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ABSTRACT

Chemical vapour tra n s p o r t  re a c tio n s  o f I I I -V  compound sem iconductors

E leanor J  oan Tarhox

The chem ical vapour t r a n s p o r t  re a c tio n s  o f some Group I I I -V  

sem iconductors w ith hydrogen h a lid e s  have been s tu d ied  by a m odified 

en trainm ent method.

E n th a lp ie s  and e n tro p ie s  fo r  th e  tra n s p o r t  re a c tio n s  in  th e  systems 

indium arsen ide-hyd rogen  brom ide, indium arsen ide-hydrogen  c h lo rid e  and 

ga llium  a rsen ide-hydrogen  bromide were c a lc u la te d . The e f fe c t  o f . 

su rfa c e  k in e t ic s  on th e  r a te  of t r a n s p o r t  o f ga llium  a rse n id e  by 

hydrogen bromide gas was in v e s t ig a te d .

B inary  d if f u s io n  c o e f f ic ie n ts  f o r  hydrogen bromide and hydrogen 

c h lo rid e  gases in  hydrogen have been o b ta ined  by a s tudy  of th e  

t r a n s p o r t  o f indium in  hydrogen bromide or hydrogen c h lo rid e  under 

l im i t in g  eq u ilib riu m  c o n d itio n s . Using l i t e r a t u r e  r e s u l t s  f o r  th e  

tem pera tu re  dependence o f th e  vapour p re ssu re  o f z in c , th e  b in a ry  

d if fu s io n  c o e f f ic ie n ts  o f z in c  atoms in  helium  and in  argon over th e  

tem pera tu re  range 85O -  1120 K were determ ined. A m odified  

en tra inm ent method ap p ara tu s  was used  to  m onitor th e  ev ap o ra tio n  of 

z in c  in  th e  in e r t  g a s .
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C hapter 1

1.1 In tro d u c tio n

R eac tio n s  between Group III-V  compounds and the  hydrogen

h a l id e s  f in d  ex ten s iv e  use in  th e  e le c tro n ic s  in d u s try  fo r  the

d e p o s it io n  o f th in  la y e rs  of th e se  sem iconductors by chem ical 
1

vapoui t r a n s p o r t .

In  re c e n t y e a rs  th e re  has been an in c re a s in g  in te r e s t  in  the
2vapour-phase  ep ita x y  of sem iconducting compounds fo r  th e  m anufacture 

o f sem iconductor la s e r s  used in  o p t ic a l  communications system s.^

The h igh  frequency o f o p tic a l  waves (compared w ith  e l e c t r i c a l  s ig n a ls )  

makes them p o te n t ia l  in fo rm atio n  c a r r i e r s  of ex trem ely  la rg e  

bandw idth . Rapid p ro g ress  i s  be ing  made in  p ro d u c tio n  techn iques
/j

fo r  s i l i c a  f ib r e s  s u i ta b le  fo r  o p tic a l  tra n sm iss io n  in  th e  800 —

900 nm range in  co n ju n c tio n  w ith  sem iconductor d ev ices .

The s im p le st chem ical vapour t r a n s p o r t  system"'^ may be d esc rib ed  

by th e  r e a c t io n ;

S o lid  + v o la t i l e  t r a n s p o r t in g  agent ^  v o la t i l e  p ro d u c t.

C ry s ta l  growth from the  gas phase proceeds w h en th e  fo llo w in g  re a c tio n  

ta k e s  p la c e ;

Gas (d iso rd e re d )  ----> C ry s ta l (o rd e re d ).

a l l  th e  c o n s t i tu e n ts  of the  s o l id  phase must be p re sen t in  the  gas 

p h ase . There are  two main ty p es  of gas phase growth;

(a )  where the  c o n s ti tu e n ts  are  v o la t i l e  a t  th e  tem peratu re  of the

experim ent ( e .g .  growth of CdS) and (b ) where th e  c o n s t i tu e n ts  

a re  re a c te d  w ith  a  t h i r d  sp ec ie s  in  o rd e r to  produce v o la t i l e  sp ec ies  

( e .g .  growth of GaAs) -  chem ical vapour t r a n s p o r t .
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Indium based sem iconductive compounds (inA s, InP , In^ Ga  ̂ ^P) 

a re  becoming more im portan t because o f th e  re c e n t demand fo r  o p t ic a l  

sources in  the  longer w avelength re g io n . These e le c tro n ic  dev ices 

a re  made by means o f c r y s ta l  growth v ia  chem ical vapour t ra n s p o r t  

r e a c t io n s .

This th e s i s  d e sc rib e s  the  in v e s t ig a t io n  of s e v e ra l c r y s ta l  growth 

system s and, in  a d d it io n , examines th e  k in e t ic s  of su rface  p ro cesses  

in  one of them.

In  c h ap te r 2 th e  experim en tal methods and ap para tu s^  are
7

d isc u sse d . The ev ap o ra tio n  of w ater in  n itro g e n  i s  s tu d ie d  by th e  

m odified  en trainm ent method as a  v a l id a t io n  experim ent; th e  z inc—in e r t  

gas system i s  th en  d e sc rib ed . When th e  vapour p re ssu re  of a  substance 

i s  w ell known, i t s  b in a ry  d if fu s io n  c o e f f ic ie n t  may be found by 

exam ining i t s  r a te  o f e v ap o ra tio n , in  the  m odified  en trainm ent 

a p p a ra tu s , in to  an in e r t  c a r r i e r  g a s . H ere, the  d if fu s io n  c o e f f ic ie n ts  

o f z inc  in  argon and zinc in  helium  were c a lc u la te d  by t h i s  method 

over the  tem perature  range 85O — ti 20 K.

One o f the f a c to r s  which determ ine th e  r a t e  o f t ra n s p o r t  of a

s o l id  m a te r ia l  i s  the  r a te  of d if fu s io n  o f the  re a c t iv e  sp ec ie s  in

the  c a r r i e r  gas. In  ch ap te r 3 , th e  use o f a  chem ical t ra n s p o r t

re a c t io n  to  s tudy  th e  d if fu s io n  o f hydrogen c h lo rid e  and hydrogen
8bromide in  a  multicomponent g a s , c o n s is t in g  la rg e ly  o f hydrogen , i s  

d e sc rib e d . From experim en tal t ra n s p o r t  r a t e s ,  th e  b in a ry  d if fu s io n  

c o e f f ic ie n t  of each hydrogen h a lid e  in  hydrogen i s  o b ta in ed . H en ce ,it 

i s  p o ss ib le  to  c a lc u la te  e f f e c t iv e  d if fu s io n  c o e f f ic ie n ts  fo r  m u lti

component gas m ix tures used  in  chem ical vapbur tra n s p o r t  experim ents 

(see  s e c tio n  I . 4 ) .
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The in v e s t ig a t io n  o f th e  re a c t io n  o f indium a rsen id e  w ith  hydrogen 

c h lo r id e  gas and hydrogen bromide gas i s  d e sc rib ed  in  ch ap te r 4 , 

Thermodynamic param eters a re  c a lc u la te d  fo r  the  tra n s p o r t  re a c tio n s  

and compared w ith  l i t e r a t u r e  v a lu es  fo r  th e  p re d ic te d  sp ec ie s  p re se n t.

In  th e  m odified  en trainm ent method,^ the condensed phase sample 

i s  c o n ta in e d  in  a  s i l i c a  r e a c t io n  b o t t le  which has a  c a p i l la r y  o u tle t  

( t y p i c a l ly  20 mm long and 2 mm d ia m e te r) . This b o t t le  i s  suspended 

i n  a  fu rn ace  from a  re c o rd in g  m icrobalance , so th a t  changes in  sample 

w eigh t a re  reco rd ed  c o n tin u o u s ly . A stream  of c a r r i e r  gas or gaseous 

r e a c ta n t s  flow s downwards th rough the  fu rnace  tube and communicates 

w ith  th e  sample through the  c a p i l la r y  channel. The re a c ta n ts  and 

p ro d u c ts  p ass  th rough  the  channel by a com bination of d if fu s io n  and 

S tephan  flow  (see  s e c tio n  I . 4 ) .  The measured r a te  of weight lo s s  

o f  th e  sample may be r e la te d  to  the  p a r t i a l  p re ssu re s  in s id e  the 

b o t t l e .  The th e o r e t ic a l  model ( s e c t io n  I . 4 ) th a t  has been employed 

t o  c a lc u la te  th e  p a r t i a l  p re s su re s  o f the  vapour sp ec ie s  assumes th a t  

e q u ilib r iu m  co n d itio n s  e x i s t  in  th e  re a c t io n  b o t t l e  between the  s o l id  

and gas p h ases . I f  su rface  k in e t ic s  determ ine the  r a te  o f t r a n s p o r t ,  

r a t h e r  th a n  the  t r a n s p o r t  o f the  re a c ta n ts  through the  gas phase, then  

th e  r a t e  o f w eight lo s s  o f th e  s o l id  w i l l  be reduced . In  ch ap te r 5 

th e  g a lliu m  arsen ide-hydrogen  bromide system i s  examined in  th i s  

c o n te x t .

The ex p erim en ta l method d esc rib ed  in  t h i s  th e s i s  p rov ides d ire c t  

and  q u a n t i ta t iv e  in fo rm atio n  about tra n s p o r t  r a t e s .  Even i f  a 

s a t i s f a c to r y  thermodynamic a n a ly s is  of th e  l ik e ly  p a r t ic ip a t in g  

t r a n s p o r t  re a c t io n s  i s  not o b ta in ed , the  r e s u l t s  s t i l l  enable the
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c r y s ta l  grower to  f in d  the  optimum c o n d itio n s  fo r  growth or to  

d is c a rd  the  system as u n s u ita b le . In  ch ap te r 6 a  b r i e f  study  of the 

indium antim onide-hydrogen c h lo rid e  system i s  re p o rte d .

1 .2  Review

There a re  many methods c u r re n tly  used  fo r  the  vapour d e p o sitio n  

of Group II I-V  compounds;- ev ap o ra tio n  te ch n iq u es , s p u tte r in g , 

c lo se d  tube  and open flow  methods.

Vapour phase growth i s  by f a r  th e  most w idely-used  techn ique fo r
2

sem iconductor compounds. Vapour phase e p ita x y  c o n s is ts  of o rie n te d  

c r y s ta l  growth o f th e  m a te ria l,w h ich  has been tra n s p o r te d  from the 

gas phase, onto a  s u i ta b le  s o l id  su b s tra te  and o f fe rs  c o n tro l over

11•«hickness and c r y s ta l l in e  p e r fe c tio n  o f th e  e p i ta x ia l  la y e rs  produced.

12T ie t je n  and Enstrom , in  t h e i r  review  of vapour phase grow th, 

d esc rib e  an open-flow  method in  which a t im e -o f - f l ig h t  mass 

spectrom eter^^  coupled  to  th e  c r y s ta l  growth appara tu s enab led  the  

chem istry  o f th e  vapour phase to  be s tu d ie d .

Many a r t i c l e s  have been w r it te n  on the  tra n s p o r t  o f gallium  

a rsen id e  in  hydrogen c h lo rid e  and hydrogen bromide g a se s .

A review  o f some thermodynamic an a ly ses  and an in te r p r e ta t io n  of the  

k in e t  ic s  o f the  GaAs/HCl system i s  given by Shaw. ^

Less l i t e r a t u r e  has been p u b lish ed  on the  indium arsen ide/hydrogen
20h a lid e  system s. Mizino e t  a l  have grown e p i ta x ia l  la y e rs  of InAs 

on InAs s u b s tr a te s  u s in g  th e  r e a c t io n  o f AsCl^ w ith  indium or 

p o ly c ry s ta l l in e  InAs in  a hydrogen stream . They d iscu ss  the
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thermodynamic and k in e t ic  l im ita t io n s  to  th e  growth r a t e .  The

thermodynamics o f th e  growth o f indium a rsen id e  in  a  bromide system
21was s tu d ie d  by Sandulova by a s t a t i c  te n s im e tr ic  method. M ullin

22and H urle have p re d ic te d  th e  co n d itio n s  fo r  thermodynamic 

e q u ilib riu m  in  v a rio u s  te rn a ry  systems u s in g  e s ta b lish e d  thermodynamic 

d a ta  bu t draw a t te n t io n  to  th e  need fo r  more accu ra te  thermodynamic 

r e s u l t s .

D iffu s io n  c o e f f ic ie n ts  o f b in a ry  m ix tures o f d i lu te  gases a re
23com prehensively  compiled in  a  re c e n t review  by M arrero and Mason,

however th e re  i s  no re fe re n c e  to  hydrogen h a lid e s  d if fu s in g  in
24hydrogen. Hesmeyanov d e sc rib e s  methods fo r  m easuring vapour 

p re s su re s  and g ives values f o r  th e  vapour p re ssu re  o f various elem ents 

as  a  fu n c tio n  o f tem p era tu re .

1 .3  Methods o f o b ta in in g  thermodynamic d a ta

The m odified  en trainm ent method used in  th i s  th e s i s  overcomes th e
g

l im i ta t io n s  o f th e  Knuds en and Langmuir techn iques and i s  s u i ta b le  fo r  

s tu d y in g  r e a c t io n  e q u i l ib r ia  in v o lv in g  gases as w ell as f o r  m easuring 

vapour o r  d is s o c ia t io n  p re s s u re s .

The Knudsen method r e l i e s  on th e  measurement o f th e  r a te  of 

e f fu s io n  o f  a vapour through a sm all o r i f i c e  (o f  i n f i n i t e  th ic k n e s s ) , 

from a c o n ta in e r  where th e  vapour i s  a t  i t s  s a tu r a t io n  p re s su re .

Langmuir experim ents a re  c a r r ie d  out in  vacuo, th e  r a te  o f 

w eight lo s s  o f th e  s o l id  sample b e in g  m onitored as a fu n c tio n  o f 

te m p e ra tu re .

In  th e  M.E.M. th e  reg io n  over which d if fu s io n  occurs i s  l im ite d  

t o  a  channel o f known geometry and r a te  o f w eight lo s s  i s  independent 

o f  th e  r a t e  o f flow  o f  th e  c a r r i e r  g as.
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1 .4  Theory

1.4*1 Simple th e o r e t ic a l  d e s c r ip t io n  o f th e  m odified  entrainm ent . 

method

The th e o ry  o f th e  m odified  entrainm ent method has been 
7 18p re sen ted  f u l l y  ’ ; here  a sh o rt summary w il l  be g iven .

A one-dim ensional model ( f i g .  1 .l )  may be used to  d e sc rib e  gas

tra n s p o r t  in  th e  channel th rough which vapour in  th e  bulb  o f th e

sample b o t t l e  communicates w ith th e  e x te rn a l gas s tream . At x = 0

i t  i s  assumed th a t  th e  vapour com position i s  th e  same as th a t  over

th e  su rfa ce  o f  th e  condensed phase and a t  x = 1 th e  com position of

th e  vapour in  th e  channel i s  n e a r ly  id e n t ic a l  to  th a t  in  th e  e x te rn a l

gas s tream . These two approxim ations a re  v a lid  because, in  th i s

case , th e  bu lb  d iam eter i s  la rg e  compared w ith  th e  channel d iam eter

and th e  gas flow  r a te  i s  s u f f i c i e n t ly  la rg e  to  sweep away lo c a l

co n ce n tra tio n s  o f vapour. The e f fe c t  on w o f v a ry ing  flow  r a te  has been 
7

s tu d ie d .

C onsider f i r s t  th e  ev ap o ra tio n  o f a  s in g le  sp ec ie s  A in  a  stream  

o f in e r t  gas Z. The in c re a se  in  m olar volume, on ev ap o ra tio n  o f 

sp ec ie s  A, g en e ra te s  a  S te fa n  flow  in  th e  channel which sweeps both  

sp ec ie s  upw ards. D iffu s io n  f lu x e s  a re  caused by th e  p a r t i a l  p re ssu re  

g ra d ie n ts  o f A and Z and a zero  n e t t  flow  o f sp ec ie s  Z r e s u l t s .
7The flow  equations may be w r i t te n  in  th e  fo llo w in g  form (assuming 

th a t  th e  t o t a l  p re s su re  a long  th e  channel i s  e s s e n t ia l ly  constan t) :

RT RT dx M,cA

j „  =  ^  = 0 (1 .2)
RT RT dx
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gas stream

X

. .  X = 0

sample

FIG. 1.1 R eaction  t o t t l e .
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where D i s  th e  "binary d if fu s io n  c o e f f ic ie n t ,  U i s  th e  S te fa n  v e lo c i ty ,  

w i s  th e  measured r a te  of w eight lo s s ,  th e  m olecu lar mass o f sp ec ies

A i n  th e  vapour and c th e  c ro s s -s e c t io n a l  a rea  o f th e  ch annel.

A d d itio n  o f equations ( l . l )  and (1 .2 ) causes th e  d if fu s io n  

te rm s to  c an c e l:

^  (1 .3 )

w here P i s  th e  t o t a l  p re s su re . S u b s ti tu t in g  eq u ation  (1 .3 ) in to  

e q u a tio n  (1 .1 ) to  e lim in a te  U, and in te g ra t in g  from x = 0 to  x = 1.

(At X = 1 , = 0 ; a t  X = 0 , = p° th e  s a tu ra te d  vapour p re ssu re

o f  s p e c ie s  A.) Hence:

P^ = P [ l - e “ M  (1.4)
J R T l wRTl

where Ç - = —■ i s  th e  't r a n s p o r t  fu n c tio n * .
DP DM.PcA

F o r sm all r a te s  o f weight lo s s ,  th e  exponen tia l in  eq u a tio n  ( I . 4) 

may he approxim ated to  o b ta in :

p° wRTI/dM^c ( 1 . 5)

I t  may be assumed th a t  T/d i s  a  constan t provided  th a t  measurements o f 

w eight lo s s  a re  tak en  over a  r e s t r i c t e d  tem peratu re  range ( fo r  example 

i n  th e  e v ap o ra tio n  o f w ater in  n itro g e n  experim en t). In  t h i s  case a 

p lo t  o f  Rlnw v s . i / t has a  s lope  o f -A H ^^ and an in te rc e p t  a t  1/ t = 0

o f  A S ^  — Rln(RTl/DM^c) , s in c e :vap

where AH^^^ and AS^^^ a re  th e  en thalpy  and en tropy  changes o f ev apora tion  

o f  su b stan ce  A.
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I t  "becomes n ecessa ry , however, to  c o rre c t fo r  th e  tem peratu re  

dependence o f th e  d if f u s io n  c o e f f ic ie n t  when measurements a re  made 

o v e r a  wide tem pera tu re  ran g e .

E x p ress io n  (1 .6 ) h o ld s ,

(1.6)
P

where D i s  th e  value o f  D a t  a  re fe re n ce  tem neratu re  T and p re ssu re  o o
( u s u a l ly  1 atm osphere) and s l i e s  between 0 ,3  and 1.0 (f re q u e n tly  

n e a r  0 .8 ) .

Hence, f o r  sm all r a t e s  o f w eight lo s s ,  a p lo t  o f Rln(w/T^) v s . 1/T
1+s

h as  a  s lo p e  o f -AH and an in te rc e p t  a t  1/ t = 0 o f AS — Rlnvap / vap
IRPTq

T his method can be used  to  c a lc u la te  va lues f o r  th e  en thalpy  and 

en tro p y  changes o f ev ap o ra tio n  (see  C hapter 2)and g ives r e s u l t s  th a t  

a r e  independent o f th e  r a t e  o f flow  o f th e  e x te rn a l gas s tream . 

R e su lts  o b ta in ed  in  t h i s  way a re  o f te n  s l i g h t ly  u n c e r ta in  because o f 

th e  la c k  o f  d a ta  on d if fu s io n  c o e f f ic ie n ts  and t h e i r  v a r ia t io n  w ith  

te m p e ra tu re .

A sim ple heterogeneous r e a c t io n  i s  now considered ;

In (o ) + HX(g) #  InX(g) + *Hg(g) (1 .7)

where X i s  a ha logen . The eq u ilib riu m  co nstan t f o r  r e a c t io n  ( l .? )

can be expressed  as a  r a t io  o f eq u ilib riu m  vapour p re ssu re s  :
p°In% (p°Hg)°'5

The same arguments may be used h ere  as fo r  th e  ev ap o ra tio n  o f 

a s in g le  sp ec ie s  in  an in e r t  g a s . Assuming th a t  p ^ ^  = 0 and 

due to  th e  sweeping e f fe c t  o f th e  gas stream , th e  fo llo w in g  equations 

r e s u l t  :
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^InX —  ^ ^InX^

^HX ^HX̂  ( 1. 10)

^^2 " ^“^InX “ ^HX (1 .11)

where ^ i s  th e  t r a n s p o r t  fu n c tio n  fo r  sp ec ie s  i ,  defined  as in

( 1. 12) :

Ç «EÏ1  ( 1. 12)

2D ,/^™ o

(M i s  th e  atom ic w eight o f indium and D. / th e  e f fe c t iv e  d if fu s io n  '  i/m
c o e f f ic ie n t  o f sp ec ie s  1 in th e  multicomponent gas m ix tu re ) .

The f r a c t io n  o f re a c t iv e  sp ec ie s  in  th e  f r e e  stream  is  de fin ed  as

= e ( 1. 13)
P

I f  £ 1 and Ç =  e ( fo r  th e  In/HBr system ; T = 1068 K,

£ = 0 .05  and ^ = 0 .02) th en  eq u a tio n  ( I . 8) may he s im p lif ie d ;

^p —  ^ ^ InX /  X  ̂ ^ ^ HX̂  (1*U )

In  th e  experim ents d e sc rib ed  in  ch ap te r 3 th e  re a c tio n s  a re  found 

to  have gone to  com pletion, i s  la rg e  and so from ( 1 , 14) Ç =2= £ / 2 i

From eq u ation  ( I . I 2) th e  d if fu s io n  c o e f f ic ie n t  o f th e  re a c ta n t HX in  

th e  gas m ixture i s  sim ply;

®HX/Hp “ wRT1/PM£0 (1 .1 5 )

The r a te  o f w eight lo s s  i s  l im ite d  by th e  r a te  o f d if fu s io n  

o f HX down th e  channel o f th e  sample b o t t l e  ( p ^  i s  e f f e c t i v e l y  zero) .
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To a llow  fo r  th e  tem peratu re  dependence o f D, eq u a tio n  ( I . 16) 

must he inc luded  in  t h i s  a n a ly s is

D(t) = D^(t/273 .15) 1+s ( 1. 16)

( ig n o r in g  in  t h i s  eq u a tio n  th e  p re ssu re  dependence o f D) where 

i s  a  co n stan t ( th e  d if fu s io n  c o e f f ic ie n t  a t  273.15 K^and s is  

approx im ate ly  0 , 8 .

At v e ry  low va lues o f £ th e  gas m ixture i s  s u f f i c i e n t ly  d i lu te  

f o r  th e  fo llo w in g  to  he t r u e :

^HCl/m — ^HCl/Hg 

However, a t  our experim ental va lues o f £ (O.O5) t h i s  approxim ation
g

f a i l s  hy a f a c to r  o f  about 2 . A second o rd e r approxim ation to  

m ulticom ponent d if fu s io n  shows th a t :

h ci/ h. = (1 + ‘'HCl  ̂ ^HCl ^HCl^^HCl/m

where ^ C 1

Y ^HCl/m 

®HCl/lnCl

and = ®HC1/H2 _ 1 _  r
®HCl/lnCl ^Hg/lnCl

( s im i la r ly  fo r  HBr)

î f f i  
25

Graham’s Law :

( 1. 17)

( 1. 18)

(1-19)

The c o e f f ic ie n ts  a ^  and b can e i th e r  be estim ated  u sin gILA. HA
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V A A  “ (1-20)

o r  th e y  may he found hy experim ent (see  ch ap te r 3 ) .

A lso , P ^ ^ /P  = £  — ^ Y h x ^HX * When 1, th e n

^ ~  ^ Y HX ^HX

E q u atio n  ( l . l 5) now becomes:

^HX

.  ̂ I" 7 (1  +
(1 .21)

A g e n e ra l ex p ress io n  fo r  th e  eq u ilib riu m  constan t in  a system
7

w ith  one dominant r e a c t io n  has been d eriv ed  :—

Kp = 4 /  ( e - O  (1.22)

where c=  Pj^/P  and Ç , th e  tra n s p o r t  fu n c tio n , i s  g iven  by:

r wRTl 

MPcD

e *=^1 and Ç .

Thus w = MPcD (Kp € / ( 1  + Kp)) ( l .2 3 )
RTl

At h ig h  tem peratu res becomes la rg e  ( fo r  A H °> 0 ) and w i s  

l im ite d  by  PgXy/H * I b is  phenomenon i s  observed in  th e  t ra n s p o r t  

experim ents d e sc rib ed  in  ch ap te rs  4 and 5 .

1 .4 .2 -  K in e tic s  o f heterogeneous re a c tio n s

In  th e  p rev ious s e c tio n  i t  has been assumed th a t  

e q u ilib riu m  co n d itio n s  e x is t  in s id e  th e  s i l i c a  r e a c t io n  b o t t l e .

This assum ption i s  v a lid  i f :  (a) th e  channel i s  s u f f i c i e n t ly

r e s i s t i v e  o r (b) th e  sample a re a  i s  s u f f i c i e n t ly  la rg e  to  compensate 

q u ic k ly  f o r  th e  w eight l o s t .  I f  th e se  c o n s tra in ts  a re  re lax ed  th en  

th e  p a r t i a l  p re ssu re s  sCre determ ined by su rface  k in e t i c s .
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A b r i e f  o u tl in e  o f th e  theory^^  w il l  be g iven  h e re ; in  

C hapter 5 i t s  a p p lic a t io n  to  CVT r e s u l t s  i s  d iscu ssed .

In  th e  su b lim atio n  o f a s o l id  M, th e  r a te  o f weight lo s s  from 

a  b o t t l e  hav ing  an o v e rs ized  channel i s  given by:

&
= k ^ - k ^ A P ^  (1.24)

where A i s  th e  sample a re a , i s  th e  m olecular weight o f M, and 

k^ a re  sim ple r a t e  c o n s ta n ts , w* i s  th e  r a te  o f w eight lo s s  under non-
¥ r

e q u ilib riu m  c o n d itio n s  and i s  th e  n o n -equ ilib rium , s tead y  s t a t e ,  

p a r t i a l  p re ssu re  o f M in  th e  cap su le .

U sing th e  th e o ry  from th e  p rev ious s e c tio n  and assum ing th a t  

fkp = k^ th e n :

where P^ is  th e  eq u ilib riu m  p a r t i a l  p re ssu re  o f  M in  th e  capsu le-

and 1-(P^/P°) re p re se n ts  th e  ex ten t o f th e  d ep artu re  from equ ilib rium ,
27

A condensation  c o e f f ic ie n t ,  o^,may be d e fin ed  as th e  f r a c t io n  

o f m olecules s t r ik in g  th e  su rfa ce  which condense onto i t  and 

may be s u b s t i tu te d  fo r  k^ in  eq u ation  ( 1. 25)

\  = ZOĵ  (1.26)

where Z = 1
(2 ttMRT)^

The value  o f (P ^ P ° )  w i l l  d ecrease  w ith  in c re a s in g  c ro s s -  

s e c t io n a l  a re a  o f th e  channel o r d ecreasin g  sample su rfa ce  a re a . A, 

o r  on d ecrea sin g  th e  value o f a .
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C onsidering  th e  re a c t io n :

M(c) + HX(g) #  MX(g) + iHjCg)

The forw ard and re v e rse  r a te s  may he d esc rib ed  by th e  fo llo w in g  

e x p re ss io n s , i f  th e  re a c t io n  proceeds by a s in g le  p a th :

p ^  p ^ /  Pgx (1*2?)

-  -  " ,  ( ' • » )

At e q u ilib riu m  so

K = = P j^ p *  p ;^  ■ (1 .29)

I f  th e  r e a c t io n  i s  h indered  by th e  a b so rp tio n  o f  HX th en

X = -1 ,  y  = 1 and z = 0 , So and a re  g iven  by:

J  « = k  _ r  Ptt j  =f  ■ f J p  = V h,

and K ^  2 4 * J~ P  ( l  -  2c( g*)^P  )

^ k f . e j p ~

= 4* JT  ( 1 -  2 4* rv  4*c )
£ E

Hence K = K* ( l  -  ( l .3 0 )

*

The c o rre c tio n  term  K j / k „  i s  on ly  im portant i f  J  approaches

k« /x*  (and h e re  K*<$C J Y ) .
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Chapter 2

E v ap o ra tio n  o f w ater in  n itro g e n  and ev ap o ra tio n  

o f  z in c  in  helium  and argon experim ents
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C hapter 2

2.1 In tro d u c tio n

The m odified  en tra inm ent method has been used to  s tudy  heterogeneous
1 2  3e q u i l ib r i a  in  v a rio u s  system s. * The method was f i r s t  v a l id a te d  by

comparing vapour p re ssu re  measurements on w ater and le ad  w ith  p rev io u s ly  

re p o r te d  d a ta .

The ev ap o ra tio n  o f w ater and z inc  experim ents d esc rib ed  in  th i s  

c h ap te r  were designed to  t e s t  the  ap p ara tu s  over two tem perature  

ra n g e s , 300-323K and 85O -II2OK re s p e c t iv e ly .  The experim en tal r e s u l t s  

were c o r r e la te d  w ith  w e ll-e s ta b lis h e d  l i t e r a t u r e  data .^*^*^

2 .2  Experim ental system

3 7 8The experim en tal system has been d e sc rib ed  p re v io u s ly . * *

A g en era l diagram  of th e  ap p ara tu s  i s  given in  f ig u re  2 .1 .

The s o l id  or l iq u id  sample to  be tra n sp o r te d  was p laced  in  a  l i g h t 

w eight r e a c t io n  b o t t le  over which th e  tra n s p o r t in g  gas flow ed. A 

stoppered  pyrex b o t t le  ( f i g .  2 . 2) was used fo r  the  experim ents w ith  w ater 

b u t l a t e r  in v e s t ig a t io n s  were c a r r ie d  out u s in g  a s to p p e r le s s  s i l i c a  

b o t t le  ( f i g .  2. 3 ) .  The dim ensions o f the  c a p i l la r y  on to p  o f the b o t t le  

were measured a c c u ra te ly  w ith  a  t r a v e l l in g  m icroscope and a c o rre c t io n  

a p p lie d  fo r  th e  opening out o f  the  channel i r t o  the  b o t t le  (Appendix I ) .

The b o t t le  c o n ta in in g  the  sample was suspended from loop A 

(maximum pan cap a c ity  1 .0  g ) , o r loop B (maximum pan c a p a c ity  2 .5  g) of

a  Cahn R G e le c tro b a la n c e  by means o f a  long s i l i c a  f ib r e .  The

changing w eight of the  sam ple, under iso th erm al c o n d itio n s , was p lo t te d  

on a c h a r t re c o rd e r (Bryans 28OOO).
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B a lla s t  v e s s e l  
Flow m eter 

Bromine r e s e rv o ir

Needle valve
G reased sp h e r ic a l 
jo in t s

M icrohalance

s i l i c a  f ih r e

To manometer

net tube

therm ocouple

Bromine
re s e rv o ir

To pump

exhaust

FIG, 2.1 Experim ental system
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w ater in l e t

Water o u tle t" I

AB
A

j e t  tube

pyrex b o t t l e

condens e r

exhaust

thermometer

PIG. 2 .2  Diagram of th e  s to p p ered  pyrex b o t t le  and th e  condenser
used  fo r  the  ev ap o ra tio n  o f w ater in  n itro g e n  experim ents
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fu rnace  tube

s i l i c a  f ib r e

j e t  tube

s t i r r u p

c a p i l la r y

s i l i c a  b o t t le

therm ocouple

MF 168 001 Furnace 
P r o f i le  fo r  ?00 C

N

Q)
(0
(0

^■1

PIG, 2 ,3  Scale diagram of s i l i c a  b o t t le  and furnace tube fo r
h igh  tem peratu re  experim en ts, in c lu d in g  a furnace p r o f i le .
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Gases were d r ie d  by pass in g  through c y lin d e rs  packed w ith 

m olecular s ie v e s : B.D.H, type 4A, 1/ 16" p e l l e t s ;  or fo r  a c id ic

g ase s , Union Carbide AW 300 1/ 16. Hydrogen was p u r if ie d  w ith  a  

pallad ium  d if f u s e r  u n it  (Johnson M atthey and Co. L td .,  model H 2 8 /l) . 

