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ABSTRACT 

Vacuum hot pressing was used to fabricate CdCr2S4, 
CdCr Se and (1-x) CdCr2S4.x CdCr2Se4 discs with 
diamgte$s of 1.25 cm from fine powders and small single 
crystals to relative densities as highlas 99.6%. Optical 
attenuation coefficients of 2. 1.0 cm at 10.6 m were 
obtained for CdCr S , and values of 12.1 cm-1 and 14.9 cm 
for the selenide in8 sulfer-selenide mixture. Two-and 
three-phonon absorption bands were found to limit the 
transmission of CdCr2Sq at X > 10 pm. Extrinsic absorption 
mechanisms caused the higher attenuation coefficients in 
CdCr Se and the mixture. The main extrinsic mechanisms at 
long2wa$elengths were free carrier absorption (in CdCrZSe4) 
and an impurity absorption band at 16.3 urn due to Cr 0 . 
At short wavelengths the attenuation coefficient was2daminated 
by scattering from pores and second phases. Free carrier 

. absorption was found to be induced by free selenium present 
in the starting .powders. Suppression of this absorption was 
achieved by optimizing the hot-pressing procedure in order 
to remove free selenium. The presence of pores was attributed 
to incomplete densification arising from the presence of 
second phases (CdSe and Cr2Se3) and the absence of plastic 
deformation as a densif ication mechanism. Laser damage 
thresholds of 250 MWcm-2 and 100 MWcm-2 were measured at 
10.6 pm for CdCr2S4 and CdCr2Se4, respectively. 
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I.. OBJECTIVES 

The chalcogenide s p i n e l s  a r e  f e r r o  o r  f e r r imagne t i c  

semiconductors which d i s p l a y  l a r g e  magneto-optical  e f f e c t s  

i n  modest a p p l i e d  f i e l d s  and a r e  t r a n s p a r e n t  i n  t h e  i n f r a r e d  

from about 2 urn t o  17 urn depending on t h e  s p e c i f i c  compound, 

The phys ica l  p r o p e r t i e s .  o f  t h e  chalcogenide s p i n e l s  have been 

reviewed b y .  Jacobs (1) . 
The o b j e c t i v e  of  t h i s  p r o j e c t  was t o  develop t h e s e  

' 

m a t e r i a l s  f o r  use  a s  -Faraday - i s o l a t o r s  . a t  10.6 pm. A t  t h e  

beginning of t h e , p r o j e c t  t h e  d i f f i c u l t i e s  which had t o  be 

overcome were l a c k  of knowledge about t h e  i n t r i n s i c  l e v e l  of  

o p t i c a l  absorp t ion  t o  be expected ,  s m a l l  c r y s t a l  s i z e ,  and 

1ack .o f  informat ion  about l a s e r  damage th resho lds .  We 

proposed t o  overcome t h e  c r y s t a l  s i z e  problem by ho t -p ress ing  

powders r a t h e r  than  us ing  s i n g l e  c r y s t a l s ,  and minimizing 

o p t i c a l  absorp t ion  by t h e  proper  choice of  p r e s s i n g  para-  

meters .  Laser  damage s t u d i e s  were a l s o  t o  be conducted t o  

e v a l u a t e  t h e  u s e  o f . t h e  materials i n  h igh  power l a s e r  systems. 



11. SUMMARY OF RESULTS 

I n i t i a l l y ,  CdCr2S4 was emphasized i n  the  work 

because e a r l i e r  s tud i e s  showed t h a t  hot -pressed samples 

of t h i s  compound c o u l d b e  produced with o p t i c a l  a t t enua t ion  

c o e f f i c i e n t s  of about 1 . 0  cm-I , and with magnetic p roper t i es  

s u b s t a n t i a l l y  the  same a s  those obtained i n  s ing l e  c r y s t a l s  ( 1 , 2 ) .  

One of the  contr ibut ions  of t h i s  p r o j e c t  was t o  show t h a t  an 

i n t r i n s i c  l i m i t  t o  the  transmission of CdCr2S4 a t  10.6 pm i s  

imposed b y  multiphonon t r a n s i t i o n s  assoc ia ted  wi th  r e s t s t r a h l  

v ib ra t i ons .  This work i s  describid i n  s e c t i o n .  5.2.1.. of t h i s  

r epo r t  and i n  t echnica l  r epo r t  4056-3. This i n t r i n s i c  l i m i t  

corresponds t o  an a t t enua t ion  c o e f f i c i e n t  of about . 3  cm-I 

a t  10.6 pm. Hence s t a t e  of t he  a r t  hot-pressed CdCr2S4 i s  

wi thin  a  f a c t o r  of t h r ee  of the  i n t r i n s i c  l i m i t .  The t r ans -  

m i s s i o n  of an a n t i r e f l e c t i o n .  coated element of the. proper 

thickness f o r  a  Faraday i s o l a t o r  a t  10.6 pm would thus be 89%. 

In  add i t ion  . to  being l imi ted  i n  transparency by mult i-  

phonon t r a n s i t i o n s ,  CdCr2S4 has a Curie po in t  of about BO'F, 

near  t o  t h e  bo i l i ng  point  of l i q u i d  n i t rogen .  This means t h a t  

ca re fu l  temperature con t ro l  may be needed when CdCr2S4 i s  used 

as  an i s o l a t o r .  On the o ther  hand, the  Curie temperature of 

CdCr2Se4 i s  1 3 0 ' ~ .  Hence cooling with l i q u i d  n i t rogen  i s  more 

' e f f e c t i v e  than f o r  the  s u l f i d e .  



Also t h e  longer  wavelength r e s t s t r a h l  of  t h e  s e l e n i d e  should 

l e a d  t o  a  reduced multiphon absorp t ion  a t  10.6 m. An e x t r a -  

p o l a t i o n  of  t h e  i n t r i n s i c  absorp t ion  c o e f f i c i e n t  of CdCrZSe4 

l e a d s  t o  a va lue  of  0.6 cm-I a t  10 .6  pm. For t h e s e  reasons  

t h e  focus of  t h e  p r o j e c t  w a s  s h i f t e d  t o  CdCrgSe4, as a p o t e n t i -  

a l l y  b e t t e r  candida te  f o r  a Faraday i s o l a t o r  a t  10.6 pm. How- 

e v e r ,  hot -pressed  samples of  CdCr2Se4 were found t o  have 

a t t e n u a t i o n  c o e f f i c i e n t s  much g r e a t e r  than  t h e  p r e d i c t e d  i n -  

t r i n s i c  v a l u e ,  o r  t h e  va lue  found p rev ious ly  i n  s i n g l e  c r y s t a l s .  

It was found t h a t  t h i s  e x t r i n s i c  a t t e n u a t i o n  was due t o  s c a t t e r -  

i n g  from p o r e s ,  f r e e  c a r i e r  absorp t ion  and absorp t ion  by i m -  

p u r i t i e s  such a s  Cr203. An a n a l y s i s  o f . t h e  absorp t ion  processes  

i n  ho t -p ressed  CdCr2S4 and CdCr2Se4 i s  p resen ted  i n  s e c t i o n  5 . 2 .  

An ex tens ive  s t u d y  o f  t h e  d e n s i f i c a t i o n  o f  powders of  

CdCr2Se4 was undertaken i n  an e f f o r t  t o  reduce t h e  a t t e n u a t i o n  

a t  .10.6 vm. .This ' included pho toacous t i ca l  and x-ray a n a l y s i s  

of t h e  composition of  t h e  s t a r t i n g  powders as  w e l l  a s  x-ray 

and i n f r a r e d  a n a l y s i s  of ho t -p ressed  samples. The o p t i c a l  

absorp t ion  c o e f f i c i e n t  of t h e  ho t -p ressed  samples was co r re -  

l a t e d  w i t h  d e n s i t y  and impur i ty  c o n t e n t .  It  was found t h a t  

incomplete d e n s i f i c a t i o n  of  CdCrZSe4, and hence s c a t t e r i n g ,  

occurred  because of r e s i d u a l  second-phase p a r t i c l e s  of  CdSe 

and Cr2Se3. Decomposition o f  CdCr2Se4 was found t o  occur  

during h o t  p r e s s i n g .  These r e s u l t s  a r e  descr ibed  i n  d e t a i l  

i n  s e c t i o n  5 . 1 .  



