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. ABSYRACT

The main purpose of the work described in this thesis was to

develop techniques for producing boules of ZnSe and ZnSxSel_x . -

suitable for research purposes. This was accomplished by extending

(1) used.for.CdS to the higher tem-

the method that Clark and Woods
peratures needed to grow ZnSe and ZnSxSel__x in the range x = 0-0.6.
In this system the capsule is connected to a resérvoir of one of the
components via a narrow orifice to maintain constant groﬁth conditions.
The syétem has been examined theoretically in an attempt to learn

‘more about the actual conditions of growth within the capsule. It

was concluded that growth occurs closg to stoicpiomet;y with Ao

(the ratio of P /P at the growth face) approximately 0.194

Seogr Zn

or 1.12 according to the element in the reservoir.

’

Particular emphasis was placed upon the incorporation of man-
_ganese into the zinc selenide lattice. Concentrations of the order
300 p.p.m. were obtained when the element was added to the charge

2

(~1%) were obtained using chemical vapour. transport with iodine

and MnCl. was placed in the reservoir. Higher levels of manganese

as the transport agent. S _ T
Boules of solid solutions. within the range of compositions
from ZnSe to ZnSeo.llSo.6 were examined using a transmission electron
microscope. The dominant cryétallograph;c defects were found to
'§change from thin twins to stacking faults as the amount of ZnS was
increased. ' The origin of the defects was probably post growth stress.

Finally, the anomalous photovoltaic effect was discovered in

7ZnSe needle crystals, and was explained qualitatively in terms of

asymmetrical barriers along the polar axis of the crystal.

4

‘(1) J Woods and L Clark (1968) J. Crystal Growth 3 4 127-130
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CHAPTER 1

INTRODUCTION .

* The zinc and cadmium chalcogenides have been studied for
many‘years because of their interesting photoconductive and
luminescent properties. They have dlrect band gaps, of a magnl-
tude that at low temperatures varies between 1.6 ev for CdTe and
3.91 ev for hexagonal ZnS( ). These values correspond to photons
‘with wavelengths varying from the infra-red to the ultra violet.
The wofk described in this thesis was directed towards producing
materials suitable for the fabrication of two types of practical
deVice.

lThe first, as part of a project sponsored by S.R.C. was
a light emitting diode of the Schottkf harrier type made from
© zinc selenide or solid solutions of zinc »selenide/sulphitie. The
»second was a scintillator made from sxngle crystal CdS Te, for
" the detection of nuclear particles. This ‘was lntended for use in
conjunction with a silicon photo-diode.

The early work on II-VI compounds was performed on poly-
crystalllne materlal and powders.' Single crystal studies hegan'
:essentially.in 1947 when-Frerichs(z) first grew cadmium sulphide
crystals from the vapour phase; and ptoduced crystais of a purity
not found in‘nature.»_Since that time bulk crystels have been
'produced.by a number of techniques, but still have not reached
the perfection of those crystels used in semiconductor and laserf
technology

The dlfflculty in growing crystals of II-VI compounds

stems from a’ comblnatlon of relatively high meltlng temperatures

and high vapour pressures, with quite high chemical react1v1ty.-
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The evaporation of II-VI compounds involves dissociation of

the form

2MN e '2M+N2
Solid : Gas Gas
M and ﬁ are used to denote the metal and non-metal respectively.

The relative vapour pressures of the two elements are governed
by the relationship -
| Kp = PP : ‘ (1.1)
M N :

, kp.is the reaction constant, PM is the partial pressure of mgta;,
PN,the partial pressure of non—meﬁal and PT is the total'pressure.

As

| P, = B, + B (1.2)
thg total preésure must vary rapidly-with~thé rélative proportions Qf

the constituents within the limits set by the vapour pressures of the

elements at that temperature.

Let .

PN APM ' {1.3)
‘then . 3 . : -
Xp = APM : , » ' (1.4)
PT. = PM(A+L) , (175)

" and 15P$
Kp = —3 . o . {(1.6)

(B+1)

Rearranging the last expression gives

(1.7)

P
T 1
—_— = —P (A+1)
Differeﬁtiating to find the minimum value of the total pressure gives,

<1 51/3 2Py -'/3 , 1A-4’5

2
Kp & T 3 3 .

(1.8)




Equating the right hand side to zero yields A = % for a minimum. . - it
% . A (axp) 3

, 3
i.e. P_= = =
i.e T 2(2Kp) ' PM (2Kp) and PN 2 (1.9)
At the maximum melting point the dissociation pressure PMIN is
significant as the following table(3) shows.
Maximum Melting Pt.oc PMIN Atmospheres
gas 1830 33
ZnSe 1520 | 0.53
ZnTe 1295 0.64
cas 1475 | 3.8
Cdse 1239 . - 0.41
[ 4
CdTe 1092 . ' 0.23

The values of éMIN are extrapolated ftam data obtaimed at
low temperatures, and would therefore have to be revised upwards

if the non-metal were to be monatcmicrin the vapourlat the higher-
teﬁperatures.

Melt growth thus poses an interesting problem, the materials
must bé heated.some 50°C above their meiting points to ensure com- -
piete mélting before crystal giowth is begun. Thgy,should also. be
aontainea in a sealed capsuie to prevent their evaporation. gow—
ever silica glass, which provides by far the easiest éeaiing System,
softens above 1200 Cc making it unsultable in its simple unsupported
form as a container. The difficulty is compcunded because material
sealed in a tube at room temperature almost certalnly will not 1ead
tovPﬁIN conditlons at the melting point, and may well give a

pressure many times PMIN at that temperature. An alternative to

sealing the material in a capsulé,, is to provide an overpressure




“silica capsule was by De Nobel

of one of the constituents, thus suppressing.the evaporation of the
compound by reducing the vapbur pressure of the other constituent.
Another approach is to apply a large overpressure of inert gas,.
which increases the time for the chafge to evaporate ccmpletely.

| One of the first reports of melt growth of CdTe in a sealed

' (4). He used é horizontal boat

system and prevented the cadmium telluride from leaving the boat by
applying an overpressure of either cadﬁium or tellurium. |

Tsujimoto et a155) grew zZnSe under a pressure of 120 Atmoppheres,

while Fischer used a highly complex system of a graphite container

‘sealed in silica. An overpressure of'argon was used to support the

silica. Both these workers used R.F. heating of a graphite crucible,

but Fischer(6) sealed his crucible in a quartz envelope and held one

of the elemental components in a reservoir at a fixed temperature to

control the stoichiometry while growth was in progress. Wardinski( )

‘used unsupported silica to grow CdSe by the Bridgeman~-Stockbarger

technique; this is probably the limit of what can be perfofmeq'
with confidence in unsupported sil;ca. Graphite supporting envelopes
are sometimes used as reinforcement for the silica whicﬁ expands under
the internal pressure until it is ccmpressed against the:graphite
(e.g; Ref. 8). »

| The presSuie.on the capsule may be minimised by baking the
compound under vacuum ét a high temperature before sealihg the cépsule.

During the bake some of the material sublimes and the ch;rge moves -

towards the composition required to establish PMiN conditions at

thét temperature. -All the melt techniqueé used tc date have been
variations-of the Stockbarger theme (é.g. Refs. 8-12). There have
séen rio successful attempts at.Czolchralski pulling.. Tﬁis is
bedause of the difficulty of préventing evaporation of the mélt and

growing crystal; a similar’problem to that encountered with




III-V compounds. However with the III-V cdmpounds liquid encap-
sulation with boric oxide has been successfully employed(13'14).
With tﬁis techniqpe‘the loss of volatile components is prevented
because the melt is_coyered with a layer of molten glass, and an’
overpressure of inert gas greater than the vapour pressure‘of the
melt is applied. Many of the difficulties of the melt growth of
II-VI compounds would be removed if a suitable encapsulent céuld
be found. The requirements for such an encapsulent are qnite
stringent. With zinc telluride for example, it must melt below
900°C, and with zns boil above 2,000°%C.. It mﬁst not react with -
.the.melt’or the apparatus. Thg c§mpound must-not dissolve in it.
#I—VI_compounds unfortunately react with boric oxide, the usgal
encapsulent, and diésolve in allvthe molten salts‘tried in this _
l;boratory, including KI, Cal and CaClz. However if a suitable
encapsulent weré found the stoichiomgtry of the crystal could be
readily controlled in a quite low pressure apparatus by adding ;n
excess of éne of the coﬁponents to the charge,lana allowing it tp
béil off through the encapsulation until the desired total pressuré_‘
(related to the partial pressures by equationé 1.1 and 1.2) equalled
the préssurerutside the eﬁcapsulent. 4
éolution growth has been attempted to avoid ﬁhe probleﬁs
encountered with high temperatures and pressures. Parker and

(15)

used a KI-zZnCl_, flux to produce small ctystals of "2nS

Pinnel )
"~ at temperatures around BOOOC. ‘The resultant crystals were of
moderate quality aﬁd ﬁighly doped with solvent.‘ Since most crystals
are stﬁdied for'their ;uminescence and elgctrical properties, which
may be affected by impurity concentratioﬁ of a few parts per million,
this méthod of crystal gfowth is not likely to find widg application.

One might also seek to grow crystals from a non-stoichiocmetric




melt, i.e. a solution of the II-VI compound-iﬁ one of its con-
stituents. However,the details ef the phase diagrams(l6)(shown

in F;g. 1.1) make this approach difficult. The vapour pfessure
above a dilute solution approaches that of the solvent element.

.In most cases the solvent must be taken well'above its boiling
_point te increase the solubility to a reasonable level. éonsequently,
“to gain a worthwhile reduction of temperature andApressure,e very
dilute solution must be used. Se far only poor quality cryetale
have been produced by this method. Moreover, there is the difficulty
of separa;ing the crystals from the solvent. The crystals are
likely to be damaged by the stress involved in cboling in a solid:
matrix. However,temperature gradient solution zon;ng has been used

with success for ZnTe(l7)

. This technique produces a very_worth—
"while reduction in temperature for the growth of zinc telluride
which is brought to a comfortable temperature for use with wire

wound furnaces and silica glass. De Nobei(4)

when growing cadmium
telluride under a heayy excess pressure of one elemene found that
his melt was .non-stoichiometric, not as one might have eipected
by suffering from eonstitutional supercooling,'but.frcm bubble
formation from the boiling solvent. For the same'reasonsthateon-
stitutionel supercooliﬁg occurs, there is a build-up of rejeeted '
solvent in front of the growth face, cdnsiderebly increasing the
vapour pressure of the melt locally. To avoid bubﬁle formation it
is consequently necessary to pﬁll slowly to avoid reaching the
critical supersaturation for bubble formation, or to put an over-
pressure of inert gas on the melt, thus employing & liquid encap-
Sulatien technique. A similar probleﬁ is encountered using

' (18)

overpressures of inert gas with an unsealed capsule . The two

constituents diffuse at different rates, (particularly in the case
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of tellurides)_leaving a concentration éradient in the melt: As
high overpressures are applied, bubbles do not form, but consti- .
tutional-éuperéooling.and cellular growth may do so. This
phenomenon'is likely when any II-VI compound is grown from ﬁhe
melt, because the melt can easily have a composition outside the
narrowvexistenée region of the solid. This difficulty could be
overcome by using Fischer's method and applying a suitable partial
pressure of one element to keep the melt stolchiometric. The
'temperature'of the reservoir would have to be controlled very
éccurately,

Another promising piece of work was.that of Rubenstein(lg) o
who inveétigatgd the sélubilities of various II-VI compounds in
tin and bismuth. Séveral of the compounds were found to have useful
solubilities which is particularly interesting because altpqugh these
sélubilities are only a little ﬁigher than those in the parent meﬁal,
higher.temperatures can be used without exceeding a pressure of 6ne‘
»atmosphgre because tin does not boil until 2600°C.‘-Rubenstein
démonstrated the possibility of growing CdS by this #e#hod. A
tgmperature difference of 500°C was maintained between iﬁe top and
bottom of a tin bath Qith Cds floating onltop. Plateleté grew from
the bottom of the bath. Epitaxial layers Qf ZnTe on ZnTe have been
groﬁn(?o)-by this method, and the growth of ZnSe layers on ZnTe will
be deécribed in this thesis. As tin is a group IV element it does
not have a serious effect on the electroniq'properties of the
material when incérporated as an impurity.

Another possibility is thé growth of crystals in'a gel.
'Ve#y high crystailine quality with surprisingly high growtﬁ rates

(21
has been reported by 2. Blank et al( ).




‘The other general method that has found favour is growth'

. from the Qapour‘phase. While slower than melt growth the capital
expendituré is less, making it particularly suitable for the small
quantities of crystals required for research purposes.

(2)

Fferichs used a horizontal, two-zone furnace to produce
the first high purity crystals of Cds. Two éeparate streams of-
hydrogen carrier gas were passed down a silicq tuﬁe within the
fu;nace, and mixed in the hotter zone. ‘One.stream also conﬁained
HZS, and the other carried cadmium vapour from a boat'positioned-

in the cooler of the two zones. The following reaction occurred
in the hot zone:

Cd + st —_— CdSy + H

2

Cds crystals grew from the walls of the silica glass reactiqnv
tube. Many modifications of the technique have been used- and Cds,
CdSe; CdTe, Znse and ZhS have all been grown in a similar manner.
Préformed compounds and a single flow ofAinert gas are often used.

(22)

Kremheller used a cold finger to encourage the precipitation

of ZnS, while Fochs and Lunn(23) have studied extensivély the
growth of CAS needles and plates on various nucleation sites. ZnTe
grdwn by this technique in our research group quickly goalesced to
fo¥m poiycrystalline lumps rather than discrete single crystals.

| Reynoldsland Czyzack(?4) used a method later modified by
Greeﬁ(ZS) to grow large single crystal boules from the vapour phase.
A cﬁarge of the preforméd compound was placéd in a quartz tube in
the centre of a symmet;ical temperéture grédient. The quartz tube
4was‘ndt séaled but the compound was protected frém the atmosphere

by a mullite muffle containing argoh or non-metal hydride. The

charge sublimed to form a crystal at each end of the quartz tube.




Piper and Polich(26) modified this technique to produce

very good single crystals. In their arrangement a quartz ampoule
with a conical growth tip and a heat sink was employed. At the
other end of the'capsule a charge of sintered compound was closely
backed by a tightly fitting qoartz tube, and the whole was pro=
'tected by a mullite‘tube containing an argon atmosphere.

‘The growth tip was positioned at the centre of the'furnace
and the mullite envelope evacuated and baked at 560°C to remove
volatile impurities. Argon was admitted ot atmospheric pressure,
aﬁd the furnace raised to the growth tempera;ure. The mullite tube
was pushed towards the cool zone at between 0.3 and 1.5 mm hr;l.
Often a:single soed predominated and a single crystal boule grew.
Cds, Zns and ZnSe have all been grown by this technique.' Numerous
modifications ha?e'been suggested, most of whioh.have beon‘concerned
with seoling the capsule under vacuum after baging,'and pulling the
capsule verticall& instead of horizontally. Seo for example |
Ref. 27. | |

" A number of experimentérs have endeavoured to control tho
stoichiometry of the charge at the growing crystal. ﬁunn(ze)
accomplished this by utilising a Knudsen hole in the capsule, and

(29) (30}

Woods apd Clark , and Fochs et al did so by connécting the

capsule to a reservoir of one of the constituent elements held at
a known temperature.
A final variation of the vapour transport technique is the
. : (31) (32)
chemical vapour transport methed. Kaldis . Nitsche and
‘Schaéffer(33) have deveioped thiS‘technique extensively using a
variety of transport agents. The two-six compound is sealed in

a quartz tubewith a small quantity of transporting agent which

might be iodine. The method depends on the principle of a chemical
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reaction occurring at one temperature and being reversed at anothér,

releasing the transport agent again.

HOT
e.g. 28nSe + 2-I2 Tt ZZnI2 + Se2

SOLID GAS COLD

In practice the two ends of the growth tube are held at
different temperatures; at the hot end, the reaction proceeds left

to right transporting ZnSe as ZnIz'and Se2 which have much higher

vapour pressures than ZnSe. At the cold end,solid ZnSe is deposited

and 12 is freed to diffuse back to the source and recycle. There is

a relationship between total pressure in the capsule and temperature

for optimising the transport rate for each reaction. J.H.E. Jeffes

has discussed this in a review papef(34).
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CHAPTER 2

MATERIAL PREPARATION

The original intention was to buy the materials used in this
research as high purity eompounds from chemical suppliers; but in
practice only B.D.H. "Optran" cadmium sulphide proved satisfactory
for crystal growth, and it became necessary to synthesize ZnSe, ZnTe
and ZnS from the elements. A primary object was, therefore, to develop
a method of producing these compounds in a form suitable for growing.

crystals from the vapour phase.

2.1 . cds

"Optran" Cds polycrystalliae iump was purbhased from B.D.H., and
as a first step towards growing large crystals was sublimed in~a flow
of argon using the eéuipment shown in Fig. 2.1; The argon (é.O.C;

99. 9995% argon) was passed over hot copperlfilings to remove any
oxygen present, and then through a molecular sieve to extract water
vapour, before being passed down the silica furnace tube at 200 ml/mln.

After the furnace had been flushed with argon for one hour it
wasrheated to 600°C te drive off volatile impurities from the charge.
Six hours later the furhace temperature was increased to 1165°C for
the sublimation. The process was coatrolled by a motor driven programmer,
but was switched off manually, typically after 15 hours.

Most of the 50 gm charge was transported from the boat in the
hot part of‘the tube and formed needles and platelets of CdsS on the
wall of the first liner. If good needles or plates were required
fot‘an experiment their growth was obsetved tﬁrough the'window and
the furnace switched 6ff at an appropriate time. The furnace was
wound with Kanthal Allwire and was eontrolled by an Ether'“Transitrol.

990" switching a mercury relay. A temperature fluctuation of a few
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degrees was present, but did nbt affect the process ﬁoticéablyi:

To ensure the correct and reproducible assembly of tﬁe‘apparatus,
all the éomponents were made toia standard size, and were loaded with'
the liners, boat and pyrex cap tduching. The second or 'dirt' liner
was cleaﬁed each time the apparatus was used. The 'dirt!' consisted
of volatile impurities and CdS dust that had failed to condense,on
thé walls of the first liner. No éttempt was made to cie;n the first
liner, the loose CdS crystals were shaken off and the remaining lgyer
,iéft attached to the liner to absorb any impurities diffusing oﬁﬁ of
the'silica; Impurities le;s volatile tﬁan Cds accumulated in the

charge;‘ conseQuently the small amount left in the boat was rejected.

2.2' Zinc Selenide

Zinc sélenide was initially purchased from Derby Lumineéqenté

L;d., and wés found to contain éuite ailarge percentage of zinc .
oxidg;v In An attempt to remove this,the material was sublimed under
vacuum, but the product still required heating in excess ziﬁc'before:A
i£ was suitable for ﬁhe growth of large crystais; The technique used-
fpr purifying -Cds was therefore adapted for zinc selenide, and 90 gms
‘coﬁid be sublimed in 6ne week using an argon flow of 350 ml/min and '
a temperature of ll60°C. This produced yellow-green plates aﬁa neeales
of very pleésiﬁg éppeérance, the plates‘had triangular growth fe;tures
‘on'one faée aﬁd waves on the other, while the needles were.of hexagonal
-cross section. lTYpically 1-5 gms of zinc oxide Were left in the source
béat, and the brown colour towards the ends of the boules grown from
materiaL purified in this way spggested the presencé of oxygen.

| A change to ﬁ.D.H. material improVed this situation initially,
buf the quaiity of the material supplied dec;ined, and later batches

were found to contain several pefcent of carbon in the form of
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hydrocarbons which aecémposed on heating. Th;s forced a furtﬁe£
change in the procedure, and led to the synthesis of ZnSe from the
elements which were purchased from Metals Research or from Koch-Light.

Consideration was first given to the direct combination of
zinc and seleﬁium in a sealed qﬁartz tubé, but the results were
variable and several explosions occurred. As a result the synthesis
tube of Fig. 2.2 was developed. ‘A similar technique was used by

W.C. Holton et al.(z)

. Zinc selenide decomposes almost entirely into
zinc and selenium molecules in the vapour phasé, so if a well mixéd
vapour can bé produced from separate éources of zinc and selenium, it
sﬁouid be possible to produce solid'zinc selenide by sgperéaturating
the vapour. The vapour phase reactor éontained a separate soufce for
each'element, from which the vapour was.carried in two separate streams
cf argon to the reaction zone where they merged. To obtain & saﬁisfactory
yiéld, it proved necessary to close the end of the zinc tﬁbe except for
'fourbsmal; nozzles which produced jets of zinc vapour and broke'up the
laminar flow in thé reacﬁion chamber. Before this was done a sheet of |
solid ziﬁc selenide formed between the two gas flows until they had
cooled sufficieptly to precipitate zinc in elemental form again, ;his
resulted in a low yigld.

Large amounts of zinc selenide dust were formed in the'tube;
and sometimes needle crystals were found. These were often of mixed_'
heXaéonal and  cubic structure, as indicatedfby;their birefringehce,
Fig. 2.3;

The desigﬁ of the reactor tube proved'difficult to simplify.

A buttress end with teflon sealing ring was used to avold greased end

caps and consequent risk of contamination. This also had the advantage

that the joint could. not separate and leak zinc selenide or seienium
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dust into the atmosphere in the event of pressure building up because
qf a blockage in the outlet pipe. Z2Zinc selenide dust was trapped at
the outlet by a silica wool plug, which was replaced after each run.
The end plate was fabricated from two 3/165 duralumin plates
screwed together with two 'O'-rings clamped between them to form a
channel to permit water cooling, thus eliminating the possibility of
thé end élate being over-heated by the furnace. A 25 mm bore tube
containinq the silica wool plug conducted the waste gases away through
lé silicone oil bubbler and a sodium hydroxide trap, and finally to-a
'fﬁme'éupﬁbard extract duct. The viewing window of the cadmium sulphide
tube design.was discarded becaﬁse it quickly became obscured by dust
in this case, aﬂd the straight through design was free from blockages
and allowed the filter to be chgnged quickly. Safety from sélenides'
inﬁﬁhe laboratory was provided by extracting acidic ma;erial-in the
| éausfic séda bubbléf,.while the silicone oil prevented back diffusion
of water vapour into the system.

The material produced was often mixed with uﬁreacted zinc and
selenium and was, therefore, sublimed in‘an argon flow in é similar
manner to the B.D.H. and Derby Luminescents Ltd. material. Because of
the low density of the powder formed in the process almass of 30 gms
onlyvcould be loaded and this was sublimed in 48 houré. Thévoptimpm
,temperatﬁres for the three zones were found by trial to be 400°C for
thé seléﬁium, 710°C for the zinc and 1050°C for the combination zone,
the relagively low témperaturé of the combination zone ensured_a
reasonable iife for the expensive reaction tube. Each zone was con-

trolled by a thyristor controller with a. platinum/platinum 13% rhodium

thermocouple placed between the silica reaction tube and the furnace
tube. It is clear ‘that the material in the boats must have been at a

lower temperature than that registered by the thermocouples, but




hevertheless conditions were reproducible from run to run, and so
from the production point of view this was immaterial. As the partial
pressurgs of zinc and selenium were much higher than Pmin for zinc
selenide at IOSOOC, powder and crystalline material formed along the
whole length of the reaction chamber.

| The chief danger with the appafatus was that uncombined zinc
would form a pool at the cold end of the reaction chamber. Since molten
zinc wets silica thisvwould cause the silica to crack on cooling.
To avoid any risk of this occurring, excess sélenium was provided to
' maintain a selenium rich vapour at éll times. At first rathér
variable results were obtqined. The rate of sublimation of ZnSe in
vertica; growth tubes is critically dependent on the quantity of
impurities present.‘ Some batchés of selenium charge were shown‘by atomic
absorption analysis to have significant (p.p.m.-leveli amounts of cdpper
présent. Resulﬁs were improved by oﬁtaining 6Nygrade selenium, and

constructing a zone refiner for zinc bars.

2.3 Zinc Sulphide

A similar reactor to that used for.zinc selenidg‘was employed
to produce zinc sulphide from the elements. ﬁowever, fhe'super:
saturation in the growth chamber was several times greaterlthan that
for ZnSe, so that all the zinc sulphide produced was in the form of
a fine whité powder. .During unloading, the powder was unavéidably
mixed with unreacted zinc and sulphur, which were subsequently removed
by heating to 116So¢ in a flow of argon. No significant transport of
zinc sylphide occurred because of the low vapour pressure of the
m%terial at that temperature. The optimum temperatures were found
expefimentally to be: sulphur 30006, zinc 750°C, and the reaction

zone 10500C.
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Further purification was provided for later batches by
sublimation at diffusion pump pressure (5 x 10“6 torr) in a simple
si;ica tube closed at one end. The product lined the tube in the
entéance to the furnace and showed a gradient of colour on cooling

to room temperature. White material was removed for use, while the

darker coloured material was recycled.

2.4 Zinc Telluride

Because zinc and tellurium have similar vapoﬁr pfessures it
was posSible-to reacﬁ the two quite safely in a gealed quartz tube.
quéver, heating a mixture of the two melts was found to produce a
émall.boundaryvlayer of zinc telluride only aﬁd the remainder of the
charge was left unreacted.

The technique adopted tovpvercome this difficulty was to uée
the £hree zone furnace‘employed for ZnSe and ZnS with a bent silica -
reaction tube, Fig. 2.4. The tube was evacuated to 10-6 torr and
- sealed. When heated each element was trapped at its own end of the
tube and £he two vapours met in the middle. Each end was céntrolled
at 800°c whilé the middle was 100°C hotter to prevent éondensation
of the elements. After between 6 and 24 hours all the unreacted
material accumulated- at one end, and was cyqled from end to end of
the reaétiah tube by altering the end zone temperatures-és appropriate.