Gas flows were c o n tro l le d  by Mechanism m etering  v a lv es  (N e g re tti  

and Zambra L td .,  type BS-LMV-L-V-4) and a monel, tw in  needle valve 

(Nupro, type M-4MGB-TFE) fo r  hydrogen c h lo rid e  g as. Plow r a te s  were 

measured w ith  M eterate RS1 flow  m eters f i t t e d  w ith  ruby f l o a t s .

The fu n c tio n  of the  upper gas i n l e t  was to  keep the  balance in  a  non- 

c o rro s iv e  atm osphere, w hile r e a c t iv e  gases were in tro d u ced  v ia  a 

lower i n l e t  below a c o n s tr ic t io n .  T ypical p re ssu re s  in  th e  system 

were 3 to  5 t o r r  in  excess o f atm ospheric p re s su re .

The sample cou ld  be h eated  in  e i th e r  o f two ran g es: • ( i )  0-50°C 

u s in g  a  w a te r - ja c k e tte d  tube connected to  a  c o o le r  c i r c u la to r  u n i t  

(G rant LCIO), or ( i i )  300-1100°C w ith  a  two zone, 825 w a tt, 100 v o l t ,  

12 inch  tube furnace (Severn Science L td .) .  The tem perature  of the  

r e a c tio n  b o t t le  was measured w ith  a  m ercu ry -in -g lass  therm om eter, fo r  

the lower ra n g e , th e  bulb  o f th e  therm om eter be in g  p o s itio n e d  c lo se  to  

the  b o t t l e  ( f i g .  2 .2 ) .  Por h ig h e r tem p era tu res , a  P t /P t  -  13% Rh 

therm ocouple, sheathed  in  th in -w a lle d  s i l i c a  tube was p laced  2 to  3 mm 

below th e  b o t t l e .  The p o te n t ia l  d iffe re n c e  ac ro ss  the thermocouple 

was m onitored u s in g  a d ig i t a l  panel m eter d isp la y in g  mV output to  two 

decim al p la c e s . A co ld  ju n c tio n  c o rre c t io n  having  been a p p lie d , 

tem pera tu res in  M elvin were determ ined from N.B.S. re fe re n ce  ta b le s .  

The thermocouple w ire su p p lied  by Johnson M atthey M etals L td . , produces 

an e .m .f .  th a t  w il l  no t d ev ia te  from th e  s tan d a rd  ta b le  by more than  

th e  eq u iv a len t of 1°C a t  the  Gold P o in t . Both th e  sample and the
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therm ocouple head were s i tu a te d  w ith in  th e  p la te a u  of the  fu rnace p r o f i le  

fo r  th a t  tem peratu re  (see  f i g ,  2 .3 ) .

I t  has been shown^ th a t  the  gas v e lo c i ty  may be in c re a se d , w ith  a 

subsequent re d u c tio n  o f tu rb u le n c e , by th e  in tro d u c tio n  o f a je t- tu b e  

above the  b o t t l e  ( f i g .  2 .3 ) .  The r a te  o f weight lo s s  due to  

ev ap o ra tio n  was a lso  shown to  be independent o f th e  flow  r a te  except
3

a t  ve ry  low v a lu e s .

Before commencing an experim ent, th e  ap p ara tu s  was always 

evacuated  ( ty p ic a l ly  to  ^ x 10 t o r r )  and f lu sh e d  s e v e ra l tim es w ith  

th e  c a r r ie r - g a s  to  be u sed . In  th e  case o f hydrogen, i t  was then  

thorough ly  t e s t e d  fo r  le ak s  w ith  a  gas leak  d e te c to r  (Cow^mac 

Instrum ent Company, model 21-212).

2 .3  E vapora tion  o f w ater

2.3*1 E xperim ental

The sam ple, d e io n ised  d i s t i l l e d  w ater,w as co n ta in ed  in  a 

pyrex b o t t le  ( f i g .  2 .2 )  w eighing 1.26 g and th e  balance c a l ib ra te d  fo r 

o p e ra tio n  u s in g  loop B. The in e r t  gas fo r  th i s  experim ent was 

n itro g e n  (BOG oxygen f r e e ,  99*9% minimum p u r i ty )  the  flow  r a te  be ing  

ty p ic a l ly  ( 1.25 — 0 .0 3 ) x 10 ^ dm^s \  except fo r  th e  seven r e s u l t s  a t
O *̂1

320 .75K where th e  flow  r a te  was v a r ie d  from (0 .3  to  2 .3 )  x 10 dm s .

A M eterate c a l i b r a t io n  c h a r t  was used  to  c a lc u la te  flow  r a t e s .  The

sample tem peratu re  was measured w ith  a  m ercu ry -in -g la ss  thermometer 

(-10°C to  50°C, 0.1°C i n t e r v a l s ) .  The thermometer was c a l ib ra te d ,  

w h ils t  t o t a l l y  immersed in  a  w ater b a th , a g a in s t a  t o t a l  immersion 

thermometer (N .P.L . 8876, —5°C to  50°C). Agreement to  w ith in  0 .1 °G 

was observed and the  stem c o r re c t io n  found to  be n e g l ig ib le .
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2 .3 .2  R esu lts

The experim en tal r e s u l t s  a re  given in  ta b le  2.1 as r a te s  

o f  w eight lo s s ,  w, a t  v a rio u s  tem p e ra tu res , T. Using th e  d if fu s io n  

c o e f f i c i e n t s ,  D(t ) ,  fo r  w ater in  n itro g e n  from Schwertz and Brow,^ 

th e  t r a n s p o r t  fu n c tio n , Ç , was c a lc u la te d  u s in g :

Ç = wRTI/bPMjj qC w here 1 i s  th e  le n g th  o f  th e
c h a n n e l and c th e  c r o s s - s e c t i o n a l  a r e a .

Then from th e  eq u a tio n :

P g^o ^ ^TOT  ̂1 -  e ^ ] ( 1 . 4 )

R ln (p°g  o /P a) was found and p lo t te d  a g a in s t 10^k/T  in  f ig u re  2 .5 .

A l e a s t  squares a n a ly s is  o f th e  r e s u l t s  y ie ld e d  eq u a tio n  ( 2 . l ) .

R ln (p°g  y  Pa) = ( - 43.51 -  0 .8 4 )1 o V t + (215-50 -  2 .68) (2.1 )

Then, u s in g  R ln (p° \ y p )  = -AH° / t + - v a lu es  o f AR° and'  vap v ap ’ vap
As a t  the  mean o p e ra tin g  tem peratu re  of 311.15K, were fo u n d :-

AH°^ap = 43.51 -  0.84 k J  mol”  ̂ and

AS° = 119.68 i  2.68 J  mol“ ^K"^vap

2. 3 .3  D iscussion

The seven r e s u l t s  recorded  a t  320*75% are  p lo t te d  in  

f ig u re  2 .4  and show th a t  w i s  independent of flow  ra te ^  over th e  range 

(0 .3  to  2 . 3 ) X 10 ^ dm^s \  However, th e  e f f e c t  o f atm ospheric

p re s su re  v a r ia t io n s  was not co n sid e red  in  th ese  experim en ts.

F lu c tu a tio n s  in  atm ospheric p re ssu re  can make a s ig n if ic a n t  d iffe re n c e  

to  c a lc u la t io n s  o f R lnp°g An 8% drop in  t o t a l  p re s su re , fo r

exam ple, g iv es  a s im ila r  change in  p°^ q , (p°g  q b e in g  p ro p o r tio n a l to

^TOT^*
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Table 2.1

E v ap o ra tio n  of w a te r , loop B -  r a te s  o f w eight lo s s ,  w, a t  

tem p e ra tu res  T and c a lc u la te d  v a lu es  o f vapour p re s su re , p°g 
u s in g  l i t e r a t u r e  d if fu s io n  c o e f f ic ie n t s ,  D. ^

t/ k 10^  ̂ w/%S s ^ lO ^ l/m ^s'l R ln (p °g ^ y P a)

322.65 19.3750 0.2897 80. 3672_ _
322.65 19.2260 0.2897 80.3083
321.75 20.3540 0.2877 80.7739
321.65 20.7500 0.2875 80.9230

320.75 17.3148 0.2855 79.5723
320.75 17.3611 0.2855 79.5929
320.75 18.2963 0.2855 79.9957
320.75 17.8889 0.2855 79.8230

320.75 18.1667 0.2855 79.9412

320.75 17.3519 0.2855 79.5888

320.75 17.5000 0.2855 79.6542
320.35 17.1850 0.2845 79.5318

319.35 16.2000 0.2822 79.1149
318.35 15.5710 0.2801 78.8419
317.15 14.5690 0.2775 78.3684
317.05 15.1040 0.2773 7806519
314.95 12.4620 0.2724 77.2377
313.75 II.5O6O 0.2702 76.6433"
313.25 11.4140 0.2688 76.6084

311.55 10.4170 0.2648 75.9614
310.35 9.5098 0.2620 75.2920

309.55 8.6140 O.26O4 74.5319
308.15 8.5050 0.2573 74*4896

306.75 7.4390 0.2541 73.4813

305.55 7.6170 0.2513 73.7283
304.25 6.7500 0.2483 72.8200

304.05 6.4733 0.2480 72.4874
303.75 7.1320 0.2475 73.2753
302.65 5.9460 0.2448 71.8695
302.65 5.3778 0.2448 71.0571
301.95 5.0740 0.2434 70.6135

301.75 5.6040 0.2427 71.4362
299.65 4.6070 0.2382 69.9429
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The value  o b ta ined  fo r  All° i s  in  e x c e lle n t agreement w ith  thevap

l i t e r a t u r e  v a lu e s ^ '^  of 43.54 and 43*55 k J  mo!~^ a t  a  mean o p e ra tin g  

tem p era tu re  of 311.2K, However, the  experim en tal value fo r  AS°vap
i s  to o  h ig h  by 2 .4  J  mol

C o n s is te n tly  h igh  va lu es  of w were recorded  over th e  range of 

tem p e ra tu res  in v e s t ig a te d ,  t h i s  in d ic a te d  th e  p o s s ib i l i ty  o f a  leak  

round th e  s to p p er in  the  b o t t l e .  The next s e c tio n  d e sc r ib e s  how t h i s  

su p p o s itio n  was t e s t e d .

2 .4  E v ap o ra tio n  of w ater experim ents -  in v e s t ig a t io n  o f le ak in g  s to p p er

2 . 4 .1  Experim ental

A pyrex , s to p p ered  b o t t l e  w eighing approxim ately  0.66 g was 

charged  w ith  d e io n ised  d i s t i l l e d  w ater and suspended from loop A 

(maximum c a p a c ity  1 .0  g) o f th e  e le c tro b a la n c e . Flow r a t e s  of 

n itro g e n  were kep t between 1 ,2  x 10 ^ and 1,3 x 10""  ̂ dm  ̂ s"T and the  

a tm ospheric  p re ssu re  was reco rded  fo r  each ru n , th e  excess p re ssu re  in  

th e  a p p a ra tu s  be in g  approxim ately  3 t o r r .

The s to p p er was pushed f irm ly  in to  the  b o t t le  fo r  th e  f i r s t  e ig h t 

ru n s ,  subsequent runs be in g  conducted w ith  the  s to p p er l i g h t ly  greased  

w ith  s i l ic o n e  high  vacuum g rea se ,

2 . 4 .2  R esu lts

Tables 2 ,2  and 2,3 give th e  w eight lo s se s  reco rd ed  a t  each 

te m p e ra tu re , th e  t o t a l  p re ssu re  in  th e  ap p ara tu s  and th e  d if fu s io n  

c o e f f ic ie n t s  from Schwertz and Brow, Follow ing th e  same procedure 

a s  in  s e c t io n  2 .3 .2 ,  v a lu es  o f R lnp°g ^ were c a lc u la te d  (u s in g  the  t o t a l  

p re s su re  as m easured) and p lo t te d  v s . 1 0 ^k /t in  f ig u re  2 . 5 .

E xperim en ta l and l i t e r a t u r e  vapour p re ssu re s  a re  shown in  ta b le  2 ,4 ,
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Table 2 .2

E vaporation  o f w a te r , loop A, s to p p er pushed in  f irm ly  -  r a t e s  
o f weight lo s s ,  w, a t  tem p era tu res  T and c a lc u la te d  v a lu es  of 
vapour p re s su re , p°^ u s in g  l i t e r a t u r e  d if fu s io n  c o e f f ic ie n t s ,  D,

t/ k lo'^'^w/kg 8 ^ 10^D/m^s“ ^ E ln (p °g o /P a )

322.45 753.06 16.476 0.2895 80.934

319.95 757.79 14.682 0.2840 80.148

318.55 761.19 13.688 0.2808 79.667

315.35 761.19 11.099 0.2735 78.169

311.15 753.06 8.852 0.2643 76.553

309.25 761.44 7.642 0.2600 75.475

305.15 761.85 6.032 0.2507 73.771

299.60 762.10 4.276 0.2383 71.261
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Table 2.3

E vaporation  o f w ater loop A, g reased  s to p p er

t/ k P^Oo/Torr lo"* ^w/kg 8 ^ lo'^D/m^s"^ R ln (p ° g g /P a )

323.15 763.48 11.369 0.2912 78.059

322.35 756.77 10.900 0.2893 77.758

320.15 763.98 9.657 0.2843 76.895

319.25 752.86 9.721 0.2822 76.977

318.15 769.67 8.667 0.2798 . 76.120

317.05 757.38 ■ 8.433 0.2775 75.935

315.35 758.24 7.448 0.2735 75.022

313.35 752.30 6.771 0.2688 • ■ 74.346

312.45 757.38 6.392 0.2671 73.916

308.65 752.30 5.144 0.2586 72.331

306.15 753.37 4.401 0.2530 71.181

304.75 757.13 4 .017 0.2498 70.509

303.15 756.62 3.652 0.2463 69.807

302.65 758.29 3.585 0.2452 69.680

300,15 756.87 3.095 0.2397 68.600

299.35 760.68 2.839 0.2377 67.943
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PIG# 2#5 E vapora tion  o f w ater in  n i t r o g e n ;-

•  ( a l  Loop A, le ak in g ; stoppered, "bottle#
□ (b ) Loop B, le a k in g , s to p p ered  b o ttle #
A (c )  Loop A, g reased  s to p p e r , I) v a lu es  from re f#  9*

(d^ L i te r a tu re  values4»5 
O (e )  Loop A, g reased  s to p p e r , B v a lu es  from re f#  10,
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Table 2 .4

E vaporation  of w ater -  experim en tal and l i t e r a t u r e  vapour p re ssu re s  

a t  v a rio u s  tem p e ra tu res . ■

p '' y P a ( 50°G) p °g Q /P a (40°C) p°g_q/Pa(25°C)

S topper pushed in  f irm ly 17,847*5 10893*0 4881.3

Stopper g reased 12175*6 7488.0 3397*2

Ambrose and Lawrenson^ 12345*0 7381.2 3168,6

Wexler-^ 12344*8 7381.3 3168.7

2.4*3 D iscussion

The vapour p re ssu re s  o b ta ined  from th e  non—greased  b o t t le

in d ic a te  a  le a k . A lthough th e  experim en tal l in e  from th e  g reased

s to p p er r e s u l t s  l i e s  v e ry  c lo se  to  th e  l i t e r a t u r e  l in e  (f ig *  2 .5 ) ,

th e re  i s  a  s u f f ic ie n t  d if fe re n c e  in  slope to  make a  s ig n if ic a n t

e r r o r  in  AH  ̂ ■ and AS° (AH° be in g  2 .7  k J  mol”  ̂ to o  low and vap vap '  vap

AS° 8 .4  J  mol  ̂ too  low ), vap '

More re c e n t d a ta  on d if fu s io n  c o e f f ic ie n ts  in  th e  vapour phase ,
10was found in  a  paper by O 'C onnell. Using th e se  v a lu e s , th e  

g reased  s to p p er r e s u l t s  given in  ta b le  2.3 were r e c a lc u la te d

( ta b le  2 . 5 )*

These r e s u l t s  a re  p lo t te d  in  f ig u re  2 .5 ; • a  l e a s t  squares

a n a ly s is  gave: AH° = 42 . 04 -  0 .54 k J  mol"^ and As° = 112.23 -vap vap
4 ,5  .1.73 J  mol \  (L ite ra tu re  v a lu es AH° = 43*56 k J  mol”  ̂vap



4 1

Table 2 .5

E vaporation  o f w a ter, g reased  s to p p er -  vapour p re ssu re s  

c a lc u la te d  u s in g  O 'C o n n e ll's  d if fu s io n  c o e f f ic ie n ts .

t/ k lO ^l/nfs"^ Rln(p° y P a )

323.15 0.3005 77.778

322.35 0.2990 ' 77.533

320.15 0.2950 76.562

319.25 0.2930 76.756

318.15 0.2910 75.709

317-05 0.2889 75.643

315.35 0.2857 74.693

313.35 . 0.2818 74.050

312.45 0.2800 73.567

308.65 0.2729 71.978

306.15 0.2680 70.786

304.75' 0.2652 70.054

303.15 0.2622 69.334

302.65 0.2612 69.184

300.15 0.2567 68.075

299.35 0.2550 67.361

and AS° = 117.31 J  mol The O 'Connell D v a lu es  not onlyvap
gave a c lo s e r  f i t  to  th e  l i t e r a t u r e  l in e  bu t a lso  improved the

v a lu es  of AH° and As° .vap vap

At h ig h e r tem pera tu res  th e  observed r a te  of w eight lo s se s  

were too  low and t h i s  was thought to  be due to  the  c o o lin g  e f f e c t  

o f th e  gas stream . An in v e s t ig a t io n  re v e a le d  th a t  a t  h igh
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tem péra tu res (above 40°C) la r g e r  flow  r a te s  lowered th e  r a te  o f  weight 

lo s s .  The gas stream  i s  c o o le r  th a n  th e  b o t t l e  a t  h igh  tem peratu res 

s in c e  i t  flows through a  j e t  tube  sep a ra te d  from th e  condenser w alls  

by about 10 mm ( f i g .  2 .2 ) .  A tem p era tu re  change o f on ly  1.5°C i s  

re q u ire d  to  b r in g  th e se  p o in ts  onto th e  l i t e r a t u r e  l in e .

. 2 .4 «4 Conclusion

From f ig u re  2 .5  i t  i s  c le a r  th a t  th e  s toppered  pyrex 

b o t t l e  le a k s .  The vapour p re s su re s  ob ta in ed  from th e  g reased
A 5s to p p e r experim ents a re  in  good agreement w ith  th e  l i t e r a t u r e  v a lues

compared w ith  re c e n t experim en ts.^  However, because of a  s l ig h t

e r r o r  in  s lope  ( f ig u re  2.5) p robab ly  caused by a co o lin g  e f f e c t ,  th e

v a lu es  o f AH° and AS° a re  s l i g h t l y  in a c c u ra te , vap vap

2 .5  E vaporation  o f Zinc in  Helium and Argon

2.5«1 Experim ental

The sam ple, z inc  w ire (Coodfellow M etals L td . 99*99 + ^

p u r i ty ) ,  was wiped w ith  m ethanol, cu t in to  p iece s  w ith  a  s u rg ic a l  b lade

and p laced  in  a  sm all s i l i c a  b o t t l e  ( f i g .  2 .3 ) .  The dim ensions of

th i s  0.52 g b o t t l e  were no ted  and an ap p ro p ria te  c a p i l la r y  c o rre c tio n

made (see  Appendix 1 ) .  The b o t t l e  was suspended from th e  m o re -sen sitiv e

loop A o f th e  e le c tro b a la n c e .

The in e r t  gas used  flow ed in to  the  system bo th  th rough th e  balance 

chamber and below i t .  T yp ica l flow  r a te s  were ( l .0 2  -  O.O8) x 10  ̂

dm^s  ̂ fo r  argon and ( I . I 8 -  O.O4 ) x 10 ^ dm^s  ̂ fo r  helium . The 

excess p re ssu re  in  th e  system  was 3 to  5 t o r r .  The w ater con ten t of 

th e  exhaust gas stream  was measured f re q u e n tly  w ith  a  dewmeter (R oberts

and Armstrong E ngineers L td ) . The appara tu s was purged w ith  hydrogen 

a t  900°C a t  in te r v a ls  d u ring  both  experim ents to  e lim in a te  su rface  

con tam ination  from the  z inc sam ple.
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2.5*2 R esu lts

The w ater co n ten t of th e  gas stream  was found to  he 25 ppm 

in  helium  and 100 ppm in  argon . The p o s s ib i l i ty  o f z inc oxide 

fo rm ation  i s  d iscu ssed  in  s e c tio n  2.5*3*

E xperim ental r a t e s  of w eight lo s s  a re  g iven  in  ta b le s  2 .6  and 2 .7 , 

th e  p re c is io n  of w being  0 , 04% fo r  z inc  in  helium  and 0 .18^ fo r  z inc 

in  argon . The p lo ts  o f In  w v s . 1 0 ^k /t ( f i g .  2 .6 ) a re  l in e a r  except 

a t  low tem pera tu res where reco rd ed  weight lo s se s  a re  lower th an  

expec ted .

The vapour p ressu re  of z inc  as  a  fu n c tio n  o f tem peratu re  i s  w ell 

known,^ see eq u a tio n  (2 .2 ) .

lo g lo ( p / to r r )  = - 7.9190 -  5330. 735/T  -  1.61644 X 10” ^T

+ 5.59972 log^pT ( 2. 2)

For the  w ater ev ap o ra tio n  experim en ts, w e ll-e s ta b lis h e d  va lu es  o f

D(t ) were in s e r te d  in to  the t r a n s p o r t  eq u a tio n  and v a lu es  of

p^H Q(T) de riv ed  and compared w ith  l i t e r a t u r e  v a lu e s . In  th ese  
2

experim ents th e  rev e rse  procedure was adopted i . e .  p ^^(T) was assumed 

to  be a c c u ra te ly  known and v a lu e s  of D(t ) fo r  z inc  in  argon or helium  

o b ta in ed  by s u b s t i tu t io n  in to  the  same e q u a tio n s .

The tem peratu re  dependence o f D i s  given by;

'  - (t)
where i s  the  value  o f D a t  a  tem peratu re  T^ and one atmosphere

p re s su re . The va lue  of s i s  u s u a lly  between O.5  and 1 .0 , f re q u e n tly  
■>

n ear 0 .8 . The graphs o f InD v s . InT ( f i g .  2. 7 ) have a  slope of 

( l+ s ) .  Values of s were o b ta in ed  from th e  l in e a r  p o rtio n s  o f the  p lo ts  

by l e a s t  squares a n a ly s is  and are  given in  ta b le  2 .8 .
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Table 2 .6

E v ap o ra tio n  of z inc in  helium  -  r a te s  o f w eight lo s s ,  w, a t  

tem p era tu res  T and c a lc u la te d  v a lu es  of d if fu s io n  c o e f f ic ie n ts  

u s in g  l i t e r a t u r e  vapour p re s su re s .

t/ k 1o"*^w/kg s ^ lO^D/m^s” ^

1060.15 188.2692 5.7409

1060.15 185.9615 5.6705

1059.65 185.9615 5.7089

1059.15 186.9231 5-7772

1053.65 169.1379 5.6300

1053.15 168.1035 5.6335

1053.15 167.9310 5.6277

1052.35 166.7241 5.6478

1037.25 132.8571 5.5192

1036.95 132.8571 5.5417

1036.95 132.4286 5.5233

1036.95 130.8571 5.4583

1036.95 130.0000 5.4225

1035.55 128.6667 5.4694

1034.75 127.7333 5.4890

1034.25 125.3333 5.4225

1019.95 100.4211 5.2807

1018.65 99.1579 5.3081

1017.35 98.2000 5.3517

997.45 71.8462 5.1630

997.15 70.5714 5.0929

977.35 52.3158 5.0077

976.90 51.5790 4.9694
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Table 2 .6  (con tinued )

t/ k 10^^w/kg 8 ^ ■ lO^b/m^s  ̂ •

960.45 . 39.5790 4.8535

959.55 39.5200 4.9117

947.90 32.1000 4.7552

947.45 31.6480 4.7205

939.95 2801778 4.7145

939.15 28.2000 4.7769

928.40 22.4914 4.5073

928.05 22.4000 4.5139

917.90 19.2195 4.5528

917.90 18.9714 4.4940

911.55 16.8851 4.4353

908.90 16.3575 4.4874

897.65 13.1525 4.3499

897.15 13.0098 4.3391

893.05 11.9879 4.2863

893.05 11.9152 4.2603

887.15 10.6919 4.2286

886.85 10.6703 4.2419

881.15 9.6195 4.2224

880.75 9.4100 4.1594

866.95 7.2519 4.0948

866.35 7.0963 4.0506

858.85 6.4483 4.2201

858.85 6.3742 4.1716

858.85 6.3355 4.1462

847.65 4.7756 3.8501

847.65 4.7707 3.8462
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Table 2 .7

E vapora tion  o f z inc in  argon -  r a t e s  o f w eight lo s s ,  w, a t  tem pera tu res  

T and c a lc u la te d  d if fu s io n  c o e f f ic ie n ts  u s in g  l i t e r a t u r e  vapour 

p re s su re s .

t/ k 1o"*^w/kg s ^ ' lO^D/m^s” ^

1119.95 134.5833 1.7729

1099.85 94.0385 1.6606

1078.95 67.5172 1.5930

1060.35 50.1539 1.5231

1060.05 50.7895 1.5486

1048.95 42.8696 - 1.5186

1036.65 34.5965 1.4491

1035.85 34.2759 1.4514

1026.95 2909394 1.4314

1016.45 25.4103 1.4023

1016.15 25.2821 1.4010

1007.40 22.2222 1.3888

998.15 18.6200 1.3255

998.15 18.2692 1.3005

989.65 16.9464 1.3595

976.40 12.7763 1.2401

969.05 11.4419 1.2357

949.25 8.1000 1.1754

943.45 7.8952 1.2517

928.55 5.6012 1.1197

924.15 5.5281 1.1850

919.65 4.8750 1.1230



4 7

-1 7

-19

-2 0

2 2

- 2 3

- 2 4

0.9 1.0 1.21.1

i o V / t
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System 8 r e f .

z in c /h e liu m 0.629 i  0.025 t h i s  work
•

z in c /a rg o n 1.203 i  0.089 t h i s  work

z inc/hyd rogen 0.71 i  0.04 8

2*5.3 D iscussion

I t  i s  c le a r  from the  r e s u l t s  ob ta in ed  th a t  th e  fo llo w in g  

e q u ilib r iu m  should be in v e s t ig a te d :

ZnO(o) + H„(g) Zn(o) + H-O(g)

o *11AG fo r  t h i s  r e a c t io n  i s  given by : '

Ag° = 26850.0 + 11.38 T log^gT - 46. 35? (2 .3 )

E quation  ( 2 . 4 ) can now be used  to  determ ine th e  d i r e c t io n  of

sp o n ta n e ity  of the  r e a c t io n .

AG = AG + RTln ®'Zn 

^ZnO

( 2. 4 )

When hydrogen, c o n ta in in g  about 20 ppm of w a te r , i s  flow ing  over 

th e  sam ple:

Pg q/P jj 2 .6  X 10**̂  and th e  a c t i v i t i e s  a re :  a^^ = = 1

Table 2*9 g iv es  v a lu es  of AG and AG a t  v a r io u s  tem p era tu res  T,
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Table 2 .9

•t/ k • AO°/kJ mol“ ^ ■ ' Ao/kJ mol ^

400 84.3 4 9 .0

700 . 71.4 9 .6

770 68.8 0 .8

780 68.5 —0.4

800 67.8 - 2 .9  .

1000 61.1 - 27.1

Above 7T7K any z inc  oxide formed on the  su rface  of th e  z inc  i s  

reduced  by th e  hydrogen atm osphere. So, in  th e  z in c /a rg o n  and z in c /  

helium  experim en ts, purg ing  th e  system  w ith  hydrogen a t  900°C 

e f f e c t iv e ly  reduced any zinc oxide p re s e n t. With no hydrogen in  th e  

system , any w ater p re se n t pushes th e  e q u ilib riu m  to  th e  l e f t .

ZnO(c) + HgCg) # ------ Z n(c) + BgOfs)

Hence th e  d ep ress io n  o f w a t  lower tem p era tu res  may be 

a t t r ib u te d  to  th e  fo rm ation  o f an oxide la y e r  on th e  su rface  o f the  

sam ple. In  th e  ev ap o ra tio n  of z inc in  hydrogen experim ent ^ th e  

graph i s  l in e a r  over th e  e n t i r e  tem peratu re  range in v e s t ig a te d . Oxide 

fo rm ation  i s  p reven ted  in  t h i s  case by th e  presence o f a  h ig h ly  

red u c in g  atm osphere.

The value  o f th e  num erical c o e f f ic ie n t  s o b ta in ed  from the  

ev ap o ra tio n  of z inc  in  helium  experim ent l i e s  w ith in  the  p re d ic te d  ran g e .
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For zinc in  argon however, th e  r e s u l t  i s  r a th e r  to o  h ig h , t h i s  i s  

p robab ly  due to  in te r fe re n c e  by th e  zinc oxide la y e r .

G raph ica l re p re se n ta tio n s  o f Rln(w/T^) and R ln (p°g^/P a) a g a in s t

in v e rse  tem peratu re  bo th  y ie ld  AH from t h e i r  g ra d ie n ts .  F igure  2 .8vap
i l l u s t r a t e s  th e  c lo se  agreement between t h i s  work and l i t e r a t u r e  d a ta .^

I t  may be concluded from t h i s  evidence th a t  th e  c a lc u la te d  v a lu es  of s 

appear to  be a c c e p ta b le .

The d if f u s io n  c o e f f ic ie n ts  d e riv ed  from th e se  experim ents a re
12compared w ith  those  of N ickolaev and A lek so v sk ii and a lso  w ith

13v a lu es  c a lc u la te d  by A rnold in  f ig u re  2.9* T heir r e s u l t s ,  a t  

e le v a te d  tem p e ra tu res , seem to  be com patible w ith  t h i s  work a lthough  

t h e i r  v a lu es  o f s fo r  z inc  in  argon a re  0 .67 and 0 .66  re s p e c t iv e ly .

The f i n a l  v a lu es  ob ta ined  fo r  th e  b in a ry _d if fu s io n  c o e f f ic ie n ts  

o f z inc  in  helium  and zinc in  argon , as a  fu n c tio n  o f tem p e ra tu re , a re  

g iven  in  the  fo llo w in g  eq u a tio n s:

W r )  ( 2. 5 )

= o : » ) ) .  . 0 -  A -  < 2 .5 ,

The e r r o r  in  D° be ing  u n r e a l i s t i c  because o f the  n ecessa ry  e x tra p o la t io n . 

[The r e s u l t s  re p o r te d  in  the  lite ra tu re "* ^  a re  c a lc u la te d  from e a r l i e r  

experim ents du ring  which the  s i l i c a  b o t t le  was le ak in g  round the  s to p p e r ] .
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Indium -hydrogen c h lo rid e  and 

indium -hydrogen bromide systems
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C hapter 3

3.1 In tro d u c tio n

Hydrogen h a lid e s  a re  fre q u e n tly  used as t r a n s p o r t in g  agen ts  in  th e  

growth o f Group I I I —V sem iconductors hy chem ical vapour t r a n s p o r t .

The r a te  o f  d i f f u s io n  o f th e  hydrogen h a lid e s  in  hydrogen, th e  

c a r r i e r  g as, i s  one o f th e  fa c to r s  determ in ing  th e  r a te  o f 

t r a n s p o r t  o f th e se  e le c tro n ic  m a te r ia ls .  R eactive  gas co n cen tra tio n s  

a lso  a f f e c t  t r a n s p o r t  r a te s  and must he p re c is e ly  known; f o r  t h i s  

reaso n  th e  flow m eters were c a l ib ra te d .