The a l loy  (1-x)CdCr2S4. xCdCr2Se4 was a l so  studied 

over the compositional range O<x<l. I t  was found tha t  

although the r e s  t s t r a h l  edge s h i f t e d  to  longer wavelengths 

f o r  increasing values of x, the e x t r i n s i c  at tenuation co- 

e f f i c i e n t  a l so  increased continuously. The a l loy  was found 

to  consis t  p a r t i a l l y  of a  s o l i d  solut ion and p a r t i a l l y  of 

a  physical mixture, thus sca t t e r ing  due to index mismatch 

and from pores because of incomplete densif icat ion undoubtedly 

contributed t o  the increase i n  a t tenuat ion coef f ic ien t .  

The photoacoustic s tudies  of powders of CdCr2Se4 and 

CdCr2S4 a re  pa r t i cu la r ly  in te res t ing  because they represent 

some of the f i r s t  spectroscopic data ever taken i n  the in-  

f ra red  using t h i s  technique. These s tudies  a re  described 

i n  sect ion V I .  

Laser damage s tudies  were conducted on hot-pressed 

CdCr2S4 and CdCr2Se4, using a  pulsed Cop l a s e r  with a  peak 

power of about 1 7  MW (0.7 Joules i n  a  40 nsec pulse) .  It was 

found t h a t  the threshold fo r .  damage a t  10.6 pm was 250 ~ ~ c m - ~  

f a r  CdCr2S4 and 100 E I W ~ ~ ' ~  f o r  CdCr2Se4. 



3 . 1 .  Proper t ies  of CdCr2Se4 and (1-x)CdCr2Si .x CdCr2Se4 

3 . 1 . 1  Crystal  Structure  and Crystal  ~ r o w t h  
. . 

A .  CdCr2Se4 

CdCr2Se4 has a  sp ine l  s t r u c t u r e  with a  space group 

Fd3m(l). The sp ine l  s t r u c t u r e  i s  made ,up of e i g h t  face 

centered, cub.ic arrangements. of chalcogenide anions with 

9 6  i n t e r s t i c e s ,  of which 64 are '  octahedral  s i t e s  and 32 

t e t r a h e d r a l  s i t e s ;  of these only 24 a r e  occupied by diva- 

l e n t  and t r i v a l e n t  ca t ions .  

There a r e  three bas ic  types of s p i n e l  s t r u c t u r e s ( 3 ) :  

1. normal 
-.. 

2 .  inverse  

3. random. 

As w i l l  be seen l a t e r ,  the type of s t r u c t u r e  has a  la rge  

e f f e c t  on the  e l e c t r i c a l ,  o p t i c a l  and magnetic p roper t i e s .  

In  a  normal sp ine l  a l l  of the  d iva len t  ca t ions  occupy the 

t e t r a h e d r a l  s i t e s  and a l l  o f  the  t r i v a i e n t  ca t ions  occupy 

t h e  octahedral  s i t e s  as shown i n  the general  chemical 

formula 

where t = t e t r ahedra l ,  o  = octahedral, and c  = cubic 

c lose  packed s i r e .  The inverse s p i n e l  has a l l  of che 

d iva lent  cations a t  the octahedral  s i t e s  with one half 



of the t r i v a l e n t  cat ions  i n  the t e t r a h e d r a l  s i t e s  and 

one ha l f  i n  the  octahedral  s i t e s  as shown i n  the general  

chemical formula: 

The random sp ine l  s t r u c t u r e  has  a  d i s t r i b u t i o n  of cat ions  

a t  the  oc tahedra l  and t e t r a h e d r a l  s i t e s  as shown i n  the 

general  chemical formula: 

The type of s t r u c t u r e  i s  determined by the s i t e  

preference energy of the  ca t ions (  3, 4 ;  5 ) .  Table 3 .1  

l i s t s  oc tahedra l  and t e t r a h e d r a l  s i t e  preference energ2es 

of metal ca t ions  i n  oxide s p i n e l s .  These same 

energies can a l s o  be used as an upper l i m i t  i n  chalco- 

genide s p i n e l s  due t o  the l a r g e r  anionic  rad ius .  

CdCr2Se4 has a normal s p i n e l  s t r u c t u r e  with a l l  

the  cd2+ ions a t  the  t e t r a h e d r a l  s i t e s  and a l l  the C r  
3+ 

ions a t  the  octahedral  s i t e s ,  Figure  3 .1 .  A per fec t  s p i n e l  

s t r u c t u r e  would have the s t r u c t u r e  parameter u equal to  

0.375,  but i n  most mater ia l s  i t  devia tes  from 0.375.  The 

dcviat ion i s  an i ~ d i c a e i s n  s f  a distortion of  the cubic 

c lose  packing induced by the  ca t ions ,  i .  e; ' 02ra:hedrally 



TABLE 3 . 1 .  OCTAHEDRAL SITE PREFERENCE ENERGY OF SOME TRANSITION 
METAL CATIONS I N  THE SPINEL STRUCTURE ( 4 ) .  

I O N  

"Negative values i n d i c a t e  t h a t  the  ion i s  unstable  a t  the  oc t ahed ra l  s i t e .  
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coord ina ted  c a t i o n s  a r e  d i s p l a c e d  a long  t h e  [ill] d i r e c t i o n  

( 6 ) .  I n  CdCr2Se4 t h e  u - p a r a a e t e r  i s  s l i g h l t y  l a r g e r  

than  0.375, . u=0.390. The l a t t i c e  parameter  of  m a t e r i a l s  

w i t h  a  s p i n e l  s t r u c t u r e  i s  de termined mainly by t h e  packing  
. . 

of t h e  an ions  s i n c e  t h e  c a t i o n s  a r e  much s m a l l e r  . t han  t h e  

an ions  and occupy t h e  i n t e r s t i t i a l  s i t e s .  The p h y s i c a l  

p r o p e r t i e s  of CdCr2Se4 a r e  l i s t e d  i n  Table  3 . 2 .  

S i n g l e  c r y s t a l s  of  CdCr2Se4 have been grown by 

l i q u i d  t r a n s p o r t ( 8 ,  9 ,  10) v a p o r - l i q u i d  t r a n s p o r t  (11) , 

vapor  t r a n s p o r t  (12) , and f l u x  growth(=) . The l a r g e s t  

s i n g l e  c r y s t a l s  grown t o  d a t e  have been 1-4mm on t h e  s i d e  

i n  a  p e r i o d  of one week by t h e  l i q u i d  t r a n s p o r t  method. 

Chemical vapor d e p o s i t i n g  C C M )  h a s  a l s o  been a t t e m p t e d  a t  RCA 

L a b o r a t o r i e s ,  however o n l y  s m a l l  s i n g l e ' c r y s t a l s  were g r o w n ( l 4 ) .  

The k i n e t i c s  of  growth a r e  a p p a r e n t l y  v e r y  slow and a  

s a t u r a t i o n  p o i n t  i s  reached.  Powders up t o  100um on t h e  

s i d e  have a l s o  been grown by a s o l i d  s t a t e  r e a c t i o n  of  

CdSe and Cr2Se3 and /o r  t h e  i n d i v i d u a l  e lements  i n  a  

selenium atmosphere.  The phase  diagram of  t h e  CdSe- 

CrpSe3 pseudo b i n a r y  system i s  shown i n  F i g u r e  3 . 2 ( 1 5 ) .  

According t o  Barrac lough and MeyerCl5) CdCr2Seq f o r n s  

by a p e r i t e c t o , i d  r e a c t i o n  where CdSe and Cr2Seg s o l i d  

phases  r e a c t  on coo l ing  t o  form t h e  s p i n e l  phase .  I t  

i s  u n f o r t u n a t e  t h a t  t h e  r e a c t i o n  i s  n o t  a  p e r i t e c t i c  r e a c t i o n  

s i n c e  i n  t h l s  case  t h e r e  would e x i s t  a  range  of  composi t ion  

and CdCrZSe4 could  be  grown from t h e  m e l t .  R c e n t l y ,  
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TABLE 3.2. CRYSTALLOGRAPHIC AND ELECTRICAL PROPERTIES OF SINGLE 
CRYSTALS AND POLYCRYSTALLINE (HOT-PRESSED) CdCrgSe4 

PROPERTY SINGLE CRYSTALS POLYCRYSTALLINE 
(HOT-PRESSED) 

Lattice parameter Z( 

Structure parameter u 0-. 390, (25). . . 

