue of such para-
meters. as the hole‘coﬂcentration,‘however, mekes it imposs—'-

ible to perform & debailed comparison.

b) The space charge recombinaﬁion mechanism can_be used to‘.
explain the osc*liatione observed in wide bandvgapvsemi—‘

¢onductors contawnlng deep 1ﬂpur1ty levels. The mathematioai'
formallsm is comollcated and has as. yet not been completed

- (BARDEEN 4968)
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= - |
The following simple sequence of ‘events can lead to

instability.

1) Simulbtaneous 1naectlon of eleCurons throuwh the cabhode

and holes- unrouvh the anode., R - ~*ﬁ”fﬂ?'

7-\‘
-

2) Some elecwrons are trapned on deep cent sres near the
-cathode, causing‘a_llxed space charoe barrler to eIGCUron
vinjectibn,~whilst-ethers'proceed to the anode wnere_they
-interact with injected hOles.

%) After the excess free elecnrons have recomblned at the'
‘enode any remalnlp excess holes can neuurallse the trabped
electrons'near the_cathode and uhe processwcan be repeated.

The transit time for electrons at 77 %k (of the order of

10~10

secs.) is lese'uhan bobh the lifetime and ‘the dlelec— .
tric relaxation time for cadmlum sulphlde.

| Assuning a‘small,perturbatioﬁ §n = &p en‘the LAMPEET.
(1962) theory the mobility of ¥he perturbation is approx-

imately: _

¢

mobiiity = (PpHn/Pp+Hn)(ﬁ:@/g) SEETEE 5.24._
| (MOORE et al 1967a) “

lence the velocity vp of the perturbation is approximately”'

o Popafuin) BRRE e 5025
. Assuming a uniform field,

The frequency of oscillation f is given by velocity of  «

'perturbation divided by distance‘trevelled5 hence_
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A

e (/B (1/2,) (o i )/

= VW Quphintpp) 0 eeeeees 5227

The result that the frequency of oscillationiis aﬁ/fﬁfis
expected since the electron'lifetime determines the‘recom-
bination time of eleCurons and holes (the hole lwxetlme
. being mucn shortar thaL that 0'r the electrous) | |
The above analysis is aporox1mate since the LkﬂPrR”
'(1962) uheory 1gnores)cortact ef Iects and dlf;u51on currents
and also because the effect of chaaaes in the space charge
of *be uraps hes been neglec ced . nhe analy51s 1s useful in
that it gilves an order of magnluude value for the exoected
,frequency. ' ‘ 1

The frequency ooserved in the present dev1ces at 77 K
was of the order of 5kHz. Assumlng a value oﬁ 20 for ’\\ﬁn'

n4*p {(MORT and BPEAR 1965) leads to an elecnron llletlme:iief
of 10 5sec. vhich 1s a reasonable value. - _“;-/5 ’

The amplltuae of the 0501llatlons should increase w1th
field as more carriers are 1naec ed The amplltude of the .
low currents OSClllaulonS in Lhe present dev1ces die 1ncrease‘
with- apolled field (see flg. 4.24).

 The llnear decrease of the 0501llat10n lrequency w1bn '
'applled Ileld for tne low curren® osc1llatlons (see flg 4, 23)
agrees with resultsof’ POORE et al(ﬁ967a)on gold doped 51llcon.
p-i-n devices. | '
The electron lifetime would in general be proportionalfﬁfl

to the density of filled deep levels. Since the deep level
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densltj in the prosent devices is unknoun and probably
'uncontrollable the variation of 050171a510n freouency w1th
deep level density cannot be assessed from the presenu
results.

The low current 0s0111a310ns in the present dev1ces .
'apnear to be of Uhe ‘space charge-recomblnaulon uype 1nasmuch
as the frequencyils of the rlght ‘order of magn1tude_and>
_bscillations have an eiponential character indisating a
domain build up and dedgy mechanism rather than a domain
trun51u mecnanlsm. L “ ' 'u _5"’

oDper apnoars UO be an essenulal 1ngred1ent and could
be responsible for the deep level as only devices Wlth a-
cuprous sulphide contaét exhibited the above positiﬁe~
resistance 0501llatlons (see 4, 8) |

Summar1z1ng, it is con51dered Lhau the nlsh current..
oscillations at low temperature can be.accounted for 1n.tefﬁs
of a dqmainiﬁransit.mechaﬁiSm,whilst_those at 1sw surrent
are more-prubablysdue:to space~charge~recombination

instability.

5.2, OTHER DEVICES

A layer of a 5111con monoxide dep051ted between the

cunrous sulphide electrode and the cadmlum Sulphlde crystalu”

did not appear to_blockithe extraction of electrons. It is

necessary o use an insulator of low work funcbion- to block .

electron extraction but it is difficult to measure the work
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functions of insulators since any pracﬁical methoi'reQuires
the'paééage of curﬁent; It would_éppear, however, that
the work function of silicon monoxide ‘is greater than that
of cadm1un sulphlde. |
The use of a silicon monoxide layer ellmlnatea the

current decay previously observed at low currents (see 4 6. 3)
I is ‘possi ble, therefore, that the current decay was
associated with 1nterfa01a1 surface states between uhe cup-
rous sulbhide‘and cadmium suiphide. y

 The use of a silicon monoxide layer caused;felaxation'
0501llatvoqs‘at room Uemnerature ac thefnegahxve resi scance
G T*esl'lholcl (see fig. % 34) because the. 51llcon monoxlde
layer was actlno as a caDa01Lor in serles w1th a neganlve .
r651stance.‘ Co | ‘ - -

]
!