The m odified  en trainm ent method (see  s e c tio n  1.4) may be used

to  s tu d y  gaseous in te r d i f f u s io n  when th e  eq u ilib riu m  co n stan t f o r  th e

t ra n s p o r t  r e a c t io n  i s  extrem e. In  th i s  case th e  r a te  o f  weight lo s s

i s  l im ite d  by th e  r a te  o f d if fu s io n  o f th e  hydrogen h a lid e  down th e

1channel o f  th e  b o t t l e .  Using a second-order approxim ation to  th e  

th e o ry  o f  m ulticomponent d if fu s io n , th e  b in a ry  d if fu s io n  c o e f f ic ie n t  

o f hydrogen h a lid e  in  hydrogen may be c a lc u la te d  from experim ental 

t r a n s p o r t  r a t e s .

Experim ents in v o lv in g  th e  tra n s p o r t  o f  indium in  a  hydrogen 

h a l id e ,  d e sc rib e d  in  t h i s  ch ap te r , were designed to  o b ta in  r e a l i s t i c  

v a lu es  f o r  th e  b in a ry  d if fu s io n  c o e f f ic ie n ts  o f hydrogen h a lid e s  in  

hydrogen. These d a ta  were n ecessa ry  fo r  th e  a n a ly s is  o f fu tu re  

t r a n s p o r t  experim ents (ch ap te r 4) •

3 .2  C a lib ra tio n  o f hydrogen flowm eters

The c a l ib r a t io n  curve fo r  th e  hydrogen flow m eters, su p p lied  by 

M etera te  ( f i g .  3 . l ) ,  was checked by a w ater displacem ent method.
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Hydrogen (bOC, h igh  p u rity ^  99-99^ minimum p u r ity )  was passed 

th rough  a flow m eter and c o lle c te d  in  an in v e rte d  vo lum etric  f la s k  

(1 dm^) ; th e  w ater d isp laced  had p re v io u s ly  been s a tu ra te d  w ith  

hydrogen. Flow r a te s  were measured a t  v a rio u s  f lo a t  h e ig h ts  on 

b o th  flow m eters and th e  p re ssu re  in  th e  system n o ted . A pproxim ately 

e ig h ty  r e s u l t s  were recorded  and p lo t te d  on th e  c a l ib ra t io n  graph 

su p p lie d  w ith  th e  flow m eter.

A lthough th e  r e s u l t s  were not s u f f ic ie n t ly  p re c is e  to  w arrant

d e ta i le d  s t a t i s t i c a l  a n a ly s is ,  th ey  confirm ed s a t i s f a c t o r i l y  th e

c a l ib r a t io n  curve in  th e  reg io n  o f in te r e s t  (see  f i g .  3 * l) .  The

e f f e c t  o f v a ry in g  b ack -p ressu re  on flow  r a te  was a lso  in v e s t ig a te d .

—3 3 —1In  th e  2 .0  X 10 dm s flow  r a te  reg io n , a  30 t o r r  in c re a se  in  

b a ck -p ressu re  c re a te d  a 3^ in c re a se  in  flow  r a te  f o r  th e  same f lo a t  

h e ig h t .

3 .3  C a l ib ra tio n  o f hydrogen c h lo rid e  flowm eter

3 . 3*1 Summary o f experim ental techn iques

The i n i t i a l  hydrogen ch lo rid e  (Matheson gas p ro d u c ts ,
2

te c h n ic a l  g rad e , 99 .0^ p u rity )  c a l ib r a t io n  vias e f fe c te d  by 

condensing hydrogen ch lo rid e  in  two 77K t r a p s .  The gas was 

d is so lv e d  c a u tio u s ly  in  w ater and th e  r e s u l t in g  s o lu tio n  t i t r a t e d  

a g a in s t s ta n d a rd ise d  sodium hydroxide u sin g  ph en o lp h th a le in  

in d ic a to r .  The r e s u l t s  o f  t h i s  procedure were considered  

u n s a t i s f a c to r y  on two accoun ts; a) r e s u l t s  ob ta ined  u s in g  th i s  

c a l ib r a t io n  curve were in  disagreem ent w ith  o th e r s im ila r  work, 

and b) th e  e f f e c t  o f back -p ressu re  was ignored .
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A second experim ent was subsequen tly  designed . The hydrogen 

and hydrogen c h lo rid e  flow m eters were connected in  p a r a l l e l  to  an 

o u t le t  and th e  gases passed  through a D rechsel b o t t l e  v ia  a coarse  

s in te r e d - g la s s  f r i t .  The f lo a t  h e ig h ts  were s e t  to  th e  experim ental 

v a lu es  norm ally  u t i l i s e d ,  i . e .  in  th e  range $0-130 mm f o r  th e  

hydrogen flow m eters ( in  th e se  c a l ib r a t io n  experim ents n itro g e n  was 

used  as th e  c a r r i e r  gas) and between 5 and 80 mm f o r  th e  hydrogen 

c h lo r id e  flow m eter. In  o rd er to  m ain ta in  a  constan t b ack -p ressu re , 

gases were passed  th rough a second D rechsel b o t t l e  ( in  p a r a l l e l  w ith  

th e  f i r s t  and co n ta in in g  an eq u iv a len t amount o f l iq u id )  . At a  

no ted  tim e , th e  gas flow  d ir e c t io n  was sw itched to  th e  a b so rp tio n  

t r a i n  v ia  a  m ulti-w ay ta p  and th e  tim e tak en  to  n e u tr a l is e  a  

s o lu t io n  o f  sodium hydroxide o f known m o la rity , co n ta in in g  a few 

drops o f in d ic a to r ,  was no ted  ( ty p ic a l ly  15-20 min) . F i f t y  seven 

r e s u l t s  were o b ta in ed  a t  d i f f e r e n t  hydrogen ch lo rid e  f lo a t  h e ig h ts  

and back -p r es s u r e s , th e  l a t t e r  be ing  dependent on th e  volume o f  

l iq u id  in  th e  D rechsel b o t t l e s .  The hydrogen c h lo rid e  con ten t o f 

th e  gas stream  was found to  be g re a te r  th an  in  th e  p rev ious method 

bu t th e  s c a t t e r  o f  th e  r e s u l t s  was co n sid e rab le  as th e  e f fe c t  o f an 

u n stead y  b a ck -p re ssu re  was to  change th e  hydrogen ch lo rid e  conten t 

o f  th e  gas s tream .

In  a  f u r th e r  experim ent v a rio u s  m o d ifica tio n s  were t r i e d .

The b a ck -p ressu re  g en era ted  by th e  r e s is ta n c e  o f th e  s in te re d  f r i t s  

was compensated f o r  by a  w ater pump which sucked.gas through a l in e  

o f th re e  D rechsel b o t t l e s .  A ll th re e  b o t t le s  con tained  sodium 

hydroxide s o lu t io n  bu t i t  was found (by back t i t r a t i o n  w ith  normal
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h y d ro c h lo ric  acid ) th a t  a l l  th e  hydrogen c h lo rid e  gas was absorbed 

by th e  f i r s t  tw o. In  l a t e r  experim ents an e l e c t r i c  pump rep laced  

th e  w a ter pump to  g iv e  a  more s ta b le  p re ssu re  in  th e  system .

S ix ty  s ix  r e s u l t s  were reco rded  but th e y  were s t i l l  ir r e p ro d u c ib le .

In  th e  f i n a l  experim ent, two g la ss  absorption-colum ns were 

f i l l e d  w ith  g la s s  beads ( f i g .  3 *2) such th a t  t h e i r  re s is ta n c e  to  

gas flow  was th e  same. Sodium hydroxide so lu tio n  o f  known 

c o n c e n tra tio n , co n ta in in g  a  few drops o f in d ic a to r ,  was run  through 

th e  f i r s t  column from a  dropping funnel f o r  a s e t  tim e , w hile  th e  

hydro gen/hydro gen ch lo rid e  m ixture was flow ing upwards. The gas 

flow  was th e n  sw itched  to  th e  e q u i l ib ra t io n  column ( s e t  up in  

p a r a l l e l )  and th e  f i r s t  column washed thorough ly  w ith  d i s t i l l e d  

w a te r .  The p a r t i a l l y  n e u tra l is e d  sodium hydroxide s o lu tio n  was 

th e n  mixed w ith  th e  washings and b a c k - t i t r a te d  a g a in s t h y d ro ch lo ric  

a c id .  The p re c is io n  o f  th e  r e s u l t s  was improved by s h u tt in g  o f f  

one o f  th e  hydrogen flow m eters (see  f i g .  2 . 1) ,  to  in c re a se  th e  

c o n c e n tra tio n  o f hydrogen ch lo rid e  in  th e  gas, and a lso  by re p la c in g  

most o f  th e  po ly thene  tu b in g  w ith  g la s s .  B ack-pressure  was 

s u c c e s s fu l ly  c o n tro lle d  w ith  a  te f lo n —keyed need le  v a lv e .

3 .3 .2  R esu lts  o f ab so rp tio n  column method

More th a n  two hundred r e s u l t s  were recorded  b u t on ly  

th e  l a t e r ,  more p re c is e  r e s u l t s ,  were analysed  ( ta b le  3 »l)*

F ig u re  3*3 su g g es ts  th a t  th e  ruby f lo a t  in  th e  flow m eter was s t ic k in g  

to  th e  s id e —w a lls  in  p la c e s . A le a s t  squares f i t  to  th e  low er f lo a t  

h e ig h t p o in ts  ( 12-24 mm) y ie ld e d  th e  fo llo w in g  eq u atio n :
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gas stream

ITaOH so lu tio n  and in d ic a to r

exhaust

a b so rp tio n  column

g la ss  heads

s o lu tio n  to  he 
hack t i t r a t e d

FIG, 3 .2  G lass a b so rp tio n  column used in  th e  c a l ib ra t io n  
o f th e  gas stream  fo r  HCl and HBr c o n ten t.
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Table 3.1

C a lib ra t io n  r e s u l t s  fo r  HCl flowm eter -  flow  r a te s ,  y, a t

f lo a t  h e ig h ts , x .

x/mm lO^y/dm^s ^ x/mm lO^y/dm^s ^

12 1.657 24 2.327
12 1.588 24 2.362
12 1.638 27 2.305

- 12 1.617 27 2.340

15 1.637 27 2.238

15 1.798 28 2.318

15 1.729 28 2.355
15 1.810 30 2.413

15 1.651 30 2.737
16 1.800 30 2.714
17 1.953 30 2.739
17 1.977 32 2.561

17 2.011 . 32 2.519
18 2.034 32 2.519
18 1.966 33 2.815

19 2.105 33 2.791

19 2.233 33 2.737

19 2.145 33 2.840

19 2.145 34 2.935

19 2.232 34 2.956

19 2.223 35 3.061

20 2.232 37 3.091

20 2.240 • 37 3.206

21 2.200 37 3.116

21 2.183 38 3.131

21 2.168 38 3.154

21 2.091 40 3.712

21 2.243 40 3.681

22 2.252 40 3.686

22 2.279 40 3.802

23 2.252 42 3.642

44 3.878
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FIG. 3*3 C a lib ra tio n  curve fo r  HCl flow m eter.

Flow r a t e s ,  y ,  a t  f lo a t  h e ig h ts  x.
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y/dm^s  ̂ = 6.6796 X 10"^ (x/mm) + 8.O96 x 10"*̂

■3 4
where y  i s  th e  flow  r a te  in  dm-^s" and x i s  th e  f lo a t  h e ig h t in  mm, 

For th e  40 mm f lo a t  h e ig h t p o in t, th e  average o f fo u r r e s u l t s  was 

ta k e n . Table 3 .2  summarises th e  r e s u l t s .

Table 3.2

V alues o f  e p s ilo n  c a lc u la te d  from flow  r a te s ,  y , a t  f lo a t

h eig h ts, X.

^2

x/mm

& HCl
1o4

%2
y/dm^s

%2

-1
HCl e _ ^HCl

PTOT . .

. 130 128 10 19.85 19.14 I .4 8 Ï )  .08 0.0365

130 128 19 19.85 19.14 2.O 8Ï0.08 0.0506

130 128 40 19.85 19.14 3 . 72±D.06 0.0871

3 .4  C a l ib ra tio n  f o r  hydrogen bromide

3 .4 .1  Experim ental

To p rov ide  f o r  th e  in tro d u c tio n  o f hydrogen bromide 

as th e  r e a c t iv e  g as, a  bromine re s e rv o ir  was in co rp o ra ted  in to  th e  

low er hydrogen gas i n l e t  ( f ig .  3 . 4) .  (The bromine re a c ts  w ith  th e  

hydrogen in  th e  fu rn ace  tube  to  produce hydrogen bromide) . 

A c id - re s is ta n t  m olecu lar s iev es  (Union Carbide, AW 300 1/16”) were 

p laced  in  th e  r e s e rv o i r  and h eated  to  I50 C a t  10 T o rr. Bromine
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(BDH, A r is ta r  grade) was th en  in tro d u ced  in to  th e  r e s e rv o ir  v ia  a  

dropping  fu n n e l. The ahsorp tion-colum n method was used fo r  th e  

c a l ib r a t io n  o f th e  hydrogen bromide con ten t o f th e  gas stream  (see 

s e c t io n  3 *3 . 1) .  In  t h i s  case , however, th e  fu rnace  had to  be used 

to  e f f e c t  th e  conversion  to  hydrogen bromide and so a l l  th e  

a n c i l l a r y  g lassw are was in  p lace  (see f i g .  2 . 1) .  The flow  o f gas 

was such th a t  an excess o f hydrogen passed  through th e  balance 

chamber, v ia  th e  upper i n l e t ,  to  reduce th e  r i s k  o f c o rro s io n .

The tem pera tu re  s t a b i l i t y  o f th e  w ater ba th  (G rant, SX 10) 

used  to  h ea t th e  bromine r e s e rv o i r  was checked w ith  a  p latinum  

re s is ta n c e  therm om eter. At tem peratu res below 4 0 th e  b a th  

tem p era tu re  was s te a d y , to  w ith in  O.OI^C, f o r  sev e ra l h o u rs . To 

reduce ev ap o ra tio n  lo s se s  a la y e r  o f p l a s t i c  spheres was put on th e  

su rfa c e  o f th e  w a te r .

3 .4 .2  R esu lts

The tem pera tu re  o f  th e  fu rnace was v a rie d  between 

IO8OK and 68OK. With th e  b a th  tem peratu re  a t  29 . 8°C, incom plete 

conversion  to  HBr occurred  and f r e e  bromine was observed in  th e  

a b so rp tio n —columns a t  fu rnace  tem peratu res below 720K ( th is  

b leached  th e  p h en o lp h th a le in  in d ic a to r ) . For th e  h ig h e r co n cen tra tio n  

o f hydrogen bromide t h i s  e f fe c t  was observed a t  730K.

With th e  w ater b a th  around th e  bromine -re se rv o ir s e t a t  29.8  C 

, Ç. (pHBr/pijiQip) was found to  be 0.0354  ~ O.OOO5 (mean and one 

s tan d a rd  d e v ia t io n  o f mean o f 30 experim ents) . At a  ba th  

tem p era tu re  o f 39.4^0, c = 0.0591 ~ 0.0006 (mean and one s tan d ard  

d e v ia t io n  o f mean o f 39 ex p erim en ts). These r e s u l t s  a re  summarised 

in  ta b le  3 .3 .
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Table 3.3

V alues o f  £ a t  ba th  tem peratu res t ,  hydrogen f lo a t  

h e ig h ts  X ,  and flow ra te s  y .

t/°c
x/mm

H2 «2 H2 • £

29.8 131 110 20.2 14.6 0.0354
39.4 131 110 2 0 .2  14.6 . 0.0591

3 .4 .3   ̂ D iscussion

Values fo r  th e  eq u ilib riu m  co n stan t, Kp, f o r  th e  re a c tio n ;

+ Br2(g) 2HBr(g) can be c a lc u la te d  u s in g  l i t e r a t u r e  da ta^

(see  ta b le  3 . 4) ;  th e  forw ard re a c t io n  appears to  be more 

fav o u rab le  a t  low er tem p era tu res .

The s tea d y  s t a t e  re a c t io n  o f and Brg has been s tu d ie d  in  a 

flow  system ^ in  th e  tem perature  range 600-1470 K. An equation  

was g iven  fo r  th e  tem peratu re  dependence fo r  th e  r a te  o f 

com bination o f and B r^. Values c a lc u la te d  from t h i s  equation  

( ta b le  3 .4) show th a t  a t  lower tem peratu res th e  fo rm ation  o f 

hydrogen bromide i s  k in e t i c a l l y  l im ite d .
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Table 3.4

V alues fo r  th e  eq u ilib riu m  co n stan t, Kp, a t  tem pera tu res T 

and th e  r a te  o f  com bination o f and Br^, k exp.

t/ k Kp k /dm^ mol  ̂ s  ̂exp'

500 9 X 10^1 1 . 2  X  1 0 “ ^

8 0 0 8  X  l o " ^ 5.3

1 1 0 0 1 X  10^ 5 .6  X  1 0 ^

3 .5  Indium -hydrogen ch lo rid e  and indium-hydrogen bromide systems

3 .5 .1  Experim ental

The ap p ara tu s  has been desc rib ed  in  d e ta i l  in  s e c tio n  2.2  

Indium sho t (Halewood Chemicals L td .,  nominal p u r i ty  99»999f)  was cut 

in to  p ie c e s  w ith  a  s u rg ic a l  b lade  and loaded in to  th e  s i l i c a  b o t t l e  

w ith  th e  2 mm d iam eter channel (Appendix 1 g ives dim ensions) .

The c a r r i e r  g as, hydrogen (BOC, 9 9 *99fo minimum p u rity )  was passed  

th rough  th e  pallad ium  d i f f u s e r .  The hydrogen c h lo rid e  (Matheson 

Gas P ro d u c ts , 9 9 »Ofo p u rity )  was used in  th re e  c o n ce n tra tio n s :

C = 0 .0365 , 0.0506 and 0.0871 (see  s e c tio n  3 . 3 . 2) .

When t r a n s p o r t in g  indium in  hydrogen brom ide, th e  hydrogen 

c h lo r id e  i n l e t  was shut o f f  (see  f i g .  2 . l ) .  Using th e  bromine 

r e s e r v o i r ,  as d e sc rib ed  in  s e c tio n  3 . 4 ; E v a lues o f 0.0354  and 

0.0591 were reproduced .

Loop A o f th e  e lec tro b a la n c e  was used f o r  bo th  experim ents and 

th e  r a t e  o f  weight lo s s  from th e  sample b o t t l e ,  w, measured as a 

fu n c tio n  o f  tem pera tu re  and hydrogen h a lid e  co n ce n tra tio n .
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Table 3.5

T ran sp o rt o f indium by hydrogen c h lo rid e  gas ( £= O.O871) -  

r a t e s  o f  w eight lo s s ,  w, a t  tem pera tu res  T and p re ssu re s  in  

th e  system  P .

p /T o rr t/ k 10 ̂ ^w/kg s ^

761.16 1161.15 82.712

742.62 1151.25 82.957

742.62 1151.25 82.348

743.89 1120.25 73.704

743.89 1120.25 73.385

759.38 1080.85 79.758

748.46 1063.05 80.656

748.46 1063.05 80.492

742.62 1040.75 70.286

742.62 1040.75 69.643

748.46 1020.15 71.666

748.46 1020.15 69.014

759.38 990.15 74.773

741.35 981.55 63.032

741.35 981.55 62.065

748.46 950.15 64.868

748.46 950.15 62.645

743.89 909.15 58.242

743.89 909.15 57.879
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Table 3*6

T ranspo rt o f indium by hydrogen ch lo rid e  gas ( e  = O.O506) -  r a te s  

o f  weight lo s s ,  w, a t  tem peratu res  T and p re ssu re s  in  th e  system P.

p /T o rr t/ k 10^*^w/kg s ^

776.14 1235.25 60.188

776.14 1235.25 59.875
775.89 1216.15 62.774
775.89 1216.15 62.387
775.89 1181.15 57.529
775.89 1181.15 57.000
761.16 1161.15 58.970
742.62 1151.25 59.879
742.62 1151.25 59.563
775.89 1120.90 60.438

743.89 1120.25 59.030

743.89 1120.25 53.778
765.22 1101.85 58.061

765.22 1101.85 54.389
759.38 1080.85 55.714

748.46 1063.05 54.222

765.22 1051.25 55.714

765.22 1051.25 52.000

742.62 1040.75 ■ 55.143

' 742.62 1040.75 54.111

748.46 1020.15 50.308

763.70 1008.40 51.895

763.70 1008.40 51.158

759.38 990.15 52.105

763.70 969.25 51.158

763.70 969.25 49.897

748.46 950.15 50.974

748.46 950.15 49.500

763.70 939.05 49.500

763.70 939.05 49.436

776.40 920.45 46.619

776.40 920.45 44.818

743.89 909.15 46.381

743.89 909.15 46.306
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Table 3*7

T ransport o f  indium by hydrogen c h lo rid e  gas (c  = O.O365) -  

r a te s  o f w eight lo s s ,  w, a t  tem peratu res T and p re ssu re s  in  

th e  system  P .

P /T orr t/ k 1 0 w/kg s ^

761.16 1257.55 50.103

761.16 1257.55 47.700

761.16 1216.00 49.487

742.62 1151.25 50.103

743.89 1120.25 44.409

743.89 1120.25 44.227

759.38 1080.45 47.095

748.46 1063.05 45.429

■748.46 1063.05 44.455

742.62 1040.75 39.240

742.62 1040.75 38.157

748.46 1020.15 41.702

748.46 • 1090.15 40.612

748.46 950.15 38.980

748.46 950.15 38.235
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3 *5 .2  R esu lts  f o r th e  indium-hydrogen c h lo rid e  system

The r a te s  o f weight lo s s ,  w, recorded  a t  vario u s  

tem p era tu res  T and th re e  values o f £ a re  given in  ta b le s  3.5 to  

3 .7 . In  th e  tem peratu re  range in v e s t ig a te d  (909-1258 K) , th e  

r e s u l t in g  In  w v s , 10^ k/T  graphs ( f i g .  3.5) were l in e a r .

U sing th e  s im p lif ie d  form ula given in  s e c tio n  1.4 :

D = wRTl/PM E  A (1J5)

a va lue  o f th e  d if fu s io n  c o e f f ic ie n t  o f hydrogen h a lid e  in

th e  gas m ixture (m) , was c a lc u la te d  f o r  each experim ental p o in t 

and th e  r e s u l t s  p lo t te d  as InD v s . InT in  f ig u re  3 . 6 . P i t t i n g  

th e  p o in ts  from each l in e  to  th e  exp ression

 ̂ D(t) = D ° ( t /273 . 15) ’''̂ ® ( 1 ,16)

where (th e  d if fu s io n  c o e f f ic ie n t  a t  0 °C) i s  a  co n stan t and 
s i s  approxii

( ta b le  3 . 8) .

s i s  approx im ate ly  0 . 8 ,  ̂ th e  fo llo w in g  r e s u l t s  were ob ta ined

Table 3.8

^°HC1 m  ̂ r e s u l t s  a t  re s p e c tiv e  values o f  £ .

8 lO^D°/m^s ^ s

0 .0871 0.131  ± 0.255 1.365 -  0.155
0.0506 0.331  -  0.289 0.846 -  0.070

0.0365 0.340 i  0.662 0.903 -  0.154
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0 8 0,9 1.0 1.1
lO^K/T

FIG. 3*5 T ransport o f indium "by hydrogen c h lo rid e  g a s , 
experim en tal r e s u l t s .
(a )  6 = 0.0871, (h) e =  0.0506 and (c ) 6 =  0.0365.
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PIG. 3 .6  V a ria tio n  o f D „  w ith tem pera tu re : d if fu s io n
xlt/x 1 2

c o e f f ic ie n ts  independent of c o n ce n tra tio n .

(a )  6 = 0.0871, (b) 6 = 0.0506 and (c )  6 = O.O365.
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The u n c e r ta in t ie s  in  D and s a re  c a lc u la te d  by ap p ly ing  th e  

fo llo w in g  equations to  th e  InD v s . InT graphs:

E r ro r  in  s lo p e  = I  ------ ----------------------- -——  j (->

, y  2 ^  2 f
E rro r  in  in te rc e p t  = I ^ ^  ..V  j  ( 3 . 2)

(n -2) ( n I x ^ - ( Z x ) ^ )  /

where ô i s  th e  re s id u a l  in  InD, x = InT and n i s  th e  number o f 

r e s u l t s .

These experim ents were c a r r ie d  out in  th e  tem peratu re  range 

9OO-I25O K, th e  va lu es  o f D° (a t 273*15 K) were ob ta ined  by back 

e x tra p o la t io n  o f th e  ’ le a s t  squares f i t s *  to  th e  InD v s . InT g raphs. 

Any u n c e r ta in ty  in  th e  s lopes o r in te rc e p ts  o f th e  l in e s  i s  

m agn ified  by t h i s  e x tra p o la t io n . More e rro rs  were in tro d u ced  by 

th e  in accu racy  o f  th e  HCl f lo a t  h e ig h t s e t t in g .  With no flow  

c o n t r o l l e r  on th e  flow m eters i t  was not p o ss ib le  to  m ain ta in  a 

p re c is e  va lu e  o f £ , e s p e c ia l ly  when u s in g  low HCl f lo a t  h e ig h ts .

The u n c e r ta in ty  in  £ f o r  th e se  experim ents i s  e stim ated  to  be — 10^ .

The v a lu e  o f D° in c re a se s  as £ decreases because t h i s  sim ple 

a n a ly s is  (see  s e c tio n  1 . 4 ) igno res th e  presence o f m inority- 

component 8 ( in  t h i s  case In C l) . A second-order approxim ation to  

m ulticom ponent diffusion"* shows th a t  th e  d if fu s io n  c o e f f ic ie n t  o f th e  

hydrogen h a lid e  in  th e  gas m ixture should be rep laced  by a b in a ry

c o e f f ic ie n t  («here HX = HCl o r HBr) a  com position-

dependent f a c to r  Y
"2

Hx’

Y rrv “   ̂ ^  ( l * 1 ? )
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The c o e f f ic ie n ts  and h ^  may he estim ated  u s in g  th e  fo llow ing  

th e o r e t ic a l  e x p re ss io n s :

H
   - i  ( 1 . 1 8 )a HX

D.HX,InX

HX -  1

HXjInX

o r o b ta in ed  from t h i s  experim ent.

Hg, HX

Hg,InX
-1 1 -J- ( 1 . 1 9 )

The s im p lif ie d  form ula fo r  D, equation  ( 1 .15) ,  may now be 

r e - w r i t te n  a s :

HX,Hg
wRTl
FMA

HX

= D ° ( t /273. 15) 1+8

(1. 21)

A computer programme was w r i t te n  to  f in d  th e  va lues o f a^^ and 

b which produced ^  r e s u l t s  g iv in g  th e  b e s t f i t  to  th e
xiA lU L yru

experim ental d a ta  ( f i g .  3*7) • These values o f a^^ and b ^  were
6compared w ith  th o se  c a lc u la te d  u s in g  Graham’s Law :

to  c a lc u la te  th e  r a t io s  o f th e  d if fu s io n  c o e f f ic ie n ts  appearing  in  

th e  th e o r e t ic a l  ex p ress io n s fo r  a ^  and b^^ (equations 1.18 and l . n ) .  

The r e s u l t s  a re  summarised in  ta b le  3•9»
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FIG, 3 .7  V a ria tio n  o f ^  w ith  tem pera tu re : d if fu s io n
c o e f f ic ie n ts  dependent on c o n c e n tra tio n , *Least 
squares* f i t  A i £ = 0,0871; •  , 6 = 0,0506;
0 , 6  = 0,0365,(a).

* Graham* s law* f i t  A ,  £ =  0,0871; o ,  £ =  0,0506; 
O ,  e =  0.0365^b).
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Table 3.9

♦Least sq u ares  f i t *  to  experim ental r e s u l t s  ( f i g .  3 . 7) -

g iv es  v a lu es  fo r  D (th e  d if fu s io n  c o e f f ic ie n t  o f HClHC1 ,H2
in  hydrogen a t  0°c) and fo r  th e  num erical c o e f f ic ie n t ,  s ,  

u s in g  th e  second-o rder approxim ation to  multicomponent 

d i f f u s io n .

Graham’s Law approach Minimum * least-sq u a res*  d e v ia tio n

®'HC1 "  \ q i  = 7.364 ^ C 1 "  10 . 134, = 8.364

Slope (inD v s .  InT = 1 . 990- 0 '0^7 Slope (inD v s . InT) = 1.964^ .064

• In te rc e p t = —21.253  -  O.464 In te rc e p t = - 20.998  -  O.446

D°E0 1 ,E2 = (0 . 415i b . 347) x 10-4 = (0 . 462Ï ] . 372)%10-4

8 = 0.990 -  0 .067 8 — 0.964 — 0.064

-------------------------------------------------------------7

3 .5 .3  R e su lts  o f th e  tra n s p o r t  o f indium in  hydrogen bromide 

The r a te s  o f  w eight lo s s ,  w, reco rded  a t  va rio u s  

tem p era tu res  T and two v a lu es  o f  £ a re  g iven  in  ta b le s  3«10 and 

3 .1 1 . In  th e  tem pera tu re  range in v e s t ig a te d  (894 — 1214 K) , th e  

r e s u l t in g  I n  w v s . 10^ k/T  graphs ( f i g .  3 . 8) were l in e a r .

Values o f  th e  d if fu s io n  c o e f f ic ie n t ,  o f hydrogen bromide

in  th e  gas m ix tu re  were c a lc u la te d  fo r  each experim ental p o in t (as 

in  s e c t io n  3 . 5 . 2) and th e  r e s u l t s  p lo t te d  as InD v s . InT in  

f ig u re  3 .9 .  F i t t i n g  th e  p o in ts  from each l in e  to  equation  ( I . I 6 ) ,  

th e  r e s u l t s  in  ta b le  3.12  were o b ta in ed .



7 9

Table 3.10

T ransport o f indium by hydrogen bromide gas (£  = 0 ,0591) -  * 

r a te s  o f weight lo s s ,  w, a t  tem peratu res T and p re ssu re s  in  

th e  system  P .

P /T o rr t/ k 10 ̂ ^w/kg s ^

742.11 1214.15 54.167
742.11 1213.85 54.778
742.11 1180.05 53.556
742.11 1179.65 53.722

. 736.27 1139.45 51.368

736.27 1139.15 51.737
736.27 1138.30 51.789
745.16 1119.25 51.000

745.16 1119.25 50.769
745.16 1080.15 49.487
745.16 1079.65 49.800

742.11 1062.95 49.300

742.11 1062.15 49.200

745.16 1040.75 47.333

745.16 1039.95 . 48.000

742.11 1008.40 49.200

742.11 1008.40 48.150

745.16 978.55 45.762

745.16 977.65 45.952

736.27 939.65 45.581

736.27 939.65 44.591

745.16 921.05 43.955

745.16 920.55 44.571

745.16 920.55 44.136

742.11 895.05 43.364

742.11 ■ 895.05 42.478
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Table 3.11

T ransport o f indium by hydrogen bromide gas ( & = O.O354) -  

r a te s  o f w eight lo s s ,  w, a t  tem peratu res T and p re ssu re s  in  

th e  system  P .

P /T o rr t/ k 10 w/kg s  ̂'

736.52 1181.75 37.539
736.52 1178.65 38.039
736.52 1140.55 37.585
736.52 1139.25 36.717
736.52 1118.05 36.370

736.52 1117.65 37.269
736.52 IO81.75 36.185

736.52 1080.90 35.926

736.52 1062.75 33.778

735.76 1042.15 34.O69

735.76 1042.15 34.000

736.52 1008.40 34.357
736.52 1008.40 33.793
735.76 980.85 32.966

735.76 980.40 31.581

735.76 951.25 31.867

735.76 950.55 32.000

736.52 920.95 32.033

736.52 919.95 31.742

736.52 910.95 30.281

735.76 . 894.15 30.839

735.76 894.15 29.969
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FIG. 3 .8 T ransport o f indium by hydrogen bromide g as, 
experim ental r e s u l t s .
(a )  £ =  0.0591 and (b) £ =  0 . 0354.
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- 7.8

6.8 7.0 7.1

w ith  tem p era tu re : D iffu sio n
e n t of concentri 

(a )  & = 0.0591 and (h) £ = 0 . 0354.