3 Density (gmlcm ) 
: 5.681 - 5.739 5.714 (96) calculated 
(75 , 88, 74, 95) . '  

measured 5.55 (95). 5.693 (96) 

Electrical resistivity (Qcm) 
29 7K 8 x lo2 

Type of Electrical conduction n and P (94) . . .  
mixed n and p ( 2 - )  

. . . .  . 



however, T .  Kiyosawa and K .  Hasumoto(l6) have found t h a t  

CdCr2Se4 d i s s o l v e s  i n  a se lenium m e l t  and i s  i n  e q u i l i -  

br ium wi th*  t h e  se lenium r i c h  m e l t  which h a s  a  CdSe con- 

t e n t  i n  excess  o f  CdSe - Cr2Se3 a t  T  - 900°C. The 

s o l u b i l i t y ,  however, d e c r e a s e s  r a p i d l y  a s  T. d e c r e a s e s  . 

from 900" t o  860" C .  T h i s ,  t h e r e f o r e ,  s u g g e s t s  t h a t  t h e r e  

i s  a p o s s i b i l i t y  of  o b t a i n i n g  s i n g l e  c r y s t a l s  o f  CdCr2Se4 

a s  a primary s o l i d  from such a m e l t .  Th i s  a l s o  s u g g e s t s  

t h a t  s i n g l e  c r y s t a l s  by a l i q u i d  phase e x i t a x y  (LPE) can 

b e  grown. Growth pa ramete r s ,  however, s t i l l  remain t o  

b e  de t enn ined  . 
The r e a c t i o n  mechanism of CdSe and Cr2Se3 a t  

T < 885°C has  n o t  y e t  been i n v e s t i g a t e d  comple te ly .  

However t h e  r e a c t i o n  i s  thought  t o  occur  by a  s o l i d  s t a t e  

r e a c t i o n  of  t h e  two phases  by a d i f f u s i o n  o f  t h e  c a t i o n s  

a c r o s s  t h e  phase boundary. Excess se lenium,  however, must 

always ,be p r e s e n t  i n  o r d e r  t o  p r e v e n t  t h e  e v e n t u a l  decom- 

p o s i t i o n  of  t h e  s p i n e l  phase eq .  .3 .1 .  

CdSe.(s) + Cr2Se3 ( s )  + xSe2 (g)+CdCr2Se4 ( s )  + xSeZ(g) 

3 . 1  

i n  t h e  absence of  se lenium a t  T > 500°C i n  vacuum. 

, CdCr2Se4(s) - Cd(g) + fSe2(g)  + Cr2Se3(s)  

- CdSe(5) + Cr2Se3(s)  3 .2  

where CdSe forms' b.y t h e  r e a c t i o n  of se lenium and c a b - i u n  



gas a t  t h e  c o l d  end o f  t h e  growth chamber. 

A second method of  growing f i n e  powders i s  by t h e  

r e a c t i o n  o f  c o - p r e c i p i t a t e d  Cd and C r  hydroxides  w i t h  

excess  se lenium i n  a .  f lowing hydrogen gas s t r e a m  u s i n g  

an inc rementa l  tempera ture  - i n c r e a s e  (17) ,,. 

(1-x)CdCr s * x  CdC s e 4 ( 1 8 j  i s  a s o l i d  s o l u t i o n  o f  2 4 5. 
CdCr2S4 a n d  CdCr2Se4 w i t h  a l a t t i c e  parameter  ' t h a t  v a r i e s  

l i n e a r l y  w i t h  composi t ion . w h i l e  t h e  s t r u c t u r . e  parameter  u 

remains c o n s t a n t  a t  0.390 o v e r  t h e  e n t i r e  compos i t iona l  

range  0 - < x 1 .  - T a b l e  3 .  3 p r e s e n t s  a summary o f  t h e  c r y s t a l l o -  

g r a p h i c  and magnet ic  d a t a .  S i n g l e  c r y s t a l  growth o f  t h e  

q u a r t e r n a r y  compound h a s  been ach ieved  by f l u x  growth from 

. m i x t u r e s  of  t h e  e lements  and b i n a r y  compounds i n  30%CdC1 2 a t  

800-850°C w i t h  2O/hr. c o o l i n g  r a t e ( l 9 )  . 

3 . 1 . 2 .  O p t i c a l  and E l e c t r i c a l  P r o p e r t i e s  

I n  t h i s  s e c t i o n  t h e  o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  

o f  CdCr2Se4 a r e  d e s c r i b e d .  Also ,  compos i t iona l  v a r i a t i o n s  

of  t h e  s p i n e l  s t r u c t u r e  a r e  d i s c u s s e d  i n  terms o f  t h e  induced 

changes o f  t h e  o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  i n  o r d e r  t o  

t a i l o r  t h e  d e s i r e d  o p t i c a l  and magneto-opt ica l  p r o p e r t i e s .  

A .  I n t r i n s i c  

A t  t h i s  p o i n t  i n  t ime i t  i s  a lmost  f u t i l e  t o  d i s c u s s  

t h e  i n t r i n s i c  o p t i c a l  p r o p e r t i e s  o f  CdCr2Se4 o r  

(1-x)CdCr2S4 . x  CdCrZSeG, s i n c e  i t  has been i m p o s s i b l e  
\ 



TABLE 3.3. . SUMMARY OF CRYSTALLOGRAPHIC AND MAGNETIC PROPERTIES OF 
(1-x) CdCr2S4 - x  CdCr2Se4 (Adopted from (1.6 ) ) . 

Lattice u 
Composition Paramter, 2 Parameter 

Magnetic Moment Curie 
(pB/molecule) at 4.2K Temperature, K 



t o  grow i n t r i n s i c  s i n g l e  c r y s t a l s .  To d a t e ,  very  l i t t l e  

r e sea rch  has been c a r r i e d  ou t  on t h e  p repa ra t ion  of 

i n t r i n s i c  s i n g l e  c r y s t a l s  and e s p e c i a l l y  hot-pressed 

m a t e r i a l s .  Therefore,  t he  s tudy of i n t r i n s i c  p r o p e r t i e s  

of  a l l  chromium chalcogenide s p i n e l s  has  been seve re ly  

l i m i t e d  by the  a v a i l a b i l i t y  of pure l a r g e  s i n g l e  c r y s t a l s  

o r  hot-pressed m a t e r i a l s .  

Like . a l l .  o p t i c a l  m a t e r i a l s ,  t h e  reg ion  of t r a n s -  

parency i s  l i m i t e d  by e l e c t r o n i c  abso rp t ion  a , t  s h o r t  

wav.elengths and i n f r a r e d  a c t i v e  phonons a t  long wavelengths 

( r e s t s  t r a h l  and mu1 tiphonon absorp t ion)  . I n  CdCr2Se4 

t h e  f i r s t  absorp t ion  band occurs a t  -1.3ev from the  

selenium valence band t o  t h e  narrow d-conduction band der ived 

3+ from the  cr2' l e v e l s  ( t h e  h o s t  ions  a r e  i n  a  C r  s t a t e ) .  

This band ha5 been found t o  r e d - s h i f t  upon cooling(20,21 ,22 ,23). 

The t o t a l  decrease i n  t h e  photon energy between the  tempera- 

t u r e  a t  which the  edge i s  a t  i t s  h i g h e s t  energy and OK i s  

about 0.2ev.  The magnitude of t h e  absorp t ion  i n  the  red-  

s h i f t i n g  band v a r i e s  q u i t e  s t r o n g l y  from one specimen t o  

ano ther .  Photoconductivi ty i s  observed i n  the  same band 

and i t  has been observed in' .p- ' type m a t e r i a l s .  Although t h e r e  

a r e  pub l i ca t ions  i n  which photoconduct iv i ty  i n  the  same 

band i s  I n  3+ and Ga '+ doped CdCr2Se4, which a r e  

normally n- type,  the  r e d - s h i f t i n g  band i s  expla ined by a  

conduction d-. band broadening and n o t  - a valence  band 



broadening in the ferromagnetic region. This also leads 

to a small increase in electron mobility, as observed in 

n-type CdCrpSe4, in the ferromagnetic region(2g). 

D.C. electrical resistivity measurements of single 

crystals and hot-pressed CdCr2Se4 show drastic 

differences depending upon whether the materials are 

"stoichiometric" or not. Selenium deficient single 

crystals are n-type and have been found to have an activa- 

tion energy for electrical conduction of 0.23eve6 ,27 ) 

between 300 K and 180 K with a resistivity maximum at 

-150 K(28). "Stoichiometric" single crystals are p-type 

but have been found to have a monotonically increasing 

resistivity with a small variation of the resistivity near 

the Curie temperature. The change in resistivity near Tc 

for n-type CdCr2Se4 is attributed to a collective model 

where the conduction d-band broadens thus increasing the 

mobility and also reducing the donor ionization energy. In 

p-type CdCr2Se4 the small change in the resistivity be- 

havior is attributed to a small exchange interaction be- 

tween the valence band and the localized acceptor band. 