When' several cycles had been pérforméd most of the material
had readted;

. The method varies from the techniques of other workers.
Fischer(z) ieagtéd extruded bars of tellurium ané zinc in close contact
by iéniting one end, while other workers have used autoclaves and

Schaffér(3) has suggested an iodine transport technique.
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CHAPTER 3

VERTICAL GROWTH SYSTEM

3.1  ZnSe

The vertical growth system described by Woods and Clark(l)

was developed for use with zinc selenide. Diagram 3.1.1 shows the
arrangement of the furnace and crystal growth tube. In this téch—_'
nique, a charge of preformed II-VI compound is sublimed under vacuﬁm
between the ends of a silica growth capsule. The‘capsuie is con-
nected via a narrow orifice to. a reservoir containing one of the
components §f the compound, which is held at a constant temperature
to maintain a constant partial pfessure of that component in the
growth capsule. Clark and Wéods(l) found that the colour, conduc-
tiv;ty and opticai quality of Cds boules could be controlled by
varying the temperature of the reéervoir. |

The first objective of ;he research'into the growth of ZnSe .
was to develop the technique used for CdS into a reliable production
method for ZnSe.bpules with centimetre dimensions for research purposes
within the group. A grain size of at least several millimetres was.
required, but single érystal boules were not a hecessity{ Burr and
Woods(Z) reported growth of this technique in 1969, but'in.practice
poor transpbrt and frequent equipment failure resulted inan unreliable
supply of material for research. As noted in Chapter 2, the initial
starting material used'by Burr and Woods, namely vacuum sublimed Derby
Luminescents Ltd. Electrénic Grade ZﬁSe, was unsatisfactory. It some-
times contained sevéral percent of oxide as supplied, and consequently
was vacuum sublimed to purify it. A brown matefial resulted. The
'~material‘adhered strongly to the siliéa and later expefience showed

that sticking was associated with a high impurity content. Before a
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crystal could be grown,it was necessary to heat the ZnSe with excess
zinc in a crystal growtb tube (Figure 3.1.2) for a period of several
days at 1150°C. The materiai obtained was crushed and reloaded into a
new érystal growth tube before any attempt was made to grow a crystél.
As the growth tube was cooled after a run, it was frequently cracked |
by .the ZnSe which stuck to it. Both the remaining charge and the ZnSe
boule Qeré oxidised as a result. Furthermore, selenium dioxide vapour
escaped from the capsule to the laboratory and needle crystals of Seb2
weré found round the top of the mullite furnace tube and the pull rod.
The fact that selenium compoundé are poisonous provided an added incen-
tive to cure the cracking problem. Other failures were the result of
broken pull rods and furnace guides, the loss of tail thermocouples
and fufnaces burniﬁg out mid-way through a growth run.

A final cause of failure was the collapse of the silica'glass
»¢ap$u;e. The preésure over stoichiometric ZnSe at 11509C is only
20 torr, and the unsupported capsule sometimes collapsed under the
external atmospheric pressure. The weakest parfs of the silica were
those where the glass had been worked by a glassblower. Water(vapour
and other impurities are absorbed frém the gas flame, renderiﬁg the
glass softer, and more susceptible to devitrification; For example,
the originai guides failed very guickly at 1150°C because of the
devitrification of the silica at the joint between_the 3 mm rod and the
36 mm O.D. tubing. Such failures caused several gfowth tubes to drop
out of the furnace and smash on the floor. A modified gﬁide without
any joints is shown in Figure.3.1.3B; it is produced by twisting a
sihgle plate of silica through 900. The holes were made with an
ulﬁrasonié drill.

Pull rod failures were eiiminated by feplacing the devit;ified

‘end of each rod after 2 or 3 runs, but furnace failure was more




ORIGINAL AND- NEW GROWTH CAPSULES

Fig.3:1:2.
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diffidﬁiﬁ to overcome. The top furnace was initially 38 mm internal
diameter,_and 680 mm long; later this wés reduced to 32 mﬁ internal
diameter.by 600 mm long to reduce the convection currents round the
growth tube, and to increase the temperature gradient. The 32 mm
tubes have a longer average life due to better iﬂsulation.and smaller
heat losseé from convection inside the furnace tube. This would lower
the element temperature slightly. However, the main factor was the
compromise between the temperature required to grow a crystal, and
furnace life. 1165°C was the optimum temperature, it gave a reasonable
furnace life (about four months at temperature) and was a little hotter
;han the minimum.for the satisfactory growth of undoped boules (1150°C).
This gave a sliéht margip for errqr.in the reservoir tempéréture and
the effect of dopants and impurities.

Difficulties with the lower furnace stemmed from losing the
‘thefmocoﬁple from the growth tube, which caused the furnace to heat up
ﬁoAitsvmaximum temperature, and the sticking of the mechanic;l relays‘
in Etﬁex Mini temperature controllers. Appendix 1 shows a method of'
converting these cbntrbllers to 'Triac; switching. The thermocopplgs
are now secured by threading them through the tail guide.

A modified growth tube was devised (Figure 3.1.2b5 which had .
~many advantages including:

i. | A large’cross-section for evacuation.

2.> | A large hole for loading the éharge. This meant that the
crushing of the charge couid be ;educed to a minimum.

3. " A double thickness of silica over_the bou;e. Thié provided
added resistance to col}apse, and pro;ected the boule from

oxidation if the inner layer df silica cracked during cooling.




4, The growth tip was reproducibly shaped, and could be altéred
as desired.
5. A minimum of working was done on the silica.

6. - The length of the capsule could be altered at wili.

The weakest point of the new growth tube was the joint between
the base of the capsule and the tail.

Before use the silica growth tube and growth tip were soaked in
‘agqua regia, washed in deionised water and methanol, and stored in a’
drying cabinet.

figure 3.1.4 shows the stages of loading a standard crystél
growth tube before.putting it in the furnace; Usually, tubes were
prepared in batches of three. First the growth tube was attached to
an éxpanded section of silica, which terminated in a ground glass joint.
The tﬁbevwas then evacuated, flushedlwith argon and baked out using a
gés torch to heat the tube. 0.5 gms of zinc or selenium were added to
the tail resefvoir, which was then sealed and bent, Figure 371.4B. Thé
element was sublimed into the tail of the tube under vacuum. When'the
tail had been resealed, the bent section of glass was discarded. To load
the 20 gm charge ofvslightly crushed ZnSe, the tube was removed from the
-vacuum_systeﬁ, and the charge dropped in. A growth tip waé placed in
the expanded section of tube, followed by a piece of soft iron éh;apsulated
in'éilica; The tubes were evacu#ted and flushed with argon several t;mes,
before the tubes were finaily,pumped out overnightvusing a mercury
diffusion pump (Eiguré 3.1.4D). A growth tip was moved into position
using a magnet, and the tubes wére sealed'éff atva pressure between
2,and 3 x 10—6 torr which was measured using an ionisation gauge,

Figure 3.1.4E.
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Finall%,the tubes were removed from tﬁe vacuum system, the
growth tube céllapsed on to the bottom end of the silica érowth tip
and a hook was-added at either end of the tube.

The tubes were then ready for loading into the furnaces. Each
tube wés positioned so that its growth tip was at the centre of the
furnace. The power and the pull were then turned on. Two rates of
pull were available, 0.1 and 0.2 mms/hr. Initially the growth tip
'was in the hottest part of the furnace, and material transported
towérds the base of the capsule. 1In this way the charge was compacted
and ény ZnSe dust>wés removed from the growth tip. This reduced the
number of nucleating centres in the capsulé. As the tube was pulled

through the furnace (see Figure 3.1.1) the charge became hotter
than the growth tip: and a boule grew from the tip of the

capsule.  Using flow crystals and a reservoir temperatﬁre

calculated to give P conditions inside the capsule, ZnSe boules

MIN
3 cms 16ng_by 1.1 cms diameter were grown reproducibly. The boules
had convex bases, and a good greenish colour. Twin bands ;ould be
seen running across.a boulef Boules grown from Derby Luminescents'Lta.
material frequently had a brown appearance in the last few millimétres
grown. The material as purchased from the manufacturer had.a high
oxidé conteﬁt, and the brown colou: may well be éttributable to oxygen.
At first an attempt was made to transport only two-thirds of the
Chérge, and tolqbtain purification of the boule by leaving most of the
iﬂpurities in the residue of the charge. In practice it was found that
s&me of the tubes cracked round the base of the growth chamber when
ﬁhe bouies were cooled, a weak point -noted above. This cracking waé

caﬁséd by the remnanﬁs of the charge stickiné to the silica. To avoid

'£his difficulty the charge was tranépdrted completely and the bottom
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section of the boules were discarded. iOccasionally a boﬁle stuck té
the_silica growth tip and cracked it oh cooling. This dia not matter
as the outer layer of‘silica protected thevboule from the atmosphere.
These problems were reduced when higher pnrity material from B.D.H. Ltd.
became available.

The boules were usually cooled over a period of 80 hou;é using
a ramp function e.m.f. generator in series with the thermococuple.

Low resistivity zinc selenide was required for research into
Schoitky Barrier light emitting diodes. Naturally it was desired to
reduce the resistiwity of thg bulk material to as low a value as possible
in order to.avqid heating the crystal and losing efficiency. When thé
tail temperatufes werevaltered awvay from those ieéuired to give PMIN
conditions in the capsule, the resistivity of the undoped ZnSe boules
remained high, ﬂ41012 ficm. This contrasts stroﬂgly-with the behéviour
of CdS('l). It was necessary to heatslices of ‘as grqwz‘f rﬁaterial in liquici zinc
to reduce their resistivity. @his process has two effects;A it produces
a saturation concentration of selenium vacancies, and it removes com-
'pénsating impurities such as copper aﬁd silver by solvent exﬁraction.
In view of this, the use of a tail reservoir to contrpl stoichiomet;y
woﬁld_appear superfluous, and the simple sealed capsule often used for
cds ought_ﬁo have been adequate (see, for example, reference 4). This
was tried without success; usualiy no tiansport was obtained, but
Afollowiné a vacuum bake at 800°C for six hours prior to seaiing the
tubeiabsmall amount of transpor; did occur. However, instead of growing
a'ciystai in the tié df the capsule,xthé material was deposited in the
’fqrﬁ of tiny crystallites éﬁd dendritic spikes lower down on the wall.
Figuré 3.1.5 shows a typical result. A long tube extending to the

éoolér part of the furnace was added to the simple capsule (Figure 3.1.6),
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and two crystals were grown. They grew rather slowly and were’

heavily facetted. As a production technique this method was gnreliaﬁle
in compa;ison with the reservoir system. However, it did prove usefu;
in demonstrating a technique of producing thin fiims of ZnSe and the

luminescent samples of Section 3.6.

3.2 Doped ZnSe

ZnSe boules doped with manganese chloride, chlorine, indium,
gallium, copper, antimony, tellurium and erbium chloride have all béen
Qrown in the vertical system. Elemental inaium; gallium, copper and
tellurium were added to the charge aﬁd found to transport satisfactorily.
Indium and gallium led to orange coloured boules; while.copper reduced
the tfénsport significantly. Concentrations of the order 0.1 p.p.m.
affect the luminescent properties(s)and heavy precipitates of éopper were
found in boules'nominélly containing 100 p.p.m. copper. An anfimony
dopéd crystal was grown to test the effect of this element on the growth
ana‘luminesqence~of zinc selenide. This was related-to work involv;hg
the evaporation of zinc selenide on to glass coated with tin oxide,
when a‘pressﬁ;e.of antimony was found fo be helpful in maintaining the:
cbnduCtivity of the tin oxide. Tellurium doped cryétals were da;k in
'cbiéu;, with no unusuai luminescent properties'in the visible region.

~ Erbium chloride, zinc chloride and manganese chloride were aﬁded
to the téil reservéir in thg manner deséribed for manganese chloride
beio@. This arfanéement allowed a constant partial pressure of the
dopant compound to be maintained during the growth of the crystal;.
'Tables 3.2.1, 2, 3, 4 sumﬁarize the experimental results for the growth

of crystals doped with gallium, copper, antimony,indium and tellurium.




INDIUM AND GALLIUM. DOPED CRYSTALS

- : : o.
Crystal _DOP ant "I'egp exature © ‘Silica [Description of |-
No. [Charge|Tail| Amount |Charge |Reservoir Boule
139 in | |p.P.c. | 1150 , A Good 3 cms, orange
| 2n , 555 ‘|tapered -
140 | Ga | - |1000p.p.m.| 1150 | © Jecod |3 cms, deep
o -2n - 555 orange-brown
142 In D.F.C. 1150 | Good 3 cms, arange
Zn : -1 5585
150 -In ~ |100p.p.m. | 1150 - Good 3 cms, orange
' Zn | | 555 a8
154 In | . |10dop.p.m. | 1150 Crackéd fs cus,
| 555 . px1dised
174 | 1m |. - |1000p.p.m.| 1175" . Eracked B cmg, T.T.
" {zn | -] 558 by bouls
176 | Ga |  |1000p.p.m. [2175 | feood 4 cms, Red
B ~1{2n | 555 . : -
180'1 In : 100p.p.m. | 1175 E 'bbllapsedi}: cm
N © '} Se : ! 1 360 IR I
- 188 Ga 100p.p.m. | 1165 . ood 3 ca, T.T.
ol | - 555 , medium

D.F.C. = Doped flow crystal

T.T. ‘= Total transport

Table 3.2.1




quper'Doped Crystals

No. '

Dopant

Proportion
ml

Temperature °C

ChargJ Reservolr (Zn)

Silica

DescriptionA
of
Boule

1157

158
168

169

CuSe

Cuse

Cu

iooop.p.m.

1000p.p.m.

| 1000p.p.m.

1%

1150 555

1150 555
1150{ 555

11150 . 555 -

Cracked
Normal
Cracked

Craéked

Green under
heavy Oxide
layer

Almost
Black 1 onm.

Dark Green'

. lunder Oxide

Bottom half | -
dendritic’

ibark Green-

under Oxide.
3 cws. -

Crystal growth was scmewhat inhibited by the cqpper, the growth
tubes were cracked on cooling by tha residue sticking to the

~Asilica.

.The dopant was added to the ZnSe charge.

Table 3.2.2

They falled vwhere the tail joined the growth ampoule. -




In/Manganese Doped Crystals

Crystal| Dopant.’ Temperature °C . Description
No. , -8flica of i
. ChHdrge | Tail| Amount [Kharge| Reservoir Boule
- 184 In Zn | 100p.p.m.| 1175 Good T.T. .
' : Dark Yellow-
Mn . 1% Orange
1. 2n 555
186 ‘In | |100p.p.m.| 1175 Cracked [1.5 cms
Mn , 1% Oxidised
Se | 360

Table 3.2.3




Antimony and 'I‘ellurium -'Dbpéd Crystals

. ' ‘ ' ‘ o Description
v Crg:tal_ .Dopant v Temperature C Silica of
" |Charge| Tail | Amount Charge Tail Boile
192 Te lOOOp;p.m.' 1165 Cracked |1 cm
Se ~ . 365 Surface
: oxidised.
[Green inside
206 | Te 4% 1165 Good 3 cms
n 560 [Brown-Green . 4
211 sb - 1000p.p.m. 1165 Good Lime Green
zn | 560 |

Table 3.2.4
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For application in d.c. electroluminescent devices, samples with
high conductivities are necessary to reduce the series resistance of a
device. Some dopants increase the photoluminescent efficiency of 2ZnSe,
vapd it was hopea to find a dopant that.wéuld simultaheously enhance the
luminescence and thé conductivity of samples. Gallium and indium were
found to decrease the resistivity of the ZnSe boules from the uéﬁal :

3£2cm. One boule (139) lightly

undoped value of M§4£)cm to about 3 x 10
doped with indium had a conductivity of 2.0 ohm—1 cmfl, and it is thought
that this sample had a particularly low concentration of acceptor
impurities. Atcmic_absprption ana;ysis,indicated that there was less
than_SO p.p.m. indium in the boule. A more typical sample (152) had

100 p.p.m. in the boule, as determined by atomic absorption analysis,

ana a resistivity of 3 xA103 ohm cms. In practice, howevér,‘it was

A found'that these dopants had little effect on the electroluminescence,
and manganese was moxe effiéient. To invesfigaté the luminescehce
effects'of manganese in a crystal, it was necessary to.identify the
chafacterisﬁic lumines;ence associated with manganese and diétinguish

(6)

it from that associated with co-dopants. G. Jones found that all

the boules gfown were slightly contaminated with copfer and chlorine
(less than 1 p.p.ﬁ.) and that photolumineécence bands due to these twp
1mpurities.overlap in the red région of the spectrum and mask_ﬁhe
manéanese emission when sampies are excited with U.V. (3656 angstroms)
rédiatioﬁ . To cbtain samples for cémparisén purposes, chlorine, water
ané copper doped samples were grown, ;ogether with highly doped boules
of ZnSe:Mn (Section'3.3) and polfcryétalliné samples of'ZnSe:Mn,'MnCl2
. (6)

and Al (Section 3.6). G. Jones investigated these samples rigorously,

measuring excitation spectra to distinguish between different impurities,
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and he eventually isolated the luminescence assoqiatéd with each, see
Table 3.2.5. He showed that copper, but not the chlorine, could be
removed by leaching in liquid zinc. A substantial amount of indium and
gallium was precipitated when the samples were heated in liquid zinc,

but was redissolved when the crystals were heated in selenium or vacuum.
It is beliéved that this is due to the removal and replacement of compen-
sating acceptorsin theAform of impurities or zinc vacancies. Most of the
manganese remains in the lattice during the treatment in m&lten zinc,

put afterwards it is found that the characteristic photoluminescence of
manganese is quenched._ Evidence that fhe manganese is still in the lattiée
after the zinc treatment comes from tﬁe electroluminescence spectrum
(Figure 3.2.1)(9) in which the manganese peak was clearly presgnt, and
froﬁ atomic.aﬁsorptioﬁ analysis of samples before and after treatment in

(7) has explained the absence of photoluminescence after

zinc! 'J. Allen
1eéching in zinc by suggesting that in semiconducting z;nc selenide the
manganese ions are rapidly de-excited by giving up‘their-energy to con=
“duction electrons in an Auger fype interaction. This cannot happen in’
insulating material. 1In an electroluminescent device ihe useful manganesé
jons are in the depletion region of the device c;ose t§ the metal Schottky

contact, and so once again there are no conduction electrons available

to participaté in Auger de-excitatibn-processes.




Position of Emission

Position of Excita-

Band R tion Band &
: Emission Band Dopant 293 X 85 K 293 K | 85 X
! copper - Red o 6480 6400 5350 5150
Copper.-Green Cu | . 5300 ‘4440
' Copper - Green | Cu '5450 = 4600
: = 4750
S.A. | - | e0s0 6150 4650 4480
S.A. ci 6050 6150 4700 & 4550
1. 4950 4800
s.A. 1. | 6050 6150 | '=.4700 x 4600
| 5100 4890
S.A. AL |=6240 | 6360 4700 | = 4550
o 4900 . 4800
S.A. "In |~ 6200 6300 o
Groﬁp IIX -'Greeﬁ Al 5570 4450
éroup 11T - Green| In 5600 - 4530
| | Group III -Green| ' Ga 5630 4550
1 ﬁhddped - Green - | - 5650 ‘
"jUnaoped—c‘reen |1 - 5600
tihddpéd -Green | - 5420 « 4550
. = 4750
ﬁn@oped -:Creen‘ : 5350
ﬁnédfed-'c;‘reen.-_ - 5300 4480

Table 3.2.5: -

Emission bands observed in Zinc Selenide

[

S.A. = Self Activated.




THE SPECTRAL DISTRIBUTION OF THE E.L .

EMISSION OF A Zn Se: Mn_DIODE .

Fig.3:2:1

1
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~ SPECTRAL DISTRIBUTION OF A ZnSe:Mn DIODE,
" (Q)ELECTROLUMINESCENCE IN REVERSE BIAS AT 290°K,
~ (b) ELECTROLUMINESCENCE IN REVERSE BIAS AT 18°K,
(C)PHOTOLUMINESCENCE AT 250°K EXCITED BY UV.RADIATION,
(d)FORWARD EL AT S0°K. " |
THE UNITS OF THE ORDINATES ARE ARBITRARY AND
THE MAXIMA OF THE CURVES ARE DISPLACED TO
REVEAL MORE EASILY THE SHAPES OF THE CURVES.
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3.3 Manganese and Aluminium Doped ZnSe

Manganese doped samples were required for photo and electro-.
leminescence studies. Jd Allen et al} ) attributed eff1c1ent electro~
lumineecence in ZnSe te manganese deping. The best L.E.D's. were reported
to be fabricated from ZnSe:Mn:Al, in -which the function of the aluminium
- was to increase the condﬁctivity.

Manganese, however, proved more difficult to ineorporate than
the dopants mentioned above. It has a low vapour pressure in tﬁe form
of the element or the selenide, and it rapidly attackee any silica that
it came into contect with. To avoid excessive artack in any one section
of‘the capsule, which would have led ro a leak, the mahganese and ZnSe
were ground together to form an intimate mixture, from which a boule
wae grownvin the usual way. Manganese could néot Be detected in the
resultlng crystal using luminescence techniques, and very little Qas
revealed by spark source mass spectroscopy. Similar results were obtained
with MnSe doping. To grow manganese into the boules it was necessary to
introduce manganese chloride, which has an appreciable vapour pressure,
into the system. In rhis way many doped boules were grown. The most
' satisfactory technique was to sublime the chloride into the tail which

eontained the useal zinc. -Unfortunately, MnC12 is deliquescent, and
qndoubtedly some water was introduced at the same time. To minimise
.tﬂe amount of water, the MnCl2 was placed in a capsule which was con-
tlnuously pumped with a rotary vacuum pump, and gently warmed for
several hours before being loaded as quickly as possible into the tail
‘of a growth tube. The chloride was heated gently under vacuum until

it melted, and was then sublimed. Nevertheless, growth tubes containing
MnCl. had to be pumped individually instead of in batches of three, and

2
a mich longer time was required to reach the final vacuuﬁ, usually
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-
~8 x 10 " torr. Recent tubes have been equipped with an extended tail
and the manganese chloride has been sublimed twice. A wet cloth was

used to cool the glass and induce the MnCl, to condense at the correct

2
place. With this technique boules contaiﬁing ~200 p.p.n. were readily
obtained. Adding manganese powder to the chargeAincreased the resultant
concentration to ~1000 p.p.m. Samples from suéh boules (e.g. No;213) |
were fabricated into L.E.D's. with the highest brightness of any
observed to date. Figure 3.3.1 shows a typical characteristic (Woods

(9)). S. Gezci(lq) observed the manganese absorption spectra

and Ozsan
in such a sample and was able to detect the zero phonon line at 5137.4 g .
Bou1e§'grown_with.manganese chloride in the tail only, appeared reasonably '
homogeneous when removed from the capsule, while those with additional
manganese -in the charge were less so. This is to be expected because
£he reservolr maintains a constant vapour pressure of thé dopant.

Aluminium doped Boules were also difficult to produce. The
- element reacts with silica to produce a whité fluffy residue. As a
,result only small amounts were incorporated into the boule. Even when

1000 p.p.m. aluminium was loaded with the charge very little was trans-
"ported, and that mainly into the last part qf the boule to‘giow. Scme- |
'times smalivpiepes of ZnSe grew round the base of the growth tip.

When aluminium was added to the charge, ﬁhe resuitant poules
were usually the standard green/yellow in cblour, but éontained very
little aluminium, while small pieces round the bgse of thé capsule were
dranQe. These pieces contained aluminium at a concentratiocn of around .
20 p.b.m., and had a resistivity reducéd ffan '51014 qems to 1070 Qcms.
It is thought that the aluminium diffused into the wall of the capsule

from the top of the charge, and then out again into the ZnSe as it grew

on that part of the capsule.
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3.4 - Crystallinity of Doped Boules

As the quantity of manganese in the boulés was increased, the
vgrowth_rate and quality declined; oftep a threé or four centimetre boule
would grow dendritically for the last'2 cms. This should not necessarily
be attributed to the manganese since chlorine (ZnClz) doped boules
behavédlgimilarly, although erbium chloride doped boules behaved much
better. Both MnCl_ and ZnCl, are highly deliquescen£ and the trouble

2 2

is probably due to water vapour in the.systeﬁ. Figure 3.4.1 shows voids

nucleating in a ZnSe:MnCl, crystal. The boule was pulled at the slowest

2
rate available (0.5 mm/hr) and was then held statidnary in a temperature
gradient for oﬁe week., Facets formed indicating that a very slow pull
rate should allow ﬁon—dendritic boules to be groﬁn. The photograph of
the véids was taken th:oﬁgh the facetted face of the crystal, which
displayed triangular growth features indicating a {111} Zn face, and
ﬁénf éréwth ridges. The common facets found on ZnSe were.{llo} and {111}
?lanes as identified by Laue back-reflection photeraphs. |

The mechanism for the growth of chlorine doped béules is cer-
téinly different from that of fhe uhdoped boules. Boules numbered 226
- and 230 were grown with manganese chloride only in the tail and no ginc
50'£hat the stoichiometry of the vapour was not controlled in the usual
way. Néfmally no growth would occur in theée circumstances, because the
préssure in the capsule woﬁld move well away from‘PMIN.' The g;oﬁth

must be at least in part a chlorine transport réaction( e.g.

process
HOT
2Znse  + 2c12 —_— 2Zn012 <+ -Se2
SOLID - GAS COLD GAS . @as

The free chlorine may be released by a variety of reactions,
bﬁt the most likely seems to be the simple'dissociapion of MnCl2

to MnCl + l:Cl2
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Possibly some HCl is formed, this has been used as a transport

. 11
agent for ZnSe( ). Further evidence for the chemical vapour transport

process is the large increase in the quantity of dopant incorporated

in the boule when Mn is added to the charge in addition to MnCl2 in the
téil reservoir. Adding the chlorides of most recalcifrant dopants might
be expected to assist in doping ZnSe crystals, although chlorine will‘
be incorporated also, and cannot be removed by any knowp method. For
example, crystals doped with terbium chloride and erbium chloride grew
particulérly well, AIn_fact they grew better evén than many manganese
chloride doped béules, because of the lower water content éf the chloiidé

used, Figu;e 3.4.2. A summary of the crystals grown is given in

Tables 3.4.1 and 3.4.2.

3.5 Seeded Single Crystal Growth

| " The gtandard crystal growth tip was modified to accommodate a
flow crystal as a seed (Figure 3.5.1), and a differential thermocouple
was attached td the capsule with one junction close to the seed, and
the other against the charge. Flow platelets of appropriate Size'were
‘ sélected and inserted so that growth would take place gither on the
{111} zinc face or the {111} selenium face.