Tunnel 1ngectlon 0of holes could occur tnrough The ~o
narrow (order of 1OOA ) layer of 51llcon monoy1de leadlng T~
" to the observed nebatlve re51stance by a double 1naect10n
mechanism. v _

Diffusion of coﬁper into the cadmium sulphlde appearediQJ
to bp Drevented by the 51llcon monoxide layer since the 1ow‘#”:
temperature p051u1ve r681stance oscilleations dld not occur.1if

The Qonstant rise of currenﬁ with voltage_beyondvthe‘
negatiﬁe resistance region‘énd the»subsequent.powep law.
variation (see fig. 4.32)fare consistent Withffilamentary
conductiOn (BARNETT"4966). A lower power laW/varlatlon was -
'observed (Vq -5 to V2) than that observed in dev1ces w1th—

W D

i
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out the silicon monoxide layer, and this was more in agree-
ment with the BARNETT theory.

The voltage drop across the silicon monoxide layer
The cuprous sulphide layer. This was: debtermined by com—
paring the characteristics of a gold/silicon monoxide and
a gold/cuprous sulphide contact on one device*(see”fi? r.58)
The elect:oluminesCence observed at 77 K whenaa\yoltage
was applied between. the above two noneohmlc cpntacUS'on ‘one

face of the crystal was isolated at spots whﬂbh-suggested .

it was due to impact lonization at localized ?iéld concentra—

tions. . . R fo
‘The ohmic nature; of the fOrward characteristic observed
" in devices with a. cuprous 1od1de anode (see fig. 4. 35)

. 1ndlcatea hole vnge0ulon did not occur.. Cuprous 1od1de-\\
N

being a I - VII compound is an. ionic solid (see 1.2.5)'the77;7

p-type. conductlv1uy observed -(see 3.3) was probably due v05:":

the motion of the Cu ion and not due to hole motlon.

5.%, TONG TERM EFFECTS

It was observed in,the present devices, that the device

cheracteristics and. oscillation parameters could be altered

e

by the'applicatibn offvoltage over a long beriod of time..

t is well known uhat;Cadmlum sulphlae ex hlblus such long:

term effects. Qecently GmRSdUN and TIMAN.(1968) have~shown‘

that these long term voltare debendenc eLfec vs are due to

the Ileld dependert motlon o? vacancles and thac 1n cadmlum

appeared o e of the order of 1 Volt more than that across |




.pertles of such deV1ces apnear to be woverned by & barrlcr el
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sulphide they are mainly due to cadmium vacancy movement.

545, 'CONCLUSIONS

The dlfllculuy of obtalnlnv D—uype cadm¢um sulphide,
due to the ohenomenon of auuo—compensatlon, necessitates
the use of heberojunctions. in order ‘o obualn hoWe 1n3ectlon-:
through electrical contacts. |

~

The"observation_of negative resiStanCe‘at BOOOK and

'030111au10ns ‘below 100°K in deVlceS w1th a cuprous sulphlde

anode indicated the presence of 1n3e0ued holes: in the cad— . =

-mium sulphlde‘bulk. .Althouohtcuprous sulph1de-ex1s»s in

manJ moalllcatlons, devices brepared by evaporaclon and

chemlcal dep051ulon exhlblt 81m11ar properules. The Dro—

layer of complex nature contalnlnv cadmlum, copQEE'aﬂé, _
sulphur. Hole ingectioﬁ 1s,a1ded by the Iorm?ﬁlon of a o ~
high resistivity layéf_of copper.dopedvcadmium’sulphide and
precipitated cu@réus sulphide.‘ The injectionfof holes is

not uniform but. occurs preferentially along filaments

‘because of.impurity.fiuc%uatibns:inbﬁhé:C&Skbulk.

Cuprous éulphide fOrms an inherent1y pdor hole injecting.
contact (due‘to;éléctron extraction) becauseﬂit‘has'a‘smallefj 
band gap than cadmium‘sulphide. P-type semiCOdductorsvwith‘f'
band gaps greater than cadmlun sulphide (v1z.,cuprous 1od1de)
are gpnerallj ionic and do not act as & source of holes when
used as anodes. Sﬁllcon monoxide 1nserted as a uhln 1nsula—‘

tlng layer between cuprous sulphlde and cadmlum sulphide
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does noc appear o iacrease the barrier for electron

The voendency for filamenveary conducticn and the long

That cadniun sulphide in the form used is not technolog-

"l ht

ically suiteble for device febriceavion.

Addendun

- i e - -y e
ig 4.15 shovs en avporently anouzlou:

i of the
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=0, ;
1757K and 140°K. The

o

current volteg

& characteristic betwear
. PR 1O : . S
resistivity at 140°K is less than that at L757K for ourrinis

‘\"5 ~ "4

around 1C A whilst the reverse is true at 5 x 10

’_J

amns. This
cross-over is difficult to understand. The effect will obviously
depend on two factors:-
a) The carrier ﬂ00111bj which increases with decreasin té“* Srature
b) The free carrier concentration which decreases with decreasin
It would appear, therefore, that between 1750K and 140°K tﬁere is =
redistribution of trapned charge as another trapping level comes into
operation. The system will be complicated by the fact that the harrier
to injection is also changing with temwerature.

Careful investigation of trapping levels involving such nethods

as thermally stimulated current analysis mazy be necegsary to resolve
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