At long wavelength the intrinsic transparent window 

is limited by transverse optical phonon absorption and multi- 

phonon absorption. Transverse optical phonon or reststrahl 

absorption in materials with a spinel structure arise from 

the fundamental vibrations of BX6 and AX4 complexes 

with the BX6 complex absorption occuring at shorter 



wavelengths (29.30 ) . Multiphonon absorpt ion a r i s e  from 

the i n t e r a c t i o n  of a photon with more than one phonon. 

Such higher order  absorption bands a r i s e  from two poss ib le  

mechanisms: (a) anharmonic coupling between phonons a r i s i n g  

from t h i r d  and higher order terms i n  the p o t e n t i a l  energy. 

and (b) second and higher order terms i n  the e l e c t r i c  

moment (32.32) . In  binary o p t i c a l  ma te r i a l s  such as NaC1, 

KC1, CaF2, ZnS, ZnSe, CdS e t c .  multiphonon absorption has 

been found t o  s e v e r e l y l i m i t  them a t  frequencies near  2 and 

3 phonon absorption bands (33 ,34 ) . 
: Two-phonon absorption has a l s o  been found t o  occur i n  

ternary CdCr2S4 a t  X = 12.5pm(35 ) . This  absorption band 

i s  thought to  l i m i t  CdCr2S4 i n t r i n s i c a l l y  . a t  10.6pm. 

CdCr2Se4 on the  o ther  hand has two-phonon absorption bands 
-1 

occuring a t  longer wavelengths s t a r t i n g  a t  2L0. = 585cm 

(17.16um) t h e o r e t i c a l .  This i s  i n  agreement with  the 

s t r u c t u r e  seen i n  the  s ing le  c r y s t a l  spec t ra  reported by 

Bongers and Zanmarchi(36) and A .  G .  Gurevich e t  a l i a 0 7  ) , 

Figure 3 .3 .  A t  shor te r  wavelength no s t r u c t u r e  i s  seen 

because of the  s t i l l  r e l a t i v e l y  high absorption c o e f f i c i e n t .  

Table 3 .4  l i s t s  the  t ransverse  and longi tudina l  o p t i c a l  

phonon frequencies of CdCrZS4 and CdCr2Se4 where the 

values have been' obtained from r e f l e c t i v i t y  measurements 

on hot-pressed samples (38) . 

Solid  so lu t ions  of (1-x)CdCr2S4 * x  CdCr2Se4 are 

expected t o  give r i s e  to  o p t i c a l  phonon frequencies between 

those of the  s u l f i d e  and those of the se len ide .  



WAVELENGTH . . X ,  p m  

Figure 3 . 3 .  Absorption spectrum og CdCrqSe4 s i n g l e  c r y s t a l  (adopted from ( 3 6 )  . 
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Therefore the  major i n t r i n s i c  sources of absorption 

away from the r e s t s t r a h l  and e l e c t r o n i c  absorption edge 

a r e  multiphonon absorpt ions.  These can be s h i f t e d  and/or 

reduced by changing the s u l f u r  and selenium concentrat ion 

i n  the mixed system (1-x)CdCrZS4 * x  CdCr2Se4. 

B .  Ex t r ins i c  

E x t r i n s i c a l l y ,  there  can be many types of a b s o q t i o n  

and a t tenuat ing  mechanisms. The a t tenuat ing  mechanisms 

i n  hot-pressed mater ia l s  can be divided i n t o  two types.  

The f i r s t  i s  impurity absorption and the  second i s  

s c a t t e r i n g .  

1.. ' Impurity Absorption 

Impurity absorption can occur i n  seve ra l  ways: (1) 

by doping CdCrpSe4 thus giving r i s e  t o  donors o r  

acceptors and/or f r e e  c a r r i e r  absorption and (2) impurity 

r e s t s t r a h l  absorption.  

Donor bands i n  CdCrZSe4 can be introduced by 

annealing i n  vacuum and thus introducing selenium 

and cadmium vacancies.  Experiments show t h a t  selenium 

has a  higher vapor pressure  and a selenium d e f i c i e n t  

cdcr2Se4 i s  usua l ly  found to  have an a c t i v a t i o n  energy of 

0.23ev . Donor bands can a l s o  be introduced by  doping 

CdCr2Se4 with 1n3+ and Ga 3+ a t  the t e t r ahedra l  s i t e s .  

Absorption bands i n  I n  3+ and Ga 3+ doped CdCr2Se4 

hove been observed a t  0.57ev and 0.66ev r e spec t ive ly  



both by electrical resistivity measurements and optical 

transmission measurements. 1n3+ doped selenium defioient 

hot-pressed CdCr2Se4 sampLes have shown activation energies 

of 0.23ev. Also, upon annealing in a selenium atmosphere in 

order to remove seleniun vacancies responsible for the 0.23ev 
3+ band, an activation energy of 0.57ev resulted from the In (26 ) . 

\ 

P-type conduction has been observed in 

doped CdCr2Se4, but, no absorption bands were observed 

in the infrared(40). Excess selenium in hot-pressed 

CdCrqSe4 is also believed to cause p-type conduction 

and free-carrier absorption in the infrared. This is 

accomplished by an excess of shallow holes due to excess 

selenium at grain boundaries. Classically free-carrier 

absorption 'can be described by(41') : 

3 
where ' N is .the. f.ree electron concentration..in #/cm , 

3= * 
p is the mobility, mn h m  are the effective electron 

P 
and holemass, pn and up are 'the ele'ctron.and hole 

mobilities, c is .the velocity of light, E o is the 

permittivity of free space and n is the index of re- 

fraction. This type of absorption has been found in 

materials with shallow donors or a.cceptors such as Ge (42 ) 

vhere the l2 dependence is usually obeyed.  In 

this description scattering is not taken into considera- 

tion. 



Phonons i n  b inary  second phases such a s  CdSe, 

Cr2Se3, CdO, Cr203 s t r o n g l y  couple t o  e l e c t r o -  

magnetic r a d i a t i o n  and i f  the, o p t i c a l  phonon.f requencies  

f a l l  i n t o  t h e  i n t r i n s i c a l l y  t r a n s p a r e n t  r eg ion  of 

CdCr2Se4 absorp t ion  bands can be  observed wi th  an i n t e n s i t y  

p ropor t i ona l  t o  second phase concentra t ions .  There fore ,  

c a r e  .must be taken .in reducing second phase concen t r a t i on ,  

e s p e c i a l l y  oxides .  

2 .  S c a t t e r i n g  

S c a t t e r i n g  i s  thought t o  be  the  major a t t e n u a t i o n  

mechanism i n  hot-pressed and/or  s i n t e r e d  m a t e r i a l s .  

Poss ib l e  t ransmiss ion l o s s e s  by s c a t t e r i n g  can occur 

through pores ,  second phases,  g r a i n  boundaries and su r f aces (43 ,44 ) .  

The t ransmiss ion depends on the  index of r e f r a c t i o n  

d i f f e r e n c e  between t h e  m a t e r i a l s  and t h e  s c a t t e r i n g  c e n t e r ,  

t he  s i z e  and t h e  dens i ty  of t he  s c a t t e r s .  Usually a  

s i z e  d i s t r i b u t i o n  e x i s t s  and t h e r e f o r e  the  t ransmiss ion 

i s  very  s e n s i t i v e  t o  the  type of d i s t r i b u t i o n ( 4 5 ) .  

Because of the  f a b r i c a t i o n  process  of  CdCr2Se4 and 

( l -x )  CdCr2S4 *x CdCr2Se4, knowledge about the  phys ica l  p r o p e r t i e s  

of t he  s c a t t e r e r s  i s  very  i inportant .  

I n  some .hot-pressed m a t e r i a l s  because of t he  l a r g e  

s i z e  of second phase o r  pores Mie s c a t t e r i n g  must be 

used t o . i n t e r p r e t  the  t ransmiss ion  d a t a .  J . G . J .  Peelen e t  

a l ia(4 '3)  used M i e  s c a t t e r i n g  t o  determine t h e  i n f luence  

of pores on the  t ransmiss ion of ho t -pressed  and sintered 



alumina. They, found t h a t  a  lognormal d i s t r i bu t ion  of 

pore s i z e s  was necessary to f i t .  the  transmission data.  