The growth tube Qas loaded into the furnacé in the usual manner,

except that the midpoint of the capsule was located so as to be'at the
hottest part of the furnace when full temperature was reached. When

the furnace attained the growth temperature the tube was lowered until







- ALUMINIUM, MANGANESE AND MANGANESE CHLORIDE DOPED BOULES

' 0
Temperature C

Description

Boule Dopant Silica
No. ChargelFail | Quantity | Charge |Reservoir of Boule
141 MnSe 1000 p.p.m.| 1150 550 White 1 cm. Green
' ' Zn’ Dendritic
145 | Mnse 11000 p.p.m.| 1150 | S.D. 3 cm. Orange
Al Zn 1000 p.p.m. 555 ’
147 | Al 1000 p.p.m.| 1150 Normal |Good 2% cms.
‘ Zn C 555 White fluffy
residue
149 Mn 100 p.p.m. | 1150 s.D. 5 cms.
Al Zn 1000 p.p.m.}| - . 555 '
153 u MnSe' 100 p.p.m. 1150 S.D. 3 cms. Green
| Al Zn . | 1000 p.p.m.} - 5585 White fluffy
: : ' residue
156 | Mnse | 1% 1200 Highly = |1 em. Very
Devitri~ .| Dendritic
fied
160 | Mn 1% 1150 Good . |4 cm.Yellow
Zn " 555 ‘| Residue
: Black Sponge
161 | a1 1000 p.p.m.| 1200 | 570 s.D. 3 cms. Top
’ Yellow-Green
Bottaom Orange
162 MnC1, 1% - 1200 Poor ‘Small.Orange
- - Collapsed
Zn © 570 8PS
163 Mnc12 _Zn 1% 1200 Fair.  |Small.Orange-
B | Zn 570 Partly ' |Red
. Collapsed
165 ‘MnCl, 1% 1160 s.D. 1.5 cus.
' 2n Growth Tig O¥2"9¢
170 | “MnC1,| L -1150 'S.D. 14 cms.
| zn 555 Dendritic
loies | MACl,| . 1165 | | s.p. 1.5 cms.
: Zn | ° : 555 ‘Growth Tig
11871 ar | 1000 p.p.m.} 1165 , Normal . |2.5 cms. T.T.
Zn [ ' 555 : :

‘Pable 3.4.1




Table 3.4.1 (Continued)

Boule . Dopant  Temperature °% Silica {Description
No. Charge | Tail Quantity - |Charge Reservoir of Bouls
189 | MnSe . 1% 1165 . Normal |3 cm. Green

Al t8e 1000 p.p.m. © 365 :
190 MnCl, 1165 K 4 cms.
Zn Zn 560 s.D. -
195 | MnCl, | 24% 1165 s.0. |2 cms.
Zn - 560 :
| 2200 | MnCl, 1165 | s.p. 3 cms. Orange
Zn . - - 460
202 | Mnclp | | 1165 | | cracked .[0.3 mm.Orange"
- Zn | 680 on cooling '
204 MnC12 ) 1180 Normal 3 cms. Orange |
‘ Zn . 360
209 ‘| MnC1, 1165 | Normal  {Small Red.
o Se 360 . . {Poox
226- | Mn . 1160 | Normal |1 cms.

: - MnCl, |- 560 1 Dendritic
230 MnCly | 1160 Attacked |Orange.

: Mn | _ - by contactiDendritic
with Mn.

. 246 ~ Mn 1000 p.p.m{ 1160 | Cracked |1 cm. Orange
- MnClp Devitri-

‘Zn - 560 fied
o247 | ar | 13 o S.D. {Red T.T.
S O . Zn I :
252 | Mn < 1000 p.p.m| 1165 | - S.D. at {3 cms. Red.
' MnC1, . ‘1 Base :
Zn | 600
304 | Mn |’ 11500 p.p.mJ 1165 |- , ' {2.75 cms.
R MnCl2 .o : -O;ange
(.5.) . . 600
's.D. = Slightly devitrified

Total transport
‘Double - sublimed

T.T.

D.S.




CHLORINE and H

O DOPED BOULES

SoDo

‘Table 34.2

Slightly devitrified

2
. ’ [o) ) .
Boule Dopant ' Te.mperatu.re €l Silica Description
No. |Chargel Tail |Quantity| Charge| Reservoir of Boule.
122 |znc1, | 1150 Small Red .
S Zn 555 Crystallites
123 |znCl, 1150 . |s.D. 2 cms. Red
‘ 555 Tapered
- 134 2nCl, 1% 1150 - |s.p. 0.5 cms.
' Zn - 550 1 - Crange
| 135 |znc1, 0.25% 1150 S.D. 3 cms.
‘ o , ‘ o Orange
CuSe 2a 10 p.p.m 555 _
136 |znc1, 1% 1150 5.0, 3cus.
' - Orange
1 CuSe ,
Zn 555 - Tapered
146f_'25c12 - D.F.C. 1150 . Cracked . | 15 cms. -
' . Zn 550 -Oxidised
148 |B,0 D.F.C. 1150 Normal = | 4 cms.
- Zn : 555 ‘
242 - | : 1160 | 5.D. .3 cms.
: ZnCl,| 1% 1 450 Quite Good
244 b . 1160 s.D. y cm, .
Z‘nC_:l'2 1% 600 Orange
D.F.C. = Doped flow crystals
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Fig.3:5 :

- a—SEALED ROUND

I THE ToP.
s
40
1 [ | | |
x f&%%?——SEED CRYSTAL

‘5//41‘LDU\SHJCA.

’

60 ||

A VM, "W W, “irtn, WA, W, Vi, Vi AT WU W ¥

 SEEDED GROWTH TIP READY TO BE L.OADED |
| INTO VERT\CAL GROWTH TUBE.
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a reverse temperature difference of 10°C wasAobtained, as measured
using a potentiometer and the differential thermocouple. -This situa-
tion was maintained for 30 minutes to clean the seed, after which time
growth was begun by raising the tube until a forward temperature
grédiént of approximately 5°C was established. After 24 hours the
temperature gradient was increased to 10°C for 48 hours, when the
mechanical pull was started at the slowest rate. The technique of
quickly removing the growth tube from the furnace and examining the
crystal as used by Shiozawa(lz) proved impractical because of the
geometry of the furnace. 'Firstly the tail guide came clear of the tail
furnace and could not be replaced while hot. Secondly, even if the
furnace had been al;ered to avoid this, the reservoir entered a hotter
_p;rt of tﬁe furnace énd the ziﬁc distilled into the crystal growth
chambér disturbing‘the growth conditions for a considerable peiiod of
‘timé. Lastly, being a vértical furnace, the temperature préfile was
Qrossly distorted by convection currents as soon as the bungs were.
removed.

Out of 10 attempts to grow c;ystals oﬁly the first two Qn_éinc
faces were successful. In these a 0.5 cms, and a'1.5 cm boule, Figure
3.5.2, were grown using a charge temperatu;e of 1;és°c and a zinc
xegervoir ét 5559c. _Iﬁ the other attémpts, one of the seeds évaporated,
and one ver& dendritic polycrystalline growtb resulted. It ha; become
clear, however, that the reason fof the failures was connecﬁed with the
Aeteriorating quality of the ZnSe supplied by the manufacturers. In
fact it later provéd very difficult to grow uﬁseéded crystals with the
material then being gsed.

The two boules actually produced grew.free from the walls of

-the capsule, and had six facets round the sidés. They were dark green
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in colour and showed no signs of twinning. The method therefore shows
great promise for growing high quality, twin free boules. No other

reports of this technique being applied to ZnSe have been found,
(13)

'_although it has been used for iodine transported cystals . Selenium

- faces usually grow faster than zinc when the chemical vapour transport

technique is used and thus the failure to grow crystals on the selenium

Ifaces of flow crystals is almost certainly due to the poor quality of‘

the stérting material employed.

53.6' - Photoluminescence Samples

A series of very heavily doped samples of ZnSe was.required for

" the work of G. Jones on the photoluminescence of ZnSe. In attempts to

obtaih very high concgntrations of impurities,very fast evaporation rates
Qere employed and these were produced by using a very large tempe;ature
gradient. Aé noted in Section 3.1, ZnSe will.nét sublime a£ a uséful rate
unless some method is adopted to maintain the stoichiometry of the vapour
phase. Consequently the arrangement of Figure 3.6.1 was_devised; the
growth tube is similar in principle to the capsule of Figure 3.1.6,and
provides a cold region to condense non-stoichiometric material. The 7 mm
I.D. tube was evacuated and sealed at~10“6 torr. Polycryst#lline samples
were prodﬁced by subliming the zinc gélenide downléhe temperatﬁre gradient,
‘thé,chérge was held at 1000°C and the other end below 200%. Crystalline
matériallcondeﬁsed at temperatures bétween 800°C and 450°C. Excess dopants
and'Zinc.or selenium collected at the cold tip. With aluminium dopéd
samples -a certain amount of Al Se, was formed at the cold end of the tube.

2 3
When such a tube is opened Al Se, hydrolises on meeting water in the air
and releases toxic HZSe.' The simpiest way to avoid this danger-is to open
the tube in a fume cupboard and to wash the:samples and glass before

removing them from the cupboard. This ensures that the reaction proceeds

to completion safely.
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CHAPTER 4

THEORETICAL CONSIDERATION OF VERTICAL‘GROWTH

TUBE WITH RESERVOIR

4.1 Introduction

The theory of crystal growth from the vapour phase has been

(1)

investigated by many authors, including Reed and Lafleur : Reed,

(2) (3) (4)

Lafleur and Strauss and Faktor and Garrett . Ballentyne et al '

Rouse and White(S),'Tempest and Ballentyne(s) have given particular
attention to the crystal growth of II-VI compounds from the vapour phase.
The oﬁject of this chapter is not to add to the general theory of the

' subject, but to atteﬁpt to apply some relevanﬁ parts of crysﬁal growth
theory to ;he experimental system described in Chapter 3, parts 1-4.

This has been done in order to understand what is happening inside the
sealed system, and to arrive at theapproximate compo;itionlof the vapour
over the growing crystal. Because the system was designed to grow crystals

reliably, rather than to investigate the limits of the poséible growth

conditions, the data available is restricted, and many aséumptions_have

to be made to obtain the information required. However, Clark and Woods(7),

(8) (9)

Bu?r and Woods and Cutter, Russell and Woods have repo;ted the

growth of CdS, ZnSe and ZnSekS xresp'ectively. The apparatus has also

1-

.been used successfully to grow CdSe, ZnTe and ZnTel_xSex. With ééch coﬁ-
pound a furnace temperature of 1150°C was used and the tail reservoir
contained one of the elements. The téil temperature was set, as usual,
to give a pressure of the reservoir element eéual to its partial pressure

. CdSe, ZnTe and ZnTe

MIN xSex all transported well

in the capsule at P 1=

to provide substantial boules. This was expected because CdSe and ZnTe

have much higher values of Kp than ZnSe at 1150°C; All the boules
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produced had hollow growﬁh faces indicating that heat extraction fram
the growth face was governing its shape. During one ZnTe run tﬁe tail
furnace failed, then in contrast with ZnSe and Cds, the ZnTe transported
to the tail and completely blocked if in a pefiod of approximately 72
hours. Another report of crystal growth in a system with a separate

(10), who grew CdS in a similar system.

reservoir has come from Fochs et al
It would seem worthwhile, therefore, to investigate why the system works
so well, and to enquire how much deviation ffom the ideal charge with
exact stoichiometry can be tolerated before-the growth is disturbed
significantly.

| | ' First, however, it is necessary to review some of the background
theory. The basis of the crystal growth technique is transport in a

sealed tube, either in vacuum or in the presence of an inert gas. The

growth process may be conveniently divided into three stages:

(1) ‘. Evaporation of the charge.
(ii) Transport in the vapour phase.
(1ii) Condensation on to the growing crystal.

The three processes may be regarded as analogous to three

. resistors in series with a current (growth rate) and a driving voltage

(AT between source and seed). If the resistapce of one step is much
greater than the others it will control the growth rate almost entirely,
é.g..the growth rate may be said to be 'diffusion limited' if the process
is‘controlled by the rate of diffusion of one componeqt in.the vapour
phasé, or 'condensation limited' if the kinetics at the ngWth face is
ﬁhe'controlling factor.

In a sealed tube, evaporation is much less 1ikely to be limiting
thén condensation. Intuitively this appears :easonab;e because conden-

sation takes pléce at a lower temperature and thus constitutes a greater
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disturbance of the equilibrium rates of evéporation and condensation.
With II-VI compounds the stoichiometry of ehe material affecte the
evaporation rate.‘ Somorjai and Jepson(il) investigated the evaporation
rate of CdS and found that an induction period of several hours was

|
necessary before a non-stoichiometric charge reached its full evapora-

12), they found that bombarding the

tion rate. AIn another experiment(
surface with cadmium‘had little effect on the evaporation rate, and con-
cluded that the retardation was a bulk rather than a surface phenomenon.
In a sealed growth tube non-stoichiometry of the charge could affect the
evaporation rate sufficiently to make it the rate limiting step, rather
than the diffusion of the minoriey component. ﬁowever,'using a growth
tube with a tail ;eservoir the stoichiometry of the gas in the capsule
is stabilised. The charge is always slowly evaporating and condensing
in_theAtail, SO tﬂat any noﬁ—stoichiqmetry of the charge ought to be.
correeted in the 48 houre period before crystal growth begine. It would
appear therefore that the‘controlling factors duringlthe growth ef the |
crystals describeq here are proceeses (i) and (iii).

Consideé the transport process (ii) first. Material‘may be
moyed by three basic mechanisms:
(a) _ Viscops flow due to a pressure difference between the ends of

the capsule.

(b)Y Diffusion.

(c) Convectipn.

In the siﬁplest possible system, nameLy with an elemental charge
in a perfectly evacueted capsule, transport occufs when a temperature
difference is establisﬁed along the capsule, because of the resultant
pressure difference between the ends.. However, only a very smell pressure

aifference would be required ﬁolbbtaiﬂ a high transport rate, and the
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_gromth}rate would be limited by the heat flows into the source.and out :.
from the crystal, Wthh supply and remove the latent heat of subllmatlon;}?'
The system 1s, 1n fact, a simple heat pipe, in which the flow of gas from..i
vhone'end,of“the”capsule to the other constitutes what may be termed a. |
‘;mind;.ihsidefthe capsule. Gas is introduced at the soumce'and removed

(3)

:‘at the crystal. Faktor et al ‘refer to this effect as 'Stefan' flow;-

If an inert gas is introduced into the system it will be swept

ff along by the wind Aisteady state will be set up in which there is a -
;1*¥¢§T@l;e‘ .ylnd' from source to crystal, while superimposed on this will be
.lgﬁéfferward.diffusion of the element, and the backward diffnsiOn of the
| Liinegtkéas; ‘ToAformulate this mathematically (see Fignre 4.1;1);Alet the
1f‘§tefan'”flom be U, the pressure of gas be P) the material flux be J,
: and the number of moles/unit volume be N. Further, let the suhscripts

E I and T added to these symbols represent the elemental gas, the inert

,gasi and total, respectively. The pressure difference between.the ends

of the capsule is assumed to be zero.
J o= JE +J_ .

However, in the steady state the flow of inert gas must bé zero,

T E
Consider the flow of the element being transported

1o} JI =0 and J_ = J_.

J = NU - D—E =g ' (4.1.1)

i.e. Flux of Element = Stefan Flow + Diffusive Flow = Total Flux
But
J = UN 4 (4.1.2)
T T - '
sor N, d N ,
J - —_— . J - D —_—_ (4.1.3)




SIMPLE SEALED CAPSULE .
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and dNE
J d&x = DN -—-—/— (4.1.4)

T T N_ -
(N, - N

If the crystal grows at x = 0, where N

e = NE(O), and the source is at

x = L where NE NE(Z), then by integration between x = 0 and x = Z,

DN (N_(£) - N)
T E T
T < - Zn (NE(O) — Nf) : _ (4.1.5)

(&
]

Or in terms of pressure,

D.P P (L) - P
3 T E T
JT. = FRT - £n _——_PE(O) =% (4.1.6)

whére R and T ﬁave their usual significance.

As an example consider the growth of a zinc crystal from the
vapour at a temperature just below its melting point. A temperature of
400°C is used for the charge. Figure 4.1.2 shows the vafiation of the
growth rate (JT) with AT for two values of total pressure (P&). In
Figure 4.1.3 the variation of the partial pressurés of the-zinc ana the
inert gas along the capsule is shown. _The cufvature of the partial
pressure lines is a consequence of the Stefan flow. As the value °f>PT
is increased the flow velocity falls rapidly and the curves approacﬁ |
straight lines when PT >> PZn(ﬂ). Simila; effects may be seen‘ih multi-
component systems, and a similar curvature of the partial pressure lihes
occurs whgn the Stefan flow has a significant velocity.

If the capsule geometry éermits, the situation may.be_further
complicated (particularly in é vertical system) by convection currents,
which are difficult to treattheorxetically. &A reasonable approximation.
may often be made by assuming perfect mixing.of_the source gas up to a
boundary 1ayér close to the grbwing crystél, and then assuming diffusion

controlled growth takes over again, with a source to seed distance equal

(2)

to the boundary layer thickness. Reed, Lafleur and Strauss - pPoint out
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PARTIAL PRESSURES OF ZINC AND AN
INERT GAS IN A SEALED CAPSULE .

Fig-4:1:3
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that this approximation may also be used to describe growth in an open
tube with forced convection, (i.e. the conventional vapour phase epitaxy

apparatus) by the insertion of an appropriate boundary layer thickness.

4.2 Interface Effects

" The surface effects on the growing interface havé also been sub-

divided into three main classes by Ballentyne et al(4) following the work

(13)

of Brice "7’ on melt growth.

(1) Growth on a perfect' singular interface, where it is necessary to
nucleate each successive gro@th layer requiring a sﬁpersaturation ratio
(P/éEQUILIBRIUM) of at least 2(14). A perfect singular interface implies

a defect—free‘surfaée (no dislocation impurity or other nucleating centre),
that corresponds to a sharp dip in the surface energy. This is illustrated
in Figure'4.2.1 which shows Wolff's theorem in two digensions. A singular
plane éontains no steps. A plane nearly parallel to such a face can

minimise its free energy by becoming stepped so that it is made up of

steps and singular faces. This type of face is sometimes referred to as

a viéinal plane.

(ii) ‘Growth on a nearly perfect face, e.g. one containing screw dis-
iocations or some other self regenerative step mechanism. This requires

‘a supérsaturation ~‘1.01(15).

(iii)  Growth on an atomically rough surface, which always has corner
sites available. This requires a very low supersaturation, possibly as

low as 1;0001(16).

4.3 Processes in Sealed Capsules

Before passing on to a consideration of the special peculiarities




'WULFFS THEOREM TO DETERMINE THE
EQUILIBRIUM SHAPE OF A CRYSTAL .

| Figure 4.2.1: Wulff's theorem in two dimensions. - The heavy line
' ‘ ~ 1s the equilibrium shape and the light line is the
free energy polar diagram.. A is a singular inter-

face and B is a rough interface.

Ifa plotbf Yo (;n) ¢ (the value §f ys»in a direction
defined by a vector n, where Ys is the surface free
energy of the crystal) is produced, this will be a

- closed surface. If at this sur’facé ‘a plane is drawn
normal to each radius vector, then by Wulff's theorem,
‘the equilibrium shape of a crystal will be geometrically
'similai ‘to the volume which can be reached from the
origin without cfossing any plane.- If a direction n
_cori..esponds' to a sharp minixpu;n of Ys,'the' J;e;sulting face

- will be flat. -In other orientations it will be curved.
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of the growth of iI—VI compounds, it is perhaps more opportune to consider
the}processes in an actual growth run; See Figure 3.1.1.- If the tail of
the capsule is ignored the systeﬁ reduces to a simple sealed capsule being
pulled through a temperature gradient. A run starts with the growth tip
in the hottest part of- the furnace. The charge'eends to sublime and con-
centrates in the lowest part of the capsule where it coalesces. As the
capsule is pulled through ﬁhe temperature gradient the growth tip becomes
cooler fhan the charge, and at some critical supersaturation, nucleat;on
begins ch the walls of the growth tip. Initially the crystallites :€f§
(invisible to the unaided eye) grow very rapidly reducing the local soper-
saturation of the ges until their voiumes of iﬁflﬁence overlap. The
crystallites with the largest volumes dominate.when this occurs, and the
smaller ones ere annihilated by re-evaporation as the value of the sﬁper—
satofation decreases. A reasonably evenly spaced array resolts. A period
of»growﬁh follows in which the most favourably oriented crystallites out-
grow the others and £fill the whole width of the tube. Usually one or two
grains are left. Growth Qill in general proceed at a ;ate different from
the pull'rete until AT has been altered by the movement of thefgrowth face
so that the two rates become coméarable to one another. Of course the pull
raﬁe may exceed the maximum possible growth rate in the system, in whlch
case AT will become large. Then the adsorption process may be- llmlted by
ac;ivation enefgy. The activation energy is associated with a potentlal
barrier to an energetically favourable reaction (see Figure 4;3;1). In
crystal growth, common examples of activated adsoprtion processes are the‘
dlssociatlon of(S2 molecules at the surface of ZnS and Cds( ), and the
break up of the carrier species at the”growth face in chemical vapour
transport. The barrier will be most significant at lower growth tempera-

tures, and one of the characteristics of this mode of limitation is that
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the growth rate increases exponentially as the temperature of the inter-

face is increased.

4.4 Application to II-VI Compounds

Some of the ideas described in Sections 4.1, 2 and 3 can now be
applied to the simple_seaied capsule containing a II-VI compound. The
essential difference between the sublimation of a II-VI compouna and an
element is that the II-VI compound dissociates into monatomic metal, and
diatomic nqn—metal molecules. The pressures.of each component are éivén

by the relationship

so clearly there is an extra degree of freedom in the system.

Consider the capsule shown in Figure 4.1.1A. Material evaporates
at the hot end'of the capsule, travels to the cold end and condenses.
The sealed capsule and reservoir system was developed from a simple
capsule to provide more control over the conditions during growth.

Faktor et a153) have observed that at normal growfh rates the
transfer of material from charge to growing crystal constitutes.quité a
considérable wind inside the capsule. For exemple 20 gms of ZnSe trans-
ported at a temperature of 11500C and a pressure of PMIﬁ in five days

within an 11 mm I.D. tube constitutes a wind of average velocity 3

5 cms/sec.

Furthermore, Faktor et al point out that the pressure difference
between the ends of the capsule necessary to_producg this wind is very
small relative to the total pressure inside the capsule. -This presents
-an interesting picture, the source and seed are at substantially the

same pressure, yet at different temperatures. This may be achieved only
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if the composition of the vapour varies along the length of the capsule.
Figure 4.4.1 shows a typical set of curves of composition versus tem-
perature for ZnSe at constant tbtal pressures (PT).which have been
calculated assuming equilibrium conditions at the t&o.interfaces. The
pressures of the isobars were selected by the computer to be at 50°C
intervals at PMIN (A = ¥%). The basic assumption of equilibrium Qust be
j'ﬁstified if the curves are used with reference to a practiéal syst';em.
Next consider transport of ZnSe in the capsule of Figure 4.1.1A. To
model it mathematically, let the crystal grow at x = 0, and the source
be at x = £. Let the total gas flow be J moles/unit area in unit time.
Each of the moles corresponds to 2/3 mole of solid ZnSe transported
because 1 mole of ZnSe dissociates into 1 mole of 2n and 0.5 moles . of Se2

when it evaporates. Let U be the average flow velocity of the wind in

the tube, and N be the number of moles/unif volume, consequently

J oo
= = . 4.4,1
N 5 ( )

Let A be the ratio of Se2 to Zn so
APZn - PSe
2
and
= = A + 4.4.2
PT PSe2 + PZn a l)PZn ( )
X = Flux due to the wind in the capsule.
Y = Flux due to diffusion.

Let the subscripts Zn, Se and T stand for zinc; selenium and total

respectively, e.qg. xZn = Flux of zinc carried by wind, JT = Total Flux =

+ J_, .
JZn Se
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SO, J
(4.4.3)

(i.e. The flux of zinc carried by the wind at any point is the product

of the total flux and the proportion of zinc vapouf at that poiht, and,

dNZn
Y =~
Zn D A (4.4.4)
But
N = N —t 4 4‘5
Zn T1+2a (4.4.5)
so
szn 1 . .
2 - N (4.4.6)
‘ (1 + a)
and substitution in 4.4.4 gives
N
v, = D——T—‘2 . % (4.4.7)
(1 + A)
Similarly,
A .
XSe = JT 2+ 1 (4.4.8)
(iNSe
Y, = -D .  (4.4.9)
-and
A
Nee = Mo -T7=R .
Therefore
d N
. Se 1
o4y — 1 (4.4.109
dAa T a + A)2
and »
+ L= .
YZn YSe 0

This is to be expected because the total diffusion flux must be zero
under equilibrium conditions, as a result of the assumption of zero change

in total pressure (PT) along the length of the capsule.

i
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The total zinc flux must be constant along the length of-the tube
at 2/3 JT’ because the zinc is only introduced at the source and JT must

be composed of 2/3 zinc and 1/3 selenium. Therefore,

= 2 o T T da
X - + Y = ¢/33J_ = +D., ————orn —. (4.4.11)
Zn Zn T 1 +A (1 + A)2 dx
It follows £hat
D.N :
2 . 1 T dA
J - - = ——, = (4.4.12)
T \3 1+2 (1+A)2 dx .
and substitution from 4.4.1 gives
2A - 1 D 1 da
— -, /., — (4.4.13)
3(1 + A) U 1+ A)z dx ‘
Therefore
U : 3 1 da '
= =" . —_— .4.14
5 dx TSN ax (4.4.14)
~and
u ax — 2 _ 1 da {4.4.15)
D ° . h(2a - 1) (1 + 3) ‘ :

To find the variation of the composition of the vapour along the capsule

it is necessary to integrate between x = 0 and x = L, giving:

£ Ap _
U _ 2 - o1 .
f 5. oax - j’; §<2A 5 ) %dA (4.4.16).

So,
(ZAE - 1) (Ab + i)
D (2Ao 1) (A£A+ 1)

(4.4.17)
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. giving,

(2a, -1) . @A + 1)
u.L _ 4 o .
Exp ( D ) = A - 1) . @&, +1 - (4.4.18)
o L o
The same result may be obtained by putting XSe + Y =_%-J.

se

If the value of A  is taken as 2 and thatfof‘eé as 1, for example,
which will be shown later to be rather large for -ZnSe in the
experiments reported here, ehe concentration gradient along the capsule
may be caiculated as shown in Figure 4.4.2A. KXnowing the vapour com-
poeition, the equilibrium temperature for the vapour over the solid may
also be ealculated, giving a superlinear curve, Figure 4.4.2b. To avoid
constitutional supercooling in the vapour phase, a criterion for stability
suggested by Reed and Lafleurﬂl'zk it is necessary to ensure that the-
-furnace profile is more sﬁeeply curved than this. A furnace profile
wlth a sharp knee is usually aimed for (for example, as indicated by the

dashed line), which allows for as large a curvature as p0551b1e. The

criteribn for stability is that

ar ar
T dx dx
FURNACE SOLID-VAPOUR EQUILIBRIUM

at the growth face"(x =0) .