FIG. 3 .9  V a ria tio n  o f D^^^ ^
c o e f f ic ie n ts  independent of c o n c e n tra tio n . .
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Table 3.12

Values o f D ^  and s a t  two d if f e r e n t  hydrogen bromide 

C o n cen tra tio n s , & .

lo V /m ^ s  1

0.0391  0 . 295±0.106  0 . 761^0.029

0.0354  0 . 335^0.187  0 . 800^ .045

The e r ro r s  in  and s a re  s ig n i f ic a n t ly  sm alle r th a n  th o se  fo r  

th e  p rev io u s  experim ent ( ta b le  3 «8) .

The computer programme w r i t te n  fo r  th e  p rev ious experim ent 

( s e c t io n  3 . 3 «2) was adapted  fo r  th e  a n a ly s is  o f  th e se  hydrogen 

bromide r e s u l t s .  S im ila r th e o r e t ic a l  exp ressions (equations 1.18 

and 1 . 19) were used to  c a lc u la te  a ^ ^  and b^^^ and th e  r e s u l t s  a re  

ta b u la te d  below ( ta b le  3 . 13) .

Table 3.13

’L east squares f i t *  to  experim ental r e s u l t s  ( f i g .  3 . 10) -  
g iv es  v a lu es  fo r  _ (th e  d if fu s io n  c o e f f ic ie n t  o f HBr inHBr J Hg
hydrogen a t  0°C) and f o r  th e  num erical c o e f f ic ie n t ,  s ,  u s in g  th e  
seco n d -o rd er approxim ation to  multicomponent d if f u s io n .

Graham’s Law approach Minimum le a s t  squares d e v ia tio n

^HBr = 9 - 3 3 '  ^KBr = 4 . 3 7  ^SBr = ^HBr = 4 . 8 7

Slope (inD v s . InT )=1. 770^0.027  Slope (inD v s . InT )=1 777- 0.025

I n te rc e p t  = —19.874 — 0.190  In te rc e p t = - 19.879 -  0.172

^°HBr,H (0 . 479^0 . 165) x l0 4 ^°HBr,Hg ^ (0 . 498- 0 . 155) x ; 10 4

s = 0.770 -  0 .027  8 = 0.777  -  0.025
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- 7.2
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In [t/ k]

FIG. 3 .10  V a ria tio n  o f ^  w ith  tem p era tu re ; D iffu sio n
c o e f f ic ie n ts  dependent on c o n c e n tra tio n , 

a 'L e a s t  sq u ares ' f i t  Q , £ = 0 . 0591; À »  ̂ = 0 . 0354* 
b 'G raham 's Law' f i t  O , £ = 0 . 0591; A ; ^ = 0 . 0354*
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3.5«4 D iscussion

The dominant tra n s p o r t  re a c tio n s  over our experim ental 

tem p era tu re  range a r e :

In ( l )  + HCl(g) #  InC l(g) ( 3 . 3)

I n ( l )  + HBr(g) #  InBr(g) + ^  Eg(g) (3 . 4)

E q u ilib riu m  co n sta n ts  were estim ated  u s in g  l i t e r a t u r e  data.^*^^^*^^' 

There i s  some u n c e r ta in ty  as to  th e  c o rre c t  va lue  o f AĤ  (inB r(g )) ; 

however, u s in g  any o f th e  re p o rte d  va lues a  la rg e  eq u ilib riu m  

c o n stan t i s  o b ta in ed  ( > 10^^) over th e  tem peratu re  range 800 -  

1200 K. S im ila r ly  la rg e  eq u ilib riu m  co n stan ts  were found fo r  

r e a c t io n  ( 3 . 3) . The e q u i l ib r ia  a re  th u s  w ell to  th e  r ig h t  and th e  

p a r t i a l  p re s su re s  o f th e  hydrogen h a lid e s  over th e  indium in  th e  

capsu le  i s  n e a r ly  z e ro . Hence bo th  th e  re a c tio n s  a re  s u i ta b le  'f o r  

th e  in v e s t ig a t io n  o f gaseous in te r d i f f u s io n  as th e  r a te  o f w eight lo s s  

i s  e n t i r e ly  dependent on th e  r a t e  o f d if fu s io n  o f hydrogen h a lid e  

down th e  channel and not on th e  eq u ilib riu m  co n stan t f o r  th e  

t r a n s p o r t in g  r e a c t io n .

The em p irica l approach d esc rib ed  in  s e c tio n s  3 *5«2 and 3 . 5*3

y ie ld s  v a lu es  f o r  a^^ and b which a re  in  adequate agreement w ithiiA. HA
e stim a te d  v a lu e s . Small a r b i t r a r y  changes in  a^^ and b ^  make l i t t l e  

d if f e r e n c e  to  th e  l e a s t  squares d ev ia tio n s  in  s lope  and in te rc e p t  

because o f  th e  s c a t t e r  o f experim ental p o in ts .  F in a l va lues from 

th e  ’ l e a s t  squ ares  f i t *  a re  g iven  in  ta b le  3 . 14*
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Table 3«14

E m p irica l v a lu es  o f a^^, b^^, ^  and s from th e

♦ le a s t  squares f i t * .

Indium -hydrogen ch lo rid e Indium -hydrogen bromide

®-HCl "  1>HC1 = aHBp = W -8±1 .0 , = 4 -9±1.0

B ° h c i,h  = -  0 , 372) x 10“^ = (0.498  ± 0 . 155) x 10-4 ,

s  = 0 .964  — 0 .064 8 = 0 .777 -  0.025

Owing to  th e  co n sid e rab le  e r ro r  in  th e  r e s u l t s  o b ta ined  from 

th e  tr a n s p o r t  o f indium in  hydrogen c h lo rid e  experim ent, no d e f in i te  

co n c lu s io n s  may be drawn from th e se  r e s u l t s .  However, th e  indium - 

hydrogen bromide r e s u l t s  ( ta b le  3 . 12) do show th a t  s  i s  independent 

o f  £ , th e  f r a c t io n a l  c o n ce n tra tio n  o f  hydrogen bromide in  th e  gas 

s tream , w ith in  experim ental e r r o r .

U sing Graham*s Law,^ th e  expected r a t io  o f th e  d i f f u s iv i t i e s  o f 

hydrogen c h lo rid e  and hydrogen bromide in  hydrogen i s  1 . 49» This

v a lu e  l i e s  w ith in  th e  e r ro r  l im i t s  o f th e  r a t i o  o f th e  experim ental

d if f u s io n  c o e f f ic ie n ts :

HC1 ,H . +
   = 0 . 9 2 8 - 0.931

EBr,Hg

The tem p era tu re  dependence o f g  has been e stim a ted  from

11 ^v is c o s i ty  measurements by Weissman, in  th e  tem peratu re  range

294 -  523 K. These d a ta  y ie ld  “  (0"57 -  0 .04) x 10 ^m s .
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Chapter 4

4.1 In tro d u c tio n

Chemical vapour tra n s p o r t  re a c tio n s  between Group I I I ^  -  

compounds and th e  hydrogen h a lid e s  f in d  ex ten siv e  use  in  th e  e le c tro n ic s  

in d u s try  f o r  th e  d e p o s itio n  o f th in  film s o f th e se  sem iconductors.

The r e a c t io n  o f ga llium  a rsen id e  w ith  hydrogen c h lo rid e  has been th e

1 ?su b je c t o f v a rio u s  thermodynamic and mass sp ec tro m e tric  s tu d ie s ,

u s u a lly  in  p a r a l l e l  w ith  c ry s ta l  growth experim ents. The re a c tio n s  

o f ga lliu m  a rsen id e  w ith  bo th  hydrogen ch lo rid e  and hydrogen bromide 

gases have been s tu d ie d  u s in g  th e  m odified entrainm ent method.

The t r a n s p o r t  o f indium a rsen id e  by hydrogen h a lid e s , however, has 

no t been so tho rough ly  in v e s t ig a te d .

In  t h i s  c h ap te r , th e  tra n s p o r t  o f indium a rsen id e  by hydrogen 

c h lo rid e  and by hydrogen bromide i s  d esc rib ed  in  d e t a i l .  A thermo

dynamic a n a ly s is  o f th e  tra n s p o r t  re a c tio n s  i s  c a r r ie d  o u t, s t a r t i n g  

w ith  e s tim a te s  from e x is t in g  d a ta  (some o f  which i s  r a th e r  in a c c u ra te ) . 

Computer f i t t i n g  o f th e  experim ental curves perm its th e  thermodynamic 

param eters  o f th e  t r a n s p o r t  re a c tio n s  to  be estim ated  w ith  more 

co n fidence .

4 .2  Experim ental

The ap p ara tu s  has been d e sc rib ed  in  d e ta i l  in  s e c tio n  2 . 2 .

The indium a rse n id e  sample was p o ly c ry s ta l l in e  undoped m a te r ia l 

(MCP E le c tro n ic s  L td .,  see Appendix 6) .  I t  was washed in  a 5^

(by volume) bromine in  methanol s o lu tio n  (p rev io u s ly  s a tu ra te d  w ith  

n itro g en ) th e n  l e f t  to  d ry  under anhydrous c o n d itio n s .
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P ieces  o f f  th e  InAs s lab  were th en  p u lv e rise d  in  an ag a te  m ortar 

and th e  powder in tro d u ced  in to  th e  s i l i c a  b o t t l e  v ia  a f in e  g la s s  funnel, 

A fte r  th e  b o t t l e  had been weighed i t  was kep t in  a  d e s ic c a to r  p r io r  to  

su sp en sio n  from loop A o f th e  e lec tro b a la n c e  (see  f i g ,  2 . 1) .  R ates o f 

w eight lo s s ,  w, were recorded  as a  fu n c tio n  o f tem peratu re  and hydrogen 

h a lid e  c o n c e n tra tio n .

4-3  R esu lts  f o r  th e  InAs/HCl system

F iv e  experim ents (4 *3.1 -  4 . 3 *5) were c a r r ie d  out under d i f f e r e n t  

c o n d itio n s  (see  Table 4 . I ) .  A ll th e  experim ental r e s u l t s  a re  

ta b u la te d  in  Appendix 3 (Tables 1 - 5) and p re sen ted  g ra p h ic a lly  as 

Inw v s . in v e rse  tem pera tu re  in  f ig u re s  4*1 -  4*3*

Table 4*1

InAs/nCl system -  summary o f experim ents (4 . 3*1 -  4 *3 *5) .
The d iam eter o f th e  channel o f th e  s i l i c a  b o t t l e  i s  g iven  in  
mm (See Appendix I ) .

Experim ent Sample F igu re Channel d . Comment

4 .3 .1 InA s(l) 4.1 0.0506 2 mm Sample m elted 
du ring  experim ent.

4 .3 .2 InAs (2) 4.1 0.0506 2 mm Sample kep t below 
m e ltin g  p o in t ( l 213 K)

4 .3.3 InAs (3) 4 .2 0.0506
0.0871

2 mm Some r e s u l t s  a t  end o f 
experim ent above
m .p t. ( £ = 0 .0 5 0 6 ) .

4 .3.4 InAs (4) 4 .2 0.0506 1 mm Last few r e s u l t s  
w ith  m elted sam ple.

4 .3.5 In-InA s
(5)

4.3 0.0506 2 mm Sample co n sis te d  of 
0.22  g InAs + 0 .05g In* 
L ast few r e s u l t s  w ith 
m elted sam ple.
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FIG, 4*1 T ransport of InAs by HCl ( e= O.O5O6)

□ Sample m elted during  experim ent(4 *3*1.),
• Sample kep t below m elting  po in t fo r  experim ent(4 *3 . 2).
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FIG* 4*2 T ransport of InAs by HCl.

O Experim ent (4 «3 -3 )  ̂= O.O5O6 (2 mm diam eter ch an n e l),
e  As above w ith  m elted sample.
/^E xperim ent (4 *3 . 3 )  ̂= O.O87I (2 mm d iam eter ch an n e l). 
O Experim ent (4 . 3*4 ) 6 = O.O5O6 (1 mm d iam eter ch an n e l).
B As above w ith  m elted sample.
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FIG, 4*3 Summary of InAs/HCl system ( € = O.O5O6), 2 mm d iam eter 
ch an n e l. Bold l in e  In/HGl, Broken l in e  InAs/HGl,
Specked l in e  InAs/HGl w ith  sample m elted ,

O In-InAs/HGl experim ent (4 . 3*5 ) .

10 1.4

•  As above w ith  sample m elted,
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4»4 D iscussion

A fte r  th e  f i r s t  few runs o f  experim ent (4 . 3 . 1) th e  indium a rsen id e  

sample was m elted and th e  consequent decrease  in  su rfa ce  a re a  o f th e  

sample was p robab ly  s u f f ic ie n t  to  cause th e  dep ress io n  o f  r a te  o f 

w eight lo s s  from i t s  eq u ilib riu m  v a lu e . The s c a t te r e d  p o in ts  a t  

much h ig h e r  w eight lo s se s  a re  more d i f f i c u l t  to  in te r p r e t .  There 

a re  s e v e ra l p o s s ib le  ex p lan a tio n s : a) th e  tem peratu re  o f  th e

sample had not e q u il ib ra te d , b) some indium t r i c h lo r id e  was formed 

a t  low er tem pera tu res du rin g  e q u i l ib r a t io n  and i t  was subsequen tly  

l o s t  a t  a  h ig h e r  r a t e  o f  weight lo s s ,  c) p a r t i c u la r  c ry s ta l  fa ces  

o r w h iskers^  were formed during  lower tem peratu re  e q u i l ib ra t io n  and 

th e s e  re a c te d  p r e f e r e n t ia l ly  a t  h ig h e r tem p e ra tu res .

The r e s u l t s  from th e  second experim ent reproduce th e  p re -m e ltin g  

r e s u l t s  o f th e  f i r s t  experim ent (see  f i g .  4 *1) • The th i r d  

experim ent ( f i g .  4 »2) not on ly  confirm s th e  l in e  from th e  second 

experim ent but a lso  v a l id a te s  th e  p o s t-m e ltin g  l in e  o b ta in ed  in  th e  

f i r s t  experim ent•

U sing a b o t t l e  w ith  a narrow er channel, a  s im ila r  e f f e c t  a f t e r  

m e ltin g  was observed ( f i g .  4 *^) to  th a t  in  f ig u re  4 . 1 . However, th e  

d ep re ss io n  o f w eight lo s s  a f t e r  m e ltin g  th e  sample was not so g re a t ,  

n o r was i t  observed u n t i l  low er tem p e ra tu res .

The m e ltin g  phenomenon can be exp lained  in  th e  fo llo w in g  manner 

c o n sid e r f ig u re  4 .4  where 1 i s  th e  len g th  o f th e  channel o f th e  sample 

b o t t l e  and c i t s  c ro s s -s e c tio n a l  a re a , A i s  th e  su rfa ce  a re a  o f th e  

sam ple, w° i s  th e  eq u ilib riu m  w and w* is  th e  observed r a te  o f weight 

lo s s  (see  s e c tio n  1 . 4 ) .
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1.0

A l / c

FIG. 4 «4 Graph dem onstrating  the  dep artu re  from 
e q u ilih riu m  c o n d itio n s  in  the  b o t t le  r e s u l t in g  from 
a  decrease in  channel r e s is ta n c e  or su rface  a re a  of 
th e  sam ple•
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At h ig h  channel re s is ta n c e s  ( l / c  la rg e ) eq u ilib riu m  co n d itio n s  

a r e  m ain ta ined  in  th e  b o t t l e  and a la rg e  decrease  in  A w il l  on ly  

produce a  sm all d ep ress io n  in  w^ (th e  observed r a te  o f  w eight l o s s ) . 

However, when u s in g  a la rg e r  d iam eter channel l / c  i s  sm all and th e  

same d ecrease  in  su rfa ce  a re a  w i l l  r e s u l t  in  a  la rg e r  decrease  in  

r a t e  o f  w eight lo s s .  So fo r  th e  w ider channel b o t t l e  th e re  i s  a  

g r e a te r  d ep a rtu re  from eq u ilib riu m  co n d itio n s  ex tend ing  to  h ig h e r 

tem p era tu res  th a n  fo r  th e  narrow er channel b o t t l e .  .

Each o f  th e  curves fo r  experim ents (4 *3*1 -  4 *3 *4) e x h ib its  two 

re g io n s , a  l in e a r  s e c tio n  and th e n  a curved reg io n  a t  h ig h e r 

te m p e ra tu re s . I t  i s  l i k e ly  th a t  only  one endotherm ie t ra n s p o r t  

r e a c t io n  i s  ta k in g  p lace  in  t h i s  system (w ith  th e  As^ #  SASg 

e q u ilib r iu m  a lso  ta k in g  p a r t)  :

InA s(c) + HCl(g) ±5 InC l(g) + l/4As^(g) + (4*1)

and  i t  i s  dominant over th e  tem peratu re  range in v e s t ig a te d . The 

c u rv in g  o f f  a t  h ig h e r  tem pera tu res is  a  r e s u l t  o f th e  eq u ilib riu m  

c o n s ta n t f o r  t h i s  dominant r e a c t io n  becoming la rg e  ( > 10) ,  see 

s e c t io n  1 .4  .

An x - r a y  d i f f r a c t io n  a n a ly s is  o f th re e  samples o f InAs ; 

a) s to c k , b) unm elted re s id u e  and c) p o s t-m e ltin g  re s id u e , showed th a t  

th e  l a t t i c e  param eters o f a l l  th re e  samples were th e  same to  w ith in  one 

p a r t  in  10^ . Hence, th e  lower curve produced a f t e r  m e ltin g  a sample 

i s  n o t due to  th e  fo rm ation  o f a  n o n -s to ich io m e tric  phase . In  

a d d i t io n ,  th e  d i f f r a c t io n  r e s u l t s  in d ic a te d  th a t  f r e e  indium (a few 

p e r  cen t) was p re sen t in  th e  m elted  re s id u e . This excess o f indium r e s u l t s  

from  incongruen t ev ap o ra tio n  o f InAs a t  h igh  tem p e ra tu res .
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The In-InA s/nC l experim ent (4 «3 -5) was designed  to  in v e s t ig a te  

th e  p o s s i b i l i t y  o f th e  presence  o f a  second phase . The r e s u l t s  o f 

t h i s  experim ent a re  compared w ith  th o se  from o th e r  system s, u s in g  th e  

same value  o f e , in  f ig u re  4 *3 * The h igh  tem peratu re  p o in ts  l i e  

betw een th e  InAs curve and th e  In  l in e  f o r  th e  same va lue  o f £ .

At low er tem p era tu res  th e  r e s u l t s  o f th e  In-InAs/HCl experim ent l i e  

w e ll below th e  In/HCl l in e  but on ly  ve ry  s l i g h t ly  above th e  InAs/HCl 

c u rv e .

The p resence  o f a sm all amount o f indium in  th e  InAs a t  h igh  

tem p era tu res  has th e  e f fe c t  o f reduc ing  th e  r a te  o f w eight lo s s  from 

th e  sam ple. However, a t  low er tem peratu res th e  p resence  o f th e  

excess indium s l i g h t l y  in c re a se s  th e  r a te  o f w eight lo s s  from th e  

sam ple.

D uring th e  l a s t  few r e s u l t s  f o r  th e  In-InA s sam ple, th e  e f f e c t  o f 

m e ltin g  was in v e s t ig a te d . A few p o in ts  were recorded  above th e  

m e ltin g  p o in t o f indium a rsen id e  and fu r th e r  p o in ts  below . The 

l a t t e r  r e s u l t s  la y  on th e  curve fo r  th e  m elted sample o f InAs.

The r e s u l t s  o f experim ent (4 . 3*5) i l l u s t r a t e  th e  im p ro b ab ility  of 

th e  p resence  o f a  second phase . However, th e y  confirm  th a t  d ecreasin g  

th e  su rfa c e  a re a  o f a sample by m e ltin g  causes a  d ep ress io n  o f  th e  r a te  

o f w eight lo s s .

4*5 R esu lts  f o r  th e  InAs/HBr system

The r e s u l t s  from th e se  two experim ents a re  ta b u la te d  in  

Appendix 3 ( ta b le s  6 -  7) •
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4 . 5.1 InAs/HBr f l)

The s i l i c a  b o t t l e  w ith  th e  2 mm d iam eter channel was used 

f o r  t h i s  experim ent and £ =  0 ,0354* R esu lts  a re  p re sen ted  g ra p h ic a lly  

in  f ig u re  4 *5 j th e  l a s t  few p o in ts  be ing  recorded  a f t e r  th e  sample had 

been m elted .

4 *5*2 InAs/HBr (2)

A new sample was used f o r  t h i s  experim ent in  th e  same 

2 mm d iam eter channel b o t t l e .  A few i n i t i a l  p o in ts  were tak en  to  

check th e  r e p ro d u c ib i l i ty  o f th e  r e s u l t s  in  (1) , th en  a h ig h e r va lue  

o f £ (0*0391) was in v e s t ig a te d .

4*6 D iscussion

Both curves (fig *  4 *5) have two reg io n s ; th e  s t r a ig h t  s e c tio n  

a t  low er tem pera tu res which p robab ly  re p re se n ts  th e  e f fe c t  o f th e  

endotherm ie tra n s p o r t  re a c t io n :

InA s(c) + HBr(g) InBr(g) + l / 4As^(g) + (4 .2 )

( in  co n ju n c tio n  w ith  th e  As^ #  2AS2 equ ilib rium ) and th e  cu rv ing  o f f  

a t  h ig h e r  tem pera tu res due to  th e  l im i ta t io n  o f th e  r e a c t io n  r a t e  by 

th e  r a te  o f d if fu s io n  o f HBr down th e  channel (see  s e c t io n  1 . 4 ) .

The e f f e c t  o f m e ltin g  th e  sample was th e  same as in  th e  InAs/HCl 

system ; a d ep ress io n  o f th e  r a t e  o f w eight lo s s  was observed . At 

low er tem pera tu res  some s c a t t e r  o f r e s u l t s  was no ted , th i s  could  be due 

to  th e  p resence  o f f r e e  bromine o r to  th e  fo rm ation  o f  InB r^.

(D uring some o f th e  low tem perature  GaAs/HBr r e s u l t s  (c h ap te r 5) a 

w eight g a in  was recorded  and th e  w hite  sub lim ate  in  th e  fu rn ace  tube  

su b seq u en tly  observed in d ic a te d  th a t  a  tr ib ro m id e  had been form ed).
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FIG, 4*5 T ransport o f InAs by HBr (2 mm d iam eter ch an n e l), 

O Experiment (4 , 5 *1) i  E = 0 , 0354*
•  As above w ith  sample m elted,

A  Experiment (4 *5*2 ) ,  c = 0 , 0591.



1 0 0

4»7 Measurement o f th e  h eat c a p a c ity  o f indium a rsen id e  u s in g  a

D if f e r e n t ia l  Scanning C a lo rim e te r.

4 "7.1 In tro d u c tio n

The measurement o f th e  h ea t c a p a c ity  o f a  sample hy means 

o f a d i f f e r e n t i a l  scanning  c a lo r im e te r  i s  an  ex ten sio n  o f th e  b a s ic  

fu n c tio n  o f th e  c a lo r im e te r , which i s  to  measure th e  power inpu t to  

a  sample re q u ire d  to  m ain ta in  i t  a t. th e  same tem peratu re  as an 

in e r t  re fe re n c e  m a te r ia l in  th e  same environm ent.

The power to  th e  in d iv id u a l h e a te rs ,  lo c a te d  in  th e  sample and 

re fe re n c e  h o ld e rs , i s  v a r ie d  con tin u o u sly  in  response  to  sample 

therm al e f f e c t s  ( th i s  p rev en ts  th e  development o f a  d i f f e r e n t i a l  

tem p era tu re  between th e  sample and th e  re fe ren ce ) • The d i f f e r e n t i a l  

power p rov ided  i s  recorded  as o rd in a te  v ersus programmed tem peratu re  

as a b s c is s a .

4 »7«2 Experim ental

A Perkin-E lm er d i f f e r e n t i a l  scanning  c a lo r im e te r  (Model

DSC 2) was used w ith  g o ld ,v o la t i le  sample pans and a  sap p h ire

c a l ib ra n t  (Union Carbide E le c t r o n ic s ) • Temperature scans (u su a lly

o f 100 k) were made a t  a  scan speed o f 10 F min  ̂ and a  range s e t t in g
“ 3 - 1correspond ing  to  a  f u l l  s c a le  d e f le c t io n  o f 0 .4  x 10 J  s • For 

each scan , eq u ilib riu m  iso therm al base l in e s  were recorded  f o r  th e  

sap p h ire  c a l ib r a n t ,  th e  empty sample pans and f o r  th e  powdered, 

p o ly c ry s ta l l in e  InAs (MCP E le c tro n ic s  L td .,  see  Appendix 6 ) . Heat 

c a p a c i t ie s  were c a lc u la te d  a t  10 K in te r v a ls  in  th e  tem peratu re  range

340 -  700 K.

The sample and re fe re n ce  system was slow ly f lu sh e d  w ith  argon 

throughout th i s  experim ent.
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Tem perature c a l ib r a t io n  was c a r r ie d  out u s in g  th e  m e ltin g  p o in ts  

o f pure  le ad  and indium as f ix e d  p o in ts .

4 «7*3 R esu lts

The r e s u l t s  a re  p re sen ted  in  Table 4-2  as h ea t c a p a c i t ie s ,  

Table 4.2

Experim ental Heat c a p a c it ie s  o f indium a rse n id e , C^, a t

tem peratu res  T

t/ k C /JK   ̂ moi"1 t/ k Cp/JK”  ̂ moi~1

341.93 48.656 509.42 50.971
351.78 48.815 519.27 51.006
361.64 49.117

371.49 49.109 519.27 51.157
529.13 51.141

341.93 48.490 538.98 51.173
351.78 48.895 548.83 51.237
361.64 48.982 558.68 51.387
371.49 49.252 568.53 51.459
381.34 49.268 578.39 51.530

391.19 49.482 588.24 51.522

401.05 49.482 598.09 51 .570 .

410.90 49.625

420.75 49.696 607.94 51.467
430.60 49.720 617.80 51.606

627.65 51.443
430.60 49.831 637.50 51.364

440.45 49.895 647.35 51.570

450.31 49.966 657.20 52.015
460.16 50.093 ■ 667.06 51.713
470.01 50.220 676.91 51.737

479.86 50.339 686.76 52.030

489.72 50.641 696.61 52.062

499.57 50.863
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Op, a t  tem p era tu res  T, th e y  were c a lc u la te d  u s in g  equation  (4 »3) 

and l i t e r a t u r e  v a lu e s^ fo r C p (sap p h ire )•

Cp(sample) = C p(sapphire) / Amplitude sample V Weight s a p p h ire |

yAmplitude sapphireA  Weight sample j

The w eights o f  InAs and sap ph ire  used were 0 ,09505s  and

0 . 03527g r e s p e c t iv e ly  (0 .02542g sap p h ire  fo r  l a s t  range o f  te m p e ra tu re ) . 

L east squares a n a ly s is  o f th e  r e s u l t s  y ie ld e d  th e  fo llo w in g  equation  

f o r  th e  s p e c i f ic  h ea t o f InAs, C , a t  tem peratu res  T; • '
P

C /JK ~''m ol"‘' = (9.6157  i  0 . 3635) 10“^ ( t /k )  + (45.6746 -  0.1868) (4 .4) .

A s im ila r  experim ent was c a r r ie d  out on th e  DSC 2 u s in g  a 

programmable c a lc u la to r  (T ek tron ix  Model 31) and alum inium ^volati 1 e 

sample p a n s , R e su lts , computed a t  2 K in te r v a ls ,  in  th e  tem peratu re  

range  364 -  452 K, y ie ld e d  th e  fo llo w in g  equation :

Cp/JK” ^mol''^= (8.7023 -  1.0362) 10”^ (t/ k) +(46.0287 -  0.4208) (4 .5)

which confirm s eq u atio n  (4 *4) w ith in  experim ental e r r o r .

7 8 9In  f ig u r e  4*6 th e se  r e s u l t s  a re  compared w ith  l i t e r a t u r e  v a lu e s . ’ ’

4 .7 .4  D iscussion

The accuraoy of th e  heat c a p a c it ie s  o b ta in ed  by th e  scanning  

c a lo r im e te r  depends on th e  u n c e r ta in ty  in  th e  h eat c a p a c ity  o f 

s ap p h ire  (— 0 .0 8  JK  ̂ mol  ̂ a t  300 K to  — 0.13  JK mol a t  1000 K)

and on th e  random e r ro r  in  m easuring pen displacem ent ( -  1̂  .

In c lu d in g  th e  e r ro r  due to  th e  noncoincidence o f th e  iso th erm al base 

l i n e s ,  an o v e ra l l  accuracy  o f — 0 .8  JK  ̂ mol  ̂ i s  e stim ated  

(p ro b ab ly  b e t t e r  a t  lower tem peratu res due to  su p e r io r  base l in e  

s t a b i l i t y )  .
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These r e s u l t s ,  equation  (4 .4 ) ,  a re  sy s te m a tic a lly  h ig h e r th an  

th o se  o f Cox and Pool (g iven  hy = 44-35 + 8.37  % 10~^T JK  ̂ mol"^) 

and lower th a n  th o se  o f L ic h te r  and Sommelet, see f i g .  4 .6 . In  

r e f .  7 th e  eq u atio n  (C^ = 40 .04 + O.O258T JK  ̂ mol i s  d e riv ed  u s in g  

e x tra p o la te d  C  ̂ v a lues fo r  low tem p e ra tu res .

4-8  Thermodynamic d a ta  fo r  th e  re a c tio n s  occum ng in  th e  InAs/HCl 

and InAs/HBr system s

The fo llo w in g  re a c tio n s  have heen c o n s id e re d :-

InAs(c) + HCl(g) InC l(g) + l/4A s^(g) + i  HgCg) (4 -6)

InA s(c) + 2HCl(g) InCl^Cg) + l/4A s^(g) + H2 (g) (4 -7)

InA s(c) + 2HCl(g) ±; ■i-In2Cl^(g) + l/4A s^(g) + HgCg) (4 . 8)

InA s(c) + HBr(g) InBr(g) + l/4A s^(g) 4- -gHgCg) (4 -9)

InA s(c) 4- 2HBr(g) InBr^Cg) + l/4A s^(g) 4- H^Cg) (4 - 10)

In  th e  tem p era tu re  range in v e s t ig a te d , th e  d is s o c ia t io n o f As^ must

a ls o  he in c lu d ed :

#  ZASgfg) (4.11)

Thermodynamic d a ta  from v a rio u s  sources i s  p re sen te d  in  

Tahle 4 -3 -
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Tahle 4-3

Thermodynamic d a ta  a t  298 .15 K u n le ss  otherwise3 s ta te d

AH°/kJ mol” ’’ S°/JK ~' m ol"' C°/JK"^ mol”  ̂
P'

InA s(c) -5 8 .5 8 ,’'® -6 4 .0 2 ''' 75.73'® 47 . 78,18  48.54
( th i s
work)

In (c ) o'® 57.82'® 26.74'®

In ( l ) 3 . 26 '? 6 5 .2 7 '?