For this.  research.because-of  the more d i f f i c u l t  

problems such as decomposition and f r ee -ca r r i e r  absorp- 

t ion  no e f f o r t  was. made to inves t iga te  s ca t t e r ing  pro- 

cesses. 

3.1.3. Magnetic Properties 

The magnetic properties of CdCrZSe4 have been 

studied extensively i n  the past  f i f t e e n  years.  The 

reason being tha t  CdCr2Ee4 i s  very c lose  t o  being 

an idea l  Heisenberg ferronagnet and i t  i s  therefore 

an idea l  system to  t e s t  the thecr i s s  of c r i t i c a l  

phenomena of magnetic materials (46 ) . Ferromagnetism 

i n  spinels  occurs i n  the absence o f .h igh  conductivity.  

The type of exchange in terac t ions  between the magnetic 

ions occurs by a superexchange in t e r ac t ion  v i a  the 

oxyg,en o r  chalcogenide anions. 

In  CdCrZSe4 the distance between C r  3+ cations 

0 
i s  3 . 8 4 A .  Th,is separation between the C r  3+ i s  too 

large fo r  d i r ec t  overlap of the C r  3+ o r b i t a l s  (47) . 

Exchange in terac t ions  therefore take place v i a  the 

selenium anions, Magnetic measurements and neutron 

d i f f rac t ion  a lso  show tha t  there i s  a  simple alignment 

of a l l  the magnetic moments i n  CdCr2Se4. The Eerro- 

sagnet ic  behavior i n  chromium chalcogenide spinels  can 

be accounted for  on the basis  of a  Heisenberg spin 



Hamiltonian of the form( 48,49)  

J 

The sum over ij includes all nearest-neighbor pair 

interactions (Cri - Se - Cr.). J represents the 
J 

strength of the nearest-neighbor interactions and it is 

assumed to be positive; the n ~ b e r  of nearest neighbors 

z is 6, Si and S. are the total spin-magnetic moments 
J 

of 'the cr3+ ions, S = 3/2 according to Hund's rules. 

The sum over ik includes all pair interactions of the 

type Cr - Se - Cd - Se - Crk The number of next-neighbor 
j 

included in this interaction is 30 and they are assumed 

to have an identical strength K. The sign of K may 

be either positive or negative. The final term in the 

. . . spin Hamiltonian is the usual Zeeman . energy in .an ex- 

ternal field Hz. 

Baltzer et al . ( i8)  have found that for CdCr2Se4. 

3 = 1.93 x 10-15ergs . and K = -1.37 x 1.0-l~. Thus 

showing that J i 0 is associated with ferromagnetic 

ordering .of the Cr 3+ spin magnetic moments and K < 0 

indicates antiferromagnetic ordering of the next-nearest 

neighbors. 

Magneticinoments of CdCrZSe4 as well as CdCr2S4 

have been found to be highly dependent on stoichiometry(50). 

Anionic deficiencies for exaple have been found to decrease 



t h e  n e t  magnetic moments per  u n i t  c e l l .  The decrease  , 

i n  magnetic moment was f o u n d . t o  be due t o  t h e  presence 

of d i v a l e n t  chromium c a t i o n s  t o  charge compensate 

f o r  an ion ic  d e f i c i e n c i e s .  C r  2f dec reases  the  n e t  

ferromagnetic  i n t e r a c t i o n s  because' of a  lower magnetic 

3+ moment per  u n i t  c e l l  (4pB - vs 6pB f o r  C r  ) and because 

cr2+ m u p l e  an t i f e r romagne t i ca l ly  t o  t he  n e a r e s t  C r  3+ 

neighbors .  Magnetic p r o p e r t i e s  of CdCrpSe4 s i n g l e  

c r y s t a l s  a r e .  given i n  .Table 3.3 . 
I n  ( 1  -x) CdCr2S4 *x  CdCr2Se4 , t he  fer romagnet ic  behavior  i s  

a l s o  expla ined by a superexchange i n t e r a c t i o n  mechanism 

where t he  cr3+ ions  a l i g n  i n  n e u t r a l  d i r e c t i o n s  (18 ) . 
The Heisenberg s p i n  Hamiltonian can be used t o  exp la in  

t h e  fer romagnet ic  behavior  a s  i n  t h e  case  of t h e  

i n d i v i d u a l  phases CdCrZS4 and CdCr2Se4. I n  t h e  

" s o l i d .  s o l u t i o n  .however, .  . t he  .superexchange i n t e r a c t i o n s  

occur v i a  bo.th t he  s u l f u r  and selenium anions .  The 

Curie temperature does no t  vary  l i n e a r l y  wi th  ternpera- 

t u r e  a s  shown i n  Figure  3 .2a .  This i s  due t o  t h e  

non-monotonic dependence of t h e  n e a r e s t  neighbor - 
i n t e r a c t i o n ,  J ,  and nex t -neares t  neighbor i n t e r a c t i o n  
- - - 
K on the  composit ional  parameter x .  J and K can be  

expressed i n  t e r n s  of t he  composit ional  parameter x 

and on t h e  d i f f e r e n t  neighbor i n t e r a c t i o n s  depending 

on'whether  s u l f u r  o r  selenium ions  a r e  involved i n  t he  

i n t e r a c t i o n (  18, 51,52) ,  F i g u r e  3.4b.. 



Figure 3 . 4 .  (a)  Curie temperature and Curie-Weiss para -  
meters as  a funct ion of composition wi th in  the 
system (1-x) CdCr2S4- x CdCr,Se4, - and, 

(b) the  composition dependent e f f e c t i v e  exchange 
parameters, j and as functions of composition 

within the system (1-x) CdCr2S4- xCdCr2Se4. 



The experimental value of p as measured by 

P .  J .  Woetowicz e t  a l i a (1g)  v a r i e s  with composition 

as. shown i n  Table 3 . 3 .  The devia t ion  from t h e o r e t i c a l  

value of 6 p ~  i s  most probably due to  a selenium 

and/or s u l f u r  deficiency as  i n  the case of the  cons t i -  

tuents  CdCrZSe4 and CdCr2S4. That i s ,  anionic 

deficienc,ies would be charged compensated by the forma- 

t i o n  of C r  2+ thus lowering the n e t  magnetic moment. 

3.1.4.  Magneto-Optical Proper t ies  

The Faraday e f f e c t  i s  the  r o t a t i o n  of the  plane of 

po la r i za t ion  of a l i g h t  beam as  i t  i s  t ransmit ted 

through a magnitized d i e l e c t r i c .  A t  norinal incidence 

a l i n e a r l y  polar ized beam may be resolved i n t o  l e f t  

hand c i r c u l a r l y  polar ized and a r i g h t  hand c i r c u l a r l y  

polar ized components. The induced b i re f r ingence  

causes these componentsrto see d i f f e r e n t  indices  of 

refraction(53,54),.resulting i n  a phase s h i f t  between 

the two components and thus a r o t a t i o n  of the plane 

of po la r i za t ion  of the r a d i a t i o n  upon transmission.  

Phenomenologically the Faraday r o t a t i o n  can be expressed 

a s  : 

where V is. the Verdet constant  , B i s  the appl ied 



magnetic f i e l d ,  i s  the thickness of the sample, 

and 4 i s  the angle. tha t  t h e  l i g h t  beam makes with 

the d i rec t ion  of the applied magnetic f i e l d .  

I n  non-magnetic semiconductors the o r ig in  of the 

Faraday ro ta t ion  i s  due to  the in te rac t ion  of non- 

magnetic electrons with the magnetic f i e l d .  In magnetic 

semiconductors such as  CdCr2Se4 t h i s  e f f ec t  does 

not  contribute measurably t o  the Faraday ro ta t ion .  

I n  chromium chalcogenide spinels  the Faraday ro ta t ion  

has two or ig ins .  The f i r s t  a r i s e s  from the high 

energy c rys t a l  f i e l d  t rans i t ion  and/or charge-transzer 

t r ans i t i on  which are e l e c t r i c  dipole t rans i t ions .  

These occur i n  the v i s i b l e  and near inf rared  par t  of the 

spectrum'. The second a r i s e s  from magnetic . - dipole t r ans i -  

t ion  havingresonance' frequencies i n  the far infrared 

o r  microwave frequencies. The l a t t e r  contribution 

i n  the wavelength region of i n t e r e s t  (1-18pm) i s  inde- 

pendent of wavelength(36,1?) . 