The choice of tﬁe parameter A as the dependent veriable was
- made solely for convenience to obtain an expression'in terms of the
grewth éarameters required later, and these results are essedtially the
same as those of Faktbr and Garrett(3). They went further in their
calculations and suggested that crystals should be grown either with
en ihert>gas'in'the eapsple,.br siightly-off stoichiometry to ensure

stability at the growth face.

In practice little evidence was found of instability. Only one
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uﬁdopea boule showed dendritic growth; and this occurred when the
capsule was held stationary in a large temperature gradient in an
attempt to enlarge a boule after a partially successful run. It is
shown beibw.that growth must occur a iitfle off stoichicmetry and that
there is almost certainly inert-gas'présent. The criteria for sta-'.

bility are therefore satisfied on almost every run.

4.5 Experimental Observations

It is possible to compare the predictions of the theory with the
results found in practice when growing boules of ZnSe, the best of
which were prepared fram B.D.H. material. The boules of the highest

quality were light green in_colour and consisted typically of several

- large grains. Total transport was regularly obtained. The following

obser#ations were made of these boules.

1. The fastest transport (15 gms in 40 hrs) produced boules with
good body colour and rounded ends. The reservoir temperature was
chosen to give a partial pressure of the reservoir element correspond-

MIN in the capsule. Deviation fram this temperature by as

-little as 20°C led to boules with facets and partial transport only.

An ekperiment waé performed to check as closely as possible that these

wére the optimum conditions for transport within the capsule. Three

.growth tubes were prepared using starting material from the same batch.

They were pumped down on the vacuum system simultaneously, énd

sealed off at the same time. Growth was performed in a growth rig
with three identical furnaces which shared the same pulling mechanism.
The charge temperatures were 1175°C for eéch of them, but the tail

, : o 7
reservoirs were set at 335°C, 360°C and 385 C. The results are
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tabulated in Table 4.5.1. They showed that the boule with the tail
actually set for PMIN grew fastest. The crystals referred to lower

in the fablé (179, 175, 176, 129) were grown in different runs and
are thus more difficult to campare. Crystals gro@n with tail tem-
peratﬁres away from the calculated 'best' value were allowea to remain
ih‘the temperafure gradient for longer times. Crystal 129 was grown
_withua heavy overpressure of zinc and the growth rate was slowed,
leading to a facetted boule.

o Poorer quality starting material gave similar results because
the effective value of Kp was altered by the iméurities present. A
goéd example is boﬁle 196, which had an orange colouration instead of
fhe_uéuél lime greeﬁ'colour, and which was produced from a Eatch of
starting material which gave poor transport.

A domed growth face corresponds to what Ballentyne:et al have
called a face type (iil) ‘i.e. Qrowth on an atomically rough surface,
while the faééttéd face corresponds to their type (1i)i.e._growth on‘
é nearly perfect interface.

A nearly perfect interface requires a supérsatura;ion of the
order 1.01, while the rougﬁ interface needs very much less. quever,
' té’prevent the rough interface becoming facetted during growth it may
.bé hécessary to have the supersaturation requiied for type (ii) growth.

Uéing the expression ,

Pz P 1/3
Zn Se2
Kp

supersaturation =

it is pdssible to calculate the value of AT required to give a

particular supersaturétion. Using the values qﬁoted in Aven and

(17)

Prener .




Boule Charge Temperature Tail Temperature °C
Number - g °% , (Type) y Result
171 1175 ° 385 (Se) 2.5 cm boule
Py + 25
172 1175 . 360 ‘(se)  total transport
PMIN |
173 1175 335 (se) 3 em boule
| "PMIN - 25 |

Boules 171, 172, 173 were grown simultaneously giving a

good comparison of ‘the growth rates.

" Boule

. ' Charg‘e Tgmperature Tail Temperature _oc Re sult .-
Number o] (Type) .
179 1175 410 (Se) . total tramsport
175 1150 i 360 ‘(se) . total transport
176 1175 555 (2n) . total transport
129 " 1150 © 655 (ZA) 15 m facetted
1165 560 (zn) 15 mn facetted

196 -

The lower table shows data from four crystals grown :rom s,Lmilar

starting material. 129 grew slowly because of the high tail temperature.

179, 175 and 129 transported completely, . and had doted

ends.

bThe fifth crystal 196 was. grown from a bad batch of starting
_.'-material, and ‘shows a similarity to 129 because of the depresslon
A "Of Kpa which produces an effect similar to raising the reservoir

temperature .

Table:

-4.5.1




- 50 -

da (log Kp)1/3

10 _ 37s500%

ar -

T2
which at 1177°C yields a vélue of
1
4 ( /3)
log,q Xp -.
ar of ~ 0.0059 .

while log_10 1.01 is 0.0043. So a temperature difference of the order
of 1°C is required to give the necessary supersaturation for growth
onva nearly perfect face. This corresponds'well with the seedgd
growth experiments reported in Sectioﬁ 3.5, which'showed that initial
growth on the seed could be obtained with a temperature difference.dﬁ§ﬁl
1°C. The growth on the seeds was slow and facetted as would be-
expected.. This demonstrates that the nucleation ;éte at the crystal

cannot be a limitation to the growth rate because the values of AT

used were much larger than 1%.

2; While it was not possible to monitor the growth rate éontin—
ually, oﬁservation of variéus capsules which have been stoppea in mid
run (because of fu;néce.failufe, or similar difficulties) indicated .
ﬁhat the fastest growth rate obtained did match the capsﬁle velocity
used giving a growth time of 3é-hours for a 3 cm boule. Most boules

grew rather more slowly; completing their growth in 3-5 dafs.

3. The temperature of the chérge is usually assumed to bgbihe same
as the maximum temperature of the furnace, but in fact varies through
the growth run as the capsule is pulled, and probably alters by as .
mﬁch asrzodé. AT may be measured by a thermocouple with the cold
-junctionAat the crystal and the hot jﬁnction near the chérge. How-
éver} there must be a tempéfature gradient throﬁgh the silica, and

(18)

* A more up to date value from Kirk and Raven would replace

3

37500 by 38260.
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such an arrangement only provides a maximum estimate ofﬁthe magni-
tuae of AT. Further, as growth proceeds the junctions are left
behind, making it a little difficult to determine exactiy what is
being measured. Nevertheless, with good quality starting material,
growth'occurred with.AT much less than 30°C, but probably exceeding
10°C in most runs. This means that nucleation on the growth face

was not a limiting parameter.

4. Because the tail reservoir was used it is uhlikely that PT

greatly exceeded P__ , say PT<1-5PMINgiVing A, <3 from Figure 4.5.1.

MIN

the vapour must

The reason for this is that for PT to exceed PMIN

be non—stoichiometfic. If this is so, then more of the excess com-
ponent will be lost to the reservoir, thus tending to restore the

system to Py This will be discussed:further below.

Equaﬁion 4.4.18 1links the growth rate-with the vaiues of Ao
and Az. If one is known then the other can be éalc&lated, and uéing
Figure 4.4.1.a value of AT can be derived. If it is assumed that |
the source is in equilibrium with .the vapour over it, then a vaiue‘
of AT corresponding to the observed growth rate can be calculated.
By camparing this with the experimental value for AT it is possible
to decide whether the growth of the crystal was limited by dlffusion
or. by the kinetics of the interface, and this will also be dlscussed
below.' The assumptlon of equilibrium at the source may be justlflea.

by the folloWing observations:

(1) In similar diameter tubes pumped by a diffusion pump, transport
of material down a temperature gradient was more than 100 times faster

than in a sealed capsule.
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(ii) Transport in the 11 mm I.D. sealed capsule was-SIOWer ﬁhan in
:fhe 7 mm tubesvof Section 3.6.

They indicate that the experimental evaporation rate is only
a small perturbation of the naturally occurring evaporation and con-

densation of molecules at the source.

4.6 The effects of stoichiometry in a simple sealed capsule
.In practice the maximum growth rates theoretically obtainable
in a sealed tube are rarely approached. To obtain a high growth rate

one needs a source with the composition to give P , which is close to’

MIN

the:étoichiometry ratio of 2:1 monatomic zinc molecules.fo diatomic
selgnium molecules. Even if the necessary accuracy could be obtaiﬁed
when weighing the material, only 0.3 mg of oxjgen adsorbed over a 20 gm
chérge in a typical capsule would be sufficient to give an oxygen vapour

. pressure greater than PMIN for ZnSe. Clearly this would greatly affect

the stoichiometry of the contents of the capsule. Further contamination

'may be produced by outgassing and by diffusion through the capsule walls.

(19 20, 4) have baked Cds

within the growth capsule at a temperature of the order of SOOOC( 4)

To overcome such dlfflcultles, some workers

outgas the charge and capsule and to bring the charge nearer to the com-

conditions at that temperature before

positlon required to produce PMIN

sealing under vacuum or back filling with argon. ZnSe has a lower vapour
préssure than CAdS at the temperature used for growth, and is consequently
-more difficult to grow in this mﬁnner. When transporting ZnSe it is
necesséry to maintain the vapour near PM N cénditions continuocusly by
placing some constraint on the composition of the vapour in the capsule

or tube. 1In Chapter 3 two methods were described; the vertical tube

with tail reservoir in Section 3.1, .and the horizpntal tube in 3.6.
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In the vertical tube the stoichiometry of the charge is controlled by
connecting the capsule to a reservoir containing one of the constituents.
The two degrees of freedom within the capsule are removed by controlling
the charge and reservoir temperatures, and transport occurs while the

vapour remains close to P with a teémperature difference of 10 - 50°¢C

MIN
between the source and crystal.

In the horizontal tube conditions are very different. Little
or ro transport takes place when a temperature difference of v 50°C is
employea bet&een the ends of the capsule, see Figure 4.6.1la. If the
capsule.is displaced in the furnace so that a larger value of AT is
obtained as in Figure 4.6.1b, transport is still very slow, but when
positidn 4.6.1c is reéched the transport rate increases rapidly.‘ Material
is deposited along the walls of the tube when the temperature is between
800 and 400°C. (The temperature is that deducéd from the témperature
profile of the furnace. The latent heat of sublimation of the material |
deposited may well raise the internal temperature of the tube con-
siderably). .It is extremely difficu;t to arrange for material to bé
deposited right in the‘tip of a sealed tube even wheﬁ the tip is held
at 400 - BOOOC, although material is deposited in this temperature‘region
when the tip is cooler.

The reasons for the processes summarised diagrammatically in
Figures 4.6.1a, b and c are quite straightforward. When the source is
heated, a tot#l pressure PT several times PMIN develops because the
charge isAnever perfectly stoichiometric,.and also because any impurities
preseht will affect the stoichiometry of the gas. The rate of transport
under these conditions is necessarily very low because of the low vapour
pressure of the minority component which has to diffuse to the cooler

regibn‘of the tube. Because the tube must contain a constant pressure
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of gas throughout, the value of A rapidly becomes extreme in the cooler

regions of the tube. The pressure of the minority component is then so
small that PMAJ:z PT. This is the situation in Figures 4.6.l1a and b.

HoweVeri when the tube is withdrawn far enough fram the furnace, PMAJ
will exceed the saturated vapour pressure of ths excess element at the
coldest part of the tube. The vapour of the e;ement then begins to‘

condense until PMAJGE PT) = Saturated Vapour Pressure of the element.
In.this condition PT is fixed by the maximum value PMAJ can take, and

lowering the temperature of the cold end of the tube brings about a

rapid increase in the transport rate as P,..

‘pressure of the minority component increases. When the temperature of -

the cold end of the tube is such that both constituent elements have a

vapour-pressure at the cold end which is small relative to P __., then

» ) MIN
thevtransport rate reaches its maximum. The Qalue of PT cannot be the
same throughout the tube and the approximation breaks down. Theoreti-
cally‘such a systen should give transport rates which are similar to.
those in a continuously pumped system. In fact, this is not realised
in practice because residual gas and adsorbed impurities raise the back-

ground pressure in the sealed tube. However, in the ZnSe system'a rapid

increase in transport rate definitely occurs when the saturated vapour

‘of selénium at the cold end of the tube approaches 1/3 PMIN'

4.7  BApplication of Theory to Vertical Crystal Growth Tube with

Reservoir

The capsule plus reservoir used in the vertical system combines

some of the features of the simple sealed capsule with some of those of

the 1ongrtube emerging from the furnace. To obtain the maximum mass
transport in the crystal growth tube (such conditions w111 not neces-

sarlly produce the best crystals) the vapour over the charge should be

is approached and the vapour.
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IN throughout the growth run. The partialfpressﬁre of

maintained at PM

zinc in ‘the system would be 2/3 p and that of selenium would be 1/3 PMIN'

MIN
The temperature of the reservoir was usually adjusted to maintain the
correspondihg pressure of whichever element was placed in thé reservoir.
In practice something approaching PMIN must have been obtained in the
capsule because the crystals grew at a reasonable rate.
However, because the system has given good results with CdSe,
Cds, ZnSe, 7znS and ZnTe, and often works effectively when considerable
quantities of dopants are added, it is of inteiest té examine why the
system works so weli, and to discuss thg order of magnitude of the devia- '
tion from the ideal case which should affect the transport of material.
Clearly the pressure of the element in the reservoir capnot be
direétly'imposed on the charge evaporatipg in the capsﬁle because under
normal conditioné there is a significant pressure difference between the

capsule at P and the reservoir at 1/3 or %ﬂ3’PMIN (for Se2 or Zn) as

MIN
appr0p£iate.< Gas must flow continuously down from the capsule to the tail
because of this pressure difference. Fortunately the gas cools. on its
passage down the tail tube, and ZnSe is precipitated on the wall of the
silica over a length of 200 - 300 mm, stopping a little before the
reservoir. The value of Pzn‘PSe2 at 700°C is NiO"17 (atmospheres)3, so
with é zinc reservoir held at 550°C the equilibrium pressure of selenium
at 700°C is 10_13 atmospheres. For this reason the reservoir femains
uncontaminated. 2 - 4 gms of material are transported to the tail during
é typical growth ruh,Awhich lasts approximately 10 days.

However, assuming laminar flowof the gas to the tail, a pressure
difference of ~10;3 torr will account for the observed rate of loss of

material. Compared with the value of PMIN ( ~ 10 torr) this is negligible,

and the system must therefore be virtually isobaric. This conclusion’was
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somewhat surpfising, and it was necessaiy to devise an'experiment to check
it. 1In principle the idea was to pump continuously froﬁ the tail of a
growth tube and discover whether or not the rate of lossof material to the tail
increased very rapidly as any residual gas was removed. This experiment
was performed'by lengthening the usual tail tube, so that it extended_
below the tail furnace, and-attaching a fotary pump to it via a flexible
hose. No reservoir element was used. The result was most interesting;

In 60 hours sufficient material had sublimed to the tail to block it
dompletely, and a crystal had grown at the growth tip. Essentially a
system'closer to that originally used by Piper and Polich(26)-had been
obtainea. This seems feasonabie confirmation that there was a signifi¥
cant amount of unwanted gas present in a sealéd—off capsule. This gas

has not been identified so far, although épectroscopic studies prove

that carbon monoxidejjspreéent. J.J. Murray et_al.(21) have used a mass
spéctrqmeter to investigate the species evolved when séaled silica capsules
ére heéted. When fabricated into capsules the silica supplied by some
manufacturers released 4 x 10_6 litres cm_2 of hydrogen (measured at
S.T.P.) when the silica was raised to a temperature of 1300 K, even though
it_had.previously been‘baked at>600°C. This would correspond to a pressure
of greater than 60 torr in a growth capsule at the normal growth tempera-
tures we used. Our growth capsules with tails were made from electrically
fused quartz tubing which would not have been subjected to hea£ing by
hydrogen during manufacture._ However, the tubing was worked with propane
gas flames to form the capsules,.and then reheated quite se?erely during
tﬁe sealing process and may well have absorbed hyd:ogen or OE radicals
quite heavily during these processes. |

Some of the gas may well be Seoz. Evidence for this comes fram

véomparison with CdS and ZnTe. Occasionally during a growth run the tail
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‘1L"furnace;would fail. When this happened Cds and ZnSe charges were lost to

the tail at the usual slow rate when the temperature of the tail reservoir-
fell to 100 - 200°C, but when this happened to a ZnTe tube the whole
charge sublimed to the tall. This could be ascribed to the lower vapour

pressure of TeO2

with‘lOtorrforSeO2 and a boiling point of -10°%c for SO2

The manner in which the tail reservoir acts in controlling the

(22), which is of the order 10_15 torr at 200°C compared
(23) '

vapour pressure is difficult to analyse quantitatively. Experimentally,

it is found that when P ] 2/3 P

RES MIN in the case of a zinc reservoir,

or 1/3 P for a selenium reservoir, the fastest transport takes plaée.

MIN '
If no impurities and no residual gas in the tube are assumed, then the
mechanism of the controlling action of the reservoir may be examined for

>P and P = 0.

the two extreme cases P MIN RES

RES
In the first case the pressure throughouf the tube will be approx—
imatelyvthat of the tail reservoir. The transpdrt rate will be low, and
controlled by .the rate of diffusion of the minority component. It would
be expécted that only a small amount of the compound would form on the
walls of the tail, and this is confirmed in practice. The pressure of
the minority component.can be calculatéd approximately by inserting the
v;lue of PRES into KP = Pé# PSe2° The velocity of the gas flow to the
tail is very low, and the tail might be regarded as a separate long |
ﬁarroﬁ capsule with a source at the nozzle and a crystal face close to

the reservoir liquid.

When PREs ~ 0 the tail reservoir is cold; if it were cold enough,
then the vapour'pressure of any molecules landing would be negligible,
and the system_wouid be indistinguishable from a pump. Under these con-
ditiéné the charge would start evaporating and rapidly approach PMIN'

The .only obstacle to maximum transport would be the very light reduction

in PT due to the flow out of the capsule through the nozzle, which
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reduces the supersaturation at the growth face. This situation is illu-
strated in Figure 4;7.1.

.The effect of the nozzle diameter is important in the case of
the cold reservoir. If flow is by diffusion only, thén the flow will be
proportional to the radius of the tube squared. Assuming a nozzle 1 mm
in diameter and 1 mm long, and an effective length for the tail of 250 mm
(where the heaviest deposit of the compound occurs) with a diameter of
4 mm, it may be seen that the resistance of the nozzle is only A,G%.
Howevef, if the flow is laminar as seems likely in the case of~the cold
reservoir, then the flow is proportional to (radius)4 giving it;agresis_
tance of more than 50% of the total. In this Ease the nozzle size .plays
a significant Part in deciding how much of the’éharge is lost to the
tail.

“As the temperature of the reservoir is increased, the vapour
Vpressure'of the element in the reservoir increaées, resulting in the
compound being precipitafed further up the ta;l tube. In the steady -
state, atoms of each element must be lost at an equal rate down the cap-
sule, and solthe partial pressure in the capsule»of the reservoir eleﬁent
must increase slightly to balanqe the greater rate of diffusion towards
‘the capsule of the majority component in the tail. At low tail presSures.
the pumping effect éf the flow of gas away from the capsule will makg
“the effect very small. However, the value of P_ in the capsule must

T

start to deviate significantly from P when the partial pressure of

MIN
the reservoir element in the tail exceeds that corresponding to PMIN in
the capsule. As the temperature of the reservoir is increased, the point
‘of precipitation of zinc selenide moves closer to the capsule. The net

result of the argument is that a selenium reservoir must give a selenium

rich atmosphere and a zinc tail azinc rich atmopshere, even when the: selenium
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reservoir is at a pressure of 13 PMI& or the zinc reservoir at %/3 PMIN'
although the deviation is likel& to be smail.

This argument also indicates that transport should be fastest
when the-tail reservoir is cold; this was not found in practice. This
is because of the background gas in the system which has so far been
ignored, and which affects the growth with a cold tail, (when a large gas
flow would otherwise be expected)},much more than the growth with a hot
tail (whenthe flow is always small). The flow down the tail of a crystal
growth tube is partly attributable to Stefan flow and partly to diffusion.
An expefimental confirmation of the importance of fhe_Stefan flow contri-
bution was érovided by an experiment‘ attempting to grow 2nS in a -tube. ffom which
the nozzle to the tail reservoir had been removed. Instead of losing the
usual 2 - 4 gms of material to the tail, ﬁost of the 15 gm_ch;rge was
lpsti blocking the tail completely. If flow had been by diffusion only,
the lpss would have increased by less than 10%. (It was shown above
that the nozzle contributes ~ 6% resistance in the diffusion only case).
As the tail is heated the element in it melts. At this point it is
possible that a number of the impurities are removed $y dissolution in
the reservoir liquid leaving mainly inert gas, which should improve.
transport considerably. Furfher, because there is always a plentiful
supply of majority molecules available the minority component molecules
flo&inq from the capsule should be rapidly precipitated as the.compound,
giving good control of the capsule stoichiometry which will be a Iiftle
rich in the majority element. 2ZnSe is preciéitated in the tail closer
to the capsule. However, when the tail is cold the flow:will partly
break up into the diffusion of the two separate elements through tﬁe
inert gas or impurities. Under these conditions Zn molecules woqld

diffuse faster than Se2 molecules. (A ratio of 1.5 is obtained from
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the square root of the densities). Agaiﬁ, if some of the gas does not
reform into ZnSe, but diffuses further down ;he tail to crystallise in
elemental form, the Sez-has further to travel. These considérations
would lead to a selenium rich atmosphere in the capsgle with a cold -

tail. Thus the action of the tail is described qualitatively; to obtain

more information a mathematical model is required.

4.8 A Mathematical Model of the Transport Processes

Having established in Section 4.7 tﬁat there is a_significant
pressure.of uncontrolled gas in the system, it is neceésary'td investi-
gate transport in the presence of an inert gas. Constant pressuré-is
assumed fhroughout the system. Using the same notation as in Section 4.1,

it is possible to write down the transport equations for zinc and selenium

For-zinc:
‘ N N .
2 T Zn
= = — . U - . —= .8.1
3 JT NT NZn D = (4.8.1)
But - JT = UNT ’
so ,
: N dN
2 Zn Zn
£ - Len = - . (4.8.2
I (3 N ) P =% ot )
T
and
£ 3 NZn(z) .
T . da& = 3
f BTN / TN, oW, aN, (4.8.3)
o N__(0)
Zn

where N_ (£) is the value of N, at x = £, and
] Zn Zn

NZn(O) is the value of N, at x = 0.
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(3NZn £y - ZNT)

(3NZn (0) - 2N,-I,)

For selenium a similar treatment can be used, and

dnN
1 e,
-jJT = UNSe —,D.————-dx-
2
gives
JT!' (3NSe2(£) - N,
= 1n =
D. Ny (31\1Se £y - NT)

In passing it is interesting to enquire what happens if

2

Np = Ny v N
2
then ?
2N, (&) - N (&)
exp H_. _ Se2 Zn
D 2NSe(O) - NZn(O)
2
. 2 NSe (.@)
= NZn(o) NZn( )
N, &) ") NSe2 (0)
2..—-—-_
NZn(O)
But .
: NRT = PV
so N is proportional to P
‘and ‘ )
N, (&) N
Se2 N Se2 _
_—T- = £ I -
NZn( ) . NZn(o)
Further
P .
T —
A+1 = Py kN

where kX is a constant.

(4.8.4)

(4.8.5)

(4.8.6)

(4.8.7)

(4.8.8)
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Substitution in 4.8.8 gives

U.z _ A°.+1 2A£-1
P 73 - 3A£+1 ' 2_A_°-1

which is equation 4.1.18 again.

Reverting to the more general problem with a finite value of PT'

equations 4.8.4 and 4.8.6 lead to

) ' ' . - ' -
_ ol 39, (£) 2p,, 3P5e2(£) P

exp — = - = :
D 3PZn(0) 2PT 3PSe2(O) PT

(4.8.9)

The va;ues of U, £ and D are known, so to determine conditions_

se, “,

at the growth face it is ﬁeceésary to obtain values for P
PZn(Z) and P,.

a simple method by which to oﬁtain PSez(Z) and Pz.n'(l) is to assume
that the pressure of inert gas is so high that material is ;ost to the
tail by diffusion only. This may be achieved in practice by deliberately
admitting inert gas, e.g. argon to a pressure }10 PMIN' The two elements
willuthen diffuse to the tail and the éartial pressures in the capsule:
would adjust themselves so tha£ equal'numbers of zinc and selenium atoms
left the capsule (i.e. twice as many molecules of zinc as selenium).

To formulate this mathematically, let the subscripts CAP and TAIL stand

for capsule and tail respectively, and

P P
v = _S_;&IL_ and W = i;l& . (4.8.10)
MIN ‘ MIN

The diffusion coefficient of zinc is assumed to be 1.5 times that of

éelenium beéause of the difference in mass of the molecules. The

diffusion iate of zinc is proportional to APZn~(Fi§.4.8.i), and must be
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twice the diffusion rate of selenium which is proportiornal to PSe CAP®

Thus equating the rate of loss of atoms of each species, and allowing for

the faster diffusion of zinc, gives

APy = Poncar Pzn Tarmn T 1.5 Tse cap (4.8.11)
which gives
‘ _ 2.0 _
Poncap = Pon TAIL * 1.5 Pse cap (4.8.12)
and
P = P + L3 p | (4.8.13)
Se CAP Se TAIL 2.0  Zn CAP ,
for a selenium tailed tube.
Therefore from ¢.8.12) and (4.8.10)
B, cap = 3 Poe cap = WP (4.8.14)
n >€ = MIN
But
4 3 2 s er
4 = = p (4.8.15)
27 P MIN Kp PZn CAP Se CAP
SO
P - % > w 21 p? p (4.8.16)
Zn CAP 3 "Se Cap 4 "Zn CAP “Se CAP
' However,
APrncar -  Pse car
sO ,
a-2a3 - .2, (4.8.17)
3 - 4
Similarly, for a selenium tail
3.3 3 27 . :
- = L 4.8.18)
a 4) v . 4_A (
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By putting W = %-, A may be obtained when the rése;voir is at the stoich-
icmetric partial pressure for zinc. This yields a value of 0.20 for A.

A simi;ar calculation gives A = 1.47 for a selenium reservoir. A further
interesting result is obtaihed by putting A = %-in ¢.8.17) and (4.8.18)
This givés,w = é-and a negativenvalue for V. Thus it is possible to
obtain PMIN in the capsule using a zinc tail limited by diffusion. How-
ever, this can never happen with_a selenium tail.

