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the  sur face ,  in a g r e e m e n t  w i t h  B e a c o m  and  R i l e y  
(1)  whose  r e su l t s  w e r e  o b t a i n e d  on a m u c h  l a r g e r  
scale  of su r face  roughness .  The  l a y e r i n g  of i nco r -  
p o r a t e d  su l fu r  in  r eg ions  of t he  p l a t i n g  w h e r e  t he  
m i c r o g r a p h  shows  a l a m i n a r  s t r u c t u r e  s u p p o r t s  the  
sugges t ion  b y  V a n d e r k o o i  (3)  t h a t  l a y e r i n g  of t he  
depos i t  m a y  be  a s soc ia t ed  w i t h  t he  i n c o r p o r a t i o n  of 
a d d i t i v e  or  c o m p o u n d s  d e r i v e d  f rom it. 
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ABSTRACT 

Solid solutions of (Zn,Hg)S p repa red  by  firing in sealed sil ica tubes are  
cubic in s t ructure.  Wi th  sui table  addi t ions  of Cu and a coactivator,  photo-  
luminescence and e lect roluminescence are obtained.  The coact ivators  used 
were  halides, Ga, or In. The e lect roluminescence in the red  consists of two emis-  
sion bands which  do not  appear  to be analogous to the  blue and green emis-  
sion bands  of Cu, Cl in ZnS. The quan tum efficiency is of the same order  of 
magni tude  as tha t  of ZnS: Cu, C1, but  the  emission bandwid th  is about  twice as 
large and the red  e lect roluminescence consists of emission located to a large 
ex ten t  in the infrared.  HgS tends to re ta in  the cubic s t ructure  of t e rna ry  
(Zn, Cd, H g ) S  systems provided  that  the  Cd /Hg  ra t io  does not exceed cer ta in  
l imits;  unt i l  this is so, the in t roduct ion of Cd causes increased e lec t ro lumines-  
cence. 

Effor ts  to p r e p a r e  EL 1 p h o s p h o r s  e m i t t i n g  at  
l o n g e r  w a v e  l eng th s  a r e  u s u a l l y  based  on s u b s t i t u -  
t ion  of l a t t i c e  cons t i t uen t s  so as to effect l a t t i c e  
expans ion .  In  ZnS:  Cu EL p h o s p h o r s  of Se  for  S has  
been  i n v e s t i g a t e d  b y  P r e n e r  (1)  and  b y  Hegyi ,  
La rach ,  and  S h r a d e r  (2) .  Z n ( S ,  Se)  and  ZnSe  
cons t i t u t e  good EL phosphors ,  a l t h o u g h  the  f r e -  
q u e n c y  d e p e n d e n c e  of Z n S e : C u  is l a r g e  c o m p a r e d  
to t h a t  of Z n S : C u ,  so t ha t  t he  l o w - f r e q u e n c y  r e -  
sponse  is u n u s u a l l y  poor .  

On the  o t h e r  hand ,  s u b s t i t u t i o n  of Cd for  Zn  has  
been  s h o w n  to r e s u l t  in  h e x a g o n a l  s y s t e m s  w i t h  e x -  
c e p t i o n a l l y  poo r  EL r e s p o n s e  (3 ) .  I t  is t h e r e f o r e  
obv ious  t h a t  t he  effect  of s u b s t i t u t i o n  of Zn  b y  t h e  
n e x t  h e a v i e r  m e m b e r  of the  g r o u p  I IB  e lements ,  
n a m e l y  Hg, was  of in te res t .  Due  to t he  low s u b -  
l i m a t i o n  t e m p e r a t u r e  of HgS,  i ts  r e t e n t i o n  in o r d i -  
n a r y  f i r ing a t  a t m o s p h e r i c  p r e s s u r e  is k n o w n  to be  
i mposs ib l e  a t  t e m p e r a t u r e s  suff icient  to cause  ac t i -  
v a t o r  i nco rpo ra t i on .  Wesch  (4) has  d e s c r i b e d  a 
h i g h - p r e s s u r e  f u r n a c e  b y  m e a n s  of w h i c h  the  p r e p -  
a r a t i o n  of p u r e  HgS  p h o s p h o r s  was  men t ione d .  
K r e m h e l l e r  and  L e v i n e  (5)  p r e p a r e d  (Zn,  H g ) S  
a n d  (Cd, H g ) S  sol id  so lu t ions  b y  aqueous  r e c r y s t a l -  
l i za t ion  u n d e r  p r e s s u r e  and  at  t e m p e r a t u r e s  w e l l  

1 E l e c t r o l u m i n e s c e n c e  o r  e l e c t r o l u m i n e s c e n t  i s  h e r e a f t e r  a b b r e v i -  
a t e d  E L .  

above  the  n o r m a l  bo i l ing  p o i n t  of w a t e r ,  and  in a 
r ecen t  p u b l i c a t i o n  K r e m h e l l e r ,  Lev ine ,  and  G a -  
shu rov  (6)  d e s c r i b e  some of t he  p h o t o l u m i n e s c e n t  
p r o p e r t i e s  of a c t i v a t e d  (Zn,  H g ) S  and  (Cd, H g ) S  
p r e p a r e d  b y  th is  method .  In  t he  p r e s e n t  i n v e s t i g a -  
t ion,  t he  m i x e d  sulfides w e r e  p r e p a r e d  b y  f i r ing in 
e v a c u a t e d  a n d  sea led  s i l ica  tubes .  A l t h o u g h  the  
p r e s s u r e  d e v e l o p e d  in t he  t ubes  is u n k n o w n ,  t he  
a p p l i c a t i o n  of h y d r o s t a t i c  p r e s s u r e  f rom the  ou t s ide  
was  not  f o u n d  to be  necessa ry .  

Experimental Technique 
In addition to the raw materials already de- 

scribed (3), HgS, Ga.~S~, and In~S3 were used. HgS 
was prepared by reaction of the elements. Ga~S, 
was prepared by slurrying ZnS with Ga(NOa)a 
solution, drying, and firing in an atmosphere of 
I-I~S. In~S~ was precipitated from aqueous solution 
in the presence of a ZnS carrier, filtered, and dried. 