In  CdCr2Se4 the Faraday ro ta t ion  due to the 

e l e c t r i c  dipole t rans i t ions  i s  determined by the spin- 

o r b i t  s p l i t t i n g  of the excited s t a t e .  The la rge  

negative ro ta t ion  observed due to  e l e c t r i c  dipole 

t rans i t ions  has been a t t r i bu t ed  t o  a Se + C r  charge 

transf e r  band at 0.481~m having the f orm(36) . 



t o  Equat ion  3.4 t h e  magnet ic  d i p o l e  t r a n s i t i o n  terms 

must be added. This  second term depends on ly  on t h e  

magne t i za t ion  M and gyromagnetic r a t i o  y e q .  3 . 5 .  

Adding.Eq.. 3 .4 .  t o  Eq. 3 . 5 , w e  g e t :  

The d e v i a t i o n  of  Eq. 3 .6  has  been reviewed by 

S .  J a c o b s t  1) and t h e r e f o r e  i t  w i l l  n o t  be  reproduced h e r e .  

Bongers and Zannarchi(36)have de termined t h e  

Faraday r o t a t i o n  of  CdCrgSe4 from 1 t o  18pm and 

have a l s o  f i t t e d  Eq. 3 . 6  t o  t h e i r  d a t a  w i t h  t h e  magnet ic  

d i p o l e  t e r u  e q u a l  Lu  = I 9 3  drgrres/cu ( n e a s u r r d )  , 
'. M -4 M = 286' G - and (% ) = 1.11 x 10 degrees  cm. The 

s 
F a r a d a y  r o t a t i o n  c a l c u l a t e d  from Eq. 3 . 6  i s  g i v e n  i n  

F i g u r e  3 . 5 .  A t  s h o r t  wavelengths t h e  l a r g e s t  Faraday 

r o t a t i o n  of-9200 deg/cm w a s  measured a t  1.17pm i n d i c a t i n g  

t h a t  f o r  an o p t i c a l  i s o l a t o r  a t  t h i s  wavelength an  

element  t h i c k n e s s  of only  49pm i s  needed. A t  5yn, 

E$ = -263 deg/cm and an element thickness of 0.171cm i s  

needed.  



WAVELENGTH 1, pm 

Figure 3 . 5 .  Saturated Faraday motion - vs wavelength of 
CdCrZSew 



The Faraday rotation in chromium chalcogenide 

spinels at 'l0.6um, for example, can be varied from a 

minimum o f  '-94.. degreeslcm at M = MS to -1000 ' degreeslcm 

for HgCr2Sr4:(55). : However,. because intrinsic electronic 

absorption in 3gCr2Se4 occur at much longer wavelength 

and because of the apparent technological problems, as 

will be described in Chapter 3.2, HgCrpSe4 . is not investi- 
8 

gated. However, solid sdlutions of HgCr2Se4 and 

CdCr2Se4 may be a viable system. Figure 3.6.shows a 

schematic of a Faraday isolator in a laser system. 
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3 . 2 .  Conso l ida t ion  o f  Ceramic Powders by Hot -Press ing .  

I n t r o d u c t i o n  

Hot -p ress ing  i s  a  f a b r i c a t i o n  p rocess  whereby a  ceramic 

o r  meta l  powder i s  s u b j e c t e d  t o  a  h i g h  p r e s s u r e  and tempera- 

t u r e  f o r  a .  t i m e  t i n  o r d e r  t o  d e n s i f y  t h e  powder t o  

n e a r  t h e o r e t i c a l  d e n s i t i e s .  Ho t -p ress ing  a s  a f a b r i c a t i o n  

p rocess  has  been f i n d i n g  i n c r e a s i n g  u t i l i t y  i n  t h e  ceramic 

i n d u s t r y  i n  t h e  p a s t  y e a r s  w i t h  p a r t i c u l a r  emphasis on t h e  

p r e p a r a t i o n  of  m a t e r i a l s  w i t h  improved p r o p e r t i e s  through 

composi t ion,  m i c r o s t r u c t u r e  and d e n s i t y  c o n t r o l .  

Many r e s e a r c h e r s  have devoted  much o f  t h e i r  t ime t o  

t h e  unders tanding  o f  d e n s i f i c a t i o n  mechanisms o f  powders 

dur ing  v a r i o u s  s t a g e s  o f  d e n s i f i c a t i o n .  However, t h e r e  i s  

s t i l l  no complete. theory  t h a t  can d e s c r i b e  t h e  d e n s i f i c a -  

t i o n  p rocesses  dur ing  t h e  v a r i o u s  s t a g e s  o f  d e n s i f i c a t i o n .  

The major d i f f i c u l t y  b e i n g  t h a t  d e n s i f i c a t i o n  occurs  by 

many concur ren t  and s e q u e n t i a l  process .es  ( 5 6 ) .  

During t h e  p a s t  20 y e a r s  o r  s o  a  l o t  o f  r e s e a r c h  h a s  

been done on op t imiz ing  and unders t and ing  t h e  d e n s i f i c a t i o n  

o f  o x i d e s ,  b o r i d e s ,  n i t r i d e s  and a l k a l i  h a l i d e s  . 
However, ve ry  l i t t l e  work h a s  been done on t h e  chalcogenides  

w i t h  t h e  e x c e p t i o n  o f  t h e  work o f  Ed Carna l1  5 7 )  .'at Kodak 

Research L a b o r a t o r i e s .  The r e a s o n  f o r  t h e  s c a r s i t y  o f  

d a t a  h a s  been due t o  a l i m i t e d  demand f o r  t e r n a r y  chalco-  

gen ide  o p t i c a l  e l ements .  Bu t ,  t h i s  i s  s lowly  i n c r e a s i n g  

as i n f r a r e d  and m i l l i m e t e r  wave technology i s  being:  

developed.. A .second reason f o r  t h e  l a c k  o f  d a t a  i s  

t h a t  cha lcogen ides ,  and e s p e c i a l l y  chalcogenide  s p i n e l s ,  



tend non-stoi chiometric and therefore  i t  i s  d i f f i c u l t  

t o  t e s t  dens i f ica t ion  t h e o r i e s .  

However, because of a  recent  i n t e r e s t  i n  i n f r a r e d  

a c t i v e  o p t i c a l  elements, more e f f o r t  should be devoted 

t o  the understanding of dens i f i ca t ion  mechanisms and 

defect  s t r u c t u r e  of these m a t e r i a l s .  This sec t ion  i s  

devoted mainly t o  the  descr-iption of various mechanisms 

t h a t  can occur i n  chalcogenide s p i n e l s .  

3 . 2 . 2 .  . Driving Force During Consolidation and Stages of 
Densif icat ion 

The dr iv ing  force (D.F.) during hot-pressing i s  

expressed as the sum of three  terms: 

D.F. = goa f C Y  - P 

where g  i s  a  s t r e s s  cor rec t ion  f a c t o r  which depends 

- i s  the  appl ied on the poros i ty  Figure 3 . 7  (58) , oa 

pressure ,  C i s  a  pore s t r u c t u r e  s e n s i t i v e  parameter. 

(During hot-pressing the shape of the  pores changes ; 

while during the  i n i t i a l  s tages  the  shape may be approxi- 

where r i s  the  radius  of mated by a  cyl inder  and C = - 
r 

the '  cy l inder ,  during the  f i n a l  s tages  the  pores can be 

where r i s  the  approximated by a  sphere and C = 7 

rad ius  of the sphere) ,  Y i s  the  surface f r e e  energy and 

p  i s  the i n t e r n a l  gas pressure  which exer t s  a  negat ive 

pressure  o n  the plunger. 



.RELATIVE' DENSITY 

Figure  3 .7 .  Stress cor rec t ion  factor g as a  funct ion 
o f  r e l a t i v e  dens i ty  (adopted from (58 ) )  . 



The s t r e s s  cor rec t ion .  f a c t o r  g  i s  a  very important 

parameter a t  low r e l a t i v e  d e n s i t i e s .  A t  high r e l a t i v e  

d e n s i t i e s  the  e f f e c t i v e  appl ied pressure  i s  very c lose  

t o  the  appl ied pressure and the re fo re  no cor rec t ion  i s  

needed. In r e a l i t y  a  correct ion should be made but  the  

s c a t t e r  i n  most experimental da ta  makes i t  d i f f i c u l t  to  

t e s t  the  funct iona l  r e l a t i o n  of g  shown i n  Figure 3 . 4 .  