In (g ) 243.30'® 173.68'® 20.84'®

As^Cg) 
As (c)

143.93 ,'®  156-23'®±.84 313.8'®
98.53'®

4
ASgCs) 222. 17,'® 190. 54 '® -2 . 0g 239 .33 ,'®  4 2 5 .1 4 '^

(1000 k)

InC l(g ) -7 5 .3 , '®  - 74 .06 '^ 245. 6o '9 "P"2 ' 9) 37 . 656 ' 9 ( P '204)

InC lg /g ) —96.23 , —l 84(G8t ) 338. 519(P .219J

InCl^Cg) -374.05 '® 451 . 9'°(1044  K)

-8 0 7 .5 '°  (1044 k) 702.9 (1044 k)

HCl(g) -92 .31 '® 186. 799^® 29.12'®
18 18 0 18

Cl(g) 121.68 165.09 21.84

ClgCs) o'® 222.96'® 33.91'®
HBr(g) -3 6 .4 4 '^ , -  15 .02 '^ 198.57 , ' 5  234.9'® 29 .1 2 , ' 5  32.30'®

(1000 k) . (1000 k) (1000 k)

Br(g) 111. 88 '® 174.91'® 20.79'®

Brgfg) 30.91'® 245.38'® 36.07'®

InB r(g) -56.90J® -1 2 .5 5 '^ 259 .37 ,'®  277.8'® 36.65'®
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The second value  g iven  fo r  AH^flnClgfg)) i s  estim ated  from bond

e n e rg ie s . Data fo r  th e  indium bromides i s  v e ry  s c a rc e . Three values

a re  co n sidered  h e re : A H °(lnB r(g), 1000K) = 12. 6 , - 33.5  and - 75.3  k j mol“ 1

The f i r s t  i s  a bond energy e s tim a te , th e  second i s  de riv ed  from a paper

by Sanduloval^ who measured th e  tem pera tu re  dependence o f a  chemical

vapour d e p o s it io n  eq u ilib riu m  and th e  l a s t  i s  c a lc u la te d  u s in g  th e

c a lo r im e tr ic  r e s u l t s  d e sc rib ed  in  re fe re n c e s  20 and 21 . S° ( in B r(g ) ,

1000 IC) i s  a lso  u n c e r ta in ; re fe re n c e s  19 and 22 a re  used w ith

S an d u lo v a 's l^  r e s u l t s  to  e stim ate  a  v a lu e . The As^ d is s o c ia t io n  has

23been s tu d ie d  by Murray, Fapp and P o t t ie  and a va lue  fo r  th e  eq u ilib riu m  

co n stan t o f r e a c t io n  ( 4 .I I )  i s  c a lc u la te d  from t h e i r  work:

Kg = - exp ((-26270/T) + 17. 106)

The en tropy  and en thalpy  changes c a lc u la te d  f o r  re a c tio n s  

(4 .6 ) to  (4 .9 ) a re  g iven  in  ta b le  (4 *4) •

Table 4»4

E nthalpy  and en tropy  changes f o r  th e  tra n s p o r t  re a c tio n s  considered

R eaction Gaseous indium h a lid e AŜ OGq/JK  'mol '

4 .6 InCl 114.44 120.60

4 .7 TnClg 103.98 o r 191.8 91.94

4 .8 1112014 —115.68 41.73

4 .9 InBr 116.2 -  37.7 122.1 -  7 .5
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I n s u f f ic ie n t  d a ta  a re  a v a ila b le  to  c a lc u la te  th e  param eters fo r  

eq u a tio n  (4 .1 0 ) .

The value  o f ^H.|qqq fo r  re a c tio n  (4 .8) i s  s u rp r is in g  and throws 

some doubt on AlI°(lngCl^) , see ta b le  (4*3) • '

4 .9  Computer a n a ly s is  o f th e  InAs/liCl and InAs/HBr systems

4 *9"1 In tro d u c tio n

In  Appendix 4 th e  m aster equations (B ,17) and (C .5) a re  

d e riv ed  fo r  th e  InAs/EBr and InAs/HCl systems re s p e c t iv e ly .  These 

r e l a t e  th e  r a t e  o f  w eight lo s s ,  w, to  th e  eq u ilib riu m  co n stan ts . 

and Kg f o r  th e  re a c tio n s  co n sid ered . Kg (th e  eq u ilib riu m  co n stan t 

f o r  th e  As^/ASg equ ilib rium ) i s  known, Y ( th e  second o rd e r 

c o r re c t io n  f o r  multicomponent d iffu s io n )  may be c a lc u la te d  and Ç 

i s  a  fu n c tio n  o f w, T and th e  d if fu s io n  c o e f f ic ie n t  o f th e  hydrogen 

h a lid e  in  hydrogen. The m aster equations may be so lved  fo r  any 

chosen com bination o f AĤ  and AS  ̂ (th e  en thalpy  and en tropy  changes 

f o r  r e a c t io n  I) and th e  r a te  o f weight lo s s  expected c a lc u la te d  as 

a  fu n c tio n  o f  tem p e ra tu re . Programmes were developed (Appendix 4D) 

to  f in d  th e  s e t  o f v a lues o f th e  thermodynamic param eters which gave 

th e  b e s t f i t  to  th e  experim ental r e s u l t s .  To save computer tim e, 

th e  sea rch  was r e s t r i c t e d  to  v a lues c lo se  to  th o se  estim ated  from th e  

l i t e r a t u r e .  These computer programmes were w r i t te n  in  F o r tra n  and 

run  on th e  U n iv e rs ity  o f  London GDC 6600.

4 .9 .2  R esu lts  o f th e  computer a n a ly s is  o f th e  InAs/HCl system

Experim ental r e s u l t s  from m elted samples a re  ignored  in  

t h i s  a n a ly s is ;  th e  d a ta  p resen ted  in  f ig u re  4 .2  i s  u sed . A ll th e  

experim ental curves ob ta ined  f o r  t h i s  system in d ic a te  th a t  on ly  one
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endotherm ie tr a n s p o r t  r e a c t io n  i s  s ig n i f ic a n t .  The curv ing  o f f  

o f  th e  In  w v s . in v e rse  tem pera tu re  p lo ts  a t  h ig h  tem pera tu res i s  

due to  th e  eq u ilib riu m  co n stan t f o r  th e  t ra n s p o r t  r e a c t io n  becoming 

so la rg e  th a t  th e  r a te  of w eight lo s s  i s  d if fu s io n  l im ite d  and depends 

on ly  on thermodynamic e f fe c t  o f th e  d is s o c ia t io n  o f

As^ to  2ASg i s  inc luded  over th e  tem peratu re  range, in v e s t ig a te d .

The r e s u l t s  o f th e  InAs/HCl experim ent (4 .3 .4 )  (u s in g  th e  

s i l i c a  b o t t l e  w ith  th e  1 mm diam eter channel) were analysed  f i r s t .

Thermodynamic d a ta  from ta b le  4*4 in d ic a te s  th a t  th e  

p a r t i c ip a t io n  o f InC l^(g) can be excluded s in ce  th e  tra n s p o r t  

r e a c t io n  ta k in g  p lace  i s  endotherm ie. Two computer an a ly ses were 

c a r r ie d  out on th e  InAs/HCl system , one in c lu d in g  bo th  InC l(g) and 

InC l2(g) and th e  o th e r  o m ittin g  InCl2(g) . I t  was found th a t

InC l2(g) was not p re sen t to  a  s ig n if ic a n t  e x te n t .

The "b e s t f i t "  th e o r e t ic a l  curve is  p re sen te d  g ra p h ic a lly  in  

f ig u re  4»7 and th e  c ro s s -s e c tio n s  g iv in g  th e  shape o f th e  minimum 

f o r  36 p o in ts  (SIGg (see  Appendix 4B)as a  fu n c tio n  o f AH and AS fo r

th e  tra n s p o r t  re a c tio n )  a re  shown in  f ig u re  4 *8 *1 . The va lue  o f

was tak en  as 0 .5 4  x 10 "I" |  ̂ m^s  ̂ which l i e s
' \  2 7 3 . 1 5 /

w ith in  th e  e r ro r  l im i ts  o f th e  value c a lc u la te d  in  s e c tio n  3*5*2.

A s im ila r  p rocedure was fo llow ed w ith  th e  r e s u l t s  from th e  

2 mm d iam eter channel b o t t l e  experim ent. T h e o re tic a l curves a re  

p lo t te d  in  f ig u re  4 .7  and c ro s s -s e c tio n s  in  f ig u re s  4 . 8.2  and 4 *8 . 3 .

4 .9 .3  R esu lts  o f th e  computer a n a ly s is  o f th e  InAs/HBr system

The experim ents on t h i s  system (s e c t io n  4 *5) were c a r r ie d  

out u s in g  a s i l i c a  b o t t l e  w ith  a  2 mm d iam eter channel. The cu rves.
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FIG. 4*7 T h e o re tic a l 'b e s t  f i t '  curves fo r  the  InAs/HCl system .
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p re sen te d  in  f i g .  4 »5 j show th a t ,  in  a d d it io n  to  th e  d is s o c ia t io n  

o f As^ to  ASg, only  one endotherm ie tra n s p o r t  r e a c t io n  i s  ta k in g  

p la c e . At h igh  tem peratu res th e  eq u ilib riu m  co nstan t fo r  th e  

t r a n s p o r t  re a c t io n  becomes la rg e  and th e  r a te  o f w eight lo s s  i s  

d if f u s io n  l im ite d  (depends on D , ) .
nXxOf tig

The value of is  tak en  from se c tio n  3 . 5.3  and th e

thermodynamic d a ta  from Table 4 .4 .

The "b es t f i t "  th e o r e t ic a l  curves a re  p re sen te d  g ra p h ic a lly  

in  f ig u re  4-9 and th e  c ro s s -s e c t io n s , f o r  each £ , g iv in g  th e  shape 

o f  th e  minimum (SIG^, see Appendix 4D, as a fu n c tio n  o f  AH and AS) 

a re  shown in  f ig u re s  4*10.1 and 4*10.2 .

4*9.4  D iscussion  o f th e  computer a n a ly s is  r e s u l t s  

The r e s u l t s  a re  summarised in  ta b le  4 *5 *

Table 4*5

Computed e n th a lp ie s  and en tro p ie s  fo r  th e  t r a n s p o r t  re a c t io n s ;  

InAs(c) + HX(g) ♦; InX(g) + l / 4As^(e) + iHjCg) (X = Cl, Br)

Syst em An/kJ mol ^ AS/JK ^mol"1

InAs/HCl (1 mm channel) £ = 0.0506 • 113..0 . Î  1.0 118.0 -  1.0

InAs/HCl (2 mm channel) £ = 0.0506 123.0 -  1.0 127*0 i  1.0

InAs/nOl (2 mm channel) £ = 0.0871 ■ 123*0 ± 1.0 126.0 i  1.0

InAs/HBr (2 mm channel) e=  0.0354 102.0 -  2.0 118.0 -  2.0

InAs/HBr (2 mm channel ) £ = 0.059 100.0 i  3*0 115*0 -  3.0
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FIG. 4»9 T h e o re tic a l 'b e s t  f i t '  curves fo r  InAs/HBr system,

0 6 = 0 . 0354 , AH = 102 k J mol" , AS = 118 JK" mol" .
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The ”h e s t f i t "  r e s u l t s  ob ta ined  fo r  th e  InAs/HCl system 

( re a c t io n  4 *6) u s in g  th e  1 mm d iam eter channel b o t t l e  compare 

fav o u rab ly  w ith  th o se  c a lc u la te d  from th e  l i t e r a t u r e  ( ta b le  4 *4) •  

However, th e  e n th a lp ie s  and e n tro p ie s  computed fo r  th e  same 

r e a c tio n  from th e  r e s u l t s  ob ta ined  u sin g  th e  2 mm d iam eter channel 

b o t t l e  a re  both  s ig n i f ic a n t ly  h ig h e r th an  th e  c a lc u la te d  v a lu e s .

A p o s s ib le  ex p lan a tio n  fo r  t h i s  i s  th a t  eq u ilib riu m  co n d itio n s  do not 

o b ta in  when th e  d if fu s iv e  re s is ta n c e  is  low (2 mm d iam eter channel 

b o t t l e ) • I t  has been assumed so f a r  th a t  eq u ilib riu m  in s id e  th e  

b o t t l e  i s  c lo se ly  approached because e i th e r  th e  channel i s  s u f f i c i e n t ly

r e s i s t i v e  to  p a r t i a l  p re ssu re  flows o r th e  su rfa ce  a re a  o f th e  sample i s

la rg e  enough to  compensate q u ick ly  fo r  weight lo s s .  D eparture from 

eq u ilib riu m  i s  exp lored , u s in g  th e  GaAs/HBr system , in  ch ap te r 5 *

The InAs/EBr curves proved more d i f f i c u l t  to  f i t .  The i n i t i a l

c a lc u la te d  e n th a lp ie s  and e n tro p ie s  fo r  th e  tra n s p o r t  r e a c t io n  (4 *9)

a re  more u n c e r ta in . The "b es t f i t "  va lue  f o r  AH in d ic a te s  th a t

AH°(lnBr(g);1000  k) should be approx im ately  -53  kJ mol \  I f  t h i s

system is  a lso  ten d in g  towards non-equ ilib rium  co n d itio n s  th e n  AH could
20 21become low enough lo  confirm  Smith and Barrow’s r e s u l t  ’ :

AH°(lnBr(g) , 1000 k) = - 75.3  kJ mol“ \

Although th e  r e s u l t s  fo r  th e se  two system s cannot be analysed  - 

c o n f id e n tly  because o f th e  p o s s ib i l i t y  o f a d ep a rtu re  from eq u ilib riu m , 

th e y  s t i l l  p rovide v a lu ab le  in fo rm atio n  to  C ry s ta l grow ers. The In  w 

v s . in v e rse  tem peratu re  p lo ts  g ive a d ir e c t  q u a n t i ta t iv e  measure o f th e  

maximum thermodynamic e f f ic ie n c y  o f th e  vapour tra n s p o r t  system s.
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C hapter 5

The gallium  arsen ide-hydrogen  bromide system
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Chapter 3

3.1 In t ro d u c t io n

The m odified  entrainm ent method has been d e sc rib ed  in  

p rev ious ch ap te rs  in  connection  w ith  measurements o f vapour 

p re s su re s  and d if fu s io n  c o e f f ic ie n ts  and th e  in v e s t ig a t io n  o f th e  

thermodynamics o f v a rio u s  tra n s p o r t  r e a c t io n s .  I t  has been 

assumed so f a r  th a t  th e  p re ssu re  in s id e  th e  sample b o t t l e  d i f f e r s  

from th e  eq u ilib riu m  value by an in s ig n if ic a n t  amount. For t h i s  

assum ption to  be v a l id ,  e i th e r  th e  channel o f th e  b o t t l e  must be 

s u f f i c i e n t ly  r e s i s t i v e ,  o r th e  sample su rfa ce  a re a  be la rg e  enough 

to  compensate q u ick ly  f o r  th e  w eight lo s s  from th e  sam ple. I f  

th e se  c o n s tr a in ts  a re  re la x ed  th e n  th e  r a te  o f w e i ^ t  lo s s ,  which 

is  a fu n c tio n  of th e  p a r t i a l  p re s su re s , now measures p re ssu re s  which 

a re  determ ined by su rfa ce  k in e t ic s .  A b r i e f  o u tl in e  o f th e  

m athem atical form alism ^ which r e la t e s  th e  m odified  en tfainm ent 

r e s u l t s  to  su rfa ce  k in e t ic s  i s  g iven  in  s e c t io n  1 .4  .

This ch ap te r d e sc rib e s  th e  s tudy  o f th e  t r a n s p o r t  o f ga llium
g

a rse n id e  by hydrogen bromide gas u s in g  th re e  sample b o t t l e s  having 

' d i f f e r e n t  c a p i l la r y  dim ensions and hence d i f f e r in g  d i f fu s iv e  

r e s is ta n c e s .  By d ecreasin g  th e  re s is ta n c e  o f th e  c a p i l la r y  and 

d e c rea s in g  th e  su rfa ce  a re a  o f th e  sample i t  i s  shown th a t  th e  r a te  

o f w eight lo s s  o f th e  sample i s  not on ly  c o n tro lle d  by vapour 

tra n s p o r t  b u t a lso  by th e  r a te s  of su rface  r e a c t io n s .  A computer 

a n a ly s is  i s  c a r r ie d  out on th e  experim ental r e s u l t s  to  o b ta in  

thermodynamic d a ta  f o r  th e  t ra n s p o r t  r e a c t io n s .  The in flu en c e  o f 

su rfa c e  k in e t ic s  on th e se  r e s u l t s  i s  d iscu ssed .
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5 .2  Experimental

The appara tu s has been d esc rib ed  in  d e ta i l  in  s e c tio n  2 . 2 .

Tlie p o ly c ry s ta l l in e  gallium  a rsen id e  sample (MCP E le c tro n ic s  L td .,  

see Appendix 6) was ground, u s in g  a g la ss  p e s t le  and m ortar, under 

anhydrous c o n d itio n s . Three d i f f e r e n t  s i l i c a  sample b o t t le s  were 

used hav ing  1 mm, 2 mm o r 3 mm d iam eter channels (see  Appendix l ) •

The b o t t l e ,  co n ta in in g  th e  sample, was suspended from loop A o f th e  

e le c tro b a la n c e  by means o f a  long  s i l i c a  f ib r e  (see  f i g .  2 . 1) .

R ates o f w eight lo s s ,  w, were recorded  as a fu n c tio n  o f tem peratu re  

and hydrogen bromide c o n ce n tra tio n , th e  hydrogen bromide being  

g en era ted  in  s i t u  (see  ch ap te r 3) •

5-3  R esu lts

F ive experim ents were completed (5 «3«1 — 5 *3 .5) under v a rio u s  

co n d itio n s  (see ta b le  5 *1)* A ll th e  experim ental r e s u l t s  a re  

ta b u la te d  in  Appendix 5 ( ta b le s  1 - 5) and p re sen ted  g ra p h ic a lly  

as  In  w v s . in v erse  tem peratu re  in  f ig u re s  5*1 “  5 . 3 .

5 .4  D iscussion

The i n i t i a l  experim ent w ith  th e  3 mm d iam eter channel b o t t l e  

(5 .3 .2 )  used a f a i r l y  coarse  sample s in ce  f in e  g rin d in g  was not 

re q u ire d  to  in tro d u ce  th e  sample in to  th e  b o t t l e .
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•  6 -  0.0551 (1*2 mm d iam eter, 20 mm long  channel) r e f .  6 .
’Best f i t*  th e o r e t ic a l  cu rve .
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Table 5.1

S-ummary of experim ents on GaAs/lIBr system u s in g  s i l i c a  

b o t t l e s  having  d i f f e r e n t  channel dimensions

Experimeni Sample  ̂ (-^HBr/^) F igure Channel d 
d iam eter

imensions

len g th
Comment

5 *3.1 GaAs/HBr ( l) 0.0354
0.0591

5*1 2 mm 16 mm

5 *3.2 GaAs/HBr (2) 0 .0354 5*2 3 mm 15 mm Coarse
sample

5 *3*3 GaAs/HBr( 3) 0.0354
0.0591

5*2 3 mm 15 mm F in e ly
d iv id ed
sample

5 *3*4 GaAs/HBr (4) 0.0354
0.0591

5 .3 1 mm 17 mm

5 *3*5 GaAs/HBr (5) 0.0354
0.0591

5*3 1 mm 17 mm M ostly 
low temp
e ra tu re  
r e s u l t s

The r e s u l t s  from experim ent 5 *3.5  agreed w ith  th e  low tem peratu re  

r e s u l t s  from experim ent 5 *3 *4 *

The g en era l shape o f  th e  curves f o r  th e se  f iv e  experim ents i s  th e  

same (see  f i g s .  5.1  -  5 *3) .  There a re  two main l in e a r  s e c tio n s  due 

to  two d if f e r e n t  endotherm ie t ra n s p o r t  re a c tio n s  ta k in g  p lace  in  

co n ju n c tio n  w ith  th e  As^ d is s o c ia t io n .  One o f th e  t ra n s p o r t  

re a c t io n s  i s  dominant a t  h igh  tem pera tu res and one a t  low tem p era tu res . 

At v e ry  h igh  te m p e ra tu re s , th e  eq u ilib riu m  co n stan t o f th e  dominant 

re a c t io n  i s  la rg e  (see  s e c tio n  1.4  ) and so th e  r a te  o f w eight lo s s  

i s  p ro p o r tio n a l to  th e  value  o f th e  d if fu s io n  c o e f f ic ie n t  o f HBr in
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a t  th e  g iven  tem p era tu re . At ve ry  low tem p era tu res , th e re  i s  a 

s ig n if ic a n t  decrease  in  w, except in  th e  case o f th e  1 mm diam eter 

channel experim ents ( f ig .  5 *3) .  This e f fe c t  is  p robab ly  due to  

th e  l im i ta t io n  o f th e  low-tempera tu re  re a c tio n  by su rfa ce  p ro c e sse s . 

In  f ig u re  5.2  two s e ts  o f r e s u l t s  a re  shown, corresponding  to  two 

d i f f e r e n t  sam ples, one o f which was more f in e ly -g ro u n d  th an  th e  

o th e r .  The sample w ith  th e  sm a lle r su rfa ce  a re a  gave c o n s is te n tly  

low er r e s u l t s  and a t  lower tem peratu res th e  e f fe c t  became more 

pronounced. I t  i s  c le a r  th a t  eq u ilib riu m  i s  not a t ta in e d  in  th e  

b o t t l e  w ith  th e  3 mm diam eter channel. Furtherm ore, in  th e  case 

o f  th e  sample w ith  a sm a lle r su rfa ce  a re a  th e  e f f e c t  o f th e  su rfa ce  

k in e t ic s  becomes g r e a te r .

The r e s u l t s  o b ta ined  u s in g  th e  1 mm d iam eter channel b o t t l e  

do not e x h ib it  th e  1ow -tem perature d ep ress io n  o f w eight lo s s .

This behaviour in d ic a te s  th a t  eq u ilib riu m  co n d itio n s  p robab ly  e x is t  

in  th e  b o t t l e  w ith  th e  1 mm diam eter channel.

5 ,5  Thermodynamic d a ta  f o r  th e  re a c tio n s  o ccu rrin g  in  th e

GaAs/HBr system

The fo llo w in g  re a c tio n s  have been considered^

GaAs(c) + HBr(g) ±; GaBr(g) + l / 4As^(g) + -gH2(g) (5 *l)

GaAs(c) + 2HBr(g) GaBrg(g) + l / 4As^(g) +.H2(g) (5 *2)

In  th e  tem peratu re  range s tu d ie d , th e  d is s o c ia t io n  o f As^ must 

a lso  be in c lu d e d :-

A s.(g) 2ASg(g) (5 .3 )
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Thermodynamic d a ta  fo r  th e se  re a c tio n s  i s  p re sen te d  in  ta b le

5 .2  and in  s e c tio n  4 »8 .

Table 3*2

Thermodynamic d a ta  a t  298.15 K u n le ss  s ta te d  o therw ise

AH°/kJ mol 1 C°/J mol Ik  1
P'

GaAs(c) ( - 71 . 13,7  -81.59^) 64.18? 46.233?

' -90 .79  -  2.93^

Ga(g) 276 . 98? 168.95? 25 . 355?

GaBr(g) -4 9 .7 9 ,7  - 64 .02^2 251.88? 36.401?

GaBr^(g) -292 .88? 361.08^° 78.6591°

HBr(g) -36 .44 ,^1  - 54.0211 198. 57,11  234 .93II
(1000 k) (1000 K

Br(g) 111. 71? 174.89? 20.795?

GaBr2 (g) (-125.52) estim ated (351.5) e s tim â ted

Data f o r  th e  gallium  dibrom ide sp ec ie s  a re  e stim a ted  from bond
12energy c a lc u la tio n s  u s in g  re le v a n t l i t e r a t u r e  v a lu e s . The h eat 

o f  fo rm ation  o f gallium  monobromide is  a lso  u n c e r ta in . E nthalpy  

and en tropy  changes (c a lc u la te d  from d a ta  in  ta b le  5 «2) fo r  re a c tio n s  

(5.1)  and (5.2) a re  g iven  in  ta b le  5 «3 to g e th e r  w ith  confidence l im its  

(The fo rm ation  o f GaBr^ would r e s u l t  in  an exotherm ic tra n s p o r t  

re a c tio n )  .
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Table 5»3

E nthalpy and en tropy  changes a t  1000 K fo r  th e  tra n s p o r t  

re a c tio n s  (5 «l) and (5 . 2)

R eaction Gaseous 
gallium  h a lid e

5.1 

. 5 .2

GaBr

GaBrg

120 i  10 

108 -  40

120 i  10

100 i  20

5 .6  Computer a n a ly s is  of the  GaAs/HBr system

5 . 6,1 In tro d u c tio n

In Appendix 4 a m aster eq u ation  i s  de riv ed  (A ,37 ) ,  fo r  the 

GaAs/HBr system , which r e la t e s  the  r a te  of weight lo s s ,  w, to  the  

e q u ilib riu m  c o n s ta n ts  K.j , and fo r  the  re a c tio n s  ( 5.1 ) ,  (5 . 2 ) 

and ( 5 .3 ) .  , the eq u ilib riu m  co n stan t fo r  r e a c t io n  ( 5*3 ) i s  known,

y  may be c a lc u la te d  and Ç i s  a fu n c tio n  of w, T and th e  d if fu s io n  

c o e f f ic ie n t  of hydrogen bromide in  hydrogen. The m aster eq u a tio n  

may be so lved  fo r  any com bination of AH.j , AHg, AŜ  and AS^ (th e  

en th a lp y  and en tropy  changes fo r  re a c tio n s  ( 5 . I )  and (5 .2 ) )  the 

s o lu tio n  y ie ld in g  the  r a te  o f weight lo s s  c a lc u la te d  as a  fu n c tio n  

o f tem pera tu re .

The programmes p rev io u s ly  developed to  f in d  the  s e t  o f v a lu es  of 

th e  thermodynamic param eters which give the  b e s t f i t  to  the 

ex p erim en ta l r e s u l t s  a re  p re sen ted  in  Appendix 4 .
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■ 5 . 6.2  R esu lts  of the computer a n a ly s is  of the  GaAs/HBr system 

 ̂ The curves ob ta ined  from each of the experim ents show

th a t  two endotherm ie tra n s p o r t  re a c tio n s  are  ta k in g  p lace  ( in  a d d itio n  

to  the  d is s o c ia t io n  of A s^ (g )), At h igh  tem pera tu res the  r a te  of 

w eight lo s s  i s  l im ite d  by the  r a te  of d if fu s io n  of HBr down the channel 

of th e  b o t t l e .  At very  low tem peratu res  (below 820 K) th e re  i s  a 

d ecrease  in  the r a te  of w eight lo s s  due to  k in e t ic  l im ita t io n s  (see 

s e c tio n  5*4 ) ,  t h i s  p o rtio n  of th e  curves (shown as a broken l in e  in  

f i g s ,  5.1 and 5*2 ) was ignored  in  the  computer a n a ly s is .  A lso, 

r e s u l t s  of experim ent ( 5 . 3 . 2 ) ,  u s in g  th e  coarse  sam ple, were not 

in c lu d ed  in  th e  a n a ly s is .

The ’b e s t f i t ’ th e o r e t ic a l  curves are  p re sen ted  in  f ig u re s  5.4  and

5 .5  and th e  c ro ss  s e c tio n s  fo r  each value o f e, g iv in g  th e  shape of th e  
2

minimum (SIG^, see Appendix 4B, as  a  fu n c tio n  o f AH^, AHg, AŜ  and 

AS^) are  given in  f ig u re s  5*6 and 5 . 7. Table 5.4  summarises th e se

r e s u i t s .
Table 5.4

Values of AH and AS from the  computer a n a ly s is  of the  t ra n s p o r t
re a c t io n s

Channel d t AnVkJ mol 1 AHg/kJ mol 1 A S/JK  ^mol 1 AS /JK  V o l 1

1 mm
1 mm
2 mm
2 ram

3 mm 
3 mm

0,059
0,0354

0,059
0,0354
0,059
0,0354

128 i  2 
1 2 8 - 2

135 ;  5 
137 -  5
137 y 3 
135 -  3

21 i  2 
19 -  2
62 i  5
61 -  5

62 i  3 
6 1 - 3

117 X 1
118 i  1

121 X 5
122 -  5
122 -  2 
122 i  2

37 X 1 
36 i  1

79 X 5 
82 i  5
80 -  2
82 i  2

5 .6 ,3  D iscussion

On d ep artu re  from e q u ilib riu m  c o n d itio n s  in  th e  b o t t l e ,  

the  r a te  o f weight lo s s  i s  c o n tro lle d  by su rface  p ro c e sses . F igure  5 ,8  

i l l u s t r a t e s  the  d ep ress io n  o f th e  r a te  o f weight lo s s  from the sample a t
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PIG. 5*4 T h eo re tic a l ’t e s t  f i t *  cu rves, GaAs/HBr system , £=  0 .0354 .
O 1 mm d . channel, AH. =128 klmol ^, AH2=19 kJmol \  AS =1l 8 JK ^mol ^

AS2= 36 J i r 1m ol]1. 
D 2 mm d . channel, AH.=137 kJmol , AHp=6 l kJmol , AS. =122 JK mol

AS'= 82 J K " > o l J .  
A 3 mm d . channel, AH. =135 kJmol , AHp=6 l kJmol AS, =122 JK, mol

ASg=82 JK mol ' .

Specked l in e s  a re  ’therm odynam ically scaled* 2 mm and 3 mm channel 
r e s u l t s  u s in g  1 mm channel *hest f i t*  H^, H^, S  ̂ and Sg.
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FIG. 5*3 T h eo re tic a l *hest f i t *  curves, GaAs/EBr system , £ = 0 .059*
O 1 mm d. channel, AH =128 kJmol \  AĤ =21 kJmol ^ , AS. =117 JK"mol"^^

■ ^ AS  ̂ = 37 JK hiol“ ]

□  2 mm d ,ch an n e l, AH. =135 kJmol \  AHp=62kJ mol \  AS.= 121 JK ^mol"^
AS2=79 JK“ ^mol“ ^ .

^  3 mm d. channel, AH. =137 kJmol \  AH2=62 kJmol \  AS.= 122 JK Inol ^
AS2= 80 JK“ V o 1“ ]

Specked l in e s  a re  ’therm odynam ically s c a le d ’ 2 mm and 3 mm channel 
r e s u l t s  u s in g  1 mm channel ’h e s t f i t ’ , H^, Eg, and S^.
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1

AH.

PIG. 5 . 6.1 Grose se c tio n s  o f th e  rain. S I G ^ C h ^ , 6 p o in ts , 
GaAs/lIBr (lrara channel) &= 0 .0354* = 128 kJ raol"”\

AHg = 19 kJ raol~1 AS  ̂ = 1l8 JK” V o i“ \  AS = 36 JK“ ^mol“ ^

o
o

A H,13 5 1 3 7 1 3  9  
6 3  

1 2 4
8 2 8 4

PIG. 5 *6 .2  Cross se c tio n s  o f th e  rain. S I G ^ C h ^ j S ^ ) , 6 p o in ts ,
GaAs/HBr (2 mm channel) &= 0 ,0354* AĤ  = 137 kJ mol \  

AHg ■= 61 kJ mol ^, AS  ̂ = 122 JK ^raol \  AS = 82 JK ’’mol ^

( -

1 3  71 3 5

PIG. 5 .6 .3  Cross s e c tio n s  o f th e  rain. S1G^(h^ , H 2 , , 3 ) ^ p o in ts ,

GaAs/HBr (3 mm channel) £= 0 .0354* AH = 135 kJ m o l~ \ 
Ah = 61 kJ mol AS = 122 JK~^raol \  AS = 8 3  JK V o l"  T
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FIG. 5 . 7.1 Cross se c tio n s  o f th e  minimum 6 p o in ts

GaAs/HBr ( l  mm channel), e=  0 .059 , = 128 kJ mol \

= 21 kJ mol“ \  AŜ  = 117 JK"“^mol” \  AS  ̂ = 37 JK” V o 1“ ^

1

AHi 133

A Ha 60 
o S i  119 
®Sa 77

FIG. 5 . 7.2
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62  
121 
79

137
64
123
81

Cross s e c tio n s  o f th e  minimum SIG^CH^,H2,S^,82) 6 p o in ts  
GaAs/HBr (2 mm channel), E = 0 .059» = 135 kJ mol \
AHp = 62 kJ mol” \  AŜ  = 121 JK"^ mol“ \  ASg = 79 JK“ V o1““̂

&o
o

AH,

e S .

1

-

1 3 9 
6 4

1 3 5 
6 0

13 7  
6 2
1 2 2 
8 0 8 2

FIG. 5 .7 .3  Cross se c tio n s  o f th e  minimum SIG^Ch^j ,H2,S^ ,82) 6 p o in ts .
GaAs/HBr (3 mm channel) £ = O.O59, AĤ  = 137 kJ mol'"'*

AIÎ2 = 62 kJ mol A8  ̂ = 122 JE -1 mol \  A8 = 80 JK“ V o l“ ^
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FIG. 5*8 I l l u s t r a t i n g  th e  d ep ress io n  o f r a te  o f weight lo s s  
ob ta ined  on d ecreasin g  channel r e s is ta n c e .