In Section 4.7 it was shown that the system, including the tail,

is isobaric. This means that the transport equations (4.8.9) may be applied to
the tail if suitable values of U, £ and D are inserted. The growth
face in this  case is a section of the tail tube about 100 mms long,

but most of the deposition occurs in the firSt 40 mms, and the nozzle

is regarded-as the sou;ce. PSe TATL and PZn TATL are known. If Fhe tube
: 2 : _ s
hag a zinc tail PZn TATL 3 MIN_and PSe TATL 0, while if the reservoir
=1 : _ :
contains selenium Poe marp = 3 Py a0 Pon marr, = O+ (See Figure 4.8.1)

When these values are inserted into equations 4.8.9 for zinc and selenium,

P TATL PZn(O) and P maor =-I;e (0). Tﬁls gives two equations with
three unknowns, P, (&), PS%;O) and P ;. However P, (£) and Psggﬂ)

are in close equilibrium with the solid source and so

2
Kp = pZn(z) P e(L) .

S
2 A ,
This relationship provides a third equation and the problem may
be solved numerically. The following values have been used in the cal-
culation. -
(i) Mass of Material lost to tail:- 4 gms.
This is a typical loss for a charge which was completely transported.

Unfortunately no attempt was made to check whether capsules with zinc and selenium

tails showed different weight losses. (N.B. when used in equations 4.8.9
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and 4.1.18 the transpdrt rate has a negative sign. See Figure 4.1.1).
(ii) Time 7 days:- the time the tube was in the furnace at 1160°C.

(iii) Diffusion Coefficient at N.T.P.:- 0.2 cms sec_l, an estimate
obtéined from Faktor and Garret( 3). The difference between zinc

and selenium has been ignored. 8

-(iv) The diffusion coefficient in the growth tube was calculated from the

expression

D = D . STAN [ A o (4.8.19)

An average value was used for TA: This expréssion was also suggested

by Faktor and Garrett.

{v) Charge temperature 1158°C. The usual furnace temperature was 1160°C

and the charge was unlikely to have been at the hottest spot.

(vi) TA = 1000°C, average temperature of tail assuming condensation
at  850°C.
(vii) £ = 30 cms, the distance travelled by the material. See Figure 4.8.2.

-

A representative value is taken, clearly it cannot be precise.
- : -2
(viii) Cross-sectional area of tail tube 0.126 cm - .
(ix) PMIN in capsule 12.3 torr.
Usiné

1/3
Pséz(f.) +P, (B) = T.P.- (A£+1 ) (2A ) (4.8.20)

and exp (-——) = 0.585
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It is possible to write, for a selenium tailed tube,

P, = 7.23 . P £) - 4.23 - Poo (0) (4.8.21)
. 2 2
and
= . 4.8.22
P 3_§I'P%n(£) . { )

CF
By selecting a value of AE two values of PT may be calculated, one

from (4.8.21) and one from (4.8.22). The average value of PT is substituted

'&
in these equations to cbtain revised values of P

Zn(z) and PSQ;E)' and

hence obtain a better value for Aﬁf When the cycle is repeéted rapid

convergence results.

52 = 0.85 . pZn(Z) = 4,40
P& = 3.76

58
PT = 15.90

Using the same value for exp %%-, analogous expressiohs may be derived

for a zinc tailed tube .

- - 2.11 4.8.23
pT 3.61 Pzp(ﬂ) 2.11 Pzn(O) ( )
= - : 4.8-24
P 7.23 PSe(Z) . : ( )
2
They give

-A2 = 0.264 pzn(z) =  6.50

P (D) = 1,71

Se2 .

P = 12.39

The different values of PT are the result of using the same value
of |J]| for both zinc and selenium tails. In fact it would be expected

that |J| would be larger for a selenium tailed tube because of the lower
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pressure of the tail element.
Having obtained a value for PT; it is now possible to obtain

values for PSe(O) and PZn(O)'in the capsule and hence to calculate Ao'
2

The value of exp(%%) inm the capsule will be different of course. The

following additional values were used to calculate (%%) in the capsule.

(L) Mass of material transported:- 16 gms.

N.B. J requires a negative sign because of the convention used.

(ii) . £:- 10 cms.

.

(iii) Cross sectional area of capsule:- 0.95 sz.

Then exp %§ = 0.82.
Assuming
= 15.90
P |
P (&) = 4.40 selenium tail Ap = 0.85
Zn .
P (&) = 3.76
Se2
then,
P, 0y = 3.04
n A = 0.89
P (0) = 3.39 °
Se2 .
~Assuming
: = 12.39
P
P &) = 6.50 zinc tail A, = 0.264
% £y = 1.71
€2
p,(0) = 6.12 .
neo . A = 0.194
P (0) = 1.19 °
Se,

" ‘However, if no inertgas were present, in the selenium tailed tube;

= 8.16
PT
= 4.19
PZn(O)
) A = 0.95
P (0) = 3,97 (o}
Se
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If no inert gas were present AT could be read directly from Figure 4.4.1

using the curve for 1150°. .The other values may be ready by inter-

polating between the isobars to find the correct position for PZn + PSe’
. : 2

~ However, a more accurate value can be calculated using the

. eqﬁétibn
a d log, . K p
.10 p _ _ 37500 (4.8.25)
dT 2
T
i.e. - ; : 2 e
, B R (AN (L)
. ‘ , Zn - Se2
‘ : AT = 54 log (4.8.26)
. 10 }_ 2 . » :
- P (0) P (0)
Zn Se2

The-fdlibwing'values were then cbtained; with
thé'zihc tailed tube AT = 11.6°C, and for the selenium tailed
tube AT = 19.7.C.<

. However, if no inert gas were present in the selenium tailed tube,
the caiculated value of AT isreduced tbl.lSoC, which is clearly too low
and confirms the conclusion that jnert gas must have been present.
? _

The most uncertain quantity in the calculation is the value of the

diffusion coefficient D . If the selenium and the zinc are diffusing

~ "STAN
through lighter molecules then the value of 0.2 would not appear un-
réaéonable; However, if the data of-Toyama and Sekiwa(24) is used
;assﬁmiﬁg the gases present to be zinc ana diatomic selenium, then the
éoeffiqient is approximapelylo{l.. To check the effect of this,variation‘
tﬁe anainis was.fepeated-ﬁsing a value of.0.1 for thé diffusion co-
efficieht. #The results aré'tabulated in-Table 4.8.1, Their chief
featﬁreé are the value of Pi, which inéicates'a pressure of approximately
5 torr inert-gas ih the capsule and;the'difference in the values of AT,

none of which vary very much from the original estimate frcm experiments

of 720°C.
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Table - 4.8.1: Continued

Note P = 3 (2 kp)’
MIN 2 P
o ’ = -2 :
whgre ]..og10 Kp T + b.
Values of a and b were derived from Aven and Prener(”) (& + P)
(18)

and Kirk and Ravep (K+ R).. There are two pairs of values from
Kirk and Raven, their experimental values, a'ndA tﬁeir experi‘.mentalv
_ values modified by tﬁéoretical c‘onsidera'.tions (Expﬁ. and Théory
in table). Because the line has been éxtrapolated quite con-
siderably the factor of 3 divergence is not sﬁrprising. The

.' | Yalues of &, and A are independent of the value of PyIN because

of the initiél assumption that the tail resérvo:pr'pressure was

2 (Zn) or L P

37 | te. See Appendix 4).
3F PMIN 3 "MIN (Se) as appropriate ( A PP
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Two main conclusions can be drawn from this mathematical analysis.
Firstly, some inert gas is necessary in the system. If it were not-
present much of the charge would be lost to the tail reservoir. The

gas also helps to ensure that the growth is mainly transport limited.

‘Secondly, although the calculated values of AT have quite a spread} they

nevertheless indicate that most, if not all, of the experimentally

observed temperature difference is necessary to sustain the observed

transport rate. This implies that the growth rate is limited mainiy
by the transport in the capsule rather than sufface kinetics. . However
the calculation does not give sufficient precision to dismiss completely

the effect of the processes at the growth face.

4.9 The Effect on the Growth Rate of Doped and Non-Stoichiometric

Charges

If the charge were non-stoichiometric and the excess were released
at a steady rate throughout the growth run, while the crystal grew wifh
perfect stoichiometry, then the gas lost to the tail would no longer
contain equal numbers of metal and non-metal atoms. Supppse there were

a non-stoichiometry of 1000 p.p.m., then % - 1% of the material lost

through the orifice would be non-stoichiometric excess. This corresponds

to a change in the value of A of 0.005 - 0.01, which would not have a
noticeable effect on the growth rate. (A was found in 4.8 to be of the

order 0.26 for a tube with a zinc tail and 0.85 for one with a selenium

tail).

In practice the charge is extremely unlikely to contain so much
nonfstoichiometric material, because this'is far outside the existence
range ofvthe material, and could only be présent in the form of pre;
qipitates. However, a similar éffect would arise f:om the diffusion of

impurities through the capsule wall or out of the silica during a growth .
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run. Larger quantities of unwanted material may be removed frém the.
capsule before growth comménces without affecting the-efficieﬁcf of the
transport. For example, when 1 gm of excess zinc was added to the charge
it sub;imed to the tail reservoir as soon as the temperature began to
rise, because zinc boils at 9850C. A similar effect occurs when a
dopant (e.g. manganese) is added to the charge in the form of a powder,
so that-it reacts immediately upon,heating to displace either zinc or
éelenium (e.g. manganese displaces zinc). The displaced element is
rapidly transferred to the tail; and no longer dffects the stoichicmetry.
It should.be noted though, that any impurity in the charge which depressed
Kp wqﬁld.slow transport not onlywbécause of the lower PMIN over the
sourcé, but also because the reservoir teﬁperature would be too high

and would create a non-stoichiometric vapour, which would suppress

transport.

4.10 The Variation of Growth Conditions During a Growth Run

"A final point on the action of the tail comes from a cqnsideration
of the effect of evaporation on tﬁe sélid. ~Normally selenium comes
off the charge of zinc seleniae when it is first heated'up; a similar

(25) observed that when

lgffgct océurs with sulphur and CdS. Buckley
thin fiims-of CdS were grown by evaporation in a vacuum system, the con-
antivity of the deposited films increased with their thickness, or the
time fo; which the ﬁéterial had been evaporating. It would appear that
as CdS ar ZnSe is heated, the solid in egquilibrium with PMIN deviates
from a lattice with equal numbers Qf.metal and non-metal atoms, to one
with an excess of non-metal vacancies. In a growth tube with a tail,
the initial burst of suiphur or selenium is lost to the tail quite

| quickly and the solid chérge comes to equilibr;Um with the vapour in

the capsule, which will be slightly rich in the reservoir element.
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The surface of the charge will clearly do this quite rapidly, but the
insiae will take a time which dépends on the raﬁe of diffusion of selenium
vacancies from the surface. To obtain an order of magnitude estimate of
the equilibriation time it may beAnoted that 1% - 2 mm thick Hall samples
can be made éonducting by solvenﬁ extraction in liquid zinc at 850°C in a

few days. At 1150°C the time necessary should be reduced to a few hours.

If it is assumed that non-metal vacaricies must diffuse in to make ZnSe

conducting, at the same time as impurity atoms diffuse out, then the same

time constants as for solvent extraction can be taken as the maximum for

equilibriation.' Beqause the charge is in a reverse temperature gradient
forvl - 2 days béfore the tube is pulled far enough for growth to start
(Figure 3.1.1) it can be assumed the chafée has mainly equilibriated with'
the vapour by the time growth begins. In consequence the growth should
occur ircﬁ a charge wifh a uniform cémposition. In contrast in a simple
sealed capsule, growth 6c;urs from a vapour which has an excess of one

component. Because the excess element becomes more concentrated in the

vapour over the growing crystal than in the vapour over the charge, the

cfystal must start growing further from stoichiometry than the charge and

must finish growing closer to stoichiometry to conserve the nunber of

atoms in the éapsule.

4.11 Discussion of the Rate Limiting Mechanism within a Vertical

CaEsule

In the first ten sections of this chapter, an attempt has been
made to build up a picture of what is happening inside a typical growth
capsule used for producing a boule qf a II-VI compound from the vapour
phase;"Many of the factors influencing the g;owth rate and quality of
the crystéls have been iqvestigatedt When thése are considered in relation

to thebbbules of ZnSe grown in the manner reported here, it is clear that
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‘the evaporation of the charge, and the nucleation of growth steps are not

significént in limiting the process. The main rate limiting step appears

to be the transport process, with poséibly an additional effect associated

With theicondensation pfocess. It has been suggested by Toyama and
Sékiwa(24) that at 1127°C the growth of ZnSe is limited by the condensation .
process. UsinéAthelcapsule and reservdir system, the observed growth.rate
roughly corresponds to calqulated pressures of inert gas in the‘range‘

1-- 5 torr, and éxperimeptél vélues of AT near 20°c. The possible errors
in this calculation may be quite large, associated in particular with the
estimation of'the magnitude of the diffusion coefficient, and thus the
condensation process may have some sigﬁificance in limiting the growth rate.
Howéver; the tfansport process 'is thevdominant mechanism. The bqules

which grew fastest all showed convex growth faces, which are usually inter-
préted as indica#ing diffusion controlled growth( 4). Slower growing
boules were often faéetted, and did not reach the full possible size. Many

had one or two grains, while larger boules often contained more. Compari-”

sons of these results with those obtained growing crystals of CdS and ZnS,

which are discuésed further in'Chapter 5, is interesting.. At 1150°C,'Cds

crystals often grew singly, while pure ZnS transported reasonably well,
but only produced an agglomeration of dendritic needles. Boules of ZnS,

ZnSe and CdS are compared in Figures 4.11.1 A to E. Ballentyne and

. Texﬁpest:(6 ) investigated the growth of ZnS and CdS at similar temperatures,

and concluded that CdS grew under diffusion limited conditions, while the
érowth of ZnS was condensation limited. The results from our capsule and
reservoir system agrée well with their findings, and put ZnSe somewhere
between the two. The higher probability of Cds béules growing as gingle
cfystalslmay be due either to the hexagonal strqcture of Cds, or to theJ

ZnSe growing under partly condensation controlled conditions. It is

interesting to note that the rate of loss of material from the capsule
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to the tail was similar for CdS, ZnSe and ZnS, suggesting that an unknown
inert gas was present when all'the compounds were grown. (Preliminary
experiments indicated that the éas was carbon monoxide). The ZnSe crystals
which did not attain the maximum growth rate (the case examined in
‘Section 4.8) wete'probably grown in a regime closer to diffusion limita-
tion initially, but as AT increased during the run so'that the temperature
of the growth face was lowered, the growth may well have stopped when
condensation limitation became important. It is not suggested that the
presence of growth facets proves that growth is limited by condensation
processes.' The equilibrium form of the crystals is, in general, facetted,
and a slow growth rate will lead to this morphelogy. Hewever, it is
believed that the breek—up of growth into-a mass of dendritic needles as
occurred with ZnS does indicate that condensation limitation is important.
If grewth is completely condensation limited thenAthe.growth rate of the
crystal will increase with increasing temperature. This ieads to an effect
anaiogous to constitutional supercooling. Any random protuberance from
the surface of a growing crystal will enter a warmer area and grow faster.
ﬁowever,'there is a difference between this effect and constitutional
supercooling; in the latter case the letent heat of fusion incresases the
temperature of the projection and slows the growth rate, whereas if the
'growth rate is condensation llmlted, the heating effect increases the
growth rate and makes the system more unstable. Ballentyne et :-.\l.(4 )
showed that growth under condensation limited conditions was undesirable
beCaUSe it necessarily implies high levels of eupersaturation which can
lead to the nﬁcleation of more crystallites. This argument clearly shows
that condensation limitation must lead to unstable grewth (unless there
are other very strong stabllising factors), and should be avoided unless
need;e cryetals are wanted. The 2ZnS needles had the cubic structure and

grewtin a ﬁli] direction (pOlerity not determined). In Chapter 5 the
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S 1is reported. As the concentration

growth of solid solutions of ZnSel_x N

of sulphur was increased, growth continued quite well until x > 0.6 when
needle crystals only were formed, and the morphology of the boule closeiy
corresponded to ZnS. No intermediate facetted stage was observed, sug-
gesting that the facets oboerved on 2ZnSe boules were attributable rather
to growth réte than condensation limitation. It is interesting to speculate
on the feason for the abrupt change in morphology of ZnSel_XSX boules

when x exceeds 0.6. It would appear that the activation energy to decom-

pose the Se, molecule, E ( E { E, . The incorporation of sulphur
Se, SSe 32

2
into the boule would then occur most easily from the SSe molecules, and
compositioos with.x.a little greater than 0.5"coulo be obtained by the
ro—evaporation of Se2 molecules. Smooth growfh would stop when the amount
of‘SeS declined too far to support the necessary growth iote. The growth

rate would then be condensation limited and the instability would become

large as the supersaturation increased because the pull rate exceeded the

growth rate.

4.12 Conclusions

The growth of a crystal in a vortical‘tube with a tail reservoir
hao been analysed in rather crude terms. Nevertheless it has been demon—
st;ated that the reservoir will correct for non-stoichiometry of the charge
exceeding 1000 p.p.m. without a significant effect on the transport rate,
and that a much greater quantity of volatile material may be removed if
iﬁ»is-released as the system warms up, e.g. zinc releésed by the reaction
between the charge and manganése. Further, it has been shown that the
tail reservoir Qill not hold an exact vapour pressure over the material
in the capsule, but one which depends on the physical diménsions of the

system (which in turn control the velocity of the gas flow to the tail),
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the amount of residual gas and the partial pressure of the element in the

.feservoif. It has been demonstrated tha£ there is a considerable pressure

of gas in the system ( v 5 torr at temperature) which is neither zinc nor

selenium,.and that without this gas all the cﬁarge would sublime to the

tail. An attempt has been made to estimate the total pressure (PT) of the

gases in the system when the optimum transport was obtained. The equations
- u i 3Pan£) - ng i 3PSe2(£) - P

D 3PZn(O) - 2PT 3PSe2(0) -APT

were used to describe the flow of gas to the tail from the capsule. For

a tube with zinc in the reservoir it is possible to substitute

_ 2 . . _ l _
PZn(O) =3 PMIN and PSeZ(O) = (0, similarly PSez(O) =3 P and Pzn(O) =0
for a selenium reservoir. Kp = p? (Z)I% (l) in each case. The equations

have been solved numerically, and the most significant error was derived

from the assumed value of D . the diffusion coefficient, which lies

STAN
2

between 0.1 and 0.2 cm s—l. Values of Ao and AT were therefore calculated

for the two extreme values of D

STAN

‘D Reservoir Element B AT
cm2 s“1 oC
0.2 Zn 0.194_ 11.6
0.2 Se 1.12 | 19.6
0.1 Zn 0.268 8.2
0.1 Se 0.88 14.9

The assumptlon of no residual gas leads to a value of AT 1°c which is
. unacceptlbly low, because this would lmply that the boules which grew
fastest did so under condensation limited conditions. This is clearly

not ‘true because the boules have smooth domed ends typical of diffusion
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limited growth. Thus it is concluded that the fastest growing boules
gréw under transport limited conditions, and that this was due to the -

presence of an unknown inert gas. Runs in which total transport was not

achieved produced boules which grew initially under diffusion limited

conditions, but may have stopped growiﬁg undexr condensation iimited con-
ditions Qhen AT grew large. The value of Aﬂ is maintained close to 0.5
when the tail temperature is set to give a partial pressure of the reser-
voir element corresponding to PMIN in the capsule, but the exact yalue
is not precisely determined. Known partial pressures cai be established

away from P using a reservoir of the major constituent element required

MIN
ih the vapour phase.

The feservoir essentially deals with large swings of the partial
pressures in the capsule away from those to give PMIN' It corrects large
deviations quickly because of the increase iq PT associated with such
swings. The crfstal iﬁself can be grown with a different stoichiometry
frdmAthé charge, and this remains constant throughout the growth period,
unlike that of a crystal grown in a simple sealed cépSule; Also a much
wider range of dopants may be incbrporated by adding them to the charge
before growth is inhibited.

- In general it would be expected tﬁat crystals grown using a
selenium reservoir would grow faster than those witﬁ'zinc reservoirs,
bec%ﬁée'the vapour over the charge is kept closer to stoichiometry.

Conditions should also be more stable, because PT increases faster with

deviation from stoichiometry on the selenium rich side of PMIN'
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CHAPTER 5

' ZINC SULPHO-SELENIDE AND THE GROWTH OF SOLID SOLUTIONS

5.1 Introduction

Work within the research group on ziné selenide L.E.D's. had yielded
devices with electroluminescence emission ranging from yellow to red in
colour depending on the dopant used. Similar results were found by several
other workers, (see reférences 1f3). In an attempt to extend the range of

colours towards the blue, Ozsan and WOOdS(4)

studied Schottky diodes on
single crystals of solid solutions of Zn(S,Se). They were able to obtain"
a reasonably intense green electroluminescence from devices on ZnSo.sseo_4.
To sustain work in this field it was necessary to produce boules of zinc
sulpho—se;enide from the vapour phase siﬁilaf to the zinc selenide boules
described in Chapters 3 and 4. The work is part;cularly interesting because
although ZqSe can just.be grown by the technique, it is very difficult to
grow ZnS because of the highe: temperatures needed. While there is no
doubt that the furnace could be modified to provide a higher temperature,
the quarfz ampoules used are found to collapse at 12OOOC, and so to extend
'the-technique to this temperature some means of'¥educing the pressure dif-
ference between the inside and outside of the capsule would be required.
Altpbggh PMIN for ZnS is only reduced 5y a factor of tyo compared with ZnSe,
ahdAansatisfactory rate of transport has been obtained experimentally, the
tesu;taﬁt_boules were only an agglomeration of dendritic needles. Powder
‘phdtograéhs showed these needles to have the cﬁbic”structure. It would
_;ppeérzthat the boule growth is limited by thé kiﬁetics of the growth inter-
'féce to an impractical rate in the system used; The value of AT was rather
larger.than that for ZnSe, although it was probgbly'less than 50°C. Thus

the indications are that the growth rate was limited by the activation.

energy of adsorption on the growth face.
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The additional problems in the growth of solid solutions arise from

the extra component. This could lead to éeparation of the components
during crystal growth, giving a varying composition through the boule, or

a composition different from that intended. ‘Crystals of ZnSexSI_‘x were

of particular interest to the groﬁp, but a few boules of ZnSexTe1 X and

Cdesl_x were growﬁ to gain experience with mixed crystals; this was done
because ZnSe, ZnTe, CdS and CdSe can all be transported much more easily

and ZnSe S were all found to
1-x x 1-x

transport easily at 1150-—1165°C, and there‘was no change of colour along

than ZnS. In fact CdSexS 'ZnSexTe

1-x
the length of the boule, which indicated a reasonably consistent com-

position. With ZnSexS _x-the composition ZnS was found to be as

1 %.4%.6
far as it was possible to go towards ZnS before the quality of the boule
deteriorated and the distillate became a mass of dendritic needles. Tha

composition is a very qonVenient 50% ﬁixture by weight of ZnSeiand ZnS.

5.2 Some Theoretical Aspects of the Growth of Solid Solutions

As remarked in 5.1, the main problem in the growth of solid éolutions
is likely to be the separation of the two compounds involved during crystal
growth. This could occur for two reaéons; firstly the thermodynamics of
the source and crystal interfaces, and seéondly the physical nature of
the'transport system, may aid the separation of the components. In par—‘
ticular, molecules of different masses have different densities and
.diffusion rates. The difference in density can cause a vertical separation
of components according to Archimedes' principle. Naturally this can lead
to one element being transported more efficiently than another in a
vertical system.

The thermodynamics of the simple binary system are straightforward,




‘the- transport of ZnS, which suggests that in the ZnSexS
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and are described by the equations

and

-RT €n Kp = G

where R, T and Kp have their usual meanings and.G is the Gibbs' Free
Energy of dissociation. At the temperature of crystal growth (44110000)
the compounds appear to interdiffuse freely, which means that the solid
soiution has a lower energy state than a mixture of the two separate

compounds. Expressing this mathematically ,

+ (1-x) G | (5.2.1)

X M (N2)

G G
M(NL) (N2), M(N1)

Let Kpn represent some average value of Kp that may be ised for the solid solution.
It has been observed that transport of the solid solution is easier than

1-x system

Kpa ) Kp(ZnS) for all x. This situation is illustrated graphically in

Figure 5.2.1 for the systems ZnSexTel_x

and ZnSexsl_x. Log10 Kp is

~plotted against composition for the systems at 1150?C. (Log10 Kp is

propbrtional to AG at a fixed temperature). Line A& represénts
fnKpa = X fnkp (zn N1) + (1 -%X) £nkp (2nN2) (5.2.2)

while line B is an estimate based on the kndwledge that the curve must
be sublinear for a stable solid‘solutioh,.but‘ AG (ZnSexSI_x) > LG(Zns)
to give the observed rate of transport.

‘The .greatest diffiquLty in anaiysing the system is to estimate the
composition of the éas in equilibrium with a solid solution of a par-
ticular compositioﬁ. In this respect a system with two metals is simpler

than one with two non-metals. This is because the vapour over
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(Ml)x(MZ)l_xN will contain three main constituents (M1),{M2) and N,
while the vapour over M(Nl)x(Nz)l_x will contain four main constituents,
M, (N1)2, (N2)2 and (N1) (N2). The pressure of (Nl)2 and (N2)2 is

related to the pressure of (N1) (N2) by the eQuation

Fan, ‘o2,
Ky = 5 (5.2.3)

PNty (v2)

Consider a mixture of X parts ZnS to (1-X) parts of Cds (parts
'atomic metal) used as a charge in a capsule. When the capsule is first
heated up the vapour pressure over the mixture ‘would be governed initially

by the dlssoc1atlon of the two binary sulphides

2
Kp (Cds) = PCd P82
and .
Kp (ZnS) = P2 P
P Zn .52'

Because Ps is the same in each equation

k
“ca = | Xlds) (5.2.4)
P, Kp (2nS) o

:which is of the order 100 at 1150 C. As the zinc and cadmium inter-

diffuse, the partial pressures will move closer to those assoc1ated w1th

the solid solution and —Eé- will approach 7%; . although this will not

Zn
~in general be the equilibrium value. Further, it is not clear whether
P : ’
Jgg-will depend on Ps. It is interesting to compare this situation with

Zn
the variation in partial pressures of the metal and non-metal over a
binary II-VI compound. In such a case the pressure of the metal and

non-metal can vary within the limits set by the precipitation of another




THE VARIATION OF Kpa WITH X FOR
 Zn SexTe;.x AND ZnSexS,.x AT 1150°C

S Zn Se

10

A —- — — Kpa= X Kp(ZnN1)+(1-X)Kp (ZnN2)
B — BETTER APPROXIMATION TO Kpa
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phase, and the composition of.the solid compound remainé virtually
unchanged. ' This contrasts with ﬁhe.case of anCdi_xS where changing
the value of PCd/PZn alters the value of x and thus affects the value of
Kpa.