The dens i f i ca t ion  process can be divided i n  th ree  

s tages  : (1) i n i t i a l ,  (2 )  in te rmedia te ,  (3) f i n a l .  During 

the i n i t i a l  s t a g e ,  dens i f i ca t ion  can occur by a  combina- 

t i o n  of p a r t i c l e  s i z e  rearrangement by g l id ing  a t  the gra in  

boundaries (59 ) , by p a r t i c l e  f r a c t u r e ,  by gra in  shape 

changes by p l a s t i c  deformation and by d i f f u s i o n .  Re- 

arrangement occurs by s l i d i n g  of the  gra ins  over each 

o the r  along t h e i r  surfaces t o  accommodate the  appl ied 

s t r e s s .  Rearrangement can a l so  be aided by the presence 

of a  l i q u i d  phase with a  T lower than the hot-pressing b .p .  

temperature. P a r t i c l e  f r a c t u r e  usual ly  occurs i n  b r i t t l e  

ma te r i a l s  and i n  la rge  c r y s t a l s  below the b r i t t l e  t o  

d u c t i l e  t r a n s i t i o n  temperature. Rearrangment by gra in  

boundary shape changes by p l a s t i c  flow i s  e spec ia l ly  i m -  

po r t an t  i n  compacts of l a r g e  non-uniform p a r t i c l e  s i z e .  

I n  s to ich iometr ic  c r y s t a l l i n e  mater ia l s  with a  low 

b r i t t l e  to  d u c t i l e  t r a n s i t i o n  temperature,  e .  g .  a l k a l i  

h a l i d e s ,  l a rge  p a r t i c l e s  can be dens i f ied  to  nea r - theore t i ca l  

d e n s i t i e s  >99.9%. However i n  matar ia l s  with a  high 

b r i t t l e  to d u c t i l e  t r a n s i t i o n  temperature,  submicron 



p a r t i c l e s  a re  des i r ab le .  

Densif icat ion during the intermediate and f i n a l  

s t ages  i s  dominated by d i f fus iona l  creep mechanism as 

described by Coble ( 60, 61) and power-law creep (62). 

3 . 2 . 3 .  Rate Equations 

There a r e  seve ra l  mechanisms t h a t  have been invoked 

t o  descirbe dens i f i ca t ion  during hot-pressing.  The 

dr iv ing  force a s  already mentioned, can cause rearrange- 

ment of the  p a r t i c l e s  ( 5 9 )  , i t  may induce p l a s t i c i t y  and/or 

f r a c t u r e ;  and i t  may increase the  e f f e c t s  of sur face  

tension as a  dr iv ing  force f o r  d i f fus ion .  But, no s i n g l e  

mechanism i n  .any mater ia l  i s  responsible  f o r  complete 

dens i f i ca t ion .  The dominant mechanisms depend on t h e  

i n t e r n a l  parameters such as neck s i z e ,  gas pressure  i n  the 

pores ,  and compact densi ty .  Therefore the r e l a t i v e  con- 

t r i b u t i o n  of each mechanism changes as dens i f i ca t ion  

proceeds. 

The dens i f i ca t ion  r a t e ,  b ,  can b e  expressed i n  

terms of the pressing parameters, i n t e r n a l  parameters 

and physical  constants .  

b = T ,  % ,  r ,  d l  phys ica l  constants)  

where 

p = r e l a t i v e  dens icy  n f  the  compact 

T = absolute temperature 

a = appl ied pressure 
a  



r = pore radius  

d = average p a r t i c l e  s i z e  

The r a t e  equation does not include the  i n i t i a l  s tage  of 

dens i f i ca t ion  because there  a r e  too many mechanisms 

taking place t o  determine the k i n e t i c s  (.63) . . D . L .  Johnson 

e t  a1. (643 have proposed mechanisms of i n i t i a l  s tage  of 

s i n t e r i n g  , f o r  non-isothermal dens i f i ca t ion  but i t  only 

takes i n t o  account grain  boundary d i f fus ion  and l a t t i c e  

d i f fus ion .  More work i s  warranted i n  determining the 

mechanisms and formulation of models of the  i n i t i a l  s tages  

of hot-pressing.  

During the intermediate and f i n a l  s tages  of hot -  

p ress ing  seven mechanisms can cont r ibute  t o  the d e n s i f i -  

ca t ion:  (1) l a t t i c e  d i f fus ion  from the boundary, (2 )  

g ra in  boundary d i f fus ion  from the boundary, ( 3 )  power- law 

creep,  (4), p l a s t i c i t y ,  (5) l a t t i c e  d i f fus ion  from the  

su r face ,  (6)  surface d i f fus ion  and (7) vapor t r a n s p o r t .  

Of these only (1-4) lead t o  neck-growth a n d  thus inf luence 

the r a t e  o f  densi ' f ication(75) . 

Diffusional  creep. 

When a s t r e s s  i s  appl ied t o  a po lyc rys ta l l ine  

mater ia l  a t  e leva ted  temperatures, movement of vacancies 

can occur from t h e  regions i n  compression t o  those i n  

tension.  T h i s  process can occur through the  l a t t i c e  

i n  which case i t  i s  a l a t t i c e  d i f fus ion  mechanism 

usual ly  r e f e r r e d  t o  as Nabarro-Herring d i f  £us iona l  creep ( 6 5 . 6 6 )  

or  through the gra in  boundaries i n  which case i t  i s  c a l l e d  



Coble d i f fus iona l .  creep (60) . 

The creep r a t e  o r  i n  our .case the dens i f i ca t ion  

r a t e  through the l a t t i c e  has been ca lcu la ted  o r i g i n a l l y  

by Nabarro ( 65) and   err in^ ~ 6 6 )  independently. The 

s t r a i n  . ra te  i s  given by: 

where B .  i s  a .  constant which depends on the  gra in  shape(67,68) 

( f o r .  a .  sphere i n  t e n s i l e  s t r e s s  B = .13'. 3 ,  i n .  shear  s t r e s s  

B = 4 0 ) ,  D, i s  the l a t t i c e  d i f fus ion  coef f ic i .en t ,  o i s  

the  applied uniaxia l  s t r e s s ,  d  i s  the  gra in  s i z e ,  k i s  

the  Boltzmann constant ,  T i s  t h e  absolute  temperature 

and O i s  the vacancy volume o r  the  volume o'f - the  d i f fus ing  

atoms. The temperature dependences f o r  l a t t i c e  d i f fus ion  

can be expressed a s :  

0 where D, and Q, a r e  the  pre-experimental and a c t i v a t i o n  

energy fo r  the l a t t i c e  d i f fus ion  process ,  r e spec t ive ly .  

Grain boundary d i f f u s i o n a l  creep o r  dens i f i ca t ion  has 

been calculated by Cable(-61). The- s t r a i n  r a t e  i s  edupressed 

by 



W i s  gra in  boundary, Db i s  the boundary d i f fus ion  

c o e f f i c i e n t  . The temperature dependence f o r  boundary 

d i f fus ion  can be  expressed as :  

where I+,' and QB are  the  pre-exponential  and the  , 

a c t i v a t i o n  energy f o r  boundary d i f fus ion  re spec t ive ly .  

Since grain boundary d i f fus ion  and l a t t i c e  d i f fus ion  

a r e  independent they can occur concurrently during dens i- 

f i c a t i o n .  I n  concurrent processes the  dens i f i ca t ion  o r  

s t r a i n  r a t e  can be expressed as  a  sum 

E = &  N-H + 'C 

. 
s u b s t i t u t i n g  f o r  EN-H and E~ we. g e t :  

Equation 3.12 has important consequences. 
( 

The ac t iva t ion  energy of gra in  boundary d i f fus ion  has 

a  lower ac t iva t ion  energy and thus i t  w i l l  dominate a t  low 

temperatures. Also, the t r a n s i t i o n  temperature from grain 

boundary d i f fus ion  t o  l a t t i c e  d i f fus ion  i s  a  function of 

p a r t i c l e  s ize(65)  . 

B .  Power-Law Creep 

In  mater ia ls  where creep o r  dens i f i ca t ion  during the 



f i n a l s t a g e  i s  cont ro l led  by d i s l o c a t i o n s ,  the steady 

s t a t e  creep r a t e  i s  proport ional  to  the s t r e s s  t o  the 

power of n ,  ' Eq.. 3.13,  as observed  i n  a l k a l i  n a l i d e s  

and as  LiF, NaC1, and NaBr(. 69,70) . 

where A i s  a  constant  which depends on the  d i f fus ion  

f o r  d i s loca t ion  creep, temperature, shear  modulus and 

Burgers vec tor .  The grain s i z e  has l i t t l e  inf luence 

on the r a t e  of t h i s  mechanism which w i l l  continue to  

operate  even a f t e r  abnormal gra in  growth has occured. 