In order to avoid the development of excessive 
pressure in the sealed tubes, as well as to avoid the 
influence of gases not normally retained in firings 
at atmospheric pressure, it was necessary to ac- 
complish complete thermal degassing and decompo- 
sition of volatile matter (NH~-salts, acetate radical) 
p~ior to sealing the final mixture into the tubes. 
All firings were therefore conducted in two stages: 
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Fig. 1. Technique for firing phosphors with HgS. A, Fire 
brick; B, mullite tube; C, silica wool; D, silica cloth; E, firing 
tube. 
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Table I. Unit cell dimensions of cubic (Zn,Hg)S:Cu,NaCI phosphors 

1. A n o r m a l  b l u e  or  g r e e n  e m i t t i n g  Z n S : C u  E L  
p h o s p h o r  is p r e p a r e d  at  a t m o s p h e r i c  p r e s s u r e  b y  
k n o w n  m e t h o d s  (3) .  The  C u - a c e t a t e  and  NH, -  
ha l i de s  ( i f  a n y )  decompose ,  and  a c t i v a t o r  i n c o r p o -  
r a t i o n  t a k e s  p lace .  T races  of H~O and  a i r  a r e  e x -  
p e l l e d  and  p a r t i c l e  g r o w t h  of t he  Z n S  f ac i l i t a t e s  
s u b s e q u e n t  degass ing .  The  f i red p h o s p h o r  is, h o w -  
ever ,  not  w a s h e d  in  NaCN so lu t ion  s ince  t he  t o t a l  
a m o u n t  of  Cu a d d e d  ( n o w  p a r t i a l l y  p r e s e n t  as f r ee  
CusS) is r e q u i r e d  for  t he  f inal  syn thes i s  of t he  
m i x e d  (Zn,  H g ) S  EL sys tem.  

2. The  a b o v e  p roduc t ,  h e r e a f t e r  r e f e r r e d  to as t he  
s i ng ly  f i red phospho r ,  is m i x e d  w i t h  H g S  as  w e l l  as  
a sma l l  a m o u n t  of S c a l c u l a t e d  to p r o d u c e  o n l y  a 
few a t m o s p h e r e s  of p r e s s u r e  a t  t he  s u b s e q u e n t  
f ir ing.  This  su l fu r  a d d i t i o n  is n e c e s s a r y  s ince  t r ace s  
of r e s i d u a l  a i r  w o u l d  cause  o x i d a t i o n  of S ~- a n d  g ive  
r i se  to S - v a c a n c i e s  '~ and  poor  EL p e r f o r m a n c e  of 
t he  f in ished  p roduc t .  The  m i x t u r e  is t r a n s f e r r e d  to 
a s i l ica  t u b e  of 7 m m  ID, 9 m m  OD, and  40 m m  
length ,  c losed  a t  one end  a n d  p r o v i d e d  w i t h  a con-  
s t r i c t ed  neck  a t  t he  o the r  end.  The  t u b e  is e v a c u -  
a t e d  b y  m e a n s  of a m e c h a n i c a l  oi l  p u m p  for  a b o u t  
30 ra in  and  t h e n  sea led  at  the  cons t r ic t ion .  The  
sea led  t u b e  is f i red  at  900~ as shown  in  Fig .  1. 

The  t h e r m a l  i n su l a t i on  a f fo rded  b y  t h e  s i l ica  
woo l  pack ing ,  as s h o w n  in t he  f igure,  is n e c e s s a r y  to 
p r e v e n t  s e p a r a t i o n  of p a r t  of t he  HgS d u r i n g  cool -  
ing. The  p r e s e n c e  of CdS g r e a t l y  d imin i shes  th is  
effect, and  s t i l l  m o r e  h o m o g e n e o u s  p r o d u c t s  m a y  
be  o b t a i n e d  b y  a l l o w i n g  the  e n t i r e  a s s e m b l y  to cool 
in  t he  fu rnace ,  a l t h o u g h  th is  was  r a r e l y  done  b e -  
cause  of obv ious  cons ide ra t ions  of t i m e  l imi t a t i on .  
Re t i r ing  t i m e s  of 2 h r  w e r e  f o u n d  to be  sufficient .  

The  w a s h i n g  p r o c e d u r e  in NaCN so lu t ion  is t he  
s ame  as used  for  n o r m a l  g r e e n - e m i t t i n g  Z n S : C u  
EL phosphors .  Because  of t he  s m a l l  s a m p l e s  ( a b o u t  
2 g)  u s u a l l y  p r e p a r e d ,  s imp le  g r i n d i n g  in  a m o r t a r  
and  pes t l e  was  p r e f e r r e d .  A l l  f igures  for  Cu  and  
h a l i d e  in p h o s p h o r s  spec i f ica l ly  r e f e r  to a m o u n t s  
a d d e d  b e f o r e  f ir ing,  and  not  to f inal  compos i t ions .  

M e a s u r e m e n t s  w e r e  p e r f o r m e d  w i t h  a S p e c t r a  
Br igh tnes s  Spo t  Mete r ,  ~ us ing  a d e m o u n t a b l e  cas to r  
oi l  cell .  In  o r d e r  to m e e t  t he  c o n t r a c t  r e q u i r e m e n t s  
as to color,  a d d i t i o n a l  m e a s u r e m e n t s  w e r e  also 
t a k e n  w i t h  a r e d  (NBS #3215)  f i l te r  i n s e r t e d  in  t h e  
op t ica l  pa th .  The  ra t io  b e t w e e n  the  r e s p e c t i v e  r e a d -  
ings  s e rved  as a sens i t i ve  i nd i ca t i on  of emiss ion  
color,  and  i t  w a s  n o t e d  t h a t  s m a l l  d i f fe rences  in th i s  
r a t i o  caused  l a r g e  d i f fe rences  in  b r igh tnes s .  To eri-  

e In the presence of HgS, such reducing conditions result in the 
formation of metallic Hg, visible as a separate phase. 

Photo Research Corp., Hollywood, Calif. 

Mole % HgS a (A) 

0 5.406 
5 5.429 

10 5.443 
15 5.469 
20 5.486 
25 5.516 
30 5.532 
40 5.569 
60 5.665 
80 5.745 

a b l e  a va l id  i n t e r p r e t a t i o n  of t he  r e l a t i v e  p e r f o r m -  
ance  of phospho r s  e m i t t i n g  w i t h  d i f fe ren t  colors,  i t  
was  t h e r e f o r e  n e c e s s a r y  to c o m p e n s a t e  for  th is  e f -  
fect .  T h e  m e t h o d  used  cons i s t ed  of p r e p a r i n g  p h o s -  
pho r s  t ha t  d i f fe red  on ly  in base  l a t t i c e  compos i t i on  
and  p lo t t i ng  the i r  r e l a t i v e  b r i g h t n e s s  (ba sed  on 
100% for  t he  specif ied color )  as a func t ion  of t he  
f i l ter  ra t io .  D a t a  on e x p e r i m e n t a l  p h o s p h o r s  could  
t hen  be  co r r ec t ed  to y i e l d  va lue s  h e r e a f t e r  r e f e r r e d  
to as " n o r m a l i z e d  b r i g h t n e s s . "  