Such é discussion of the problems of growing crystals may make the
process,seem cléser to alchemy than to science. Fortunately step§ can
be taken to minimise the effects of the various uncertainties. Ideally,
the system for gréwing a ternary.solution wouid have three controls to
reméve all the degrees of freedom, in the same way as the binary system
;equired two. A crystal growth tube with two reservoirs seemed a natural
development from previous work, and the cépsulé illustrated in Figure
5.2.2A was ﬁried. Both a zinc and fellurium reservoir were used in an
-attémpt to grow ZnSee.gfeO.s Although material was transported in the
system, the tellurium réservoir either emptie& orlbecame full of ZnTe.
Far better results were obtained from a tube with a single zinc reservéir,
and a charge éf mixed ZnSe and ZnTe. A little reflection shows that this
appfoach (with two reservoirs) has a basic flaw. With a two non-metal
syétem, (M(Nl)x(NZ)i_x), the metal reservoir remains uncontaminated
‘because all the non-metal gases are precipitated as the cqmpound on the
Walls of the silica before they reach the reservoir (see SeCfion 4.3).
ﬁo’éuCh'reaction prevents two non-metals from contaminating eéch other.
An’equivalent effect would occur for two metals and one non-metal, with
the meta;s becaming céntaminated. Satisfactory results were obtained
with single reservoir tubes, and work on double :eservoir systemé was
abandoned. If it became necessary to use such a techniéue in an experi-
ment, a tube such as Figure 5.2.2b would probably give better results.
Thé capsules would contain ZnSexTel_x, ZnTe and.Zn so that the selenium

would tend to be precipitated before contaminating the ZnTe reservoir.
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In Chapter 4 it was pointed-out that crystal growth occurred with
near equi}ibrium conditions at both interfaces, and tﬁat PT rgmained
constant élong the length of a growth capsule to a very good approxima-
tion. The approximation will also be valid in a three componenf system
and may be used in an analysis of the system. There would be a basic
thermodynamic reason for the separation of the components if the com-
position of the vapour in equilibrium with the solid changed significantly
with the temperature difference between the ends of the capsule. It is
‘ pdSsibleltb evaluate the magnitude of this effect for the worst case
wﬁich would be (for a two non-metal systgm) whén the charge acted as'a .

mixture of two powders~M(N1) and M(N2). Then ,

Nt _ Kp (M) | (5.2.5)
P . Kp (M(N2)) S
N2 .

But
>-RT £nkp = AH - TAS (5.2.6)

So, representing the compound M(N1) by the subscript.1 and M(N2) by the

2,
~ [xe, AH, - OE, , |
R\ - = - - {85, - 85,) (5.2.7)
2
Thérefore
1 _
d(sz) AH, - AH)
3T Kpl‘ = + — (5.2.8)
— RT
sz

The left-hand side of the expression represents the fractional change

in composition with temperature. Fortunately‘logloKp is usually plotted

against 1/T for II-VI compounds (see for'example Aven and Prener( ))
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IR ]
2.3 R

giving a line of gradient -

at 1150°C giVes a fractional change
3

Inserting the numbers for ZnSexS

of 5.5 x 10--4 K_l; for ZnSexTe

1-x

% the value is 2.4 x 10 K_i. These

1-
values are not significant, particularly when it is borne-in mind that
this is an evaluation of an extreme case which cannot actually happen
(see equation 5.2.1).

Although there is no basic thermodynamic reason why separation
should occur wheh the solid solution is transported in a temperature
gradieht, the kinetics of the transport system may cause this to happen.
In Chapter 4 the vapour composition-along.a simple sealed capsule was
evaluated for a binary ccmpound. A crystal grbwth tube with a separate
reservoir was found to behave in a similar manner, while the reservoir

ensured that the value of PT was kept close to P,__ . The ratio

P

;§§2 = A was found to vafy along the capsule thus maintaining PT con-
Zn

stant. In a simple sealed capsule containing M(Nl)x(N2)1_x,PT must

MIN

still remain constant, but there are now two ways of achieving this.
Either the;ratio of metal to non-metal in the vapouf can change, or the
éompqsitioﬁ of the chargg can differ from that of the growing crystal,
legding to a.different vélue of Kpa at the charge and-crystélhihterfaces.
'forrcomparison it is worth remembering that Kp(2nS), Kp(ZnSe) and
Kp(ZnTe) are equal when the campounds are at 1229, 1175 and 975°C
respeqtiveiy. Iﬁ order to determine what will actually happen it is
necessary to examine the transport process. If transport occurred
entirely by diffusion inla'system witﬁ a large AT, the transport rate
of each qf the two or three minority components (2 metai or 2 non-metal
syétem_reééectively) would be ﬁhé product of the diffusion coefficient

of thét ccmponent (proportional -to density&) and its partial pressure
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over the source. This approximation assumes that the minority components
have very small vapour pressures over the crystal'and that the metal is
the majority component in a two non-metal system, and the non-metal in a
two-metal system, see Figure 5.2.3. (Note the extra component in the two
noﬁ—métal system is NIN2). The crystal grown would necessarily have the
composition dictated by the arrival rate of the gases which will be

i Pﬂ Dﬁ where n is the number of components diffusing and P the partial
é%:ésure ovér the source. This will not in general lead to a crystal with
the same composition as the charge. As noted in Cﬁapter 4, however, tranSport
occurs by a mixture of the 'wind' and diffusion processes unless the vapour
is highly non-stoichiometric or an inertAgas'filling is present. This means
thatvfhe diffusion model is once again a 'worst-case' situation. Fo;--
tunately‘Kp(ZnTe) >-Kp(ZnSe) > Kp(ZnS) at the same temperature which means
that the vapour ovei the charge is likely to be rich in the heavier, more
slowly diffusihé component, so the two effects tend to cancel. A further
éause:qf separation, particularly in a vertical system is associated with
the different densities of the gases in the system, e.g. the molecular

weight of S, is under half the molecular weight of Se2. An example of

2
this effect was found during attempts to grow boules of ZnSeo_4SO.6.

The first millimetre to grow, right in the tip of the'cépsule, often
'emittedla blue photoluminescence when excited by ultra-violet radiation,
thcﬁ indiéates that it was very close to bure Zns in composition. It
ﬁight be noted that one way of obtaining an ingot of‘the desired com-
position would be to use a charge of sufficient length so that it was

much longer than the diffusion length of the separating elements in the

solid. The situation would then resemble that which occurs during the

first pass in a zone refiner, Figure 5.2.4.
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Although this description of the system is qualitative only, certain
conclusions can bé drawn. 'PT in a simple sealed capsule should be as
close: to PMiN as possible, and AT should be kepﬁ small to avoid the Hif-
fusion only' approximation being valid in the vicinity of the crystal.

An inert gas atmosphefe should_be avoided.
Thé crystal growth tube described in Chapter 4 was used again with

a zinc reservoir to grow crystals of ZnSexS and a trial crystal of

1—x
ZnSe 5Te 5° The results were encouraging and are described in the
following sections of this chapter. In the tube with a zinc reservoir,

the conditions recommended for growth of solid solutions were met admirably.

The vapour over the charge was very close tb P . If the growing crystal

MIN
were to vary in camposition from the charge, the value of PMIN at the

crystal would be increased. Clearly it cannot exceed PT and this providés

é negative feedback effect on the growth rate which allows more time for
the slowest. component to diffuse. Mas; transport ié as little dependent
upon aiffusion as possible for stability‘in the growth system. Against
tﬁese advantages there must be balanced the poséibility of losing unequal
ambunts of the two components to the tail. Assuming 3 gms qflmate;ial‘
is iost from a 20 gm charge of ZnseO.SSO.S' and that A = 1 in the region
Qf thé nozzle, 1 gm of non—metal.might be lost. _Assuming that this was
all‘éelenium, the average composition of the material groﬁn would be

Z This would not be very important for experimental purposes

n5ey.44%0. 56"
where the quantity of ZnSe could be increased experimentally until the
required composition was produced. In practice the material lost did
not appear to affect the value of X along the boule, probably because

it was lost_at a constant rate during growth.
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5.3 - Crystal Growth of ZnSexSI__x

Znng%:q{crystals were grown in the crystal growth tube with a
separate reservoir as described in Sections 4.3 and 5.2. Initial experi-
ments only requiréd a small amount of sulphur in a boule, and crystals with

campositions between ZnSe and ZnSe were produced by using a charge

, 0.9%.1
of ZnSe with 1-2 gms of sulphur in the reservoir. The reservoir was held
at the temperature usually used for selenium during the growth of ZnSe.
Boules were then grown in the normal manner, and when the reservoir was
examined afterwards, it was found that the selenium aﬁd sulphur had largely
changed places. (Sulphur has a higher vapour pressure than selenium).

To grow the compiete range of solid solutions with compositions
from ZnSe to.ZnS it was necessary to use a charge of mixed ZnSe and ZnS
powders which had been §round together to ensure an intimate mixture.

{The production of the high purity ZnS and ZnSe starting material was
descfibed eérlier in Chapter 2). The growth tube was then treaﬁed in the
usUai manner, i.e. it was evacuated and flushed with argon several times
before being sealed at a pressure of some 2 x 10—6 torr.

During growth the capsule was held at a temperature of i165°C,

while the reservoir, which was filled with zinc, was maintained at the

temperature necessary to give the partial pressure of zinc calculated to

exist in the capsule under P conditions. This was calculated using the

MIN
approximation

P (2Kpa)%

Zn

where {nKpa = X {nKp (ZnSe) + (1 -X) £nXp(2nS) which is probably a slight
overestimate, (see equation 5.2.1).
Initially;the capsule was arranged in the temperature gradient so

that the charge end was at a lower temperature than the end at which the
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boule was ultimately to grow. This situation was maintained for three
days during which coalescence and sintering of the charge occurred, and
a homogeneous, solid solution was p;oduced. The capsule was then pulled
through the furnace at a rate of between 0.5 and 1.5 mm/hr for ten days.
For most of this time the charge was at 1165°C and the growing crystal
interface was at a temperature of between 1145°C and 1065°C, depending
on the composition of the crystal being grown. The lower temperatures
were used for the more sulphur rich boules. Satisfactory homogeneous
crystals, with the cubic, sphalerite structure, were grown for all com-
positions in the range ZnSe to ZnSeO.4SO.6, which suggests that the com-
lpound is evaporating so that the vapour has the same composition as the
solid. Attempts to grow crystais with more than 60 molar percent of
sulphur were unsuccessful, in that no boule was obtained. Soﬁe transport
did occur but the end product simply consisted of an agglomerate of large
numbers of dendritic needles.
The crystals of zinc selenide were wholly cubic in structure and
-most of the mixed crystals were substantially cubic. This.was demon-
strated both by electron diffraction and X-ray back-reflection studies.
Electron microprobe analysis of a boule with the ccmposition’ZnSeO.4SO.6
showed that it was substantially homogeneous boﬁh radially and from one
_end to the'other. Some samples were thinned for examination in trans-
ﬁission in the electron microscope and were originally obtainéd by cutting
‘slices 1 cm in d;ameter and some 0.5 mm thick at right angles to the long
axis of a boule, i.e. no attempt was made to ensure that the large area
faces of the discs corresponded to any particular low index face.
Howevér, as the work proceeded, it became necessary to produce
oriented slices, and it was then discovered that the éxes of all thé

boules examined lay within a few degrees of a <111> direction. Slices
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were then cut perpendicularly to this direction and studied to deéermine
the polarity of the two {111} faces. For this purpose they were polisﬁed
mechanically down to 0.25 um diamond grit and then polished chemiéally
in HPC(6). (HPC consists of one part of a saturated solution of chromium
trioxide in orthophosphoric acid with two parts of hydrochloric acid).
Finally they were etched in a 1% solution of bromine in methanol, which
Gezci and Woods(7) have shown to produce triangular pits on the (111)
zinc facés, and conical pits on the (iII) selenium faces.

Using this technique it has been established that all our crystals
grew with their long axeé close to a (III) direction, i.e. the growing
interface lay close to a {111} plane, with the {111} zinc plane facing the
tip of.the_crysﬁal, so that the growing face lay close to a {111} selenium
face. It is interesting to note in passing that similar etching experi-

. ments on boules of CAdS and CdSe grown by the same vapour phase technique
show a similar effect,‘i.e. the c-axes of all boules examined lay within
260 ~of the geometric axes of the boules, and the growth interface there-

fore lay within 20o of a basal plane. This basal plane was found to be

the non-metal (0001) face in all samples examined.

5.4 Electron microscope studies

~ . Polished discs were thinned for transmission studies using the
. : , {8
HPC solution and the "window" technique déscribed by Hirsch et al(‘).
After thinning, the specimens were washed fi;st‘in distilled water, and

then in absolute alcohol. They were then ready for examination in the

JEM 120 electron microscope.

"5.4.A Zinc Selenide

The dominant defects observed in the zinc selenide samples were

-
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narrow twins extending completely across thin regions of the specimen,
see Figufe 5.4.1. Although some of these twins exceeded 1 ﬁm iﬁ width
the majority were slightly narrower than this and were often found close
together in small groups which were separated by larger regions of
untwinned material. With the wider twins, where the boundaries were well
separated, some irregularity was apparent at the edge of the specimen at
the intersections with the twin boundaries. This is illustrated in
Figure 5.4.2 and is attributed to differential etching of fhe different
- crystallographic faces of the twinned material. Electron diffraction
patterns from the regions containing the twiﬁs showed that twinning
occurred on‘{llli plapes in all the sémples.

_ The;e are two types of twin Which can occur on {111} planes in
the sphaierite structure, namely the ortho- and the para—twin(lz). The
ortho-twin is not associated with any change of polarity along the (11i)-
axié, whereas the para-twin is. The following experiment was performed
in.order to identify the nature of the;twins-in zinc selenide. A boule
containing large grains was sélected,_and a»sliée was cut from it so that
its large area surface lay close to a {111} plane on which twinning
occurred in the largest grain. Since the cﬁt was made at an angle of a
few degrees to the {111} pléne; the twin Boundaries intersected the cut
surféce at this low angle. After mechanical and chemical polishing with
diamond paste and HPC,-the’élice was etched in broﬁipe in methanol for
-abouf'éne minute. - Subsequent examination in the optical microscope
showed that both the twinned and untwinned regions developed etch pits
with a three-fold symmetry, and that the twinned material had suffered
a 180o rotation about the <111> axis in com?ariéon with the untwinned

material. The similar nature of the pits in the twinned and untwinned




- 92 -~

material, indicating maintained polarity, and the relative 180o rota-
tion are the characteristics expected of ortho-twins.
Although very few other defects have been observed in the zinc

selenide slices, the micrograph in Figure 5.4.3 does illustrate one
interesting grain boundary which is worth recording. A knoWledge of the
orientations:of the two grains, at the top and bottom of the micrograph,
together with the information that the‘boundary lies ‘approximately |
parallel to the [100] direction in the upper grain, suggests that the
fault is a tilt boundary with a <100> axis, of the type described by

_ Holt(g). Such a grain boundary, in contrast with an ortho-twin boundary
for'example, contains an array of wrong bonds which makes the fault a
favourable site for the formation of precipitates. 1In fact small regions
of dark éontrast are seen along this boundary, Figure 5.4.4, and are
believed to be such precipitates.

The incidénce of dislocations in the as-grown crystals of zinc
selenide was very low, and apart from the twinning described above very
few crystallographic defects were observed. Many of the diffraction
patterns however did exhibit extensive streaking as shown in Figure 5.
This effect is attributed to thermal diffuse scattering which is
observed in many materials with the diamond or zinc blende structure

(see for example Honjo et'al(lo)

). The diffuse streaking was most
prominent in patterns where the zone axis was close to a <100> direction
as in Figure 5.4.5. Unlike streaking associated with stacking faults
and planar defects, which is very sensitivé‘to spedimen orientation,

the st;eaking associated with thermal diffuse scattering is maintained
aS the crystal is tilted with respect to the inciden; beam.

The reason why the thermal diffuse streaking is most prominent

in patterns with a <100> zone axis is that the 'zig-zag' chains in
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<110> directions which connect nearest neighbour a£oms, and which give
rise to 'intensity walls' in reciprocal space perpendicular to their
lentjth are perpendicular to the direction of the electron beam in this
orientation. In other orientations when the Zig—zag cﬁains are not
perpéndicular to the electron beam, the intensity walls intersect the
Ewald sphere at an angle inclined at less than 900 tc the diréction of

the electron beam so that the streaking is less pronounced.

5.45 Zinc sulpho-selenide

The deféct contentvof ﬁhis material differed from that of zinc
sélenide in ﬁhat, &ithlincreasing sulphur content, the degree of stacking
disorder increased. In addition many mo;e thin twins were observed
which were less wide than those in zinc selenide. .A typical region
containing such faults is shown in Figure 5.4.6, whiéh once again'
suggests that the twins occur ih groﬁés, while most of the area shown
: in the micrograph remains of the same crystallographic orientation.

Some examples of the stacking faults whidh have been observed
arelshown in Figure 5.4.7. Such faults which frequehtly occurred in
grdups, all lie on the same slip plané. This suggests ﬁhat they owe
'their.origih to slip processes. All the faults investigated wefe found
.tdxbe‘intrinsici by relating‘the direction of the diffraction vector
operating to the asymmetry of the'corresponding dark-field image (see )
for example Gevers et alfll)). Although no stacking-fault tetrahedra
have been found, a few planar faults which slip from oneAflil} plane
tolqnother have also been observed, see Figure 5.4.8.

The planar faults just described were relatively.easy to
1ident;fy be¢ause they were situated between fairly large’reg;ons of

defect free material. However the crystals of zinc sulpho-selenide
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also contained a few small regions where the concentration of planar
faults was very high, as shown in Figure 5.4.9. The selected area
diffraction patterns from these regions contained extra spots which
.could be attributed to twinning on a {111} plane. 1In adaition there

was a suggestion of diffraction streaks passing fhrqugh the matrix reflec-
tions in a direction perpendicular to the length of the faults. This
streaking is probably due to a shépe effect associated with the thickness
of the overlapping planar defects. The composiﬁion of the material
within the heavily faulted regions is clearly uncertain, but the degree
of staqking disorder suggests that thin lamellae of hexagonal or poly-
typic material may be preseht.

The presence of a hexagonal phése in one sample has been firmly
established'by electron diffraction. In the sample examined, the
hexagoﬁal maﬁerial was in the form of a thin layer in the plane of the
foil. The consequent overlapping of the layers of wurtzite and ziné
blende gave rise to the moir& fringes shown in.Figure 5.4.10. The
variation in orientation and spacing of these fringes is attributed to
-different diffracﬁion conditions and changes in orientation of the phase
bqunda:y in different-regions of the speciﬁen. |

. A study of the diffraction pattern showed that the oriéntational
?relationship bgtween the cubic and hexagonal phases was such that ‘the
'*111) cubie plane was parallel to the (1010) hexagonal plane, while the
‘[211] cubic direction was paiallel to the [000{] direction in the

’

hexagonal material. Thus the fringes belong to a parallel moiré pattern

where the fringe spading, M, is given by'

Mo o= 4,d/|g —-d2|
-‘and d, are the interplanar -spacings of the planes in the two

where d1 5
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phases which are parallel to one another and responsible for the fringe -
contrast. To account for the observed value of M of 100 X, for example
at P in Figure 5.4.10, the difference in the values of.di and d2 must
have been of the order of 2%. The magnitude of this difference is con-
sistent with the fact that the separation of the reflections from these
planes was not resclved in the diffraction pattern.

| To conciude this account of the experimental results on the
mixed crystals some measurements of lattice paiameters shoula perhaps
be mentioned.A The sample containing the small regions of hexagonal
phase which led to the production'of the moiré fringes was cut from a

boule of the nominal composition ZnSe Nominal in the sense that

0.4%.6°

the boule was grown from a éharge of this molar composition. - The lattice

parameters calculated from the electron diffraction data wereras follows;

. for the éubic phase ao 5.46 £ 0.11 g ;7 for the hexagonal phase

]

a =3.90 £0.08 %, c=6.32 +0.13 . The values obtained from the

o

ASTM index for ZnSe and ZnS are: for the cubic structure ao = 5.667 8-

for ZnSe and ao 5.406 2 for 2nS ; for the hexagonal structure

a_ =3.99 &, ¢ = 6.530 & for znSe and a_ = 3.820 &, c = 6.260 & for
'ZnS.v

Thus assuming Vegard's law holds for th;s solid sclution, as
much work on the,photolumiﬁescence and energy band gap of powdered
samples suggests; the measurement of lattice parameters indicates that
the compoéition of the cubic phase was approXimately ZnSO.7§Se0.21,
‘ﬁhile that of the hexagonal was between zn80.558e0.45 and Znso’785e0.22,
depehding on whether the‘vaiues of a or c are taken into cons;deration.

The uncertainty in the lattice parameters derived from electron dif-

fraction patterns really permits of a qualitat;je conclusion only,
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namely that this particular boule contained a higher molar proportion
of sulphur than selenium and indeed was a solid solution with a com-
position not too far removed from the nominal composition. This was.

confirmed later by the X-ray powder photograph technique.

5.5 Discussion
The experiments reported here show that the vapour phase tech-

nique used to grow homogeneous single crystals of ZnSe —xsx is basically

1
successful for values of x up to 0.6 at leastf Electron microprobe
analysis indicated £hat the crystals were homogéneous and this and
X-ray powder techniQues, togetber.with eiectron diffraction studigs,
havé shown that the crystals produced had compositions close to those
of the starting charges, which were simple mi#tures of the sulphide and
selenidé. Examination in transmission in the electron microscope.
revealed that the zinc selenide samples were of particularly high
crystallographic quality with surprisih@ly few dislocations between
grain boundaries.. Those defects which were observed were mostly
aSsociated with stacking disorder. This long, thin twins were -common
in.ziﬁc selenide while zinc sulpho-selenide was considerably morxe dis-

Ao;dered and contained intriﬁsic stacking faults as weli as a higher
dgnsity of even thinner twins.

In discussing twinning in comppunds with the zinc blende
structuré it is important to realise that there are two possible twin

(12)

boundaries with a {111} composition plane, see Holt . In cubic

“zinc seleﬁide, for example, the [111] axis is polar and the stacking

of zinc and selenium layers in (111) planes can be represented as

aocbBcyaabBcyaabBcy

where abc represent zinc layers and afy represent selenium layers.
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If the [111] axis is vertical, the atoums of any layer lie veftically

above the atoms of lower-lying planes designated by the same letter.

o is séparated from a by one quarter the distance between t;o succes-

sive a planes. Similar remarks apély to b and B , and é and y. Tﬁe
(12)

two possible twins described by Holt are the para-: and ortho-twin

which can be represented in the following way:
aobBcyaabbaaycB8baa - para-twin ,
acbBcyaacybfBaaccybB - ortho-twin.

The true mirror image, or para-twin, is characterised by wrong bonds
and the polarity of the.[ill] axis changes to [I;I] across the twinning
boundary. 1In contrast the ortho-twin has no wrong bonds and thé
polarity does not change. Because of its bonding, the para-twin has
higher enefgy than the ortho-twin and is therefore less likely to be
.obéérved. Indeed in the etching experiment described in Section 5.4a,

the_twins cbserved in érystals of ZnSexsi_;x were all of the‘ortho-type.
The question ©f the origin of the twins cahnot be completely
resolved. The twins must form either during growth or as a result of
bost—g;owth stress. Consider first the possibility that the twins form
’dﬁﬁing growth. It is believed that the formation of gfowth twins
depénds on a particular qharacteristic of the growth of our crystals.
 Por gxample it is usually found_that when crystals of II-VI compounds

are grown by the technique described here, the growth face lies within

20° of the (111) or (0001) non-metal face. Taken in conjunction with

the findings of‘Parker(13)

, who investigated the growth of epitaxial
layers of zinc selenide on éallium arsenide and found that the growth

rate of the (IIT) selenium face was two and a half times that of the
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(111) zinc face, this suggests that thé growth of zinc selenide is
strongly polar.

| Now when an unseeded ampoule is uséd,multiplé”nucleation may
well occur. Often one seed grows faster than the others, fills the
ampoule and a singlé crystal results. This is probably what happens
with crystals with the wurtzite structure, such as CdS and CdSe, which
are relatively easy to grow in single crystal form by the wvapour phase
technique. However with a cubic material such as zinc selenide, the
higher éymmetry will promote fast growth in fouf times as many directions,
thus leading to the greater polycrystallinity typical of boules of this
material. Now as a grain of zinc selenide grows in a fast <111>
direction at a small angie to the axis of the ampoule, see Figure 5.5.1,
twinning may well occur to preserve the overall axial growth direction.
If_the twiﬁ boundary is of the ortho-type the growth interface will be
of opposite polarity on either side of the twinning plane. Since the
metal (111) face grows more slowly, this is an inherently unstable
situation so that the crystal would rapidly twin back to establish the
original fast growing interface. It is suggested that this méchanism
'may aégount for some of the lohg, thin twins observéd'in.zinc selenide
and zinc sulpho-selenide. However, it cannot be responsible for the
ermétion of all the twins because some of‘them are.féund lying perpen-
dicular to the growth axis. The proposed mechanism is 6nly able to
‘account for twins lying on the threeA{lil} planes which intersect the
growth interface.