Closed; symbols, bo ld  l in e s  re p re se n t e = 0 .0354*

Open symbols, specked l in e s  re p re se n t c = 0 .059*

A 1000 KA
O

□

1000 K 

909 K 

833 K

909 K

833 K
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low tem pera tu res when the  r e s is ta n c e  o f the  channel of the  b o t t le  i s

decreased , ( l  i s  the  len g th  of the  channel and c i t s  c ro s s - s e c t io n a l  
• *

a re a , w i s  the observed r a te  of w eight lo s s ) .

The r e s u l t s  from the  1 mm diam eter channel b o t t le  a re  no t 

k in e t i c a l l y  l im ite d  and may be taken  to  re p re se n t e q u ilib riu m  co n d itio n s  

fo r  t h i s  system . They may be ’therm odynam ically s c a le d ' to  give 

eq u ilib riu m  2 mm and 3 mm channel r e s u l t s  by computing u sin g  the

1 mm channel 'b e s t  f i t '  v a lues of Ag^, AS^, and AS^ (see f ig u re s

5 .4  and 5*5 )* The 's c a le d  r e s u l t s '  dem onstrate the  e f f e c t  of the  

d ep artu re  from eq u ilib riu m  co n d itio n s  in s id e  the  b o t t l e .  In  the 

n o n -eq u ilib riu m  s i tu a t io n ,  bo th  Ag and AS become la r g e r ,  see ta b le  5 .4 .

The r e s u l t s  from the 1 mm diam eter channel b o t t le  may be used  to  

c a lc u la te  th e  e n th a lp ie s  and e n tro p ie s  o f form ation  of GaBr(g) and 

GaBr2(g). In ta b le  5*5 the  v a lu es  c a lc u la te d  from experim en tal r e s u l t s  

a re  compared w ith  l i t e r a t u r e  and e s tim ated  d a ta .

Table 5*5

C alcu la ted  thermodynamic d a ta  fo r  GaBr(g) and GaBr2(g) a t  1000 K,
7 1 2  9l i t e r a t u r e  ’ and e s tim a ted  d a ta  i s  given in  p a re n th ese s .

A g°/kJ mol“ ^ 8° / jE  ^mol ^

GaBr(g) -5 2 .2  (-6 0 .7 ) 288.5 (290 .8 )

GaBr2(g) -214 .2  (-1 2 5 .5 ) 359.5 (422 .6)

These r e s u l t s  compare favourab ly  w ith  l i t e r a t u r e  d a ta  fo r  GaBr(g) 

bu t d isag ree  markedly w ith  e s tim a ted  GaBr2(g) v a lu e s .

E xperim ental r e s u l t s  from tra n s p o r t  experim ents may be used  to  

c a lc u la te  'unknown' thermodynamic d a ta .
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5*7 Conclusion

This study of th e  GaAs/HBr system shows th a t  fo r  b o t t l e s  w ith  

channels la rg e r  than  1 mm in  d iam eter th e re  i s  a  s ig n if ic a n t  d epartu re  

from e q u ilib riu m  co n d itio n s  above the sample* Computed v a lu es  o f 

Ah and AS fo r  the  tra n s p o r t  re a c tio n s  become la rg e r  as th e  channel 

d iam eter in c re a se s  ( t h i s  was a lso  dem onstrated in  C hapter 4 w ith  th e  

InAs/lICl system ) and d ecreasin g  th e  su rface  a re a  of the sample has a 

s im ila r  e f f e c t .

6A prev ious in v e s t ig a t io n  of th i s  system produced s ig n i f ic a n t ly  

d i f f e r e n t  r e s u l t s  fo r  AH and AS fo r  the  two tra n s p o r t  re a c t io n s  

(see  ta b le  5*6).

Table 5*6

Thermodynamic d a ta  fo r  the  tra n s p o r t  r e a c t io n s :

GaAs(o) + HBr(g) -  GaBr(g) .+ l / 4A8^ (g ) + iHgCg) ( 5 . I )

GaAs(c) + 2HBr(g) # GaBr2(g) + l / 4As^(g) + Hgfg) (5 .2 )

AH^/kJ mol ^ A S./J mol“ ^K” ^ AHg/kJ mol"1 ASg/j mol“ ^K ^

This work 128 118 19 36
R ef. 6 183 162 126 140

Some experim en tal r e s u l t s  from re fe re n ce  6 a re  p lo t te d  in  f ig u re  5*3 

w ith  t h e i r  th e o r e t ic a l  'b e s t  f i t '  cu rve . I t  i s  c le a r  th a t  the  low 

tem peratu re  p o rtio n  was not c o r r e c t ly  in te rp re te d  and th a t  the  s tro n g  

in flu en c e  of su rface  k in e t ic s  was ignored  in  t h i s  a n a ly s is .

C ry s ta l growers re q u ire  a h igh  r a te  of t ra n s p o r t  i . e .  a  la rg e  

v a r ia t io n  of e q u ilib riu m  co n stan t w ith  tem p era tu re . This can be 

ach ieved  by e n la rg in g  th e  channel of the  capsu le  or by d ecreasin g  th e  

sample su rface  a re a . However, i f  e i th e r  o f th e se  methods i s  taken  too
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f a r  th en  n o n -eq u ilib riu m  co n d itio n s  w il l  develop in  the  c ap su le . The 

e x te n t of the  dep artu re  from eq u ilib riu m  may be measured by the  r a t i o  

w /w  where w i s  the  measured r a te  of w eight lo s s  and w° i s  the 

e q u ilib riu m  r a te  of w eight lo s s .  By s tu dy ing  d i f f e r e n t  system s w ith  a 

s e le c t io n  of channel s iz e s  eq u ilib riu m  c o n d itio n s  may be found (as 

i l l u s t r a t e d  in  f ig .  5 . 8 ) .  The c r y s ta l  grower can th en  determ ine 

th e  optimum c o n d itio n s  fo r  growth.
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Chapter 6

The indium antim onide-hydrogen c h lo rid e  system



1 3 8

C hapter 6

6.1  In tro d u c tio n

A ra p id  e v a lu a tio n  o f a p o te n t ia l  c ry s ta l  growth system may 

he undertaken  u sin g  th e  m odified  en trainm ent method, as i s  

i l l u s t r a t e d  in  p rev ious c h a p te rs . Thermodynamic d a ta  f o r  th e  

re le v a n t t ra n s p o r t  re a c tio n s  can u s u a lly  he o b ta ined  from th e  

r e s u l t s ,  a lthough  no d ir e c t  in fo rm atio n  i s  prov ided  on th e  n a tu re  

o f gas-phase sp ec ie s  p re s e n t.

In  t h i s  ch ap te r an in v e s t ig a t io n  o f th e  indium an tim o n id e / 

hydrogen ch lo rid e  system is  d e sc rib e d . I t  i s  c le a r  from th e  

r e s u l t s  th a t  t h i s  system  is  p robab ly  u n s u ita b le  f o r  c r y s ta l  growth 

from th e  vapour.

6.2  Experim ental

The ap p ara tu s  has been d e sc rib ed  in  d e ta i l  in  s e c t io n  2 . 2 .

The p o ly c ry s ta l l in e  indium antim onide sample (MCP E le c tro n ic s  

L td .,  see  Appendix 6) was crushed in s id e  a po ly thene bag and 

loaded  in to  th e  s i l i c a  b o t t l e  w ith  th e  2 mm d iam eter channel (see  

Appendix l ) • The b o t t l e  co n ta in in g  th e  sample was suspended from 

loop A o f th e  e le c tro b a la n c e  and r a te s  o f weight lo s s ,  w, recorded  

a t  tem pera tu res  T. The tem pera tu re  range 665 -  820 K was s tu d ie d  

u s in g  th e  hydrogen c h lo rid e  c o n ce n tra tio n  c = O.O5O6.

6 .3  R esu lts

Experim ental r e s u l t s  a re  g iven  in  ta b le  6.1 and a re p re s e n ta t iv e  

sample i s  p re sen ted  g ra p h ic a lly , as In  w v s .  in v e rse  tem p era tu re , in  

f ig u re  6 . 1.
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Table 6.1

T ransport o f indium antim onide in  hydrogen c h lo rid e  gas 
( E = 0 ,0 5 0 6 ). Rates o f w eight lo s s ,  w, a t  tem pera tu res  T 
( l i s t e d  c h ro n o lo g ic a lly ) .

Run t/ k 10 ^^w/kg s'* Run t/ k 10^^w/kg

1 689.35 4.621 25 690.95 5.833

2 705.15 5.976 26 692.35 6.113

3 726.85 8.417 . 27 707.55 8.200

4 726.85 8.417 28 706.65 8.011

5 664.65 1.946 29 709.65 19.240

6 706.95 18.288 30 709.65 8.991

7 706.95 19.906 31 707.75 8.741

8 706.95 18.629 32 747.65 15.624

9 706.95 18.158 33 747.65 16.539

10 726.85 36.000 34 718.95 10.960

11 726.85 35.607 35 718.95 11.040

12 689.95 10.158 36 670.15 2.367

13 689.95 10.221 37 693.15 10.074

14 747-65 57.294 38 718.85 26.514

15(a ,b ) 747.65 56 .95 ,
14.74

39 718.85 25.556

16 747.65 14.286 40 718.85 11.269

17 691.15 5.292 41 725.75 31.500

18 691.15 5.392 42 716.25 10.714

19 707.35 14.815 43 774.15 18.577

20 699.85 6.667 44 770.25 17.886

21 696.15 6.297 45 805.95 23.070

22 728.45 11.880 46 805.15 23.103

23 730.25 11.120 , 47 740.65 8.940

24 730.25 10,891 48 742.55 9.700



Table 6.1 (continued)

1 4 0

Run t/ k lo'^^w/kg s ^ Run t/ k 10 ^^w /kgg ^

49 690.35 5.952 78 728.55 8.183
50 690.35 6.188 79 728.55 8.755
51 712.45 ■ 8.267 80 728.55 9.083
52 709.65 7,888 81 733.35 10.281

53 709.15 8.360 82 731.85 10.458

54 770.85 17.207 83 731.85 11.381

55 769.85 17.190 84 752.65 14.508
56 717.35 6.117 85 72,0.85 10.627

57 717.35 6.732 86 720.85 10.989
58 694.15 5.575 87 720.85 11.247

59 693.25 6.327 88 707.35 9.590
60 806.05 21.933 89 709.75 9.370

61 806.05 21.886 90 709.75 9.760
62 707.55 5.072 91 694.55 8.557

63 707.55 5.553 92 694.55 8.818

64 707.55 5.897 93 694.55 8.640

65 707.55 6.271 94 752.15 15.290

66 708.15 6.786 95 752.15 15.172

67 707.65 6.993 96 711.25 10.611

68 707.65 6.957 97 710.35 10.467

69 707.65 7.282 98 710.35 10.144
70 707.65 7.600 99 694.15 8.809

71 708.45 7.864 100 695.15 8.600

72 708.45 8.287 101 695.15 8.818

73 820.15 23.429 102 742.15 13.458

74 820.15 23.140 103 742.15 13.284

75 820; i 5 22.884 104 • 731.15 12.040

76 727.65 7.021 105 731.15 12.453

77 727.65 7.496
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FIG. 6.1 InSt/H Cl system . 1 0 . k / i

O 2 mm diam eter channel, £ = O.O5O6.
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6 .4  D iscussion

Three l in e s ,  having  d i f f e r e n t  s lopes,' can he drawn through th e  

p o in ts  in  f ig u re  6.1 : (a) , (b) and (c) . P o in ts  1-4 l i e  on l in e  (a). 

and a re  p o s s ib ly  due to :

InS-b(o) + EGl(g) s  InC l(e) + *Hg(g) + l / 48t ( g )  (6 . l )

P o in t 5 Î 8 a t  a  much lower tem peratu re  and l i e s  below 

e x tra p o la te d  l in e  (a) • At t h i s  tem pera tu re  InCl^ may be formed in  th e  

b o t t l e  and only  p a r t i a l l y  tra n s p o r te d  away:

InSb(o) + 3HCl(g) #  InC l^(c) + l / 4Sb^(o) + 3/ 2H^(g) (6 . 2)

During th e  InAs/HBr t r a n s p o r t  experim ents a  w e i ^ t  g a in  was observed 

when th e  sample was h e ld  a t  low tem peratu res  and a f t e r  subsequent 

runs a t  h ig h e r tem pera tu res  a w hite  sub lim ate  (inBr^) appeared in  th e  

fu rn ace  tube below th e  c ap su le .

P o in ts  6-15 f e l l  on l in e  (b) (AHg =- 142 kJ mol”""*, AS^ 2?0 JE^^mol"^)

I t  i s  p o s tu la te d  th a t  t h i s  l in e  r e s u l t s  from th e  su b lim a tio n  o f InCl^ from

th e  su rfa ce  o f th e  sample ( fo r  InC l^ sublim ation^ AH I58 kJ mol'”\
—1 —1'As — 301 JK mol ) . When most of th e  InCl^ has sublim ed o f f ,  th e  

r a t e  o f w eight lo s s  f a l l s  ra p id ly  to  l in e  (c) (p o in ts  l 6- 20) .

P o in ts  21- 35» l in e  (d) , a re  a t  low tem pera tu res bu t not low 

enough fo r  th e  fo rm ation  o f In C l^ . The ’t a i l i n g  off*  o f low 

tem pera tu re  CVT curves i s  o f te n  due to  su rfa ce  k in e t ic  in h ib i t io n .

P o in t 36 i s  s im ila r  to  p o in t 5 » p o in ts  37-41 reproduce l in e  (b) 

and p o in ts  42-44 f a l l  to  l in e  (c) as b e fo re .
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The sample was m elted (hulk  m e ltin g  p o in t InSh i s  796 IC) 

d u rin g  runs 45- 46 . The s c a t t e r  of p o in ts  /|7-60 between l in e s  (a) 

and (c) su g g ests  th a t  m eltin g  th e  sample r e s u l te d  in  a  d e p a rtu re  

from eq u ilib riu m  co n d itio n s  in  th e  b o t t l e .

A fte r  m eltin g  th e  sample again  (p o in ts  6O-61) a s e r ie s  o f 

p o in ts  were o b ta ined  a t  708 K ( l in e  ( e ) ) ,  th e  r a te  o f w eight lo s s  

in c re ase d  w ith  tim e p o s s ib ly  due to  su rfa c e  changes. P o in ts  73-75 

were above th e  m e ltin g  p o in t o f InSb and p o in ts  76-83, l in e  ( p ) , 

were ag a in  tim e dependent. The l a s t  22 p o in ts  f e l l  on o r n ea r 

l in e  (c) , AHçj = 40 kJ mol  ̂ and AS^ = 123 JK ^mol \  These va lues 

compare unfavourab ly  w ith  e s tim ated  va lu es  fo r  l i k e l y  t r a n s p o r t  

r e a c t io n s ,  g iven  in  ta b le  6.2  ( th e  e s tim a te s  ig no re  any c o n tr ib u tio n  

from Sb^ ±? 28b2 e q u ilib r iu m ).

Table 6.2

E stim ated  v a lues of th e  e n th a lp ie s  and en tro p ie s  f o r  th e  tra n s p o r t  
re a c tio n s  ( 1 ) , (2) and (3 ) , ig n o rin g  th e  p resence  o f th e  Sb^ #  28b2 
e q u ilib r iu m .

InSb(o) + HCl (g) ft InC l(g) + l / 4Sb^(g) + ^HgCg) ( l)

InSb(c) + 2HCl(g) ft InCljCg) + l / 4Sb^(g) + H^(g) (2)

InSb(o) + 3HCl(g) ft InC l^(g) + l / 4Sb^(g) + 3/ 2Hg(g) (3)

R eaction Aïï/kJ mol ^ As/JK  ̂ mol ^

( 1) 99 192

( 2) 171 229

( 3) -15 286
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A study  o f th e  behaviour o f InSb su rfa ce s  du rin g  h ea t 

tre a tm en t^  has shown th a t  th e  n a tu re  o f InSb su rfa c e s  changes a t  

673 K due to  therm al decom position and ev apo ra tion  p ro c e sse s .

Excess indium is  l e f t  on th e  su rfa ce  .in th e  form o f d ro p le ts  a f t e r  

p r e f e r e n t ia l  ev ap o ra tio n  o f antim ony. This phenomenon could have 

in flu en ced  th e  r e s u l t s  from th e  tra n s p o r t  experim ent d esc rib ed  in  

t h i s  c h ap te r .

6 .5  Conclusion

In v e s t ig a t io n  o f th e  InSb/HCl system  has p rov ided  l i t t l e  

in fo rm atio n  about th e  t r a n s p o r t  re a c tio n s  or vapour sp ec ie s  p re s e n t .  

However, i t  has shown th e  c r y s ta l  grower th a t  i t  i s  p robab ly  an 

u n su ita b le  system f o r  c ry s ta l  growth from th e  vapour.

6 .6  R eferences

1 . 0 . Kubaschewski, E .L . Evans, G.B. Alcock, ’M e ta llu rg ic a l

Therm ochem istry’ , Pergamon P ress  (1967).

2 . .  D. Haneman in  ’Compound Sem iconductors’ , 2. ( l 9&2) R einhold Publ, 
Co. ,  e d ito rs  R. W illardson , H. G oering,
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Channel Dimensions
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S evera l d i f f e r e n t  b o t t le s  were used fo r  th e  experim ents d esc rib ed  

in  t h i s  t h e s i s .  T heir channel (o r  s to p p er) dim ensions were measured 

a c c u ra te ly  w ith  a t r a v e l l in g  m icroscope ( -  2 x 10 m) . S ix  to  te n

s e p a ra te  read ings were ta k en fo r  each measurement and a s tan d a rd

/I  (x-x) 2‘— (where x i s  mean and n i s  th e  number o f

n-1
p o i n t s ) , c a lc u la te d .

End c o rre c t io n s  3 and 3* were e s ta b lis h e d  to  a llow  f o r  th e  

opening  out o f th e  channel a t  i t s  low er end.

1
C o rre c tio n  fo r  tra n s p o r t  in  a  n o n -p a ra l le l- s id e d  tube

On e lim in a tio n  o f  th e  S te fa n  v e lo c i ty  U from th e  flow  equations 

(see  s e c t io n  1 .4  ) and s u b s t i tu t io n  o f UP = JRTs (where s i s  th e  sum 

o f  th e  s to ic h io m e tr ic  c o e f f ic ie n ts  in  th e  t r a n s p o r t  equation) th e  

fo llo w in g  ex p ress io n  r e s u l t s :

( 1)
P i -  p /s ' RTs

= exp J  dx

P i -  p /s DP

This i s  in  term s o f boundary co n d itio n s  x = 0 and x = 1 

(see  f i g .  1 .1) .
2

J r  -  A = c o n s ta n t, due to  co n se rv a tio n  o f m ass.

I f  r (x )  i s  known ( r  i s  ra d iu s  o f c a p il la ry )  th e n  eq u atio n  ( l )  can be 

in te g ra te d .

a) Uniform ta p e r

r  = ax+ b , b = r  (o) , a  = r ( l )  -  r(o )
1

r  —  _  1
j  r^  r ( l )  r(o )

Then
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b) Mixed tube  (see  f i g .  l)

Region I  : r  = ax + b

Region I I :  r  = r ( l )  = c o n s ta n t.

*1

r,= r(o)

PIG. 1

In  re g io n  I  : p(o) -  p /s

In  reg io n  I I :

M u ltip ly in g  g iv e s :

p ( l^ )  -  p /s  

p ( l^ ) - p / s

p ( l , )  -  pA

-

exp
£

-RTAl-jS

PDr^r^. _

exp
s

-RTAlgs

PDTgZ

p(o) -  p /s = exp
p ( l)  -  p /s

-RTsA
PD

V

th e  measured r a te  o f w eight lo s s  is: J ( l )  t t  r^  M = w 

so w = n  AM o r A = w/ n  M 

To a f i r s t  o rd e r approxim ation:

wRTs
p(o) = (p ( l)  -  p / s ) [1 -

ITMPD
]+  P/s
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01*
wRTl.

RMPc

l e t 1 +  = P

A s im ila r  c o r re c t io n  term  may be d e riv ed  fo r  th e  channel shown 

in  f i g .  2 .

Here ? =
HMPc ^ 1%

and 0 = 1 + r^  1 ^

< »
r.

PIG. 2
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Channel dim ensions ( d = d iam eter o f channel)

Pyrex s to p p ered  b o t t l e  — E vaporation  o f  w ater experim ents

1  ̂ = (0.61323  -  0 .00173) 10"^m

Ig  = (1 .68665 “ 0 .00297) 10“ m̂

=  (0.24593 -  0.00257) 10“ ^m

d« = (0.10223 -  0.00052) 10

= I.O629

-2 m

S i l i c a  b o t t l e ,  2 mm diam eter channel -  Zn/He, Zn/Ar experim ents

1  ̂ = (0.1300  -  0.0433) I0“ ^m

Ig  = (2.0226 -  0.0577) 10 ^m

d^ = (0.68918 -  0 . 1137) 10 

dg = (0.1993 -  0.0021) I0“ ^m 

P = 1.01859

S i l i c a  b o t t l e ,  2 mm diam eter channel -  I r^ C l, In/HBr, InA s/H Cl(1)-(3 ) »
In-InA s/H C l, InA s/H B r(l)-(2 )  ,

GaAs/HBr (1) , InSb/HCl.

-2 m1  ̂ = (0.09088 i  0.00976) 10 

lo  = (1.5592 -  0.0196) I0"^m

d^ = (0.28478 -  0.01293) I0“ r̂a 

dg = (0.20370 -  0.00057) I0"^m

p = 1.0417
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S i l i c a  “b o t t le ,  1 mm diam eter chamiel -  InAs/HCl(4) , GaAs/HBr(4) -(5 )

1 = (0.08048 ± 0.11150) 10” ^m
1

Ig  = (1.7288 i  0.01154) I0“ ^m 

= (0.17574 -  0.00987) I0"^in

d = (0.09098 -  0.00565) lO'^m

P = 1.0241

S i l i c a  b o t t l e ,  3 mm d iam eter channel -  GaAs/lTBr ( 2 ) - ( 3)

1  ̂ = (0 .19434  -  0 .04203) 10~^m

Ig = (1 .45005 -  0 .01909) I0"^m

d̂  = (0.54155 -  0.01277) 10“ m̂

dg = (0 .29723 -  0.01129) 10”^m

P = 1.0736

R eference

1 . I .  G a rre tt ,  unpublished  work.
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Furnace P r o f i le s
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Furnace S p e c if ic a t io n s

Modular fu rn ace , type  2A (Severn Science L t d . ) .

S iz e ; A tu b u la r  fu rnace  w ith  a  tube  12" (3OO mm) long , o f

in te rn a l  d iam eter 1-g-" (38 mm) . E x te rn a l d iam eter 

o f fu rnace  case i s  6" (15O mm).

M a te ria ls  o f C o n stru c tio n : The s i l l im a n i te  tu b e  i s  g ra d ie n t

wound w ith  "K anthal A1" w ire . A therm ocouple tube 

i s  f i t t e d  between th e  windings and th e  fu rnace  tu b e .

The o u te r  c as in g  i s  o f aluminium w ith  "Sindanyo" end

p l a t e s .

Power r a t i n g : 825 w a tts  a t  100 v o l t s .

Maximum o p e ra tin g  tem p era tu re : 1100°C.

The above fu rnace  was employed fo r  th e  experim ents d e sc rib ed  in  

t h i s  t h e s i s .  Furnace p r o f i le s  (tem p era tu re , t°C  v s . d is ta n c e  from 

fu rn ace  b a se , inches) a re  p re sen ted  in  f ig u re s  1- 8 .



1 5 3

1000

980

in 95 7

FIG* 1# C entre c o n tr o l le r  1007°C, upper c o n tr o l le r  1000^0 .

920

900

880

in 75 9

FIG. 2 . Centre c o n tro l le r  906°C, upper c o n t r o l le r  900^C.

820

800

7 80

in 7 95

FIG. 3 . Centre c o n tro l le r  810°C, upper c o n t r o l le r  800°C,
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760

P

740

720

95 in 7

f i g .  4 » Centre c o n tr o l le r  7ô5^C, upper c o n tr o l le r  750°C,

720

700

680

9in 75

FIG. 5« C entre c o n tr o l le r  716 C, upper c o n tr o l le r  700^0 .

600

580

560

in 975

FIG. 6 . C entre c o n tro l le r  6 l 7°C, upper c o n tro l le r  600°C.
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520

500

ü

480

460

5 in 7 9

FIG, 7« C entre c o n tr o l le r  520^0 , upper c o n t r o l le r  500°C,

Ü
360

340

320

In 7 95

FIG, 8. Centre c o n tr o l le r  360 C, upper c o n tro l le r  340°C,
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APPETTOIX 3 

Experim ental R esu lts  

Table 1 : InAs/HCl, E = 0,0506  (2 imn d iam eter charnel)

Table 2 : InAs/HCl, e = 0,0506  (2 mm d iam eter channel)

Table 3 : IriAs/HCl, £ = 0,0506  and £=  0,0871  (2 mm d iam eter channel)

Table 4 : InAs/ïïCl, £ = 0,0506  (1 mm d iam eter channel)

Table 5 : In--lnAs/HGl, £ = 0 .0506 (2 mm d iam eter channel)

Table 6 ; InAs/SBr, £ = 0,0354  (2 mm d iam eter channel)

Table 7 : InAs/HBr, Ç = 0,0354  a.nd E = 0,0591 (2 mm d iam eter channel)



15 7

Table 1

T ransport o f indium a rse n id e  in  hydrogen c h lo rid e  gas 

( £  = 0 .0 5 0 6 ), Rates o f w eight lo s s ,  w, a t  tem p era tu res  T 
( l i s t e d  c h ro n o lo g ic a l ly ) ,

t/ k 10 ̂ ^w/kg 8 1 T/K I0 ^^w/kg •

919.75 39.120 1021.15 56.471
919.75 39.120 1021.15 54.444

1062.65 72,059 1143.65 80.726

1062,65 71.739 1143.65 79.426

1062,25 74.697 1111.35 76.875
1121.05 79.839 892,15 16.164
1121.05 83.051 892.15 16,383

1121.05 82.373 841.55 25.032

1163.15 85.982 841.55 22.353

. 1162.95 86.875 942.15 31.206

1162.75 87.018 921,40 24.550

1182,65 80.917 862.15 10,816

1182,65 80,738 862.65 10,539

1182,55 80,242 821.45 5.372

1217.45 121,625 1065,15 65.931

1217.45 121,342 1064.65 66,690

1082,65 72,132 982.65 ■ 46,476

1082.65 70,071 911.85 22,446

1083.15 68,944 911.85 22.541
1042,05 61.548 841.55 7.643
1042.05 59.515 791.45 2.811

1002.25 52.649 771.65 1.873
1001.95 50.769 • 771.60 1.806

962,15 37.308 884.15 15.568

962,15 36.453 883.85 15.341

1101,85 71.143 806.65 3.820

1101,85 70,423 805.95 3.792
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Table 1 (continued)

( e  = 0.0506)

t/ k lO^'^w/kgs ^ t/ k I0 ^^w/kg8 ^

872.55 13.090 836.75 7.298

872.15 13.253 799.55 15.567

740.65 9.055 799.55 18.571

740.65 8.230 799.55 20.711

740.65 9.590 836.15 29.046

' 740.65 8.125 836.15 28.462

740.65 9.130 836.15 29.200

740.65 10.844 900.15 27.914

836.75 7.193 899.75 29.540

898.85 27.941
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Table 2

T ransport o f indium a rse n id e  in  hydrogen c h lo rid e  gas (c  = O.O5O6). 

R ates o f weight lo s s ,  w, a t  tem pera tu res T ( l i s t e d  

ch ro n o lo g ica lly ) .

t/ k I0^^w/kg 8 1 t/ k 10 ̂ ^w/kg s 1

1064.15 71.304 895.15 28.059
1063.05 68.592 769.15 3.956
1063.05 ^ 67.603 1064.55 74.478
1020.05 62.645 1064.55 74.478
1020.05 62.968 910.85 33.966

851.25 17.777 910.85 34.104
851.25 17.689 789.15 5.554

1081.05 75.606 789.15 5.482
1081.05 75.615 880.85 26.041

997.25 61.000 880.85 25.707
997.25 61.250 803.75 7.816

1039.15 70.929 804.25 7.760

1039.15 70.286 871.15 23.012

921.40 36.037 871.15 22.824
921.40 36.667 1041.85 67.466

841.55 15.154 1041.85 70.571

841 . 55 ' 15.031 901.15 31.168

. 981'55 57.455 901.15 30.816

981.55 57.294 933.15 41.575

940.85 43.244 933.15 41.660

940.85 45.349 738.15 1.927

820.35 10.368 849.55 16.131

820.85 10.242 849.55 16.082

961.25 49.000 706.45 0.931

961.25 49.700 859.95 18.109

895.15 29.274 859.95 18.914

747.55 2.274
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Table 3

T ransport o f indium a rsen id e  in  hydrogen c h lo rid e  gas 

( £ =  0,0506) • Rates o f  w eight lo s s ,  w, a t  tem pera tu res T 

( l i s t e d  ch ro n o lo g ica lly ) .

t/ k lO^^T^kg s ^ t/ k I0^^w/kg

1062.75 65.000 881.45 25.658

1062.75 61.500 770.75 4.129

1020.55 58.667 970.85 53.189
1020.55 58.424 970.85 52.000

871.15 22.089 940.85 43.864

871.15 21.756 941.15 42.913

1040.15 65.200 751.65 2.870

1040.15 65.241 952.35 46.571
1000.15 55.771 952.35 47.048
1000.15 55.278 1042.25 68.643

900.15 30.464 1042.25 67.724
900.15 30.976 819.65 10.844

■ 1077.05 ■ 69.236 819.65 10.573

1077.05 67.123 931.35 42.174
1083.85 67.397 ; 931.05 41.125

1083.85 71.214 708.55 1.042

841.15 14.533 1053.05 70.143

841.15 14.255 1053.05 68.786

805.15 ■ 7.967 1018.45 63.355

981.35 53.833 1018.45 62.774

981.35 55.429 906.35 35.746

961.45 48.800 ' 906.35 35.393

961.45 47.143 734.15 2.097

921.15 36.593 847.05 17.182

921.15 36.885 847.05 17.078

991.95 55.353 724.35 1.618

991.95 56.824 857.15 20.000

881.45 25.368 918.85 37.057
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Table 3 (continued)

R ates o f w eight lo s s ,  w, a t  tem pera tu res T and HCl c o n ce n tra tio n s  E ,

t/ k I0 ^*^w/kg s “ 1 £ t/ k lo"^^w/kg s €

918.85 37.808 0,0506 787.15 7.404 0.0871
786.15 5.845 0.0506 746.35 3.168 0.0871
687.35 0.639 0.0506 1027.75 90.000 0.0871
892.85 28.314 0.0506 1027.75 89.818 0.0871
892.85 29.576 0.0506 947.75 62.279 0.0871
713.65 1.262 0.0506 947.75 64.026 0.0871

989.95 58.606 0.0506 1049.45 98.200 0.0871
989.95 57.235 0.0506 1049.45 99.082 0.0871
989.95 76.462 0.0871 1049.45 72.246 0.0506

917.55 48.350 0.0871 1059.85 80.902 0.0506

917.55 48.650 0.0871 1059.85 97.157 0.0871
724.85 2.063 0.0871 1079.75 79.758 0.0506

891.95 37.019 0.0871 1079.75 79.127 0.0506

892.15 37.808 0.0871 1079.25 103.750 0.0871

766.15 4.955 0.0871 1079.25 103.936 0.0871

766.15 4.850 0.0871 1215.15 89.091 0.0506

961.15 . 68.069 0.0871 1215.15 87.946 0.0506

961.15 68.483 0.0871 948.15 30.938 0.0506

848.15 20.822 0.0871 968.65 38.720 0.0506

848.15 20.519 0.0871 968.65 -• 36.906 0.0506

688.45 0.831 0.0871 ■ 916.15 24.474 0.0506

938.15 57.697 0.0871 916.15 23.472 0.0506

938.15 57.059 0.0871 945.95 33.931 0.0506

868.35 27.578 0.0871 916.15 23.394 ■ 0.0506

868.35 27.417 0.0871 916.15 22.847 0.0506

816.35 12.619 0.0871 835.15 6.917 0.0506

816.35 12.323 0.0871 948.85 33.983 0.0506

703.95 1.204 0.0871 949.15 33.148 0.0506

1040.95 94.423 0.0871 949.15 32.696 0.0506

1040.95 91.482 0.0871 868.15 31.300 0.0506 •

838.75 17.924 0.0871 868.15 31.008 0.0506

838.75 18.177 0.0871
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Table 4

T ransport o f indium a rsen id e  in  hydrogen c h lo rid e  gas 

(E = 0.0506) u s in g  s i l i c a  b o t t l e  w ith  1 mm d iam eter channel. 