Results 
P h o t o l u m i n e s c e n c e  of ( Z n : H g ) S  p h o s p h o r s . -  

Some  bas ic  i n f o r m a t i o n  was  o b t a i n e d  b y  f i r ing p h o -  
to lu rn inescen t  Z n S : C u  (0 .01%)  :NaC1 p h o s p h o r s  
w i t h  i nc rea s ing  a d d i t i o n s  of HgS  a t  750~ T a b l e  1 
shows  the  un i t  ce l l  d i m e n s i o n s  o b t a i n e d  b y  x - r a y  
p o w d e r  d i f f rac t ion .  A l l  p h o s p h o r s  (up  to 80% H g S )  
w e r e  cubic,  a l t h o u g h  the  H g S  used  was  h e x a g o n a l .  
HgS  a lone  s i m i l a r l y  f i red was  also he xa gona l .  The  
v a l u e s  can  be  p l o t t e d  to  g ive  a r e a s o n a b l y  good fit 
to a s t r a i g h t  l ine.  F i g u r e  2 shows  t h e  emiss ion  
s p e c t r a  (3650A e x c i t a t i o n )  as o b t a i n e d  on a P e r k i n -  
E l m e r  U n i v e r s a l  S p e c t r o m e t e r .  F i g u r e  3 shows  the  
d i f fuse  re f lec t ion  s p e c t r a  in  t h e  n e a r  u l t r a v i o l e t  and  
v i s ib l e  reg ions  o b t a i n e d  b y  i l l u m i n a t i n g  t h r o u g h  a 
F a r r a n d  m o n o c h r o m a t o r  and  m e a s u r i n g  t h e  r e -  
f lected r a d i a t i o n  w i t h  a Bausch  a n d  L o m b  m o n o -  
c h r o m a t o r  a d j u s t e d  to t h e  s a m e  w a v e  leng ths .  I t  
m a y  be  no ted  t ha t  t h e  r e g u l a r  m a n n e r  in w h i c h  the  
spe c t r a  sh i f t  to l o n g e r  w a v e  l e ng th s  is v e r y  s i m i l a r  
to t h e  effect of Cd subs t i tu t ion .  The  sh i f t  in  e m i s -  
s ion caused  b y  Hg  is a b o u t  four  t i m e s  g r e a t e r  t h a n  
t h a t  caused  b y  s i m i l a r  c o n c e n t r a t i o n s  ( in  m o l e  % )  
of Cd. I t  was  no ted  t h a t  a t  low Hg c o n c e n t r a t i o n  (5 
mo le  % )  t h e  f luorescence  was  u n u s u a l l y  w e a k .  

0 5 I0 

I00 

80 

~ eo 
w 

~ 4o 

r EO i 

400 500 600 700 S(X) 900 IOOO [100 1200 

WAVELENGTH INmp 

Fig. 2. Emission spectra of (Zn, Hg)S:Cu, NaCI phosphors. 
Numbers denote mo[e % HgS in phosphors. Excitation --~ 
3650A. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 18.85.28.26Downloaded on 2018-05-16 to IP 

http://ecsdl.org/site/terms_use


684 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

TO 

60 0 5 

IS 

w 50 20 

~ 2s 
~, 40 ~, 30 

m 
N 3o 

2o 

io 

0 T I T , T I T T F I I [ 

SOO 400 500 600 700 

WAVELENGTH IN mp 

Fig. 3. Diffuse reflection spectra of (Zn, Hg)S:Cu, NaCI 
phosphors. Numbers denote mole % Hg5 in phosphors. 

The decreas ing  concen t ra t ions  of Cu and  C1 re -  
su l t ing  f rom inc reas ing  addi t ions  of HgS were  no t  
cons idered  to apprec i ab ly  inf luence  the  shape of the  
emiss ion and  reflect ion spectra,  because  C1 was  
p resen t  in  excess and  on ly  the  long w a v e - l e n g t h  
emiss ion b a n d  was  developed.  

E l ec t ro luminescen t  p h o s p h o r s . - - T h e  ac t iva tor  r e -  
q u i r e m e n t s  for EL are  k n o w n  to be g rea te r  t h a n  for 
pho to luminescence .  For  the  sys tems u n d e r  i nves t i -  
gation,  they  were  also no ted  to v a r y  w i th  the  t ype  
of coact ivator  used. In  the  case of C1, addi t ions  of 
the  order  such as to p roduce  o p t i m u m  g r e e n - e m i t -  
t ing  s ing ly  fired Z n S : C u ,  C1 phosphors  p roved  to 
be too high not  on ly  for C1, bu t  also for Cu. F i g u r e  
4 shows the  emiss ion  spect ra  of a series of (Zn,  
H g ) S : C u ( 0 . 2 % ) ,  C1(0.075%) phosphors  exci ted at 
10,000 cps. The  ac t iva tor  addi t ions  are  such tha t  the  
ZnS:  Cu, C1 phosphor  emi ts  p r e d o m i n a n t l y  the b lue  
Cu b a n d  and  a re  o p t i m u m  wi th  respect  to the  
o range  or red  e m i t t i n g  composit ions.  The  emiss ion 
b a n d  g r a d u a l l y  shifts  to longer  w a v e  lengths  a nd  
b roadens  u n t i l  above  about  20 mole  % Hg, a long 
wave  l e n g t h  emiss ion  b a n d  increases  qui te  s u d d e n l y  
in  r e l a t ive  in tens i ty .  I t  wi l l  be shown  tha t  this  can -  
not  necessa r i ly  be  ident if ied wi th  the  " C u - g r e e n "  
b a n d  emi t t ed  in  more  h igh ly  coact ivate  Z n S - C u  
phosphors.  
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Fig .  d .  E m i s s i o n  s p e c t r a  o f  ( Z n ,  H g ) 5 : C u  ( 0 . 2 % ) :  

(21(0.075%) and two (Zn, Cd, Hg)S:Cu (0.2%:CI (0.075%) 
EL phosphors. Numbers denote mole % HgS in samples. 
Excitation = 1 0,000 cps. 