As to the possibility that the twins are introduced by post-

*growth stress, it seems unlikely that stress due to the differential

contraction of the crystal and ifs container during cooling will
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normally be significant. This is because the qoefficients ofvthermal
expansion of zinc sulphide and selenide are substantially larger than
that of silica glass, as evidencedknfthe fact that the growh boules
usually become completely free from the walls of the capsule-during

the cooliﬁg process following the completion of growth. However stickihg
sometimes occurs, and then differential contraction leads to stress. |
In{addition there is some evidence to suggest that the walls of evacuated
siliéa gléss ampoules creep slowly at 1200°¢ under external atmospheric
pressure. For example evacuated capsules with cross sections which are
circular initialiy are sgmetimeé found'to have became slightiy ellipéical
in section following_heatihg at 1200?C fbr ten days. The gradual collapse
of the walls of the ampoule -could therefore réadily introduce stress

inﬁo the growing boule. Anéther source of stress 6ccurs, of coufse,
during cooling, when a certain amount of differential contraction bétween
the core and periphery of the boule is unavoidable in -the presence of a
radial temperature gradienf. These results indicate thét the major

- defects in zinc selenide are prtho-twins,'and that as selenium is
ieplaéed with sulphur, the twins become narrower, and the incidence of

; .étackiné faults increases. It has not been possible to study éinc

(14) suggests’thai'themajordefects

sulphide; but the available evidence
.-in that material are stacking faults. It is believed that many of the
étécking faults in zinc sulphide, and of the twins in‘zinc selenide,
owe ﬁheir origin to post-growth stress, .and th;t the reason for the
occurrence of different defects in the two4méterials is to be sought
inAthe slight difference in the degree of ionicity of the bonding in

the two compoundé. Consider, for example, the stacking of doublé atom

iayers along a <111> axis in a cubic crystal. In the notation used
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earlier this can be represented as
aocbBcy 4+ aabBcyaabfBcy (1)

A stress nucleated disiocation will split into two partials
separated 5y an intrinsic stacking fault, and one partial will sweep
across a {111} plane in a position such as that marked by the arrow in
(i) above. The stacking fault energy in ;inc sulphide is very low; or
even negative,.so that the faulf covers the whole plahe. Following
the paSsaéé of the partiél the stacking sequence becomes

hexagonal :
aabBcyYybB 4 cyaobBcyaa. (ii)

This intrinsic stacking fault (ii) can be regarded as containing four
double layers of hexagonal material with a stacking sequence bBcybB8cy.
This configuration will be particularly stable in zinc sulphide, and in
the.mixed crystals wi;h high sulphur content, because the higher ilonicity
of thé bondihg in‘zinc sulphide favours the férmation of the wurtzite
structure. (This of course ié the meaning of a negativé stacking fault
énergy).‘ To relieve thermal stresé, a large nUmbeerf partials must
pass over {111} slip planes, but this will.océur ?t random aﬁd»in
qoﬁsequenée nufierous intiinsié‘stacking faults will be qund.

Now with zinc selenide the bonding is more covaleﬁt, which
favbﬁ:é the formation of the sphalerite structﬁre. The étacking fault
energ? aSsociated with a sequence such as (1i) will be higher than in
-zipc.sulphide and sequernce kii) will not be as stable. Thué when
further stresé is to be relieved it is probable that a pa;tial dis-

‘location will pass over a {111} plane adjacent to an existing intrinsic
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fault, for example at the position indicated by the arrow in (ii). This
leads to the following stacking sequence

aabBcybBaa + bcyaabB (iii)

T T

This arrangement can be regarded equally as an extrinsic stacking fault
or as a thin twin, with composition planes indicated by  the letters T.
If now yet another partial passes over the plane indicated by the arrow
in (iii), the twin widens by one double atom iayer and the stacking

sequence becomes

« H > €« H 4
aabf + cybBaacy + aabBcy (iv)
T T

Obviouslf the repeated paséage of partial dislocations ovef adjacent
{111} planes will leaé'to the widening of the ortho-twin. It is
| suggested that the reason why £he partials continue to traverse planes
: adjacenﬁ to.the twin plane is because the bbnds in those partiéular
planes, marked by arrows in (iv), will be weaker than thé_bonds in
| properly co-ordinated double {111} layers in whoily cubic material.
Thus in the stacking seqﬁences (i1) and (iii) the double layers tQ,.
‘the left of thé arrows (and the double layer to the'left of théjright—
 hahd,arrow in (iv)iare in an immediately hexagon514Environment.  The
‘¢ovalent.nature of ziné selenide ensures that this is a ;éiativé;§
'unétable arrangement so that there will be an inherent weékness on
‘the planes marked with arrows. étress relief will thereforé occur .
preferehtial;y on these élanes with the result that thé~twins widen
in preference to the formation of random sfacking faults.‘.Ehgréy con--
siderations make this point clearer. TheApassage of three partials

on successive {111} planes leads to configuration -(iv) with two 3-layer '
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hexagonal regions ﬁafked H.u If three partia13+had passed on three
{111} planes at random, a total of 'twelve doubie~layérs with the
hexagonal stacking would have been fbrmed. This-is clearly an
unfavourable situation in a crystal with a higher degree of covalency
in its bonding. The disparity between the energies required to foﬁm
wider twins or random stacking faults increases with the number of
fartials required to relieve the stress.

In conclusion therefore it is suggested that the relief of
thermal stress in zinc selenide leads to the formation of ortho-twins.
;ncidentally it is perhaps worth recording that zinc télluride is more

: co§alent_than zinc selenide, and crystals of zinc telluride are usually
heavily twinned(ls). As the selenium in ziné selenide is replaced by
sulphﬁr, the increasing ionicity of the bonds and the corresponding
tendency to form the wurtzite structufe leads ;o the formation of
random stacking faults. 1In the mixed material thefefore'both thiﬁner
fwin§ and isblatéd.stackiné faults would be expected, pértieularly if

'micrdsccpic homogeneity is not strictly maintained.
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CHAPTER 6

CHEMICAL VAPOUR TRANSPORT AND HIGH TEMPERATURE CRYSTAL GROWTH

6.1 Introduction

In.this chapter descriptions are oiven of two crystal growth tech-
niqges used to grow a relatively smali number of crystals which could not
be produced in the usual vertical system. The crystals in question were
pure ZnS,untwinned ZnSe:Mn, and ZnSe heavily ooped with manganese to a
concentration of 0.1 - 1%,

Untﬁinned ZnSe was required for E.S.R. experiments, while very
heavily doped material was needed for optical absorption spectroscopy in
an attempt fo identify the zero phonon line in the ﬁanganese absorptiop
spectrum. Unfortunately the ZnSe obtained from the vertical system was
often twinned, which gave rise to extra peaks in the E.S.R. spectrum due
torthe hexagonal structure associated with the twins, Hartman( ) reported
that hexagonal ZnSe grew in the temperature renge 800-—1050°b, and it was
hoped tﬁat by prepering crfstals at a higher or lower temperature untwinned
ZnSe would be produced. To redooe the temperature an iodine transport
sysﬁem was used, and to increase tﬁe temperaﬁure e mooifiedlfiper—Polich
system weé employed in a horizontal arrangement. The furnace was heated
by a 'Crucilite’ element capable of ooerating»up to 1500°C. The two tech-
niques were later applied to zinc sulphide and zinc sulpho=-selenide. |
Iodine transport was found to be useful for introducing high levels of
manganese_(0.3%) into ZnSe. It had proved impossible to incorporate such
ﬁigh levels of manganese even when several molar percent of manganese was
added to the charge. However, the required concentration_was obtained with
the'iodine t;apspoft system quite easily. This is not surorising beoeuse

Weidemeier and Sigai(z) used this method to grow crystals of MnSe.
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6.2 Crystal Growth by a Modified Piper-Polich Technique

. The vertical furnaces available for crystal gréwth were limited

" to use below 1200°%C iﬁ order to obtain a reasohable'life from their

_Kanthal Al windings. It was hoped that ZnSe would twin less‘readily at
1300°C than 1150°C and it was thought that the higher temperature might
assist the transport of any manganese addedAto the..ZnSe charge, thus
enabling ZnSe:Mn to be produced free of chlofine or iodine. A horizontal
furnace with a 'Crucilite’ element, in which CdS had previously been grown

by a modified Piper and Polich‘3)

technique was évailable. Initial attempts
to grow ZnSe in a sealed ahd evacuated capsule failed. A ten millimetre
IfD..capsule-with Qalis 2 -3 mm thick was ?ulled through a temperature
gradienp in three days. In.a series of experiments the temperature of the
furnace was progressively increased. No transport occurred until the tem-
peratﬁre réachéd 1300°C, when the tube collapsed gnd the charge sintered
into several dense rounded pieces. As the temperature was increased
further some of the capsules expanded as the pfessure inside éxceeded‘one
afmosphe?e. Sintered pieces of ZnSe wi£h abdeep red colouf were cbtained
from those capsules which did not fracture before cooling. Silica glass
devitrifies rapidly above_1200°C and becausé of'this the capsule §ften
shatte;ed dufing cooliﬁg. Oxidation of the crystais was prevenéed by quenching
AtheicapSule when it had cooled to the region of 400-600°¢.

V'io promote material transport the open(tube‘afrangemeﬁt of Figure
6;2§1>was adopted. Argon was passea slowly along the 15 mm silica tube at
a'réte somewhat less than‘SOnﬂ/secand allowed to escape into a fume cup-
boérd; The whole tube containing the capsulé was puéhed through tﬁe tém--
perature gradient at betweén 1 and 3 cms/day. The charge sintered to a siﬁgie

piéce with a deep green colour while the transpbrted material was ligﬁt green.
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Unfortunately, even at the maximum.growth temperature used, 1375°C, the
transported material possessed a cellular structure ehd was not homogeneous.
A variety of shapes of capsule and heat sink were tried without success.
Further work was postponed until the need to grow crystals of
ZnSexsl_x

the vertical capsule with a reservoir, crystals with a composition from

at temperatures greater than 1200°C provided an incentive. Using

ZnSe to ZnSe 4S 6 could be grown, but although pure ZnS was transported

the distillate consisted of a mass of dendritis needles. Zns,.,ISSe.25
behaved similarly. ’

| As a result the modified Piper—Polich furnace shown 'in Figure 6.2.2
was devised. A capsule with a long qeck (Figure 6.2.3) was moved through
theltemperature gradient by ; staiﬁless steel éull rod passing through an
'6' ring seal. The 'purox' furnace tube could be evacuated with a mercury
diffusion pump.

_ Pressures between 5 torr and 1 atmosphere could be maintained
inside the purox' tube by leaking argon into the system through one needle
valve, and pumping through a second. A flow of between 50 and 100 ml/min
was required to keep the presstre stéble.

fhe growth precedure'Was similar for ZnSe; ZnSe S,  and ZnS.
Flpwirun material was ground to a coarse powder and loaded'into a growth
tube. Before use each tube was soaked in aqua regia for two hours and then
':vﬁashedvin methanol and deionised water. A hook and the constrictions in
the nozzle wereAadded after the material had been loaded.

The tube was positioned in the furnace so that the first con-
 striction between the eapsule and the nozzle was in the hottest part of

the furnace. After the system had been flushed Wlth argon, the furnace

was: evacuated with the diffusion pump and baked for 24 hours at 800 .
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Argon, or an argon and hydrogen mixture was then admitted tovthe system
to the required pressure and the furnace températuré was increased to that
required for'érowth. The pulling mechanism was started immediately when
the binary compounds ZnSe or .ZnS were being grown, but 24 hours under a
reverse temperature gradient was allowed to promote the formation of a
solid solution before the crystal growth was begun.

Material was transported rapidly towards the growth tip and
\nucleation occﬁrred at several of the constrictioﬁs, thus sealing off the
capsule. Using a pull rate of 3 cms per day coﬁplete transport of a
10 gm ZnSe charge occurréd'in 36 hours. Initially argon was used as the
atmosphere, but some of the ZnSe crystéls grown Qeré red in colour and
shattered qn_cooling. The silica was also stained yellow instead of the
usual white. It was suspected that the cause was the diffusion of oxygen
. through the walls of the furnace tube. When 10% hydrogén,was added to
' the argon the colour of the crystals improved and the cracking stopped.
Initial experiments with zinclsuiphide and zinc selenide sqggested that
the most successful temperatures and pressures were ;350-—1400°C at 0.25
atmopéheres for ZnS,and,1300°C at 1 atmosphere for ZnSe. A charge of
ZnS.SSeJS wés transported when treated ih:;he same way as tﬁe sulphide.

The appara;us yielded interesting initial results,but it becane
clear that the system was not particularly reliable,-aﬁd the stainless
s£éel WaS'probably introducing some contamination. An improved design in
whiéh the furnace moved and the furnace tube'and:capéule were rigidly held

istéhown in Figure 6.2.4.

6.3 . Chemical Vapour Transport
The technique of chemical vapour transport (C.V.T) has been

exploited for the purification of metals since the 1930's. At that time
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it was used for the production of tUngSten‘and zirconium. In the
'Van-Arkle! process,(4) a‘wire-of tﬁe material is heated to -2000°C
while a zircoﬁium source is maintained at a few hundred -degrees centi-
grade. Zirconium is transported under .a pressure of.10°2 atmospheres by

the reaction

‘COLD
2r + 41 /== Zr1I

HOT 4

A similar reaction is used in quartz halogen spoﬁlamps to redeposit tung-
sten which evaporates from the hot filament of the lamp back on the

filament.

(5) (6) (7)

Nische ™", Shaeffer and Parker have all investigated the
transport of II-VI compounds by C.V.T. and they found that icdine at a
pressure of 1 atmosphere is most suitable fbr the purpose.
ZnSe is transported by the reaction
o COLD
22Z2nSe '+ 212 = ZZnI2 + Se2
‘ HOT

The reaction occurs at around 800°C and a speciai furnace system
Qas built t§ obtain the required standard of température control, Figure
6.3.1. A double fﬁrﬁace was used with two temperature controllers, one
maiptaining a baéking furnace at 800°C, while the othe; allowed a tempera-
tugé éifferenqe of up to 30°C tp be superimposed using a differential
cqptrol:thermocouple. The two junctions of the differential thermocouple
we?é located at each end of the capsule and hence gave the<difference-in
#éﬁpefature.along it. As may be seen from Figure 6.3.1, the inner furna?e

‘ 'had_two wiﬁdings so that the temperature gradient inside the furnace could

be reversed without disturbing the capsule. The growth tube employed,
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(see Figure 6.3.2,)had a quartz heat‘sink attéchéd to the growth tip to
encourége a single crystal to nucleate.;

The experimental method was simple, two grams of crushed ZnSe
were loaded into a capsule with 4 mg/ml of iodine. The capsule was
rapidly flushed with argon and sealed at rotary pump pressure. A solid
silica rod was attached as the heat sink and the capsule was ready for
use. It was positioned in the furnace as shown in Figure 6.3.3 and the
backing furnace was switched on to bring the furnace temperature to 800°C.
When this had been reached the inner furnace was switched on. Since
section A was conneqted to the controller which maintained a temperature
differéhge‘of 30°C between the ends of the capsule, a reverse temperature
gradient cquld be maintained for 24 hours to clean the growth tip. To
start Fhe growth the temperaturé controller was connected to zone B and
the thermocouple connections reversed. The temperature difference AT
was maintained at 10 - 15°% for znSe. | |

A simila¥ proceaure was followed to grow ZnS ﬁrom ZnS powder,
except a temperature difference of 20 - 30°C was employed. Small crystals
weighing about 3 gm could be grown in ib-—14 days. Thé capsules were
removed from the furnace to check'on prbgress after 7 days. Often very
good qﬁality pieces of crystal were prodﬁced although fheir size was
small. The material of;en terminated in prisms 6r tetrahedra. All the
facets examined were of the {111} or {110} type. No twins were observed.

To grow material doped with mangaﬁese the elemental dopant was
grouﬁd up with the charge and the standard procedure was followed. After
a few days‘the furnace was switched off and the capsule removed. None bf
the charge had been transported but zinc displaced by the‘manganeSe was

found in the growth tip. The charge thus formed was inserted into a
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second capsule, and growth now proceeded in the same way as for undoped
ZnSe. There was little change in the growth rate or crystallinity,
although manganese doped crystals appeared much daiker.

The capsules usually employed in these experﬁmeﬁts were 100 mm
long and 6 -7 I.D. When the diameter was increased to 9 or 10 mms the
growth became irregular and often dendritic. It was concluded frém this
that the normal 7 mm I.D. capsule promoted diffusion controlled growth,

while in the larger diameter tube convection currents led to instability.
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CHAPTER 7

THE ANOMALOUS PHOTOVOLTAIC EFFECT. -

7.1  Introduction to the anomalous:photovoltaic effect

The anomalous photovoltaic effect in single crystals of zinc

sulphide is a well-known but little-understood phenomenon which has

been reported by several authors (Ellis et al 195 ,(1)

(2) Merz 1958,(3) Lempicki 195954) Cheroff et al 1959,

(6)

Choroff and
Keller 1958, (5)
Bfafman et al 1964 ). Under examination in the polarizing micro- -
scope between crossed polarizers, the crystals which show,tho effect
are seen to contain bandé-of uniform birefringence parallel to the
olose packed planes. The widths of these bands vary considerably and

are of the order of micrometres. The coloured birefringent bands are

separated by dark lines (striations) which are accompanied by kinks

in the crystal and by surface steps (Daniels 1966(7)). Together

with silicon carbide and cadmium iodide, zinc sulphide is a classic
examplé of a material showing polytypism. In their book, Vorma and

Krishna (1966)(8) listed ten known polytypes of ZnS, and Steinberger

and Mardix (1967)(9) have identified more thon'sixty. It is often
supposed that a band of uniform birefringence corresponds to a par-
ticular polytype, and thot the dark striations are associated with
'ooe4dimensional stacking disorder. 'In any evont the ancmalous photo-
Qoltage only aépears when the electrodes are applied along an axis
»perpendiculor ﬁo the st:iations and bifefringent bands. The dominant
featu#es of tho oboerved photovoltage are (i) that it can exceed 100 V
in a crystal a few millimetfes long, and (ii) it reverses éign at
least once, and somefimes £wice; as the wavelength of the exciting

'fadiation is increased from about 3000 to 4000 8. Merz (1958)(3).
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has offéred an explanation of the effect which suggests that each
structural’change in the crystallographic stacking sequence, from .
dominantly cubic to dominantl& hexagonal and vice vérsa, produces a _
photovoltage of the.order of 0.15 Vv, and ﬁhat all those voltages are

additive. Neumark (1962)(10)

| however, has criticized Merz's explana-
tion and proposéd that the effect is due to spontaneous poiarization
of hexagonal zinc sulphide which leads to 6pposing electric fields in
hexagqnal and cubic material.

This work is believed to be the first observation of the
ahdmalous photovoltaic effect in zinc selenide,_although Hartmann(ll)
réported polytypes amongst needles of disordered structure in 1970.

The ¢rystals which showed an anomalous photovoltaic effect all exhibited
numerous biréfringent bands and dark striations when examined -in the
polarizing microscope. These observations demonsfrate that the effect
in zinc selenide ié entirely analogous to that in zinc sulphide and

" have led the author to propose a rather different qualitative explana-

tion of the phenamenon.

7.2 Crystal Growth

The ciystals used were prepared as described in Chaéter 2.
ﬁa;;mann(li) reported his polytypes amongst material prepared by a
similar technique. However, he used mixtures of HC1, B, and N, as
-his carrier gases. ' 4

The zinc selenide produced was normally used for growing the_bulk
;cryétals described in Chapter 3. However, it oécasionally contained
| some we;l shaped needlés and piatelets. This work was performed

exclusivély on needles selected from such material, which were tybically
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1 cm long and approximately hexagonal'iﬁ cioss section w;th a width
of one side of the hexagon of about 0.1 mm. In the dark the electric
xesistivity of these samples was of the order of 1010 ftlcm corresponding
to a resistance of 1014 Q.

First, the needles were examined under crossed potarizers, in
the polarizing microscope. . A typical micrograph is shown in Figure 7.2.17
The crystals examined had several cémmon features. -For example, all
of them were birefringent, éxhibiting bands of uniform colour separated
by dark striations, which were perpendicular to the c-axes of the
crystals. This axié lay along the length of a needle. Each needle
Qaé-hollow. .A hole ran along the éxis of each crystal, as the dark
iiné along the centre of Figure 7.2.1 shows. Figure 7.2.2 is a micro-
graph of a different crystal with an even larger hole along its axis.
The micrographs show that the holes were not perfectly continuous but
appeéred to suffer slight lateral displacements at their intersections
with the dark striations. Hollow needle crystals of_zinc:sulphide have
breQiously been described by Lendvay and Kovacs (1970)(12). Figure 7.2.3

_shows growth features at the tip of the crystal, and 7.2.4 coloured

‘birefringent bands.

7.3 Experimental Procedures and Results

‘In initial trials, conducted to select samples suitable for
fﬁr;hér investigafions, the needles were equipped with silver pas;e
electfodes at either‘end of theii long dimension and were mountéd on
. sample holders as shown in Figure 7.3.1. The sample formed a bridge
.between two copper contacts stuck to a glass slide. If a bridge

‘arrangement was not used the crystals were shorted out by the silver
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paste which crept by surface tension between the glass and the crystal.
Many of the samples were so delicate that thep'could only be handled
with an artist's fine brush.

When the paste was dry the saﬁples,were_irradiated wilth. focussed
light from a 250 Watt, compact source, mercury vapour lamp. For
measurements of the open-circuit photovoltage, the sample was connected
in series with a backing-off voltage and an EIL 'Vibron' electrometer
type 33B. The electrometer, which had an input impedance of 1014
was used as aAnull meter. All the crystals exhibited an open—c1rcuit
photovoltage. With many, this was smaller than the band gap of zinc
selenide (Eg‘~ 2.7 eV), but with several the ocv (open-circnit voltage)
exceeded 5'V,Aand with one in_particular,‘it exceeded 100%V. The results
which are described below refer specifically to this latter crystal, but
it is clear ‘that the photovoltaic properties of all the needles studled
were basically similar.

Although it was important to meaSute the CCV of the samples in
order to demonstrate the true anomalous nature of the photOeffect, it
was more convenient when studying the specttal response etc., to .
measure the short—circult current (SCC). The reason for this was that
‘the_high input impedance of the electrometer made the null measurement
d‘ofvthe'OCV an essentially slow process. Duringxthe time required to
'adjust the.backlng voltage the zero-drift of tne electrometer might
" have:been appreciable so that substantial error'would be involved. |
No‘such difficulty occurred when the SCC was measured using a Rank
DC amplifler‘type NE 503B. |

The SCC increased with increasing temperature, as illustrated

by the curve in Figure 7.3.2, and.its_variation with intensity of
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illumination was found to be linear‘oVér five orders of magnitude
when the-il;umination from the méICUry lamp was reduced by interposing
neutral density filters. 4

The spectral dist?ibﬁtion_of the SCC to unpolarized light ié
shown in Figure 7.3.3. The measurements were made using light from
the exit slit of a Barr and Stroud double monochromator type VL2 with
a 250 W tungsten-halogen lamp as source. When thL light from the exit
slit was polarized with the electric vector parallel or perpendicular
to the axis of the needle, the resultant spectral distribution curves
wére.displaced slightly from oneAanother in wavelength, as shown in
Figure 7.3.4. ‘The spectral distribution of the SCC wés measured in
two ways, namely by scanning from long to short wavelengthé and vice
versa. There was no detectable difference in the resultant cuxves,
which indicates that trapping effects played no éignificant part in

the process.

7.4 Discussion

Polytypism and one—dimensional stackipg disorder'ﬁéve been
studied»fairly extensively in zinc sulphide, see for example, Vgrma
énd Krishna‘(1966)(8). The phenomena occur because of the close
similaritf between the wurtzite and zinc biendé structures and the
small difference in energy bétweenlthe two modifications. Wgrtzite
‘{5 the stable modification of zinc sulphide at temperatures above
11020°C, whereas zinc blende is stable at lower temperatures. Howéver,
iﬁ'is‘not usual for synthetic crystals of zinc sulphide to be either
wholly cubic or wholly hexagonal. -Crystalé grown gt.high'temperatﬁres'

(&~1200°c) contain polytypes and stacking faults, and under crossed
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polarizere in the polarizing microscope exhibit birefringent bands
and darklstriations. Such crystals show the ancmalous photovoltaic
effect.

Although zinc selenide can also crystallize in hexagonal
(wurtzitel and cubic (zinc blehde) modifications, the situation
appears to be slightly different from that with zinc sulphide. For
example, no consensus of opinion in the literature as to the tem-
perature.ranges in thch the two modifications of zinc selenide
would be expected to be stable has-been found. The experience of
several years of growing crystals of zinc selenide by a flow process.
as described earlier, by the iodine transport method and.in sealed
tobee; suggests that the cubic modification is stablevat temperatures
below 800°C and above 1000°C. In the intermediate range froﬁ 800
to 1000°C, hexagonal crystals can be obtained, particularly if the
flow process is employed. It is interesting to note:that Fitzgerald
et al (1966)(13)'grew hexagonal crystals of :zinc selenide at 1000°%
_usihg a flow process. Crystals grown by them in the range 900-950°C
Ashowed mixed cubic—hexagonal structure.’_Hartmann‘41) found similar
reeults.. |

. The,crystals usedlin this ipvestigation.were all grown in the
temperature range 800—l000°C, and they all showed coloured oire-
. fringent bands and dark striations when examined in the polarizing
' microscope. Indeed all the needles were hollow, and it is believed
.that they grew as hexagonal crystals from axial screw dislocations
'Qith very large Bgrgers' vectors. The crystale are hollow because
the hole reduces the‘energy of the dislocation considerably. Period-
ically occurring slip in basal planes after growth would lead to the

formation of polytypes by the mechanism discussed by Daniéls (1966)( )
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and Mardix and Steinberger~(1966)( 4). It is important to note that

the polarity of the:istacked double layers of'zinc and selenium atoms

in the basal planes does not change along the léngth of the crystal.
Further, the crystéls conﬁained verf few (and in most crystals no)
extended cubic regions; il.e. with the exception of the dark striationms,
the crystals exhibited birefringent banding alcﬁg the whole of their
lengths; It is concluded;.therefore, that the anomalous photovoltage
occurs in a material when the structure changes frequently from one
polytype to another without any change of polarity.

(10) theory seems fo.be unsatisfactory because it

ﬁeumark's
assumes that the cubic material is nonpolar. Cubic material,however,
| is polar in the same sense as the hexagonal It is alsb difficult
with Neumark's theory to understand why the photovoltage changes sign
when the wavelength of the incident light is varied. It is belleved
that the effect can be explained in terms of the heterojunction which
6c§urs at the interface between two polytypes. 1In the fo;lowing dis-
cussion‘the crystal is imagined to be éomposed of alternate segments
of érystal with thé hexagonal and polytype sﬁ;ﬁéture._ It seens
‘reasonaple to suppose that the hexagonal énd cubic modifications
‘fepxesent the.two extremes of the possible range of polytypic structures
and that the band gaps of thé various polytypes are intermediate
vbetween those of hexagonal and cubic zinc selenide.

The exact values of the forbidden gaps of cubic and hexagonal
zinc ‘selenide reported in the literature vary slightly fram one
author to another. However, it is certain that the band gap of
hexagonal zinc selenide is la;ger than that of the cubic. .For.example

;Segail and Marple (1967)(15) quote Eg = 2,818 eV for cubic ZnSe at 4 K,
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(16)

give a value of 2.8697 eV for the
(15)

whereas Liang and Yoffe.(19é71
hexagohal_modification at 15 K. According to ‘Segall and Marple
the band gap of the cubic material -at room temperature is 2.67 eV.
It seems reasonable to assume that the band gap of hexagonal zinc
selenide is about 2.73 eV at room temperature.