R ates o f weight lo s s ,  w, a t  tem p era tu res  T ( l i s t e d  

c h ro n o lo g ic a l ly ) .

t/ k 10^^w/kg s ^ t/ k lo"*^w/kg

899.05 6.119 911.15 6.821

897.65 6.063 911.15 6.693

963.55 9.005 850.83 3.643
962.75 9.143 - 830 .83 3.600

863.25 4.230 941.03 8.289

863.25 4.265 941.03 8.233
923.15 7.292 1021.03 11.447
922.15 7.508 1021.03 11.600

872.45 4.845 980.13 9.950

873.25 4.954 980.45 10.082

852.15 3.750 980.45 10.041

852.95 3.876 930.63 7.648

890.15 5.764 930.13 7.616

890.15 5.651 930.13 7,569
889.40 ' 5.571 1061.45 12.487

909.65 6.704 1061.13 12.394

909.65 6.829 1038.93 11.216

909.15 6.843 939.55 8.100

850.00 3.777 939.55 8.131
850.00 3.731 909.15 6.338

880.15 5.341 909.95 6.579
880.15 5.328 909.95 6.614

861.15 4.196 909.95 6.593

861.15 4.187 1040.13 11.781

950.65 8.747 1040.13 11.817

950.65 8.786 1081.83 12.816

840.95 3.326 1081.93 12.379

840.95 3.390 1040.13 11.768

911.65 6.914 1040.13 11.643
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Table 4 ( centinued)

( e  = 0.0506)

t/ k 10 ^^w/kg s ^ t/ k I0^^w/kg s ^

1023.15 11.577 949.15 7.942
1021.35 11.120 1040.05 11.685
1021.35 11.063 1039.15 11.721
1119.65 13.614 1212.45 54.722

1119.65 13.444 1038.85 11.441
1050.35 12.263 1038.85 11.500

1050.35 12.025 950.15 7.864
910.55 6.964 950.15 8.025
910.55 6.814 894.95 4.732

1180.65 14.561 895.65 4.662
1180.65 15.061 861.35 2.968
1050.65 12.397 861.35 3.012

1051.45 12.175 943.15 • 7.331
921.45 7.014 942.15 7.569
921.45 7.107 971.65 8.936

1215.35 62.387 970.85 8.844
1215.35 63.226 1213.85 53.571
981.75 9.320 970.15 8.855
981.75 9.747 970.15 8.848

921.15 5.879 910.45 5.406

921.15 5.982 910.45 5.345
871.35 3.368 894.85 4.464

871.35 3.358 894.85 4.441

895.05 4.710 880.75 3.731

895.05 4.760 880.75 3.835

949.15 7.752 850.75 2.508
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Table 5

T ransport o f  indium a rse n id e  (w ith  added indium) in  hydrogen 

c h lo rid e  gas ( C = O.O5O6) u s in g  s i l i c a  b o tt le  w ith  2 mm 

d iam eter ch an n e l. R ates o f  w eight lo s s ,  w, a t  tem p era tu res  T 

( l i s t e d  c h ro n o lo g ic a l ly )•

t/ k I0 ^^w/kg s ^ t/ k I0 ^^w/kg 8 ^

957.25 41.696 978.15 47.900
957.25 41.391 978.15 48.150
925.75 38.080 890.75 25.733
926.65 36.500 890.75 26.213
886.65 27.056 889.90 25.421

887.55 27.528 1008.15 54.471
908.85 34.607 1007.65 54.588

907.15 33.483 1059.75 61.813

907.15 35.482 1059.25 62.800

865.85 32.300 1058.95 61.438

866.75 31.839 1116.65 66.200

926.40 34.000 1116.15 65.310

925.55 33.148 1205.45 139.231
1015.40 49.263 1206.15 149.231

1014.55 51.474 1019.75 53.778

766.35 3.(%0 1018.95 53.667

767.15 3.804 1018.15 53.333

849.65 16.033 961.25 37.423
848.65 15.850 960.35 36.808

958.45 42.955 871.15 13.107

957.65 43.591 870.85 12.880

1018.15 55.333 870.85 12.800

1017.15 55.086 849.65 9.381

1058.65 61.677 849.65 9.476

1058.15 60.750 980.95 43.727

1057.85 61.000 979.75 ■ 42.565
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Table 5 (continued)

( £ =  0.0506)

t/ k 10 ^'^w/kg 8 ^ t/ k I0 ^^w/kg s ^

978.90 42.609 889.15 16.348

930.45 29.212 889.15 16.435
929.55 29.600 931.75 28.171

1221.75 248.857 929.95 27.943
909.55 21.178 849.55 9.512

909.55 20.779 849.55 9.154
940.45 30.129 849.55 9.079
939.65 29.424 815.95 5.068

939.15 29.656 817.15 5.126

919.45 23.707

919.45 23.610
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Table 6

T ransport o f indium a rse n id e  in  hydrogen bromide gas 

( e  = 0.0354) u s in g  s i l i c a  b o t t l e  w ith  2 mm d iam eter channel. 

R ates o f w eight lo s s ,  w, a t  tem p era tu res  T ( l i s t e d  

c h ro n o lo g ic a l ly ) .

t/ k I0 ^^w/kg 8 ^ t/ k I0 ^^w/kg s""^

977.75 45.273 957.25 45.143
976.35 44.136 979.65 45.810

976.35 48.283 978.05 47.650

938.35 46.050 977.15 46•600

937.15 44.619 878.75 37.346

937.15 45.857 876.95 37.360

917.35 43.087 876.95 37.115
916.15 . 44.273 899.85 39.840
916.65 42.000 898.15 40.522

1058.15 51.474 898.15 39.800

1058.15 51.000 837.25 29.046

, 1057.35 50.611 836.35 28.892

1080.35 52.056 835.45 27.908

1078.35 52.222 1041.15 51.889

1077.55 51.105 1040.35 51.778
1019.15 49.474 1039.55 51.632

1017.85 49.632 908.65 41.739

1016.55 48.800 907.35 40.304

1015.75 49.790 906.15 41.478

959.85 45.667 949.40 45.571

957.75 46.191 947.65 45.182
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Table 6 (continued)

( e  = 0.0354)

t/ k 10 ̂ '^w/kg s ^ t/ k lO^^w/kg s ^

946.90 45.619 804.55 21.155
858.25 33.418 805.45 21.089
858.25 33.418 765.45 13.614
982.15 48.737 767.35 13.476
980.40 48.158 1083.05 55.000

978.75 48.100 1081.35 54.667
867.95 35.250 1124.15 56.412

867.05 35.214 1121.65 56.588
1001.45 49.158 1120.15 56.941

999.75 49.632 834.35 27.083

997.75 49.500 833.95 26.667
928.65 44.591 789.25 17.061

927.35 44.273 787.95 16.696

845.25 30.212 787.15 16.217
846.15 30.188 894.15 38.920

971.15 48.250 894.15 38.840

969.15 48.800 777.35 15.008

967.90 48.050 777.85 13.435

814.45 22.659 1228.85 385.000

815.35 22.675 952.75 42.864
815.85 22.729 950.65 42.591

845.25 18.440
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Table 7

T ransport o f  indium a rse n id e  in  hydrogen bromide gas 

( C = 0.0354) u s in g  s i l i c a  b o t t l e  w ith  2 mm d iam eter ch an n e l. 

R ates o f  w eight lo s s ,  w, a t  tem p era tu res  T ( l i s t e d  

c h ro n o lo g ica lly ) .

t/ k 10 ̂ ^w/kg 8 ^ t/ k I0 ^^w/kg s ^

979.55 48.350 818.15 25.771

978.35 47.850 818.15 25.447

. 1059.85 51.737 893.95 40.167

1058.95 51.474 892.15 39.583

1058.15 52.368 748.95 11.903

957.35 46.333 748.95 11.927

958.15 46.950 1019.65 50.211

958.15 46.850 1020.45 49.526

777.15 17.327 802.15 21.378

777.65 17.127 802.55 21.647

921.15 43.727 850.95 , 32.167

919.85 43.318 850.95 32.032

726.75 9.720 767.15 14.119

728.15 9.551 768.05 14.193

941.45 45.286 841.40 30.000

940.65 45.000 840.15 29.546

939.75 44.818 788.15 17.771

870.15 36.444 789.55 17.873

870.15 36.148
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Table 7 (continued)

(c  = 0 . 0591)

t/ k 10 ^^w/kg s ^ t/ k 10 ̂ ^w/kg 8 ^

981.85 64.200 790.45 25.733

981.85 64.467 808.35 30.182

889.65 52.263 807.45 29.500

889.95 51.722 1024.35 67.357

771.55 22.546 1023.15 67.643

771.55 22.259 834.05 35.519

959.85 63.067 834.85 36.111

960.75 63.400 742.15 16.470

920.15 5 7 .683 745.45 16.539

921.15 58.412 842.95 39.375

719.55 15.376 842.45 39.542

 ̂ 725.15 . 19.680 748.15 18.324

852.85 43.773 749.65 . 18.629

852.85 43.273 833.15 36.000

822.15 34.574 835.15 36.192

821.35 34.400 731.35 18.723

748.45 29.233 730.85 18.640

748.45 29.385 753.15 18.457

873.75 47.600 757.45 19.720

873.75 47.900 739.95 16.696

789.45 26.107 740.85 15.632
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APPENDIX 4

Computer Programming

A GaAs/HBr system  ( in  d e ta i l )

B InAs/HBr system .

C InAs/nCl system .

D Development o f programmes.
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Appendix 4

Computer a n a ly s is  o f th e  GaAs/HBr, InAs/rlBr and InAs/HCl systems

-1
A m aster equation  may he d e riv ed , f o r  each system , which r e l a t e s  

th e  r a te  o f  weight lo s s ,  w, to  th e  eq u ilib riu m  co n stan ts  o f th e  

tra n s p o r t  re a c tio n s  considered  s ig n i f i c a n t .

4A D eriv a tio n  o f th e  m aster eq u atio n  f o r  th e  GaAs/HBr system

The fo llo w in g  equations can be used to  d e sc rib e  th e  t r a n s p o r t  o f 

g a llium  a rsen id e  by hydrogen bromide gas (see  C hapter 5) :

GaAs(c) + HBr(g) #  GaBr(g) + l / 4As^(g) + -^ ^ (g ) (A .I)

GaAs(c) + 2HBr(g) GaBr^ (g) + l / 4As^(g) + H2(g) (A.2)

As^(g) ±5 2ASg(g) (a  . 3)
The eq u ilib riu m  co n stan ts  f o r  re a c tio n s  ( a . 1) and (A .2) a re  g iven  by;

■

and Kg = PgaBrg Hg

where p° denotes th e  eq u ilib riu m  p a r t i a l  p re s su re  in  th e  r e a c t io n  

b o t t l e .  The c a r r i e r  gas, hydrogen, makes up th e  bu lk  o f  th e  

t r a n s p o r t in g  gas stream  and. th e  f r a c t io n a l  c o n c e n tra tio n  o f HBr in  th e  

gas stream , E , i s  sm all compared w ith  u n i ty  ( E = 0 .05) .  P a r t i a l  

p re ssu re s  o f th e  m in o rity  p roducts  a t  th e  open end o f th e  b o t t l e ,  

p j ,  a re  approx im ately  zero  due to  th e ,sw eep in g  e f f e c t  o f th e  gas 

s tream .^
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The multicomponent d if fu s io n  o f r e a c ta n ts ,  p roducts  and c a r r i e r  

gas in  th e  channel o f th e  r e a c t io n  b o t t l e  may be d e sc rib ed  by a 

one-dim ensional t r a n s p o r t  eq u atio n , (A .6) , as hydrogen i s  p re sen t in

excess (p^ -  720 t o r r ) •

= n̂ ^U -  (dn^/dx) ( a .6) , where i s  th e  f lu x  (mol m s )

o f  sp ec ie s  i ,  n̂  ̂ i s  th e  m olar c o n c e n tra tio n  o f sp ec ie s  i ,  U i s  th e  

m ole-average S te fa n  v e lo c i ty  and i s  th e  b in a ry  d if fu s io n

c o e f f ic ie n t  o f sp ec ie s  i  in  hydrogen.

Assuming id e a l  gas behav iou r, th e n ;

^ i  -  - -  ]-/%  (dp^/dx) (A-7)
RT RT

F or th e  c a r r i e r  gas = 0 . Summing th e  f lu x e s  r e s u l t s  in  th e  

d if fu s io n  term s c a n c e llin g , (A .8) , as th e re  i s  no r e a l  p re ssu re  g ra d ie n t 

a lo n g  th e  channel

I  J .  = J  = ~
1 1  RT

where P = Zj^p^. S u b s ti tu t in g  (A.8) in to  (A .6) g iv e s ;

^ ^ i RT
dx D.

I n te g ra t in g ;

/ h,

JP .

&Pi

J P i

I P
-  J .

1

RT dx
D

i /H,

(A.8)
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hence P i J i
(A.9)

where ^  ̂ th e  tra n s p o r t  fu n c tio n  i s  d e fin ed  a s :

( 1.4)
JRTl
PD.

S ince 6 ^  i s  a t  most o f th e  o rd e r o f  £ and hence sm all compared w ith  

u n i ty ,  eq uation  (a . 9) may he s im p lif ie d :

^ J . “
(1 -  g i)

= i i  S .  + P i
p j 1 F"

(a . io)

The q u a n t i t ie s  P^/P a re  known as boundary c o n d itio n s . I f  th e re  

i s  a  s in g le  re a c t io n  occuning, th e  v a lu es  a re  r e la te d  by 

s to ic h io m e tr ic  c o e f f ic ie n ts  and may be r e la te d  sim ply to  th e  r a t e  of 

weight l o s s .  In  t h i s  case th re e  sim ultaneous re a c tio n s  a re  be in g  

co n sid ered  and th e  re la t io n s h ip s  between th e  v a lues become 

tem peratu re-dependent •

The f lu x e s , o f th e  sp ec ie s  occurring in  th e  tr a n s p o r t  re a c tio n s  

a re  r e la te d  by s to ic h io m e tr ic  c o n d itio n s :

•̂ HBr + (A. 11)

'^HBr + ^GaBr + ^^GaBrg “ ° (A. 12)

^GaBr + ^GaBrg ^ A s^  ^  '̂^ASg “ '^GaAs ( a . 13)

’̂ HBr + ^ASg '^GaBr '^GaBrg = J (A .14)
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I f  a and ' 0  a re  d e fin ed  a s ;

O = ^^2 ( a .  15)

^As4

0  = ^G aBr/G aBrg (A .16)

Then from (A .12)

^  ’̂ GaBr^ ^"^GaBr^ "  °  .

and

^GaBrg = "^HBr/  ̂ ^ + ?) (A-17)

from (A .13) ( 0 + l) = + 2a)

J  = J  I l  + e} ^ (A. 18)
A®4 GaBr̂  (4 + a) ( 8 +  2) (4 + 2a)

S im ila r ly  

J ^ - a ( l  + 0 }_..l^  (A. 19)
^®2 (2+ 0 ) ( 4  + 2a)

JoaAs = z l U S l  JfiBr (A. 20)
(2 40)

and from (A. 14) 

J m  = - 2 (24%) ( 2+ 0 ) (A.21)
J (a+i) ( i+ 2 0 ) + 0

^  ^  [ l - ^ ( - ^ G a B r ) ]  ^  ^ GaBr
P. J J

O y
P GaBr. GaBr^ g

7 ~  ~ ~ 1  GaBrg
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As
É -

As

As, As,
As,

bu t

HBr HBr HBr

L P
HBr
J ^  HBr^

^  = P HBr/P

B O  p HBr e + HBr
J

HBr

but S . = JRTl

GaAs

2 ' 

RTl

PD

wGaAs

2 ' 

RTl

(g+l) (l+ 2 0 ) + Q 
2(2+o)(e+l)

°“ GaAs™(i/H„,T)

(g+Y) (1 + 2 0 )4 -8

2(2+g) (0+ 1)

where c i s  th e  cross  s e c t io n a l  a re a  o f th e  c a p i l la r y  o f le n g th  1 .

(g+l) (1+20)4- 0 
L 2( 2+g) (0  +1)

(a . 22)

where ^ th e  reduced tra n s p o r t  fu n c tio n  i s  independent o f th e  va lues 

o f a and 0  •
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Thus th e  p a r t i a l  p re s su re s  in s id e  th e  r e a c t io n  b o t t l e  a re  g iven

by:

o
P GaBro 1

P 0+1 GaPrg ( ^ - 24)

^ = - ^  ^ 3  (4 . 25)
P 4+2a

o
P

4 -2  a i As_ (A .26)
4+2a

L m £ = = E - 2+ e .  i  (A .27)
p  1+0

When more th an  one r e a c t io n  i s  ta k in g  p la c e , th e  r e la t io n s h ip  

betw een J  and w depends on q u a n t i t i e s • such as a and 0  .

For th e  a r s e n ic  eq u ilib riu m , r e a c t io n  (A*3)

■° 2 )' = ( : 4 s , f  .3 (A .28)

P AS^ (^As^) (4+2*)

D efin ing  A = D( /jj„ ,T ) ^ As„ ,  ,
    •    (A.29)

/Hg,T) K

th e n  a = 1 + Vi + AA 
A

( a .30)



C onsidering  re a c t io n s  (A .1) and ( a .2) :

T)
^ GaBr ^ HBr

^2 ^ GaBrg

1 7 7

0 E - /&L0 \  1 
\ l + 0 /

D,GaBrg/Bp

- ^GaBr/Hg

l e t  0  = —— " —
K,

GaBr/H,

D,
(A .31)

'2 GaBrg/Hg

where 0  i s  th e  va lue  o f 0  a t  th e  e x it  o f th e  b o t t l e  and ^ i s  a 

measure o f th e  e x ten t o f th e  r e a c t io n  (when i s  la rg e  ^ — 1) ,

E = ^ H B r / ^  (4 . 32)

Then 0  = -1 + ( l+ 0 ') + r ( i - 2  I ' ) 6 ^ + 20*1^

2(1 -S ')

How =
0

0+1

■As  ̂ \ l /4
GaBr

4+2%
H,

CT (240) gc. —
(Ü0 ) HBr

f^4 ^ r
GaBr \A+2 g/

E -  I HBr0 -+ oo

I f  K« becomes sm all, 0 —> œ  and K. —) K *
c C: I _ =1 I

GaBr;
S im ila r ly

0  ■+ 0 ( G - 2 Ê ' 2HBr^

As

I f  becomes sm all, 0  0 and

4 + 2g

K,

1/4

(A. 33)

(A. 34)

(A .35)

(A. 36)
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S u b s t i tu t in g  f o r  a and G in  equations (A .23) to  (A .27) and 

s u b s t i tu t in g  th e  r e s u l t in g  equations in to  th e  ex p ress io n  fo r  K,j, 

eq u a tio n  ( a .4) r a, m aster eq u ation  i s  o b ta in ed :

r i _ 5 l
K ° L 1 J

1 -

K o 
1

(A. 37)

In  th e  experim ental tem pera tu re  range , th e  second term  on th e  

r i ^ t  o f  eq u ation  (A .37) i s  n e a r ly  u n ity , hence:

(A. 38)

A second-o rder approxim ation  to  multicomponent d if f u s io n  may be 

in c lu d ed  in  t h i s  a n a ly s is ;  t h i s  has th e  e f f e c t  o f m u ltip ly in g  each 

^ ^ by f a c to r s  7   ̂ which a re  fu n c tio n s  o f  th e  b in a ry  d if fu s io n  

c o e f f ic ie n ts  fo r  a l l  p a ir s  o f sp ec ie s  in  th e  system . Graham’ s Law 

(eq u a tio n  1 . 20) i s  used  to  c a lc u la te  th e  r a t io s  o f b in a ry  d if fu s io n  

c o e f f ic ie n ts .

nom enclature used in  programme (see  SUBROUTINE EQU51)

WOBS w eight lo s s  recorded ex p e rim en ta lly .

T tem p e ra tu re .

K1 eq u ilib riu m  co n stan t r e a c t io n ( a . 1) .

K3 eq u ilib riu m  co n stan t r e a c t io n ( a .2) .

KA eq u ilib riu m  co n stan t re a c t io n ( a .3) .

E e

B1
. . f RTlpx co n stan t (= )

D1 ^GaBr/Hg
D2 ^ASg/Hg

D3 ^GaBrg/Hg

D4 ®AS4/Hg
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AL a

PH2 p a r t i a l  p re ssu re  o f  hydrogen

A1 â i (where 1 = GaBr, 2 = As^, 3 = GaBr^, 4 = As^) .
TH • 0

AO A (see  eq u ation  ( a .29) ) •

Yj (where 1 = GaBr, 2 = ASgy 3 = GaBrg, 4 = As^) •
(where 1 = GaBr, 2 = ASg, 3 = GaBr^, 4 = As^)

G1

X1

The su b ro u tin e  p re sen te d  in  ta b le  1 w i l l  so lv e  th e  m aster 

eq u ation  (A .37) fo r  any com bination o f  th e  fo u r  thermodynamic 

q u a n t i t ie s  (AĤ  , AS^, AHg, AS^) fo r  th e  two re a c tio n s  and c a lc u la te  

th e  r a t e  o f w e ig h t-lo ss  as a  fu n c tio n  o f tem p era tu re  (va lues o f 

AĤ  and AS  ̂ a re  known c o n s ta n ts ) • In  an exact s o lu t io n  th e  value  

o f  P ( th e  r ig h t-h a n d  s id e  minus th e  le f t-h a n d  s id e  o f eq u ation  

( a *37) ) would be z e ro .

C a lc u la tio n  o f param eters con tained  in  su b ro u tin e  EQN31 (Table 1)

a l l  in  SI u n its

B1 B1 = Rip
MPc

where R i s  th e  gas c o n s ta n t, 1 th e  le n g th  o f th e  c a p i l la r y  and 3 

th e  c a p i l la r y  c o rre c t io n  (see  Appendix l ) , M th e  m olecu lar weight o f 

GaAs, P th e  t o t a l  p re ssu re  and c th e  c ro s s - s e c t io n a l  a re a  o f th e  

ch an n e l.

KA

E quilib rium  co n stan t fo r  th e  d is s o c ia t io n  o f As^ to  2ASg 

c a lc u la te d  from l i t e r a t u r e  (see  s e c tio n  4 *8) .
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T ab le  1.

SUBROUTINE EQN^l, GaAs/lIBr system  (2mm c h a n n e l ) .

SUBROUTINE EQN51(W0bS,Kl,K3,T,E,F)
r e a l  K1,K3,KA
81=2.82727
K A = F X P (17.106-26270./T)
D5=n.496E-4*(T/273.15)**1.78
01=0.73538*05
02=0.7349*05
03=0.59374*05
04=0.5190*05
PH2=1.-L
A1=1.+5.3354*E
W=WOBS .
TH=1.23b6*Kl/(K3*£)
XID=B1*W*T
A0=XID/( ü 2*KA*1.414)
I F (1.♦4.* A 0 )44*44f45

44 r e t u r n
45 CONTINUL 

AL=(1.+SQRT(1.+4.*A0))/A0 
Z1=?.*(2.+AL)*(TH+1.)
Z2=(AL+1.)*(1.+2.*TH)+TH
Z3=?.*(2.+AL)*(2.+TH)
ZZ=XID*Z2/Z1
A 5 = l . + (49.87412+26.96216*AL+22.8516*AL*TH+41.6530*TH)*E/Z3 
C 5 = - (36.81531+15.98399*AL+8.230424*AL*TH+21.30818*TH)/Z2 
G l = * l + (12.08528+4.O3353*AL+0.4l45945*AL*TH+3.64742*TH)*XID/(Z1*0] 
G 2 = A l + ( 12.073618+4.62784*AL+0.40922*AL*TH+3.636385*TH)*XID/(Z1*D2
G 3 = A 1 + (8.96856+3.10 339*AL-1.030985*AL*TH+0.6998025*TH)*XIO/(71*d: 
6 4 = A 1 + (7.337785+2.30279*AL-1.78737*AL*TH-0.84253*TH)*XIO/(Zl*O4) 
G5=A5-(C5+1.)* Z Z / (05*2.)+E*Z2/Z3 
X1=G1*X10/01 
X2=G2*XIO/02 

I  X3=G3*X10/03 
X4=G4*XlL)/04 
X5=G5*Xl0/05 
Y=(X4/(4.+2.*AL))**.25 
Q=(F-2.*X5)**2*K3/(PH2*X3)
R=K1/(X1*SQRT(PH2))
S=(F-K1*(E-X5)/(SQRT(PH2)*X1*Y)*X5)
F=Q+R*S-Y
RETURN
END
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3)1

GaBr/Hg ^HBp/ h,

^HBr/Hg

r 30.917 
149.629

B1 = 0 . 73538(1)5)

A ll subsequent v a lues fo r  r a t io s  o f d if fu s io n  c o e f f ic ie n ts  a re

c a lc u la te d  in  th i s  way (Graham’s Law)• The value  f o r  D.

i s  e stim ated  in  ch ap te r 3 » 

A1

taB r/H ,

DGaBr/HBr

= 1 + 5.3354  E

This i s  used in  th e  c a lc u la t io n  o f  Y •

HBr/H,

é l

a.'HBr

fr

1 -  

L V

D.'HBr/H.
-  1

D.HBr/GaBr

GaBr

HBr

B
W h,  _ /  

2^HBr/As
As,

HBr

GaBr 2 + ®HBr/Hg _ ; E

_ HBr/GaBr . '^HBr _®HBr/AS4 . '̂ HBry

a = 1 + E [ 49.87412  + 26 . 9622a + 22 . 8516a 0  +41.65300  1
(2 + 0  ) (4 + 2a)



AO

A =

DAs . / h,2/ -2

As,

KA

0.7071 (bi)(w) ( t)
(02) (KA)

1 8 2

AO = 0.7071 (XIB)
(02) (KA)

G1 (G2, G3, G4)
Y GaBr ^GaBr (^ "*■ *̂ GaBr̂ ?GaBr

How -C
GaBr

GaBr/H.
-  1

B

BbaBr/H.
-  1

BGaBr/A£

^GaBr/l^

GaBr/GaBr^ 

^GaBr/H.

BGaBr/H,/o
-  1

B

-  1
B

As

GaBr2/ 5g

B,

GaBr,

4 +
GaBr/l^

-  1

^GaBr/As,

^GaBr/Hg As,
-  1

BAs . / h,2/ -2

-  1

^GaBr/HBr

BbaBr/Hg
-  1

HBr

23.1706 + 10. 2671a + 2.829238  + 10.29489
“ GaBr “

0 + (a  + 1) ( 1 + 2 0 )

"^GaBr = ^GaBr ( l 2.0833 + 4 . 6333a + O .4 l 46a 0 + 3.6474 0)
GaBr (1 + 0 ) (4 + 2a)

S im ila r ly  f o r  and Y^^^



1 8 3

21

"Y HBr ^HBr ''' ^HBr^ ^ HBr -

HBr

= a.HBr -  (1 + ^HBr^ 1 I 22 \ 2 /  22\
HBr (̂2 3 / \ ^ j  programme)

= a HBr- (1 + W  H  + 6 ( | 2  
t e )  2

where (Z2) , (Z3) and (zz) a re  d e fin ed  in  th e  programme and C 

i s  c a lc u la te d  u s in g ;

HBr

-CHBr
& B r/H .

-  1
D.HBr/GaBr

% Br/H.
-  1

DGaBr/H,

GaBr ^HBr/H,
-1

D.HBr/As

D.HBr/H,
-  1

DA8/H g

As

BEBr/Hg
-  1

^HBr/As

B'HBr/H,
-  1

B
As . / h

As, B.'HBr/H.
-  1

BHBr/GaBr,

BHBr/H.

BGaBr_/H2 '  2 J

GaBr,

4 B B e riv a tio n  o f th e  m aster equation  f o r  th e  InAs/HBr system

The fo llo w in g  equations can he used to  d e sc r ib e  th e  tra n s p o r t  

o f  indium a rse n id e  by hydrogen bromide gas in  th e  tem pera tu re  range 

1110 -  730 K (see  C hapter 4 ) :

InA s(s) + HBr(g) ±; InBr(g) + l / 4As^(g) + -^ ^ (g ) (O .I)

As^(g) ±; 2ASg(g) (B .2)
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The e q u ilib riu m  c o n sta n ts  fo r  re a c t io n s  (B .1) and (B .2) a re  

g iven  by;

^1 " ^ InBr^P As^) (B'3)

^2 “  ASg) (B .4)

o
p AS4

(See s e c t io n  4A fo r  d e ta i le d  d e r iv a t io n s ) .

C onsidering  th e  f lu x e s , o f th e  sp ec ie s  occuning in  th e  

t ra n s p o r t  eq u a tio n s :

'H B r + = °  (S -5)

^InB r “ ^ A s^  *** ^'^As^ " '^luAs (B .6)

^BBr + -̂ Hg + ^684 + ^ASg + '^InBr = ^

Hence = J&84 + 2a) = -Jgg^  (B.8)

where a = J .
- f f i

"AS4

^As^ "  ~^HBr (B .9)
(4+2a)

•^ A S g = '^ H B ra  (B.IO)

(4+2a)
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HBr

InAs

- ( 3+2q)
(4+2a)

(4+2g)
( 3+2a)

(3 . 12)

Follow ing th e  same arguments as in  4A, th e  exp ress io n s  o b ta ined  f o r  th e  

p a r t i a l  p re s su re s  in s id e  th e  r e a c t io n  b o t t l e  a re :

^  ( . . , 3)
(4+2 a)

As, As,

(4+2a)
(B .I4)

and p

InBr

HBr

InBr

E _
HBr (B .16)

In s e r t io n  o f equations (B ,13) to  (B.16) in to  eq u a tio n  (B .3) and 

• in c lu s io n  o f the_ \  c o r re c t io n , y ie ld s  eq u a tio n  (B .1?) :

4+2 a
1/4 / o 1

(3 . 17)

The su b ro u tin e  EQNB1 which can be s e t  up u s in g  th e se  equations 

(see  4A) i s  g iven  in  Table 2 .

Here D1 = D.TnBr/H.

D2 = D,ASg/Hg 

= ^As^/Hg

Similarly fo r  G1 ( Y ^ ), Z1 ( E ^) and A1 (â )



1 8 6
T ab le  2.

SUBROUTINE ECiN51, InAs/HBr system  (2mm c h a n n e l ) .