The effect of Cd on the  emiss ion  color was  de te r -  
m i ne d  empi r i ca l ly  for o range  to deep red emi t t ing  
(Zn, Hg)S .  It  was no ted  t ha t  the emiss ion  color of 
[ ( 1 - - x ) Z n ,  xHg]  S : C u  m a y  be dupl ica ted  ap-  
p r o x i m a t e l y  by  fir ing [ (1 --  4 n ) Z n ,  4nCd]  S: Cu and  
ret i r ing this  wi th  ( x - - n ) H g S .  However ,  subs t i tu -  
t ions of more  t h a n  half  of the  or ig ina l  concen t ra t ion  
of Hg by  Cd resu l t  in  a shif t  to longer  w a v e  lengths.  
Table  II  shows the  effect on EL b r igh tness  of a 
series of o r a n g e - r e d  emi t t i ng  phosphors  based on 
the  o r ig ina l  compos i t ion  (0.SZn, 0.2Hg) S: Cu 
(0.2 %) :C1 (0 .075%).  The  t ab le  inc ludes  b r igh tness  
readings  of N a C N - w a s h e d  al iquots  of the s ingly  
fired (Zn,  C d ) S : C u ,  C1 phosphors.  It  also shows 
m e a s u r e m e n t s  by  x - r a y  powder  diffraction,  so as 
to i l lus t ra te  how in bo th  cases the  b r e a k p o i n t  in  
br igh tness  coincides w i th  the  appea rance  of an ap -  
prec iable  pe rcen tage  of hexagona l  phase.  These 
m e a s u r e m e n t s  also inc lude  va lues  of in te r l a t t i ce  
spacings ( d / n )  of the  311 plane.  Very  s imi la r  r e -  
sults  are  shown  in  Fig.  5 on deep red emi t t ing  
phosphors  coact ivated w i th  Br  + I or Ga and  ex-  
cited at 400 cps. This  is in  a g r e e m e n t  w i th  the  ob-  
se rva t ion  m a d e  by  Z a l m  (7),  t h a n  in  Z n S : C u  EL 
phosphors  the  cubic phase  is preferable .  

It  can be  seen tha t  in  al l  cases Cd increases  the 
emi t t ance  of the  sys tem u n t i l  i n t e r f e rence  by  for-  
ma t ion  of hexagona l  m a t e r i a l  occurs. It  can  also be 

Table II. Effect of Cd/Hg ratio on structure and electroluminescence 

Mole  % 
Cd used  

F i r s t  f i r i n g  S e c o n d  f i r i n g  
Mole  Brightness  

Br ightness  E m i s s i o n  % H e x .  d / n ,  Mole  % ,% Cd in  
10,000 cps  color  p h a s e  (311) H g S  a d d e d  p h o s p h o r  400 cps  10,000 cps 

% I-Iex. 
p h a s e  

d / n ,  
(311) 

0 
2 
4 
8 

16 
20 
24 
28 
32 
64 
72 
80 

6.2 Blue 0 1.630 20 0 0.77 2.4 
6.8 Whi te-blue  0 1.633 19.5 1.7 0.68 3.5 
3.5 Green-b lue  4 1.634 19 3.2 0.89 3.95 
1.8 Blue-green  27 1.638 18 6.6 1.10 3.8 
0.055 Green-b lue  100 1.649 16 13.4 1.49 4.9 
0.024 Green-b lue  100 1.654 15 17.0 2.01 5.55 
0.014 Green-b lue  100 1.660 14 20.6 1.16 3.3 
0.008 Blue-green 100 1.664 13 24.4 0.22 0.17 
0.006 Green 100 1.668 11" 28.8 0.12 0.25 

- -  100 1.707 0 64 - -  0.15 
Fain t  Red 100 1.719 
Very faint  Red 100 1.728 

0 
0 
0 
0 
0 
7 

43 
10O 
100 
100 

1.653 
1.653 
1.656 
1.660 
1.665 
1.668 
1.671 
1.677 
1.679 
1.710 

* R e l a t i o n s h i p  of  1 H g  = 4 Cd b e g i n s  to b r e a k  d o w n .  T h e r e f o r e ,  o n l y  11 i n s t e a d  of  12 m o l e  % H g S  used .  
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seen that  in  the  p resence  of HgS a m u c h  h ighe r  
concen t ra t ion  of Cd is pe rmiss ib le  before  this  oc- 
curs. The o p t i m u m  subs t i t u t i on  of Hg by  Cd ap-  
pears  to be in  the  ne ighborhood  of 20-25% of the  
or ig ina l  Hg concen t ra t ion .  Most of the  ensu ing  i n -  
ves t iga t ions  were  there fore  p e r f o r m e d  on such (Zn,  
Cd, H g ) S : C u  phosphors.  The two dashed  curves  in  
Fig. 4 r ep re sen t  the  emiss ion spect ra  of (Zn,  Cd, 
H g ) S : C u ,  C1 phosphors  in  which  25% of the  Hg 
was replaced  by  Cd in  the  m a n n e r  ou t l ined  above.  
The  composi t ions  are  based on o r ig ina l  Hg concen-  
t r a t ions  of 5 mole  % (g reen  emiss ion)  and  15 mole  
% (orange  emiss ion)  and  are seen to coincide 
closely wi th  the  emiss ion spectra  of the  respec t ive  
(Zn,  H g ) S : C u ,  C1 phosphors,  bu t  the  b r igh tness  
was  apprec iab ly  higher .  

It  has been  m e n t i o n e d  tha t  o p t i m u m  addi t ions  of 
Cu and  C1 were  smal le r  t h a n  those f o u n d  use fu l  in  
g r e e n - e m i t t i n g  Z n S : C u ,  CI phospho r s (3 ) .  I t  was  
the re fo re  in t e re s t ing  to no te  tha t  the  o p t i m u m  ad-  
d i t ion  of Br + I 4 was  higher ,  n a m e l y  s imi la r  to t ha t  
for Z n S : C u  phosphors ,  a l though  the  es t imated  ex -  
cess Cu~S concen t r a t i on  sti l l  had to r e m a i n  sma l l e r  
t h a n  about  0.2 mole  %. Such Br  + I coact iva ted  
phosphors  were  abou t  two to th ree  t imes  b r igh t e r  
t h a n  Cl -coac t iva ted  phosphors.  In  the  case of Ga or 
I n  coact ivat ion,  phosphors  were  p r e p a r e d  w i th  ad -  
d i t ions  of Cu equa l  to 0.6 mole  % more  t h a n  the  
concen t r a t i on  of Ga or In  added. The i r  no rma l i zed  
br ightness ,  exci ted  at 400 cps, inc reased  l i n e a r l y  
wi th  coact ivator  concen t r a t i on  up  to 0.125 mole  % 
and  then  decreased.  On the  o ther  hand ,  phosphors  
coact iva ted  w i th  0.125 mole  % Ga or In  showed two 
br igh tness  m a x i m a  wi th  respect  to Cu addi t ion,  as 
shown  in Fig. 6. I t  can be seen tha t  the  first m a x i -  
m u m  is ve ry  sharp  and  more  p r o n o u n c e d  in  the  case 
of In  coact ivat ion.  Pref i r ing  at l l 0 0 ~  ~ decreases the  
low Cu m a x i m u m .  Ga-coac t iva ted  phosphors  p r e -  
fired at 1100~ show only  a g r a d u a l  inc rease  in  
br ightness ,  l eve l ing  off at about  1 mole  % Cu. 