Consider what happens in one unit of the crystal along the
. c—axis, wﬁere one unit contains ¢wo potential barriers which occur
when the crystal structure changes from a polytype to hexagonal and
back to the polytype. The Fermi level, which l;es apbroximately‘in
the middle of the forbidden gap of all the crystal modifications,
must be at thelsame energy throughout in the dark. Since the work-
functions of the polytype and hexagonal modifications are different,
band-bending will occur, as illustrated for one junction in Eigure
7.4.1, to permit the Fermi level to attain its equilibrium position.
To achleve additive photovoltages along the crystal it must be
postuléted that consecutive barriers contain scme degree of asymmetry,
as shown for example in Figure 7.4.15, which illustrates the two
barriers of the unit under discussion. In fact it would be rather
surprising if no asymmetry were §resent, as the following argument
wili demonstrate. ’

.Tplfix ideas, consider the unit to be made up of a sandwich
of héxagonal material between two cubic layers (cubic is simply taken
tq.represent the extreme pol?typic variation from the hexagonal
strﬁqtu:e). In the cubic region on the left—hand side of Figure 7.4.1b
thé.doﬁble layers of zinc and selenium are assumed to be stacked in
the ABC bubic sequence along the égis of the needle. Suppose that the
(111) zinc plane is to the left and the (111) ;elenium plane to the

right. Then at the junction X, Figure 7.4.1b, a selenium layer iﬁ a
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mainly cubic environment neighbours a zinc layer.in the hexagonal
modification. In contrast at the next junction, ¥, a selenium layer
in a mainly hexagonal environment neighbours a zinc layer in a cubic
matrix, -i.e. the environments are reversed. It seems reasonable,
therefore, to suppose that the potentiel energy diagrams at the two
junctions will differ slightly from.one another. In Figure 7.4.1Db,
the two barriers are drawn with slightly different heights.

To check the validity of the idea an experiment was performed
on ZnSe containing no major structural defects. Large-area cublc
platelets of ZnSe have been studied fairly extensively in this
department (Gezci and Woods)(17).e'The only defects observed in these
particular crystals have been dislocations and three-dimensional
defects which may have been stacking-fault tetrahedra. ‘Twelve such
crystals were equipped with silver contacts on the large-area faces,
and were then illuminated with the focused light from the mercury lamp.
In all the samples a photovoltage of the same sigh was generated.
This photovoltege wes about 20 mV in magnitude, and inAall samples
the zinc (111) face became negative. This experiment indicates that
the work-functions of the (11l) and (Ill) feces are different and
' supports the contention that the two_junctions in a crystal unit such
as discussed above_will'bevasymmetrici |

'-Non assuming that soﬁe such potentiel.energy diagram as that
~in Figure 7.4.1b is correct, the behaviour of the photocurrent can
'be explained’ quite simply. First, although the two junctions produce
photovoltages in opposition, there is nonetheless a net photo-EMF
per pair when - the sample is illuminated This net EMF is small,
being of the order of.a:few nillrvolts, but there may well be several

thousand barriers per centimetre’along'the'c¥axis. Indeed Merz was
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able to count 2000 barriers per cm in his crYStals.‘ (There may well,
:of‘course, have been more which were not resolved in the polarizing
uicroscope). |

Consider next what happens when the wavelength of the exciting
light islchanged. At long wavelengths, light is absorbed at deep-
lying donors in both the cubic and hexagonal regions (ZnSe is a
domlnantly n-type semi-insulator). The concentrations of electrons
excited to the conduction bands of the cubic and hexagonal regions are
therefore very similar. However, the electrons in the hexagonal region |
will see'a lower barrier at Y than at X and will therefore flow out of
the hexagonal region preferentially to the right. Thus a current will
be generated with electrons flowing to the right under short-circuit
conditions, and with an open circuit‘a net'voltage will be vset up to
oppose their flow.

As the wavelength of the excitation is decreased, a'situation is
reached where free electrons can be excited across the band gap of:the‘
cubic material, but the photon energy is still insufficient to- generate
V free electrons and holes in the hexagonal region. Now the major electron
concentration is in the cubic regions, with the result'that electrons
fiow more readily over the barrier at Y from right to left,thah-they do
"over the barrier at X in the opposite direction. Under. opeh-circuit

rconditions, thlS means that the hexagonal region at Y becomes more

. negative than that at X, and as a result under short-circui conditions
electrons wiil fiow-from right to left. In.brief, the direction of the
short-circuit current is reversed.

As the wavelength of the excitation is reduced Stlll further,

‘electrons can be excited across the band gap of the hexagonal region.
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Eventually a large population of electrons would -be created in the
conduction band of the hexagonal-layér with the result that electrons
would_again flow out of the hexagonal region to the right, thus leading
ito a further reversal of the short-circuit current. In total there—
fore, the model can explain two reversals of the sign of the photo-
current as the wavelength is changed.

The model requires that the tail of the fundamental‘optical
absorption region in cubic zinc selenide extends to 4800 % at room.
temperature, where the first reversal of sign occurs as the wavelength
is reduced. ﬁxperiments in this laboratory by S. Gezci on the optical
absorption of_cubic crystals have shown that significant absorption is
| usually observed heginning at 4750 & at room temperature. Furthermore,
no dichroism would be expected and the threshold for significant absorp-
tion in cubic zinc selenide should occur at the same wavelength for
u*light polarized with the electric vector parallel or perpendicular to
Athe needle axis. Thus, if this explanation of the anomalous photo-
voltaic effect is correct, the first sign reversal of-the photocurrent
to occur as the wavelength is reduced should be independent of the
‘polarization of the incident light. The curves in Figure 5 show thlS

to be an observed fact.

*In the cubic modification of zinc selenide the uppermost valence
band has;F symmetry and optical transitions to the conduction band are
allowed for either state of polarization of the incident light._ With
hexagonal zinc selenide the uppermost valence band has P symmetry and
.”the'next highest F symmetry. Optical transitions from the Pg band to
'the conduction band are only allowed for E "{1ight polarized.with

'the E—vector perpendicular to the c-axis), whereas transitions from
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r7 are.allowed for Ené and E*ca Then if light polarized with E‘LC is
used, thé threshold for optical absorption will occur ét a longer
wavelength than it will when light polérizéd with E“c is used. The
curves in Figure 7.1.4 show that the second reversal of the sign of the
photocurrent occurs at longer wévelengthS'with light polarized with
Elc R which is in accofd with our interpretatlon. Unfortunately the
wavelengths at which the photocurrent changes sign cannot be used to
determine the band gaps of the various polytypic and hexagonal regions
becausé the ekperimental curves are likely to be superpositions of many

individual curves for barriers corresponding to phasécchanges between

particular polytypes.
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CHAPTER 8
CONCLUSIONS

The main object‘of the research described in this thesis was
to produce boules of zinc selenide with centimetre dimensions for
research purposes. Having established a reliable technique for undoped
boules the work progressed to doped material, with particular emphasis
on the incorporation of manganese. Finaliy the. growth of crystals of
the solid solution ZnSe_ S

x 1-x

The most satisfactory production technique for ZnSe was found

(1)

was investigated.
to be the method of Clark and Woods which was originaliy‘uSed‘for
CdS. 1In brief, this method is a vacuum distillation in a sealed and
evacuated'capsule. The capsule is connected via a narrow orifice to
a reservoir containing either zinc or seieoium which is tsed to control
the composition of the vapour in the capsule. Theoreticaliy, in order
to obtain the maximum transport rate, the composition of the gas in the
capsule should be the stoichiometric ratio of two parts monatomic zinc
to one part of diatomic selenium. However, this is not necessarily the

best condition for crystal growth. Faktor and Garret( )

suggest that
growth<fostoichiometry should give more stable growth conditions. A '
theoretical consideration of the growth system revealed that growth_a
iittle off stoichiometrv must always occur in the Clark and Woods system.
Erperimentally it was‘foupd that for undoped boules the best growth
~ occurred when the tail temperature vas maintained so as to give a pressure
of the reservoir element equal to %PMIN in the oase of selenium or to
§PMIN in the'case of zinc. With a charge temperature of 1165°%C this
meant a reservoir temperature of 560 °c for zinc or 360 °% for selenium.

The theoretical ‘analysis of the tail reservoir system was of necessity

mainly qualitative. However, it has been demonstrated that the use of
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the reservoir will correct for é nonistoichiometry‘in the charge exceeding
iOOO p.-p.m., and that a much greater quantity of volatile material-may be |
removed if it is released as the system warms up,-e.g.:zinc released'by the
reaction between the charge and manganese. Further, it has been shown that
the tail.reservoir.will not hold an exact vapour pressure over the uaterial
in the cepsule, but one'which depends on the physical dimensions of the
system, the amount of residual gas present, and the temperature of the
reservoir. It was discovered.that to account theoretically for the rete :
of ;OSS of material to the tail tube from the capsule, an inert gas'pressure
- of &;1 - Storr was required in the capsule. Several different experiments
were performed to check if this gas was in fact present. AApressurelof
residuai gas of-the right order of magnitude was discoveredAiu capsules
ZWhich had been in the furnace for a period of 14 days. Mass spectrometer ,
analys1s suggested that the gas was at least partly carbon monoxide. In
fact, if this gas were not present the rate of.loss of material to - the tail
tube would be sufficient to block it within a few hours, This was con-
firmed experimentally by pumping the'taii tube of-a,capsule'uith-a rotary
:pump~wh11e crystal growth proceeded When this inert gas pressure is.taken
;into consideration, it was found that the maximum dev1ation of Aﬂ (the ratio

-PSe"/PZn at the charge) from the stoichiometric value of Q.S'was
2

V‘Az'g:0.264 (zinc tail) and’Az = 0.849 (for a selenium tail). From this it
msyihe oa;qulated‘that A_, the value at the interface, was betweeu
Ao = 0;194 (Zn tarl) and’Ao = 1.12 (Se tail). It was calouiated that to
écoouht for.the-observed growth rate a value of AT between 8.2.and'19.6°C
was requlred The experimentaily observed'values of AT were less thah 20%.
‘This is a strong ‘indication that the growth was transport llmited

The crystal itself can be grown with a dlfferent stoichiometry from

the .charge and the stoichiometry remains constant throughout the growth
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period, in contrast to the stoichiometry of a crys#al grown‘in a simpie
sealed capsgle. 2 much wider rangeiqf dppaqts may be incorporated.before
growth is inhibited. In general it was concluded that crystals grown with
selenium reservoirs should be of higher purity than those with zinc reser-
voirs, because the lower vapour pressure in the tail helps impurities to
escape from the capsule. Also growth conditions should be more stable.
because PT‘increases faster for a selenium rich atmosphere,than for a éinc
rich one. These findings were confirmed>by experience during the growth of
» séveral,hundred ZnSe and CdS boules.

The dopants copper, gallium and indium were found to enter the
boule easi;y when added to the charge in ;he form'of the elements. However,
it was more éffective t0‘add erbium and manganese to the resérvoir in the
fo;m of the>§hloridé. It is believed that the growth of_such materials is
assisted'by a éhlorine transport reaction. Th;s could be of assistance in
the incorporation of many dopants which a#e not easily transported in
elemental. form. The amount of manganese incorporated into ﬁﬁe‘lattice can
be increased by adding ground manganese metal to thefcharge'iﬁ addition to
using manéangse chloride in the tail. This fact p;ovides support for the
aréument abéut'a chlorine transport mechanism. To obtgin really large
;méﬁﬁts of manganeée in the crystal (~ 1%)Iit was neqessa;y to use C.V.T.
 witﬁ iodine at @ 800°c. a temperature different'ofklsoc was gmployed
between the ends of the'capsule and sma;l (% gm) crystals were.érown in

10 daYs in a 7 mm I.D. capsule.

(1)

Solid solutions’of,ZnSexsl_x were grown in the Clark and Woods

system. The charge was a ground mixturé of ZnSe and ZnS and the reservoir
cbntained Zn. A satisfactory reservoir temperature was found to give
Pén[= (? Kpa) , whe?e InKpa = X KnKp(ZnSe) + (1—3)_2;Kp'(ZnS).' Theoreti-
cally;itiﬁgs;foﬁnd that-segrégationhof,selenium and sulphur could odcu¥
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through a physical separation in the transport sYsteQ. This would be

worsf if transport occurred entirely by diffusion. The reservoir system
prevents this happening but could allow,the loss of.more selenium than
sulphﬁr to ﬁhe tail reservoir. Fortunately in practice this was not signif-
icant and boules’were grown satisfactorily up to a maximum sulphur content

of ZnS Growth then became unstable with the distillate consisting

0.6°%0.4°
of an agglomeration of dendritic needles.

. The main defecte found during an examination in tﬁe electron micro-
scope were thin twins in the case of ZnSe, changing progressively to stacking
faulte as the sulphur content'of the boules increased. As might be expected
the qua#tity of defects increased in the solid solutione. It is thought
that the defects are mainly the result’of post growth stress, although some
twinning probably occurs to maintain the fast growth direction in an appro-
priate orientation at the growth face.

Finally, the anomalous photoﬁoltaic effect ﬁas been discovere@ in
- ZnSe. The results were found to be entirely analogous to thbse reported in
ZnS. A potential of over 100 volts wes obtained froﬁ one needle crystal of
ZnSe, which exhibited coloured birefringence bands. The short circuit
current was plotted for verying wavelengths of semple e#citation. .The short
‘circuit current was found to change sign twice as the anelength'of the
' iliuminaeien was reduced from 5000 to 4000 R. Qualitatively this was
eipleined in terms of the asymmetry‘of heterojtﬁctions along'the peiar axis
of the needle. As the wavelength of the exciting light is decreased, the
electron populationsiJlthe conduction bands of the cubie and hegagonal
regions ef’the needle crystal are increased first by trappedlelectrons and
then by electrons excited across the pand gap. Normally there is a net flow
of electrons fram the hexagonal- to the cubic regions because.of the aeym-

metric junctions. However, when the energy of the wavelength of the
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radiation corresponds to the band gap of the-cubic material, there is a
sudden jump in the electron population of the cubic region. This reveréeé
thé electron flow until the energy of the radiation is sufficient to excite.
electrons across the band gap of the hexagonal material, Qhen the qurrent
fiow reverts to normal. Because the effective bapd gap of hexagonal
material is slightly different parallel and perpendicularfto the c-axis,
theAshort wavelength reversal should occur at slightly different wave-
lengths for radiation polarised parallel and perpendiculaf to the c-axis.

This was indeed found as predicted by the theory. .
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APPENDIX 1

CONVERSION OF ETHER 139/90 TEMPERATURE CONTROLLER TO

SOLID STATE  SWITCHING

A very simple circuit was used to convert the ‘Ether Mini 19/90°
temperature controller to Triac firing in order to improve reliability.
The circuit is illuetrated in Figure 21.1.

In principal, the idea is to remove the relay from the.cont:oller
and use the power to drive an oscillator ciicuit which fi;es a triac
instead. The '19/90' has a power supplj on the bottom circuit board
giving +20, 0, and 420 volts, and the relay is cperated by a c;icuit-
which holds one terminal at +20 volts, while the other is switched
between 0 volts (ON) and 20 volts (OFF); The relay was removed and a
transistor used to invert the logic. (It conducts when the:base is at
0 volts, bqt not when it is at 20 volts). When the trahsistor is con-
ducting the 0.47 WF capacitor charges from the transistor outéut v;a a
1.2 K resistor until it exceeds the hreakdown ﬁoltage<(32 volts) of the
diac, when it is discharged and the cycle reéeated. The voltage at the
collector of the transistor drops to 20 vclts.when the'contrcllef goes
'0FF* and ‘the oscillations stop. Because the circult pulses every
3 x10 -3 secs, 1t is unnecessary to synchronlse the pulses with the
malns cycles, there is always a pulse to fire the triac soon after the
malne has passed through zero . Investigation with a cathode ray oscil-
loscope showed the pulses applied to the triac gate to be about 4 volts
in magnitude and followed by.a ringing osc111ation at greater than
100 kﬁe which died in 2 or 3 oscillatione. The action of the cont;cller.
apéeared unaffected by this modification, hut it should he noted that

it is useful only with resistive loads.
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APPENDIX . 2

AN AMPLIFIER TO MEASURE THE SHORT CIRCUIT CURRENT OF A

PHOTOVOLTAIC CELL

While carrying out a preliminary investigatiou of the possibility
of depcslting epitaxial ZnTe on ZnSe from tin solution the author
became interested in measuring the ‘S.C.C. of the device produced. He
thus became aware of the need for improved instrumentatiou to measure
the performance of CdS cells produced within the research group. The
ampllfler described below was unnecessary for ZnTe films on ZnSe because
only one epitaxial film was produced, but it proved very useful for CdS
cells.

Wheu investigating the performance of'experlmeutal photovoltaic
cells it is often necessary to measure the short-circuit current as a
function of the intensity and the wavelength'of the illuminaticn. ﬁecause
the cell may be constructed from photoconductive materials, tﬁe.interual
resistance of the cell may alter as these two parameters are varied.

Traditionally, the 'shorc—circuit' currenr is detexrmined by measuring’
' the voltage developed across a small series’resistor. To achieve‘an
accuracy of 1% the voltage measured must be less than 1% of the open
circuit voltage (this may be relaxed to 5% or more if the cell is known
to ‘have. a good voltage current characterlstlc, see Flgure a2.1).

In Figure A2.2 a slmple circuit is shown which hasvbeen~used to
measure short-circuit currents accurately. It is based on an integrated
circuitvoperaticnal amplifier with a FET input, which was selected for
‘its high input impedance and low input bias'current.; The gain is.105.
“When the test cell is illuminated the short circuit current £lows through

‘the feedback loop of amplifier A1 giving a voltage output equal toithe




PHOTOVOLTAIC CELL
CHARACTERISTICS.

| FAig.AEJ
| VOLTAGE (mV)
0 02 04 06 08 10
NT |
~ -1 -'\l ' \OPEN
5 C K\ CIRCUIT
c | VOLTAGE
o l\-\’
N 3N |
: N
@€ IK\' |
5 SN
@ N
< N
o _ \
&N
€ [\_i}
0 oL\ | | |
:*:::'— l.______________:-‘;—_-_—_—_:: * 1% ERROR
== » |

o |50y

; AMPLIF!ER KEEPS TEST - CELL WITHIN = SO;N
SHADED ‘AREA .

A, TYPICAL CELL. GOOD KNEE SHAPED
'CHARACTERISTIC.

B WORST CELL LINEAR CHARACTERlsT\C




e
HOLIMS muw
W\
\'\L
\ .
\
e Juoil
s 00! | - ool
¥3LIWOILNILOd »<  Y3LIWOILNILOd 083Z
ox3z Ls | NSNL O)
RPN >m,L o >m_L
P ALE | o : |

NVE9VIa 11nod1D




- 133 -

product of the feedback resistance and the short circuit current.d The
voltage at the virtual earth, and hence at the terminals of the test cell,
is V /G where G lS the gain. A feedback resistor is selected by a switch
to give an output which does not exceed 100 mV, corresponding to 1 pV at
the terminals of the cell (the capacrtor merely prevents oscillations with
some values of feedback resrstor). For a true measurement of the short-
circuit current, the voltage at the input of the cell should be zero. It
varies from this because of the 1 pV mentioned above, and the input drift '
of the amplifier. The drift was measuredlas less than 50 pV h_l by
replacrng the test cell with a 1 k@ resistor and selecting the 100 kﬂ
feedback resistor to give a gain of 100. Thus, the performance of .the
amplifier is limited solely by the input drift. For 1% accuracy the
open—circuit voltage of the test cell should be 100 X 50 UV = 5 mv

(or 1 mV for a cell with a normal characteristic, see Pigure AZ2.1).

In our arrangement the output voltage was fed into a buffer amplifier
A2 which protected A1 from oscillations which sometimes occurred when it
was connected directlyvto an external circuit. Any instrument with.an
input impedance greater.than 5 k@ could then be_connected to the amplifier,
e.g. a chart recorder or digital voltmeter.

Using the 1 MQ feedback resistor, a short—circuit current of 10 nA |
could be measured in a high impedance sample. A plot of current against
anélength was also made for a silicon cell with an internal resistance
of 2 Q. (Note the 100 mV output llmlt must be observed).

" To achieve similar results with the conventional method, a voltmeter

capable of measuring 5 pV ‘to 1% would be required.




APPENDIX 3

POLAR PLANES IN THE ZINC BLENDE STRUCTURE

Theletching experiments mentioned in Chépter 5.3 drew attention
to another small point. While it is commonly recognised that the {111}
plane is polar in the zinc blende structure, it.is not often noticed
that in fact this is gnly one ofla family of planes that ought to show
polar effects. Figures A3.1 and A3.2 show the difference between non-
polar faces ( A3.1) and the family of polar planes that intersect the
{101} plane perpendicularly. a polér plane has metal atoms and non-

- metal atoms in separate planes at a distance %d apart (where 4 is the
interplane spacing). -

Planeé of the type'{i, 2n-1, 2n;1} are of the éame'polarity as
the{l,l,l}} as are {4n-3, 1,1} planes. However, {4n-1, 1,1} rlanes
are of opposite polarity. n is an integer 21. Effects may well be
noticed when etching planes with small values of n; -higﬁ index planes

are usualiy made up of steps of lower index planes.
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APPENDIX 4

The Calculation of B, and A_ after a Crystal Growth Run

The value of U_I;K_ describes, in phy_sical terms, the balance: of
 diffusion and Stefan flow during the transport of material by sublimation.
When the ti'an‘sport equations are appliec-l' to the tail part of the crystal
growth tube, they may be used to determine AZ as shown in Section 4.8. In
fact to determined, after a crystal gr’owth run it ;s only necessary to know
the value of exp (U—]f-) and the ratio PRESERVOIR/PMm . The férmer‘éaﬁ be
measured by weighing the amount of mater;l.al deposited iﬂ the taii }Althe timé
taken, and the physical dimension; of. the capsule, tﬁe laﬁter is fixed bf

the temperatures of the reservoir and charge. ’

First consider transport from the capsule to the tail tube, let

Q = exP%) - T~ P = 3ﬁPSe9(‘e) ~ (ad.1)
D 3PZn(0) - ZPTA 3PSe2(0) - B,
Tﬁen ' '
2‘PT(1 - = 3R, &) - QB (0)) | (84.2)
and o |
PLL-Q = 3(Pg (D) - QPSez(O)) o : (A473)
From' A4.2 and A4.3
2 ‘PSezé.@? T QFg (1) = p, (&) - QP, (0) (ad.4)
so , ) . |
2Pge, 0 = Bgp®) = 92RO - B 00 (A4.5)

At this point it is necessary to separate the two possible

cases;
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for a tube with zinc in the reservoir, PSez(O) = "0 and ?Zn‘o) = E'PMIN P

_ for a tube with selenium in the reservoir P__(0) = 0 and P (0) = F.P .
in e MIN

2

Then for a tube with’avzinc reservoir A4.4 gives

(2 Pslez(l) - B, ) = -'QfE.pMIN - (24.6)
But _

x; . = pin(z) .Pséé(ﬁ) ;o (24.7)
w | o |

(2 PSeé(K) - PZn(£)3_ = :%Q3;E3.%Z.P.§n(£) fPée(b © (A4.8)
Also , .

By = N

= | (23, - 13 + %?-Q3E3Az = 0 , | >(A4.9)

If E = %-(the usual case of the rgservoir set to give the partial pressure

- of the element at PMIN in the capsule)-the equatioh reduces to
2n, - 13+ 28,0 -0 (A4.10)
L L ‘ '
‘Similarly, for a reservoir containing selenium ,
2 2, - 13 - sar’g’a, = 0 (Ad.11)
: 1
Usually F = 3-,Aso

3 3 . _
(23, - 1) - 280" = 0  (24.12)

It may be seen that only the coefficlent of A£ varies in equations A4.9

and A4.11, so it is very easy to solve these equations graphically.
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Figure .A4.1 gives the variation of AK with %fEQ. A(Reducing to Q@ in the
usual case E = %—) . Figure A4.2 gives the variation of A£ with 3FQ

1

3 .

| Returning to 24.10 and A4.12, it is possible to learn a little

(Reducing to Q@ in the usual case of F = <)

more about these special cases. Q = exp (-UD£) , and %é is always
R negaﬁive because of the sign convention used. (Figure-4.1.1). Therefore
0<Q< 1. @+0 represents very high flow velocities when diffusion ﬁay
be ignored, and Q » 1 represents very slow flow when Stefan flow may be
. ignored. In practice this would mean a high ingft gas pressure.
| Q = 0 gives the triviél soiuti_oh A!L =é— (i.e. perféctly stqichio-.

metric gas over the charge) as would be expécted. |
| Q=1 éives A = 0.1588 for ; tube with zinc in tﬁe reservoir,
and &, = 1.1623 for a tube with selenium in the tail.
gquations (A4.11) -and", (B4.12) are similar t.o (4.6.17) and_(4.'8...18) ’ thé differences
are because it is assumed here that the diffusiox;x coefficients for zinc and
seleﬂiﬁm are equal, where previously they were assumed to be-.i,n the rétio
1:1.5 because of tﬁe differing molecular masses. |

In Table 4.8.1 the values of By and A are the. same whichever
vé;lue 'of PMIN was selegted (i.e. that due to Aven and 'Pre'ner or Kirk and
Rav;an) because the value of E was fixed at —‘;— and that of F at -;-in the
.calculétion's. It is believed that the fastest transport occurred under
thesé conditions.'

To derive Ao from A,, the transport equations must be used again ,
iet |

_32

L - 2p, 3Pge, ) - By

Z

(R4.13)

-Uf. _ =
Z = exp ('5') - 3PZn(0) - 2P, - 3PSe’(0) - B,
: 2

. From A4.2 and A4.3 it is possible to write;
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2P (1-2) = --3(pZn(£) -z pZn(O)) ’ | (A4.14)
'and
pT(1 -2) = ~3(PSe L) - 2z PSe(O)) (A4.15)
2 _ 2 :
= 3@, 2, () - A P, (O) (34.16)
. PSez
because: A =
P -
Zn

Eliminating PZn(o) from A4.14 and 34.16 yields

Po(l-2)(23 - 1) = 3(PZn(£§ A -.PZn(l) AE) .

But from equatioﬁ A4.1'} for a zinc réservoir (PSe 0y =0) ,
2 .

. 3P, (0) A
3P, (L) _ zn L 4
T 1 -0
and for a selenium reservoir , (p, (0) = 0 ,
| | P (&)
_ 3 Zn
So for a tube with zinc in the reservoir
. Ay (2 -0Q)
o T-g- 28 (1-2)

and for a tube with selenium in the reservoir ,

28, (1~9Q) +2-1
A =
o 2(2 - Q) .
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