FUNCTION EQN51(WOdb,Kl,T,E,F)
REAL Ki,KA
Bl=?.U6o^97*1.041b9
KA=EXH(if.lU6-262/U./T)
D5=n.54UL-4*(T/27j.l5)**1.80
D1=0#49Z o *D5
D2=0.49JZ8*D5
D 4 = 0 •3+oo03*D5
PH2=i.-L
Ai=l.+3:^5274*E
W=WOBb
XID=bi*w*T
AO =  X 1 0 / (l>2*KA* 1.414)
I F (1.+4.*A0)44*44*+b

44 RETUk N
45 CONTINÜC.

AL=(l.+bORT(l.+4.*AU))/AU 
Z 2 = (3.0+2.0*AL)
Z 3 = (4.U+2.0*AL)
A 5 = ] .U + (41.7271+2d.b887*AL)*E/Z3
C 5 = - (52.3507+23.5ob4*AL)/Z2
6 1=A1+(+.10773+0.bD59b*AL)*XID/(Z2/D1)
G 2 = A 1 + ( 4 . 13624:0.b39l5*AL)*XlD/(Z2/U2)
G 4 = A i + (-1.7199-2.22bOo*Al )*XID/(Z2*D4)
6 5 = A 5 - (i.0+C5)*XIJ/(D5*2.0)+E*Z2/Z3
Xl=Gi*XlO/Dl
X2=G2*xiu/D2
X4=G4*Xlu/D4
X5=Gb*Xlu/D5
Y = ( X 4 / ( 4 . + 2 . * A L ) ) **.25
EQN51 = Xl*Y*SQRT(Pri2)-M*(£-X5)
RETUk N
e n d
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40 B e r iv a tio n  o f th e  m aster ecru-a,tion f o r  th e  InAs/HCl system

The fo llo w in g  equations can he used to  d e sc r ib e  th e  t r a n s p o r t  

o f  indium a rsen id e  by hydrogen c h lo rid e  gas over th e  tem pera tu re  

range 1090 -  715 K (see  C hapter 4 ) :

InAs(c) + HCl(g) ±; InC l(g) + l / 4A8^(g)+&Hg(g) (C .l)

As^(g) ±; 2ASg(g) (C .2)

The eq u ilib riu m  co n stan ts  f o r  re a c tio n s  (C .l) and (C .2) a re  g iven  by;

P HCl

F ollow ing e x a c tly  th e  same procedure  as in  4B but s u b s t i tu t in g  

Cl f o r  Br, th e  m aster eq uation  o b ta in ed  i s :

1 /4L Ü i .
L 4+2% ( P % ) "  (C .5)

( ^ ~Y § hci )

Table 3 co n ta in s  th e  su b ro u tin e  EQN51 f o r  t h i s  system . Here 

1,2  and 3 r e f e r  to  InB r, As^ and As^ r e s p e c t iv e ly .  The co n stan t 

B1 , which i s  a f fe c te d  by channel dim ensions and m olecu lar w eight o f 

sam ple, changes s iz e  in  th e  InAs/HCl experim ent u s in g  th e  s i l i c a  

b o t t l e  w ith  th e  1 mm diam eter channel (see  Appendix 1 f o r  dim ensions)
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T ab le  5 .

SUBROUTINE EQN51, InAs/HCl system  (2mm c h a n n e l ) .

FUNCTION E0N51(W0BS,K1,T,E,F) 
r e a l  K1,KA
81=2.0689967*1.04169
KA=EXP(17.106-26270./T)
05=0.498E-4*(T/273.15)**1.78
01=0.6446*05
02=0.7349*05
04=0.5196*05
PH2=1.-F
Al=l.+5.3354*E
W=WOBS
XID=31*W*T
AO=XIO/(D2*KA*1.414)
IF (1.+4.* A 0 )44* 44* 45

44 RETURN
45 CONTINUE 

AL=(1.+SORT(1.+4.*AO))/AO 
Z2=(3.0+?.0*AL)
Z3=(4.0+2.0*AL)
A 5=1.0+(46.5048+25.2775*AL)*F/Z3
C 5 = - (29.81498+12.48383*AL)/Z2
G 1 = A 1 + (3.63841+0.4281B5*AL)*X1 0 / (Z2*D1)
6 2 = A 1 + (6.11883+1.65044*AL)*XTO/(72*02)
G 4 = A 1 + (0.202285-1.264962*AL)*XID/(Z2*04)
G5=A5-(1.0+C5)*X10/(05*2.0)+E*Z2/Z3
X1=G1*XID/01
X2=G2*XID/D2
X4=G4*XID/D4
X5=G5*XlD/05
Y=(X4/(4.+2.*AL))**.25
E0N51=Xl*Y*SORT(PH2)-Kl*(E-X5)
RETURN
END
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4B Development o f  programmes ( th e  th re e -e q u a tio n  case)

The o b je c t o f th e  computer a n a ly s is  on th e  th re e  system s 

d esc rib ed  above was to  f in d  th o se  v a lu es  fo r  th e  en th a lp y  and 

en tropy  (AH and As) , f o r  th e  re a c t io n s  co n sid ered , which gave th e  

b e s t  f i t  to  th e  experim ental r a t e s  o f weight lo s s .  The d if fe re n c e  

between w^^g, th e  experim ental r a t e  o f w eight lo s s ,  and th e

computed w, had to  be m inim ised over th e  range o f tem pera tu res 

in v e s t ig a te d .

F or th e  m aster eq u atio n  to  be s a t i s f i e d ,  F ( th e  r ig h t-h a n d  s id e

minus th e  le f t -h a n d  s id e  o f  th e  m aster eq u atio n  (A .37) must be zero ,

i . e .  F = f(w) = 0 . This fu n c tio n  was f i r s t  in v e s t ig a te d  in  o rd er

to  d isco v e r th e  lo c a t io n  o f  i t s  ro o ts  and found to  be a  cub ic  in  w.

For most cho ices o f  H and S on ly  one r e a l  ro o t appeared . Sometimes,

however, th e re  were two r e a l  v a lu es  o f  w_,__ c lo se  to  w_.Qc •OAIj 0 # Uiuo #

A p lo t t in g  programme ( ta b le  4) was f i r s t  developed to  f in d  th e  

p o s i t io n  o f  th e  r e a l  r o o ts .  Values f o r  th e  thermodynamic fu n c tio n s  

H and S were e stim ated  u s in g  l i t e r a t u r e  d a ta .  Three com binations 

o f  H,j, H^, 8  ̂ and 8^ c lo se  to  th e  l i t e r a t u r e  e s tim a te s  were chosen 

and f iv e  tem p era tu res  w ith in  th e  experim ental ran g e . For each 

tem p era tu re  and each com bination o f H and 8 , th e  value  o f F was 

p lo t te d  as a  fu n c tio n  o f w, y ie ld in g  w ^ ^ ^  where F = 0 . These

v a lu es  o f w - , ? -  were compared g ra p h ic a l ly  w ith  th e  w_.na r e s u l t s ,
OAJ-iO* UJjo •

th e n  H and 8 were v a r ie d  to  o b ta in  b e t t e r  agreement between w^^g 

"CALC."
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P l o t t i n g  program m e, 5 r e a c t i o n  system  ( o m i t t in g  SUBR. EQ,N5 l ) .

PPOSRAM FJT69(INPUT*OUTPUT*TAPE7=INPUT)
DIMENSION X(4)*WEXP(6)*TENP(6)*Y(3*101)
r e a l  K1*K3
R=B.314
E=0.0354
DO 39 1=1*6
REAr)(7.lOO) TEMP(I) *WEXP(I)

100 f o r m a t (F10.4*E14,6)
PRINT 200*TEMP(I)*WEXP(I)

200 FORMAT(* TEMPERATURE = **F10.4** WEIGHT = **E14.6)
DO 6 J=l*3
REA0(7,RR)X(1),X(2)*X(3)*X(4)

99 FORMAT(4F10.2)
PRINT ?.01*X(1)*X(2)*X(3)*X(4)

201 FORMAT(*0 H= **2F10.2** S= **2F10.2)
WOAS=WEXP(I) .
T=TFMP(I)
K1=EXP((-X(1)/T+X(3))/R)
K3=EXP((-X(2)/T+X(4))/R)
J J=0 \
DO 60 11 = 1 * 101 
J J = J J +1
W1=FLOAT(II)*1.00E-10 
CALL E0N51(W1*K1*<3*T*E*F1)
Y(J*JJ)=F1 

60 CONTINUE 
6 CONTINUE 

CALL PLOT(Y)
39 CONTINUE 

STOP 
END

s u b r o u t i n e  p l OT(Y)
d i m e n s i o n  Y(3*101)*TEXT(101)
DO 2 1=1*101 

2 TEXT(I)=1H 
DO 1 1=1*101
Ll=TNT(25.0*(Y(l*I)+2.0)+1.5)
L2=TNT(25.0*(Y(2*I)+2.0)+l.S)
L3=INT(25.0*(Y(3*I)+2.0)+l.S)
IF(L1.GT.101)11=101
IF(L1.LT.1)L1=1
I F ( l 2 . G T . 1 0 1 ) L 2=101
IF(L2.LT.1)L2=1
IF(L3.GT.101)13=101
IF(L3.LT.1)L3=1
TEXT(1)=TEXT(51)=TEXT(101)=1HI
TEXT(L1)=1H+
TEXT(L2)=1H*
TEXT(L3)=1H-
PRINT ?00*I*Y(l*I)*Y(2*I)*Y(3*I)*(T E X T (J ) *J = 1 * 101)

200 FORMAT(I4,3F9.3*101A1)
TEXT(L1)=1H 
TEXT(L2)=1H 
TEXT(L3)=1H 

1 CONTINUE
PRINT 4 , (1H-,J=l,101)

4 FORMAT(31X*101Al)
RETURN
END
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Two forms o f  m in im isa tion  fu n c tio n  were exp lored :

SIG,| = I  (^OBS. “ ^CkliC?  (D 'l)

and 8IGg = I
w

In  OBS.
w

CALC.J
' a  (D.2)

where H is  th e  number o f p o in ts .

Prom th e  p lo t t in g  programme, th e  range o f H and 8 v a lu es  w ith in  

which r e a l i s t i c  ro o ts  o ccu rred  was known. In  t h i s  second programme 

( ta b le  5) a l l  com binations o f th re e  v a lu es  f o r  each thermodynamic 

fu n c tio n  (making 3^ = 81 com binations) were covered . F or each 

com bination, v a lues o f ^QggC^) were e n te red  and 8IG^ c a lc u la te d .

Using equation  (D .I) as th e  c r i t e r io n  o f  "goodness o f f i t " ,  p o in ts  

w ith  h igh  va lues o f w were e f f e c t iv e ly  w eighted more h e a v ily  th a n  

th o se  w ith  sm a lle r w and, in  consequence, th e  f i t  was good a t  h igh  

w bu t ve ry  poor a t  low w where th e  p ro p o r tio n a l e r r o r  was in  excess 

o f 50^» Using th e  second ex p ress io n  (eq u a tio n  (D .2) )  a  b e t t e r  f i t  

was o b ta in ed  a t  a l l  tem p e ra tu re s . The f i t  a t  v e ry  h ig h  tem peratu res  

i s  determ ined by th e  va lue  o f D ° ^  „  ( th e  b in a ry  d if fu s io n  c o e f f ic ie n tHA f Hg
o f hydrogen h a lid e  in  hydrogen, a t  0 C) , see  c h ap te r 3 . The b e s t

2
v a lu es  o f  8 ,̂  and 8^ a re  th o se  which g ive  th e  minimum 8IGg

f o r  a  g iven  in p u t s e t  o f w^^g ( t)  . The shape o f th e  minimum in  F 

(H,|I Eg, 8 ,j, 8g) was determ ined by p lo t t in g  graphs o f 810^ v s .

(H.j, Eg, 8 ,|, 8g ) .  These c ro s s -s e c tio n s  were co n s tru c te d  as fo l lo w s :-  

a  s e t  o f  E,|, Eg, S,j and 8^ was s e le c te d  (enc lo sed  by two v e r t i c a l  

l in e s ,  see f ig u re s  in  ch ap te rs  4 and 5) and each o f th e se  q u a n t i t ie s  

was th e n  v a rie d  as shown on th e  x a x is  keep ing  th e  o th e r  th re e  a t  

t h e i r  s e le c te d  v a lu e s .



T ab le  5 .

M in im isa tio n  programme,GaAs/HBr system  ( o m i t t in g  SUBR.EQN51),

PROGRAM E J T 6 1 (INPUT,OUTPUT,TAPE7=INPUT) 
d i m e n s i o n  X(4),WEXP(25),TEMP(25)
COMMON WEXP,TEMP,E
E=0.0354
DO R 1=1,6
READ(7,100)TEMP(I) f W E X P d )

100 f o r m a t  (I-10.4,E14.6)
PRINT 2U0,TEMP(I),WEXP(I)

200 FORMAT!* T= *,F10.4,* W= *,E14.6)
8 CONTINUE

R E A D (7,99)X ( l > , X (2), X (3), X (4)
99 FORMAT(4F10.2)

PRINT 201,X(1),X(2),X(3),X(4)
201 FORMAT(*0 H= *,2F10.2,* S = *,2F10.2) 

XlS=X(l)-3000.0
X2S=X(2)-3000.0 
X3S=X(3)-3.0 
X4S=X(4)-3.0 
S S = 1 .0 
X4=X4S 
DO 1 1=1,5 
X4=X4+1.0 
X3=X3S 

. DO 1 J=l,5 
X3=X3+1.0 
X2=X2S 
DO 1 K=l,5 
X2=X2+1000.0 
X1=X1S 
DO 1 L=l,5 
X1=X1+1000.0 
VAL=SIG( a 1,X2,X3,X4)
SS=A m IN1(SS,VAL)

1 CONTINUE 
PRINT 506,SS 

506 FORMAT!* S3 = *,E14.6)
STOP
END



T ab le  5 ( c o n t i n u e d ) ,  19 3

FUNCTION SIG(S1,S2,S3,S4) 
d i m e n s i o n  S(4),W£ a P(25),TEMP(25)
COMMON WLXP»TEMP,E 
r e a l  K1,K3,SIG 
R = 8 •314 
SIG=0.
Do 39 J=l,6 
WOBS=WEXP(J)
T = T F M P (j )
K1=FXP((-S1/T+S3)/R)
K3=FXP((-S2/T+S4)/R)
W1=1.S*W0BS
CALL E0N51(W1,K1,K3,T,E,F1)
DO 60 1=1,50
W2=W1
F2=F1
Wl=W2-WObS*0.1 -
IF(W1)8,B,9

8 PRINT 13,W1 ■ " "
13 FOR m a T(* W1= *,E14.6)

— —  — — -—  *—• — _

9 CONTINUE
CALL E0Nbl(Wl,Kl,%3,T,E,Fl) ----- . - ---- ---
IF(F1*F2)70,60,60 

60 CONTINUE ' -
PRINT 14

14 f o r m a t (*ONO ROOT*)
RETURN

70 XA=wi 
XB=W2 
FA=F1 
FB=F2

58 DIFF=(Xb-XA)*FA/(FA-FB)
X=XA+DIFF
CALL EQN51(X,K1,K3,T,E,F x )
IF(FX*FA)15,30,20

15 XB=X 
FB=FX
GO TO 40 

20 XA=X 
FA=FX

40 IF(ABS(U1FF/XA).L£..001.0R.ABS((XB-X)/XB).LE..OODGO TO 30 
GO TO 58 

30 CONTINUE
SIG=SIG+(ALOG(WOBS)-ALOG(X))**2 
PRINT 507,WOBS,ALOG(WOBS),X,AL06(X),FX 

507 FORMAT(5L14.6)
39 CONTINUE 

SIG=SlG/b.O
p r i n t  10,31,S2,S3,S4,SIG 

10 FORMAT(04F10.2,* SIG= *,£14.6)
r e t u r n
END
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The f i n a l  programme developed, ( ta b le  6) was fo r  use  in  th e

s im p le r tw o -re a c tio n  s i t u a t io n .  Having e stim ated  va lu es  fo r  H,j and

a v a lu e  f o r  each was s e le c te d  which f e l l  w e ll below th e  e r ro r

l im i t s  f o r  th e se  p a ram ete rs . A wide sea rch  was th en  c a r r ie d  o u t ,
2

c a lc u la t in g  SIGg a-t a l l  com binations o f  and a t  s u i ta b le

in te r v a ls  over th e  re q u ire d  ran g e . Subsequent sea rch es  in  th e

same programme, covered sm a ile r ranges round th e  H..J and S.j va lues
2

which had g iven  th e  minimum SIG^ in  th e  p rev ious se a rc h . Thus,
2

u s in g  t h i s  i t e r a t i v e  method, a  minimum f o r  SIG^ was q u ick ly  

approached.
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T ab le  6 .

M in im isa tio n  p rogram m e,2 r e a c t i o n  system  ( o m i t t in g  FUHCT.EQ,I'I5l ) .

PROGRAM E J T 7 8 (INPUT,OUTPUT,TAPE7=INPUT) 
d i m e n s i o n  X(2),WEXP(100),TE m P(100)
COMMON WEXP,TEMP,E 
REAL INCH,INCS 
E=0.0354 
DO R 1 = 1,36
REAn(7,100>TEMP(I),WEXP(I)

100 FORMAT(FlO.4,E14o6)
PRINT 200,TEm P(I),WEXP(I)

200 FORMAT!* T= *,F10.4,* W= *,E14.6)“
8 c o n t i n u e

REAn(7,99)X(D,X(2)
99 FORMAT(2F10.2)

p r i n t  201,X(1),X(2)
201 FORMAT(*0 H= *,F12.2,* S = *,F12.2)

H = X ( D
S 0 = X (2)
N=20
M=10 ..........................
INCH=0.2E+4 
INCR=2.0 
DO 2 K=l,2 
HMIN=H 
SMIN=S0
FMIN=SIG(H,S0,0)
DO 10 1=1,N 
H=H+INCM 
S = SO
DO 10 J=1,M
S=S+INCS
FTERT=S1G(H,S,0)
IF(FTEST.GT.FMIN)SO TO 10
f m i n =f t e s t
HMIN=H 
SMIN=S 

10 c o n t i n u e
p r i n t  3,K,FMIN,HMIN,SMIN 

3 FORMAT(*0 ITERATION NUMBER *,I2,* CURRENT ERROR = *,E15.7,* THE 
ICURPENT H VALUE = *,F12.3,* THE CURRENT S VALUE = *,F7.2)
FDU m m Y = SIG (HMIN,SMIN, 1 ).
H=HMIN-INCH 
SO=CMlN-INCS 
INCH=INCH*0.5 
INCS=INCS*0.5 
N=M=10 

2 CONTINUE 
STOP 
END
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FUNCTION S I G (51,52,IFLAG)
DIMENSION 5(2 ) ,WEXP(100),TEm P(100)
COMMON W£XP,TEMP,E .
REAL K1 
R=8.314
SIG=0* .
DO 39 J=l,36 
W0B3=WEXP(J)
T = T F M P (J)
K1=FXP((-51/T+S2)/R)
ANSn = W0B5 - ... - - - _ -- . .. _

195 VAL)=EQN51(AN50,K1,T,F,F) . . \
WP1=1.00001*AN50 -
VAL2=E0N51(WP1,K1,T,E,F)
WM1=0.99999*AN50 
V A L ^=EQN51 ( W M l ,K1,T,E,F) 
AN51=AMS0-VAL1/(VAL2-VAL3)*0.00002*AN50 
IF(AB5((AN51-AN50)/AnS1).LT.1.0E-04)GO tO 200 
AN50=ANS1 
GO TO 195 

200 X=Ams1
SIG=SIG+(ALOG(WOBS)-ALOG(X))**2 
IF(TFLAG.EQ.O)GO TO 39 
PRINT 6,T,AL0G(W03S),ALOG(X)

6 FORMAT(3F10.4)
39 CONTINUE

SIG=5I6/36 
PRIMT 7,SIG,51,52

7 FORMAT(E14.6,2F20.4)
r e t u r n
END
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APPEEDIX 3

Experim ental R esu lts

Table 1 : GaAs/HBr, c = 0.0354  , c = 0.0591 (2 mm diam eter
channel)

Table 2 : GaAs/HBr, £ = 0.0354  (3 imn d iam eter channel)

Table 3 : GaAs/HBr, £ = 0.0354  , c = 0.0591  (3 nim diam eter
channel)

Table 4 : GaAs/HBr, £ = 0.0591  , £ = 0.0354  ( l  mm d iam eter
channel)

Table 5 • GaAs/HBr, £ = 0.0591  , £ = 0.0354  ( l  mm diam eter
channel)
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Table 1

T ransport o f g a lliu m  a rsen id e  in  hydrogen bromide gas, u s in g  

th e  s i l i c a  b o t t l e  w ith  th e  2 mm d iam eter channel.

R ates o f w eight lo s s ,  w, a t  tem p era tu res  T a re  l i s t e d  

c h ro n o lo g ic a lly .

c = 0.0354

t/ k 10 "*^w/kg s ^ T/K I0 ^^w/kg s“ ^

1021.40 25-359 894-55 9-581

1021.40 24-981 894-55 9-419

1215-55 43.182 933-95 12.245

1215.15 43.304 933.45 12.250

1214.35 43.636 772.95 3-700

1118.55 37-077 1256.00 43-644

1119.05 36.885 1256.00 43-644

1119.05 36.923 1181.65 40.500

1060.40 30.594 1180.85 40.583

1061.15 31-125 1180.45 40.375

820.15 6.400 1141.55 37-731

820.15 6.507 1140.75 37-846

999.15 21.674 1084.15 32.933

1000.85 21.889 1082.45 32.828

951-15 14.708 • 1081.65 32.633

951-15 14.600 843.05 7.170

870.95 8.392 843.05 7-067

870.95 8.332 913.15 10.562

1041.05 28.235 912.15 10.400

1041.05 28.000 803.75 5-356

971.15 17.351 983-85 19-500

971-15 17.404 983.85 , 19-160
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Table 1 (continued)

£ = 0.059

t/ k 10^^w/kg s ^ t/ k 10 "**̂ w/kg s ^

982.45 25.684 789.05 7.832

981.15 24.974 789.05 7.925

930.85 17.096 1043.15 38.640

930.85 17.493 1041.90 38.039

1021.25 34.214 971.15 23.050

1021.25 33.552 970.15 23.082

893.25 14.104 1215.55 60,438

894.55 14.385 1215.55 60.125

954.15 20.379 1181.35 57.882

952.35 20.505 1180.15 57.765

839.15 10.944 1081.65 45.476

840.65 11.089 Î 1080.90 45.619

910.55 15.388 1021.15 33.793

911.45 15.310 1020.40 33.759

819.55 9.717 921.15 16.226

1000.65 29.212 921.15 15.968

767.25 . 4.825 1003.15 29.364

871.15 12.594 1001.45 29.152

871.65 12.867 1119.75 51.158

805.15 8.435 . 1119.35 51.053

805.65 8.536 1144.40 , 54.571

864.25 12.516 1141.65 54.444

788.55 7 .560 1139.65 53.838



2 0 0

Table 2

T ransport o f galliiom a rse n id e  in  hydrogen bromide gas, 

u s in g  th e  s i l i c a  b o t t l e  w ith  th e  3 mm d iam eter ch an n e l. 

R ates o f w eight lo s s ,  w, a t  tem p era tu res  T a re  l i s t e d  

c h ro n o lo g ic a lly .

£ = 0.0354

t/ k I0 ^^w/kg s ^ T/K I0 ^^w/kg

939.15 30.375 844.95 13.160

937.40 29.485 878.05 17.836

979.15 43.955 877.55 17.655

977.15 42.261 795.15 7 .089

899.55 20.830 957.15 35.000

899.55 20.689 957.15 34.714

821.65 10.733 886.15 18.307

824.65 11.165 886.15 18.158

917.05 24.175 865.05 15.648

915.65 24.200 866.35 15.680

844Ï 15 13.200
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Table 3

T ransport o f g a lliu m  a rse n id e  in  hydrogen bromide gas u s in g  th e  

s i l i c a  b o t t l e  w ith  th e  3 mm d iam eter ch annel. R ates o f  weight 

lo s s ,  w, a t  tem p era tu res  T a re  l i s t e d  c h ro n o lo g ic a lly .

£ = 0 . 0 3 5 4

t/ k I0 ^^w/kg s ^ t/ k I0 ^^w/kg 8 ^

935.65 31.097 922.55 27.286

933.95 31.310 886.15 21.622

873.25 20.505 885.15 21.103

873.25 19.959 901.65 22.810

855.05 17.943 900.40 23.129

855.05 18.673 1025.45 60.688

917.90 26.316 1025.15 61.000

915.15 25.947 1005.85 53.189

826.15 15.568 1005.40 52.865

825.35 15.639 903.65 23.176

825.35 15.664 904.15 22.965

955.25 36.111 795.15 11.097

954.45 35.630 795.65 11.247

975.55 43.022 905.35 23.177

975.15 42.553 905.35 23.515

923.05 27.686
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e

Table 3 ( centinued)

= 0.0591

t/ k
_ 10. ,

10 w/kg s t/ k I0 ^^w/kg s ^

905.85 35.074 954.55 46.300

905.35 34.357 904.65 34.679

936.05 41.660 903.85 34.357

935.65 41.489 924.05 38.792

'9 1 5 .9 5 35.778 923.15 38.600

915.15 35.741 844.15 25.333

826.15 22.022 844.55 25.161

825.85 22.612 964.25 52.000

886.15 31.400 964.25 51.892

885.65 31.161 899.15 32.800

853.45 26.786 899.15 33.113

853.45 26.952 946.65 44.884

868.35 28.057 945.45 44.409

867.45 27.714 808.85 16.517

867.15 27.971 808.85 17.422

794.55 15.231 945.65 32.333

795.55 15.760 944.65 33.207

795.55 15.984 1067.75 73.259

977.65 56.057 1066.90 75.040

976.40 54.500 844.75 16.000

954.55 46.191 844.75 14.939
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Table 4

T ranspo rt o f g a llium  a rse n id e  in  hydrogen bromide gas u s in g  

th e  s i l i c a  b o t t l e  w ith  th e  1 mm d iam eter ch an n e l. . .

R ates o f  w eight lo s s ,  w, a t  tem p era tu res  T a re  l i s t e d  

c h ro n o lo g ic a lly
e = 0.0591

t/ k I0 ^^w/kg s ^ t/ k 10 ̂ ^w/kg s ^

1040.05 7.531 980.45 4.878

, 1039.15 7.585 980.15 4.809

1119.15 10.115 959.90 4.201

1020.90 6.785 959.90 .  4.141
1020.15 6.747 917.40 3.170

971.15 4.638 918.15 3.212

1083.05 9.195 1007.45 6.067
1082.85 9.055 1008.25 6.000

,1140.85 10.478 988.15 5.188

1140.85 10.620 988.15 5.188

1062.15 8.491 939.05 3.567

1062.15 8.322 1041.45 7.257

951.65 3.980 1040.15 7.364

951.65 4.004 1041.45 7.425

1000.45 5.893 1039.85 7.508

1000.45 5.895 979.85 5.016

895.45 2.887 979.85 5.005

895.15 2.905 928.75 3.434

1000.65 5.904 1011.65 6.050

930.95 3.554 1010.85 6.030

910.95 3.160 879.55 2.700
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Table 4 (continued)

e = 0 .0 5 9 1

t/ k I0^^w/kg s ^ t/ k 10^^w/kg s ^

8 7 9 .5 5 2 .6 7 8 8 3 8 .6 5 2 .5 5 2

871.15 2 .7 0 0 8 3 8 .6 5 2 .5 4 4

9 8 9 .4 0 5 .2 6 9 8 3 8 .6 5 2 .5 6 7

9 8 9 .4 0 5 .1 3 0 9 6 2 .9 0 4 .2 3 8

8 3 9 .5 5 2 .4 2 7 9 6 1 .6 5 4 .2 9 3

9 7 0 .2 5 4 .5 9 1 9 6 0 .8 5 4 .2 5 2

8 6 0 .0 5 2 .6 4 0 7 7 9 .8 5 2.314
1 0 0 0 ,1 5 5 .5 5 6 7 7 9 .8 5 2.341

9 9 9 .1 5 5 .6 4 6 9 7 0 .5 5 4.776

8 1 6 .1 5 2 .3 3 8 9 7 1 .0 5 4 .7 2 2

9 2 8 .6 5 3 .5 0 0 8 1 9 .9 5 2 .5 1 5

8 9 9 .6 5 2 .9 8 4 8 1 9 .9 5 2 .5 8 1

8 6 9 .9 5 2 .7 2 5 9 4 4 .8 5 3 .9 3 6

1 0 0 2 .0 5 5 .7 8 2 9 4 4 .4 0 3 .8 9 4

1 0 0 0 .1 5 5 .7 9 4 7 5 9 .2 5 2 .1 6 5

9 3 9 .1 5 3.693 7 5 9 .2 5 2.133

9 3 8 .9 0 . 3 .7 6 0 7 5 9 .2 5 2.173

8 5 9 .3 5 2.637 1 0 2 0 .2 5 6 .6 8 3

8 5 9 .8 5 2.683 1 0 1 9 .9 0 6 .6 8 3

9 5 0 .4 0 4 .0 6 3 9 2 0 .2 5 3 .3 0 0

9 4 9 .9 5 4 .0 2 9 9 2 0 .2 5 3 .3 0 2
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2 0 5

c = 0.0591 c = 0.0354

t/ k 10 ^^w/kg s ^ t/ k 10 ̂ ^w/kg s ^

804.25 2.383 971.15 3.404
804.85 2.497 970.65 3.322

912.15 3.177 929.15 2.412

911.15 3.097 929.15 2.484
970.45 4.730 816.75 1.566

970.45 4.686 817.65 1.578

890.35 2.894 949.40 2.885

890.35 2.885 949.40 2.9O8

790.85 2.375 1060.40 6.232

790.85 2.492 1060.40 6.187
1101.15 9.660 1139.15 7.577
1100,05 9.880 1139.15 7.686

1099.55 9.800 1118.15 7.289

878.95 2.908 1118.45 7.207

878.95 2.882 1018.65 5.021

768.95 2.319 1018.95 4.905

769.95 2.267 889.55 1.933
1000.15 4.307

999.15 4.284
908.85 2.103

• 908.85 2.090

789.15 1.377

979.15 3.735

979.15 3.727

859.55 1.654

859.55 1.684

869.45 1.658
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Table 3

T ransport o f  g a llium  a rsen id e  in  hydrogen bromide gas u s in g  

th e  s i l i c a  b o t t l e  w ith  th e  1 mm d iam eter ch annel. R ates o f 

w eight lo s s ,  w, a t  tem p era tu res  T a re  l i s t e d  c h ro n o lo g ic a lly ,

c = 0.0591

t/ k 10  ̂ w/kg s~"̂ t/ k I0 ^^w/kg 8 ^

971.65 4.814 1022.25 6.651

' 971-65 4.700 1021.45 6.690

1119.45 10.184 873.90 2.772

1119.45 10.198 873.90 2.793

1081.15 9.189 922.65 3.403

1081.15 9.111 922.45 3.414

932.45 3.569 823.95 2.515

932.45 3.549 823.95 2.503

1040.90 7.424 963.25 4.287

1040.90 7.508 962.90 4.342

1001.45 5.847 884.40 2.794

1002.25 5.782 884.40 2.373

951.25 3.992 913.15 3.046

952.15 4.OO8 913.15 3.079
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Table 5 (continued)

E = 0.0591 £ = 0.0354

t/ k lo"**^w/kg s t/ k 10 ̂ ^w/kg s ^

983.45 4.830 1042.05 5.788

983.15 4.751 1042.05 5.706

842.15 2.351 912.90 2.195

842.15 2.393 912.90 2.168

948.15 3.417 843.15 1.602

948.15 3.439 1084.65 6,641

841.65 2.383 1084.65 6.655

1063.65 8.529 1002.65 4.302

981.65 5.126 1002.65 4.532

982.15 5.132 873.55 1.807

946.45 3.855 873.55 1.758

946.45 3.916 952.97 2.957

1012.90 6.303 793.51 1.489

1012.15 6.367 793.51 1.495

842.35 2.573 972.88 3.362

1001.15 5.607 972.88 3.607

792.85 2.336 933.95 2.542
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APPEM)IX 6 

M a te r ia ls
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Gases

Argon: A ir P ro d u cts , u l t r a  h igh  p u r i ty  g rade, 99 •999^»

Helium: B r i t i s h  Oxygen Company, CP. g rade , 99*9992^ .

Hydrogen: HOC, h igh  p u r i ty  grade , 9 9 «99+^»

Hydrogen c h lo r id e : Matheson Gas P ro d u cts , te c h n ic a l  g rade, 99*0+^.

N itrogen : HOC, oxygen f r e e ,  99 •9+^*

L iquids

Bromine: B .D .H., A r is ta r  g rade , 99«8+^.

W ater: . D eionised  d i s t i l l e d .

S o lid s

Indium: Halewood Chemicals L t d . ,  indium sh o t, 99*999+^«

Z inc: Goodfellow M etals L t d . ,  z in c  w ire , 99*99+^«

Indium a rse n id e : MCP E le c tro n ic s  L t d . ,  p o ly c ry s ta l l in e ,  undoped,

N-type m a te r ia l ( c r y s ta l  P .445) •

Indium antim onide: MCP E le c tro n ic s  L t d . ,  p o ly c ry s ta l l in e ,

undoped, N-type m a te r ia l  ( lo t  No. 15148) .

Gallium a rs e n id e : MCP E le c tro n ic s  L t d . ,  p o ly c ry s ta l l in e ,

undoped, m a te r ia l (ba tch  A1476) .