F igu re  7 shows the  b r igh tness  of Br  + I and  of 
Ga  coact ivated (Zn,  Cd, H g ) S : C u  phosphors  as a 
f unc t i on  of Cd + Hg concent ra t ion .  The  ac t iva tor  
concen t ra t ions  are  no t  opt imized for e i ther  sys tem 

E q u i m o l a r  m i x t u r e s  of  NH~Br a n d  NH~I y i e l d e d  s l i g h t l y  b e t t e r  
r e s u l t s  t h a n  NI-I~Br a l o n e .  H o w e v e r ,  on ly  a v e r y  s m a l l  f r a c t i o n  of  
t h e  a d d e d  I -  is  r e t a i n e d ,  so t h a t  a d d i t i o n s  w e r e  b a s e d  on B r -  a l one .  

To  c o m p e n s a t e  for  d e c r e a s e d  p a r t i c l e  g r o w t h  in  t h e  a b s e n c e  of 
h a l i d e s .  

0.6 

0.5 

i 0�9 

0.5 

0.2 

io 

, 8 

,o zo ao 4o 5o 60 70 s-o sb ,~o 

% OF ORIGINAL Hg SUBSTITUTED 8Y Cd 

Fig. 5. Normalized brightness of (Zn, Cd, Hg)S:Cu phosphors 
as a function of Cd/Hg ratio�9 A, Compositions based on 
(0.81 Zn, 0.19 Hg)S:Cu(0.4%), (Br if- 1)(0.46%); B, com- 
positions based on (0.8,5 Zn, 0.15 Hg)S:Cu(0.9%), Ga(0.13%) 
Numbers in parentheses denote % hexagonal phase present. 
Excitation = 400 cps. Groups A and B approximately match 
in emission color. 

bu t  chosen so tha t  the tota l  Cu addi t ion  as wel l  as 
the green  emiss ion color of the Z n S : C u  phosphors  
are  the same. It  is i n t e r e s t i ng  to note  t h a t  in  the  
case of Br -t- I coac t iva t ion  there  occurs the  same 
in i t i a l  drop in  ou tpu t  at  low Hg concen t r a t ions  as 
has been  obse rved  in  the  p h o t o l u m i n e s c e n t  as wel l  
as the  Cl -coac t iva ted  EL phosphors,  while ,  on the  
other  hand,  the  Ga-coac t iva t ed  Z n S : C u  is cha rac -  
ter ized by c o m p a r a t i v e l y  poor output ,  p r e s u m a b l y  
because  of the  grea te r  t r ap  dep th  caused by  Ga (8, 
9). I n t r o d u c t i o n  of Cd + Hg ~ causes an  increase  in  
b r igh tness  we l l  b e y o n d  the  po in t  of m a x i m u m  l u -  
m inos i t y  (ye l low g reen ) .  This  me a ns  that ,  except  
for the  in i t i a l  drop no ted  wi th  ha l ide  coact ivat ion,  
the  r a d i a n t  o u t p u t  of the  phosphors  increases  at 
least  up to the  po in t  of m a x i m u m  observed  b r i g h t -  
ness and  poss ib ly  beyond  that .  In  the  case of G a - c o -  
ac t ivat ion,  this  migh t  be  exp la ined  by  decreas ing  
t r ap  dep th  due  to lower ing  of the  conduc t ion  band ,  
a s suming  tha t  a s imi la r  effect occurs as no ted  by  
Klasens  for Cd subs t i t u t i on  (10).  U n f o r t u n a t e l y ,  the  

6 T h e  s a m e  r e l a t i o n s h i p  w a s  n o t e d  i n  t h e  a b s e n c e  of Cd.  
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Fig. 6. Normalized relative brightness of red-emitting 
A:(Zn, Cd, Hg)S: x Ca: 0.125 mole % Ga and B: (Zn, Cd, 
Hg)S x Ca: 0.125% In phosphors as a function of Cu addi- 
tion. Excitation = 400 cps. 
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Fig. 7. Brightness and emission colors of (Zn, Cd, Hg)S:Cu 
phosphors as o function of base lattice composition. 
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Fig. 8. Brightness of orange-red emitting (Zn, Cd, Hg)S:Cu 
phosphors with different r and of ZnSe:Cu as a 
function of frequency. 

scope of the  p r e s e n t  i n v e s t i g a t i o n  d id  not  p e r m i t  
i n d e p e n d e n t  m e a s u r e m e n t s  of r a d i a n c e  ( such  as b y  
t h e r m o p i l e )  or  g l o w  curves  for  these  samples .  

A n  i nd i ca t i on  of dec r ea s ing  t r a p  d e p t h  w i t h  i n -  
c r ea s ing  Cd + Hg  c o n c e n t r a t i o n  was  noted ,  h o w -  
ever ,  b y  v i sua l  o b s e r v a t i o n  of t h e r m o l u m i n e s c e n c e .  
S i m i l a r l y ,  a c o m p a r i s o n  of t he  f r e q u e n c y  d e p e n d -  
ence of t y p i c a l  r e d - e m i t t i n g  p h o s p h o r s  as s h o w n  in 
Fig .  8 i nd i ca t e s  d e c r e a s e d  o u t p u t  of Ga  and  In  co-  
a c t i v a t e d  p h o s p h o r s  at  f r e q u e n c i e s  w h e r e  no such 
dec rease  is e v i d e n t  w i t h  h a l i d e  coac t i va t ed  p h o s -  
phors .  I t  shou ld  be  m e n t i o n e d  t h a t  a t  t he  r e d  end  
of t h e  spec t rum,  t he  u s u a l  v a r i a t i o n  in emiss ion  
color  w i t h  f r e q u e n c y  r e p r e s e n t s  v a r i a t i o n s  in 
b r i g h t n e s s  w h i c h  m a y  be  m o r e  p r o n o u n c e d  t h a n  in 
t he  case  of g r e e n - e m i t t i n g  phosphors ,  and  t ha t  th is  
effect t h e r e f o r e  inc reases  t h e  s lope  of t he  f r e q u e n c y  
d e p e n d e n c e  curves .  The  p h o s p h o r s  w e r e  se lec ted  
so t ha t  a t  i n t e r m e d i a t e  f r equenc i e s  t he i r  emiss ion  
color  a p p r o x i m a t e l y  m a t c h e s  t h a t  of t h e  Z n S e : C u  
p h o s p h o r  also s h o w n  in Fig .  8 for  compar i son .  
T h e r e f o r e  t h e y  do not  n e c e s s a r i l y  r e p r e s e n t  spec i -  
mens  su i t ab l e  for  c o m p a r i s o n  of b r i g h t n e s s  as a r e -  
su l t  of o p t i m u m  cond i t ions  of p r e p a r a t i o n .  

I t  was  of obv ious  i n t e r e s t  to d e t e r m i n e  t h e  a c t u a l  
q u a n t u m  y i e l d  and  efficiency of t he  r ed  p h o s p h o r  in  
compa r i son  to a s t a n d a r d  g r e e n - e m i t t i n g  Z n S : C u ,  
C1 EL phosphor .  The  fo l l owing  s a m p l e s  w e r e  se-  
l ec t ed  for  th i s  p u r p o s e :  

i .  (0.754Zn, 0.133Cd, 0 . 113Hg)S :Cu ,  G a  p r e -  
p a r e d  f r o m  (0.85Zn, 0 . 1 5 C d ) S : C u ( 0 . 9 % ) ,  Ga  
(0 .13%)  b y  r e t i r i ng  w i t h  11.25% HgS.  E m i s -  
s ion color,  red.  

2. (0.6945Zn, 0.163Cd, 0 .1425Hg)S :Cu ,  Ga  p r e -  
p a r e d  f r o m  (0.81Zn, 0 . 1 9 C d ) S : C u ( 0 . 9 % ) ,  Ga  

(0 .13%)  b y  r e t i r i ng  w i t h  14.25% HgS.  E m i s -  
s ion color,  deep  red.  

3. A n o r m a l  ZnS:  Cu, C1 g r e e n  e m i t t i n g  phosphor .  
Each  p h o s p h o r  was  o p e r a t e d  at  400 cps in  the  s ame  
cas tor  oi l  cel l  and  t h e  b r i g h t n e s s  a n d  p o w e r  con-  
s u m p t i o n  m e a s u r e d  as a func t ion  of a p p l i e d  v o l t -  
age.  In  add i t ion ,  each  p h o s p h o r  w h i l e  in  the  s ame  
cel l  was  o p e r a t e d  at  400 cps and  600 v a n d  the  spec -  
t r a l  d i s t r i b u t i o n  d e t e r m i n e d ,  us ing  t h e  same sl i t  
w i d t h  a n d  ampl i f i ca t ion  of t he  spec t rome te r .  The  
abso lu t e  he igh t s  of t h e  r e s u l t a n t  cu rves  w e r e  t h e r e -  
fo re  c o m p a r a b l e .  These  w e r e  co r r ec t ed  for  energy ,  
quan ta ,  a n d  l uminos i t y ,  b u t  no t  n o r m a l i z e d  to equa l  
p e a k  he igh ts .  T a b l e  I I I  g ives  the  i n t e g r a t e d  va lues .  
I t  is a p p a r e n t  t h a t  u n d e r  s imi l a r  cond i t ions  of e x -  
c i t a t ion  t h e  o u t p u t  in e n e r g y  or  q u a n t a  for  t he  r ed  
p h o s p h o r s  is c o n s i d e r a b l y  s m a l l e r  t h a n  for  t he  
g r e e n  phospho r .  N e ve r the l e s s ,  t he  d i f fe rences  in  
l u m i n o s i t y  a r e  m u c h  g r e a t e r  and  a r e  t h e  m a i n  r e a -  
son for the low brightness presently obtainable 
with the red-emitting phosphor. 

The actual quantum yield was determined ac- 
cording to 7 

B A Q • 1017 
K - -  

1.26L 

w h e r e  K is the  n u m b e r  of  q u a n t a  e m i t t e d  p e r  sec -  
ond,  A is t he  a r e a  of t he  cel l  in cm "~, Q is the  i n t e -  
g r a t e d  q u a n t u m  ou tpu t ,  L is t he  l u m i n o s i t y  fac to r  
of the  spec t rum,  and  B is the  b r i g h t n e s s  in foo t -  
l a m b e r t s .  T a b l e  IV shows  the  d a t a  c a l c u l a t e d  for  
each  p h o s p h o r  o p e r a t i n g  a t  t he  v o l t a g e  w h e r e  m a x -  
i m u m  l u m i n o u s  eff iciency was  observed .  I t  can be  
seen t h a t  the  q u a n t u m  eff iciency of t h e  r e d - e m i t t i n g  
p h o s p h o r  is c o m p a r a b l e  to t h a t  of ZnS:  Cu, C1. 

Effor ts  to i n c r e a s e  t h e  b r i g h t n e s s  w i t h o u t  change  
in emiss ion  color  a p p e a r e d  to r e q u i r e  a n a r r o w i n g  
of the  s p e c t r a l  d i s t r i b u t i o n  w i t h  p a r t i c u l a r  emphas i s  
on i nc r e a s ing  i ts  s lope  on the  shor t  w a v e  l eng th  
side. I t  is w e l l  k n o w n  t h a t  in Z n S : C u  phosphor s  
e i the r  t he  b lue  or  t he  g r e e n  emiss ion  b a n d  can  b e  

f C dE 
7 L e t  t h e  n u m b e r  o f  q u a n t a  e m i t t e d / c m 2 - s e c  = K ~ . . . .  d k ,  

hv d k  
w h e r e  C i s  a c o n s t a n t  i n t r o d u c e d  t o  c o r r e c t  t h e  a r b i t r a r y  u n i t s  i n  
w h i c h  t h e  s p e c t r u m  i s  m e a s u r e d  t o  w a t t s / c m  2. T h e n ,  

C J ~k dE CQ K = ~  --~dX=--hc 
T h e  c o n s t a n t  C m a y  b e  d e t e r m i n e d  f r o m  t h e  m e a s u r e d  b r i g h t n e s s  

B ( i n  f o o t - l a m b e r t s )  a n d  t h e  s p e c t r a l  d i s t r i b u t i o n  a s  f o l l o w s :  

6 8 0  l p w  [D dE 680  x 9 2 9 C  ~ dE 680  • 9 2 9 C L  

Therefore, 
AB 

C 
680  X 9 2 9 L  

S i n c e  he = 1 .99  • 10  -1~ erg = 1 . 9 9  • 10 - ~  w a t t - s e e ,  

Q AB B A Q x 101~ 

1 .99  x 10 -m  6 8 0  • 9 2 9 L  1 . 2 6 L  

Table III. Integrated emission spectra of three phosphors excited in 60~ castor oil cell at 400 cps and 400 v 

E n e r g y  E = - -  d k  Q u a n t a  Q = k d E  d k  L u m i n o s i t y  L = Y ~ d k  
d k  J d k  

Sample  No. 1 ( red  emission) 
Sample  No. 2 (deep red  emission) 
ZnS: Cu, C1 (green  emission) 

102.9 77.6 1.36 
166.6 134.8 0.28 
472.1 257.0 290.7 
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Table IV. Output and efficiency of three phosphors excited in 60/~ castor oil cell at 400 cps and optimum voltage, Area of cell ~ 10.8 cm s 

Vol tage ,  B r i g h t n e s s ,  Q u a n t a / s e e  
v f t - L  W a t t s  L u m e n s / w a t t  Q u a n t a / s e c  w a t t  

Sample No. 1 (red emission) 350 
Sample No. 2 (deep red emission) 300 
ZnS: Cu, C1 (green emission) 350 

1.1 • 10 -~ 6.4 • 10-' 2.0 • 10 -: 4.3 • 1018 6.7 X 1031 
7.2 • 10 -3 1.51 • 10 -" 5.6 • 10 -~ 2.35 • 10 TM 1.55 • 10 ~: 
3.66 1.63 • 10 ~ 2.6 2.3 • 10 TM 1.4 • 102~ 

isolated by employing ve ry  low or sufficiently high 
rat ios of coact ivator  to act ivator .  If the  broad  spec- 
t ra l  d is t r ibut ion  of the  r ed -emi t t i ng  phosphors is 
the resul t  of super imposed emission bands  shif ted 
to longer  wave  lengths but  arising f rom the same 
centers,  then s imilar  var ia t ions  in ac t iva tor  p ro -  
port ions should also influence the spect ra l  d i s t r ibu-  
t ion of the r ed -emi t t i ng  phosphor  in the  same man-  
ner. F igu re  9 shows, however ,  tha t  this was not 
observed.  The phosphors  represented  in the  figure 
were  p repa red  in an effort to main ta in  approx i -  
ma te ly  the same emission color as measured  by 
means of the filter ra t io  discussed above. This was 
reasonably  successful but  requi red  tha t  wi th  in-  
creasing coact ivator  addition, the  concentrat ion of 
C d + H g  had to be lowered.  Nevertheless,  the  short  
wave - l eng th  emission band increases wi th  such de-  
creasing C d + H g  concentrat ion and is quite p ro-  
nounced at  a high coact ivator  concentrat ion such 
as to resul t  in only the green-emiss ion  band in ZnS: 
Cu phosphors.  The increased br ightness  obtained at 
h igher  B r §  addi t ion may  now be expla ined  at 
least  pa r t i a l l y  by  the increased slope of the short  
wave - l eng th  side of the emission spectrum. 

Discussion 

Perhaps  the most impor tan t  quest ion concerning 
this s tudy is why  subst i tut ion of Zn by Hg resul ts  
in good EL at emission colors s imi lar  to the  photo-  
luminescence emission colors of the respect ive  phos-  
phors, whi le  subst i tut ion of Zn by  Cd does not. For  
(Zn, Cd, H g ) S  phosphors wi th  a sufficiently high 
rat io of Cd /Hg  so as to effect a decrease  in EL, no 
evidence of a separa te  (Cu, Cd)S  phase  (3) could 
be observed.  Therefore,  the only clue in this d i rec-  
t ion is offered by the difference in crys ta l  s t ruc ture  
of the  two systems. 

I t  has been noted that  hexagonal  and cubic 
ZnS:Cu,  C1 phosphors p repa red  wi th  low Cu con- 
cent ra t ion  (such as 0.01 mole %) per fo rm about 
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Fig. 9. Emission spectra of (Zn, Ccl, Hg)S:Cu phosphors as 
a function of composition. Excitation = 400 cps. (A), 20.3 % 
Cd, 18.7% Hg, 0.01% Br ~ 0.01% I; (B), 15.9% Cd, 
13.8% Hg, 0.1% Br -k 0.1% I; (C),14.8% Cd, 11.1% Hg, 
0.3% Br - t - 0 .3% I; (D), 11.1% Cd, 9.3% Hg, 0.7% 
Br -k 0.7% I. 

equal ly  wel l  under  ar t i f icial ly induced contac t -EL 
(11). It must  therefore  be concluded tha t  the  be t te r  
EL per formance  of cubic (Zn, H g ) S  or cubic (Zn, 
Cd, Hg)S ,  as compared to the  poorer  per formance  
of hexagonal  (Zn, Cd)S  or (Zn, Cd, H g ) S  phos-  
phors, resul ts  f rom differences in the means of EL 
exci tat ion only. In the former  case, the  field in ten-  
sifying Cu~S inclusions are  present  and active. If in 
the  la t te r  case they  are  a lso .present ,  then they  are  
not active, poss ibly  as a resul t  of the  different  e lec-  
t r ical  na tu re  of the ba r r i e r  represen ted  by the non-  
isomorphic junctions.  

The sharp min imum in EL noted at low concen- 
t ra t ion  of Hg is accompanied by  a s imi lar  min imum 
of photoluminescence.  At  present ,  its appearance  
can not be explained.  Inspection of Fig. 3 shows, 
however,  tha t  the weak ly  emit t ing (0.95 Zn, 0.05 
H g ) S : C u ,  C1 phosphor  lacks the  secondary hump 
in reflect ivi ty near  the absorpt ion edge. According 
to an inves t igat ion by Froel ich  (12) the in t roduc-  
tion of small  amounts  of Cu causes jus t  such a hump 
in the diffuse reflection spect rum of ZnS. This sug- 
gests the  poss ibi l i ty  tha t  at  such cr i t ica l ly  low con- 
centra t ion of Hg, the  incorporat ion of Cu is some- 
how hindered.  

The iden t i ty  of the long wave- l eng th  emission 
band is quest ionable  since it is favored not by  high 
coact ivator  concentra t ion (as in ZnS :Cu)  but  by 
high Hg concentrat ions.  Bowers and Melamed (13) 
proposed tha t  the blue emission in ZnS: Cu, C1 may  
be identified wi th  the "se l f -ac t iva ted"  blue caused 
by Zn-vacancies .  I t  now appears  tha t  in t roduct ion 
of a sufficient concentrat ion of Hg resul ts  in in-  
creasing p robab i l i t y  that  the vacancy becomes a 
Hg-vacancy.  The decreased popula t ion  of Z n - v a -  
cancies would  resul t  in the d i sappearance  of the 
short  w a v e - l e n g t h  band  in favor  of a different  
emission band as shown to occur qui te  a b r u p t l y  in 
Fig. 4 and 9. F igure  2 shows tha t  there  is also slight 
evidence tha t  a s imi lar  phenomenon occurs with 
low-Cu photo luminescent  phosphors  which are  suf-  
ficiently coact ivated so as to give rise to p redomi-  
nan t ly  green (long wave - l eng th  band)  emission in 
ZnS. 

According to this mechanism, a s imilar  phenome-  
non should occur on subst i tut ion of Zn by  Cd. This, 
however,  has not been repor ted.  Instead, Van Goal 
(14) noted the opposite, namely,  a re la t ive  increase 
in the short  wave - l eng th  emission band of (Zn, 
C d ) S : A g  phosphors  occurr ing wi th  increasing Cd 
concentrat ion.  These measurements ,  however,  were  
taken  at  77~ while, wi th  increasing tempera ture ,  
the short  w a v e - l e n g t h  emission band was more 
r ap id ly  quenched.  I t  is therefore  also possible tha t  
the increase of re la t ive  in tens i ty  of the long wave-  
length emission band wi th  increasing concentrat ion 
of Hg is caused by  increasing the rma l  quenching of 
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been  ob ta ined ;  t he  w r i t e r  does  no t  k n o w  to w h a t  
e x t e n t  th is  can be  a c c ompl i she d  w i t h  (Zn,  C d ) S e :  
Cu E L  phosphors .  A ser ious  d i s a d v a n t a g e  is, h o w -  
ever ,  t h e  h igh  v o l a t i l i t y  of H g S  w h i c h  necess i t a t e s  
spec ia l  t echn iques  of p h o s p h o r  p r e p a r a t i o n .  
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the  shor t  w a v e - l e n g t h  emiss ion  band .  The  c h a r a c -  
t e r i s t i cs  of t he  two  emiss ion  b a n d s  in  r e d - e m i t t i n g  
(Zn,  H g ) S : C u  p h o s p h o r s  a r e  such t h a t  a t  p re sen t ,  
no def in i te  conc lus ions  can  be  d r a w n  as to t h e i r  
or igin .  

Summary 
I n t r o d u c t i o n  of Hg into  ZnS:  Cu p h o s p h o r s  causes  

a sh i f t  in  emiss ion  to  l o n g e r  w a v e  l eng th s  which,  
for  m o d e r a t e  subs t i tu t ions ,  is a b o u t  f ou r  t imes  as 
h igh  as t h a t  caused  b y  s i m i l a r  m o l a r  c o n c e n t r a t i o n s  
of Cd. A t  suff icient  a c t i v a t o r  concen t ra t ions ,  EL is 
obse rved .  F o r  compos i t ions  e m i t t i n g  in t h e  r e d  end  
of t he  s p e c t r u m ,  the  q u a n t u m  efficiency of the  EL 
was  found  to be  of t he  s a m e  o r d e r  of m a g n i t u d e  as 
t ha t  of g r e e n - e m i t t i n g  ZnS:  Cu, C1. This  is a t t r i b u t e d  
to the  cubic  modi f i ca t ion  of t he  sys tem,  as f a v o r e d  
b y  the  p r e s e n c e  of HgS,  even  in t e r n a r y  (Zn,  Cd, 
Hg)  S compos i t ion  whose  c o n c e n t r a t i o n  of Cd would ,  
in  t he  absence  of Hg, r e su l t  in h e x a g o n a l  a n d  n o n -  
EL sys tems .  

P r o c e d u r e s  for  the  p r e p a r a t i o n  of (Zn,  H g ) S  and  
(Zn,  Cd, H g ) S  EL p h o s p h o r s  h a v e  been  desc r ibed .  
A l l  p r o c e d u r e s  i nvo lve  f i r ings  w i t h  HgS  in sea led  
tubes ,  us ing  on ly  p re f i r ed  r a w  ma te r i a l s .  E s p e c i a l l y  
for  l o w - f r e q u e n c y  exc i t a t ion ,  t he  s u b s t i t u t i o n  of Hg 
for  Zn enab le s  t he  use  of G a  or  In  as coac t iva to r s ,  
p r e s u m a b l y  due  to a d e c r e a s e  in t r a p  d e p t h  caused  
b y  l o w e r i n g  of t he  conduc t i on  band .  F o r  phospho r s  
e m i t t i n g  in  t h e  r e d  end  of t h e  s p e c t r u m ,  t h e  r e l a -  
t i ve  he igh t s  of t he  two  emiss ion  b a n d s  a r e  p r i m a r i l y  
d e p e n d e n t  on Hg  concen t r a t ion .  The i r  i d e n t i t y  can -  
no t  n e c e s s a r i l y  be  a s s u m e d  in t e r m s  of an  a n a l o g y  
w i t h  t he  b l u e -  and  g r e e n - e m i s s i o n  bands  in ZnS:  
Cu phosphor s .  

F r o m  a p r a c t i c a l  po in t  of v iew,  t he  (Zn,  H g ) S :  
Cu and  (Zn  Cd, H g ) S : C u  EL phospho r s  a r e  p r e f -  
e r a b l e  to t h e  Z n S e : C u  EL phosphors ,  m a i n l y  b e -  
cause  of t h e i r  b e t t e r  r e s p o n s e  at  low f r equenc i e s  of 
exc i t a t ion ,  t h e  e x t e n t  of w h i c h  can be  e s t i m a t e d  
r o u g h l y  f r o m  Fig .  8. A t  h i g h e r  H g S  concen t ra t ions ,  
EL emiss ion  occu r r ing  e n t i r e l y  in t he  i n f r a r e d  has  

Crater Resistance of Submerged Arc Smelting 
Furnaces Simulated by a Simple Model 

Oluf Chr. Bockman 

Elektrokemisk A/S,  Oslo, Norway 

ABSTRACT 

An e lec t ro ly t ic  t rough technique has been used to s tudy the effect of size 
and shape of the smel t ing cra ter  on the ohmic resis tance of the cra ter  of sub-  
merged  arc smel t ing furnaces.  The ohm-inch  rule  is demonst ra ted ,  and the cor-  
rect  use of this  rule  is discussed. 

In  des ign ing  s u b m e r g e d  a rc  sme l t i ng  fu rnaces ,  t he  
a n t i c i p a t e d  ohmic  c r a t e r  r e s i s t ance  of t he  p r o j e c t e d  
f u r n a c e  is t he  k e y  to t he  speci f ica t ion  of t h e  e l e c t r i -  
cal  c i rcui t .  N a t u r a l l y ,  m a n y  w o r k e r s  h a v e  d e v o t e d  
t h e m s e l v e s  to t he  s t u d y  of th is  p r o b l e m .  In  1933, 

A n d r e a  po in t e d  (1)  out  t ha t  the  p r o d u c t  of e l ec t rode  
d i a m e t e r  D and  c r a t e r  r e s i s t ance  R of e lec t r i c  s m e l t -  
ing  f u r n a c e s  is f a i r l y  i n d e p e n d e n t  of f u r n a c e  size. He  
def ined  a " p e r i p h e r a l  ohm inch  f a c t o r "  r b y  

r ~ ~rDR [1]  
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