As pointed out by Wilshire(68) ,  n  i s  highly 

dependent on stoichiometry and i t  i s  only v a l i d  f o r  

a  p a r t i c u l a r  temperature range; n  can vary from 

- 3  f o r  d i s loca t ion  glidelcl imb cont ro l led  by climb 

t o  -5  f o r  pipe d i f fus ion  occuring along d is loca t ions  

cores(71).  In  determining n  from experimental da ta  a  

s u f f i c i e n t l y  wide temperature range must be used t o  avoid 

ambiguity of n  due to  a mechanism t r a n s i t i o n ,  t h a t  i s ,  

regions where p a r a l l e l  o r  concurrent process take place(56) .  

C .  P l a s t i c i t y  

P l a s t i c i t y  has been observed t o  occur i n  inany mater ia l s  

during hot-pressing.  Such mater ia l s  a r e  1 n ~ b  ( 7 2 )  , 

GaAs(73 ) and a l k a l i  h a l i d e s ,  t o  name a  few. Phenomenologi- 

c a l l y  Murray e t  a1.(74) ca lcu la ted  the dens i f i ca t ion  r a t e  

b y  s u b s t i t u t i n g  the applied pressure  f o r  sur face  force 



energy as  the driving force.  and with appropriate s impl i f i -  

ca t ion  fo r  the r a t e  of dens i f ica t ion  

where. q - is the . v i s c o s i t y  and D . i s .  ' the  r e l a t i v e  density.  

P l a s t i c i t y  can be eas i ly  observed by the. presence of 

textur.e b.y x-ray ,analysis,  and, by alignment of  the 

gra ins  along the t e n s i l e  d i r ec t ion  microstructural ly .  

Densification by p l a s t i c  flow occurs instantaneously 

i f  the  ' flow st rength . a: . i s .  high enough: 
Y .  

a l so  i f  a  c r i t i c a l  density Dc  i s  reached p l a s t i c  de- 

formation does not take place even i f  oa > u 
Y '  



IV. EpERIMENTAL TECHNIQUES 

4.1. Materials Preparation 

Materials' preparation:is of utmost importance 

in the fabrication of optical elements by. ho t-pressing . 
In this section the procedures for powder preparation 

and sample fabricat-ion by hot-pressing are described. 

In order to optimize the optical properties of 

CdCr2Se4 and investigate. the densif ication mechanisms, 

powders with vary.ing particle sizes were formed. 

Materials preparation is presented in two parts; the 

first describes the powderpreparation and the second 
' S  

the sample fabrication by hot-pressing . 

4.1.1. Powder Preparation 

There are several ways of preparing CdCr2Se4 each 

giving different.crysta1 sizes. Single crystals with . 
. . , .  +,,--* 

sizes 0 . 1  to several millimeters on the side can be 

grown by , liquid-vapor transport ( 11) , liquid transport . . 

( 8 ,  9 , .  10) , flux growth(i3) and vapor transport (12 ) . 
Powders 'with aparticle size less than 0. lmm can be 

grom by the direct reaction of the binary.selenides 

in a selenium atmosphere and by the reaction of the 

elements (15) . Submicron powders can be grown by the 

reaction of metal chlorides or co-precipitated metal 

hydroxides with excess selenium in a hydrogen gas strearn(l7). 

In our investigation the following methods were used to 

grow CdCr2Se4 with varying particle sizes.: 

(1) Liquid - transport of CdSe and CrC13 

(2) Direct reaction of CdSe and Cr2Se3 



Figure 4.1. Optical micrograph of  CdCrZSe4 
single crystals grown by the l iquid trans-. 
port method. 



(3) Reaction of co-precipi tated chromium and 

cadmium hydroxides i n  H2 + x Se. 

A .  Single c rys t a l s  

Single c rys ta l s  with a p a r t i c l e  s i z e  0.1-2.- 

were grown by the l iquid- t ranspor t  method developed 

by H. vonPhil ipsborn(8,  9 ,  10) and Tung Cheng( 75) . 
In thismethod CdSe ( 9 9 . 9 9 9 % ,  -325mesh) , and C r C 1 3  

(99 .8%;  -80mesh) i n  a  2 :  1 r a t i o  by weight are  in -  

dividually cold pressed i n t o  p e l l e t s  approximately 13mm 

i n  diameter and 14mm i n  length a t  20MPa. The p e l l e t s  

a re  placed i n  a  platinum or  cadmium boat next to each 

other i n  the order CrC13-CdSe-CdSe-C2C13. The symmetric 

arrangements of the four p e l l e t s  doubles the i n t e r f ace  

which i s  of  importance. Platinum o r  cadmium are  used t o  

prevent Cr2Se3 formation. I n i t i a l l y  platinum was 

used, however cadmium was l a t e r u s e d  as suggested by 

von Philipsborn and by T. Cheng. Cadmium i s  used over 

platinum because of i t s  economic advantage. The p e l l e t s  

i n  the platinum or  cadmium boat a r e  then placed i n  a 

quartz tube evacuated t o  1 0 - ~ t o r + ,  sealed off and p u t  i n  

a  horizontal  tube furnace. The furnace i s  then heated 

to 695-705'~ i n  4 hours and kept a t  t h i s  temperature f o r  

3-5 days. The furnace i s  then cooled to  room temperature 

and the quartz tube withdrawn. Upon breaking the quartz 

:ampule and analysis  of the p e l l e t s ,  CdCr2Se4 octahedra 

Figure 4 .  l . ,  were observed i n  the CdSe p e l l e t s  but  not 

i n  the C r C 1 3  p e l l e t s .  The c rys t a l  growth i s  thought 



to occur by liquid-transport, but the exact kinetics 

are stiil not understood. 

B. Powders with a Particle Size <100pm 

CdSe (99.999%. -325mesh) and Cr2Se3 (99.99% -325mesh) 

powders were used as the starting materials. CdSe was 

commercial high purity from Cerac Inc. Cr2Se3 on the 

other hand was f r e s h l y  synthesized in our laboratory from 

the elements according to Equation 4.1. 

The reaction of the powders was carried in quartz 

ampules (15m I .D. , 1 7 m  0 .D., 200mm long) . The ampules 

were sealed off at one end using an oxygen torch and 

necked as shown in Figure 4.2b to facilitate sealing under 

vacuum. The ampules were cleaned in a 40XHF solution 

followed by a 70%HN03 and ethyl alcohol wash. The ampules 

(Figure 4.2a) were subsequently outgassed in vacuum with 
t 

the aid of an oxygen flame. The vacuum system is shown 

in Figure 4.2b. 

The binary powders are mixed in an automatic mortar 

for one hour. They are then placed in a freshly cleaned 

ampule and evacuated to < 10-~torr in 5 to 6 hours. The 

ampule is then sealed with an oxygen torch, placed in a 

horizontal furnace and heated to 6 5 0 " ~  to react for 5 days, 

according to Equation 4.2. 



Figure 4.2. (a) Schematic of the vacuum system used to 
evaluate ampules shokn in (b). 



(Excess selenium was found to be necessary to achieve 100% 

reaction). 

The reacted powders were then taken out of the ampule, 

a sample was taken out for analysis, the rest was reground, 

put in a freshly cleaned ampule, evacuated, sealed and 

reacted at 650°C for an additional week. This procedure 

was repeated until x-ray diffraction showed a single phase. 

Usually three reaction periods were necessary to obtain a 

single phase material according to x-ray diffraction. 

The fully reacted powders were ground and sieved 

through a 625mesh sieve (<20pm) - and placed in a dessicator 

ready for hot-pressing. 

C. Reaction of Co-precipitated hydroxides. 

Don Pearlman and Ed Carnall(36) used a dilute solution 

of hydrazine (N2H4) to co-precipitate a finely divided 
s 

mixture of cadmium and chromium hydroxides uncontaminated 

by salts from a solution of Cr03 and CdO in a molar 

ratio of 2: 1, Equation 4.3. 

CdO + 2Cr03 - x  H20 + (NH2) 2.xH20 + 2Cr(OH) + 

Cd(OH)2 + H20 '4.3 

The co-precipitated hydroxides are subsequently dried at 



105-llO°C i n  a i r  o v e r n i g h t .  The s e l e n o  s p i n e l  a r e  t h e n  

formed by r e a c t i n g  t h e  c o - p r e c i p i t a t e d  hydrox ides  w i t h  

excess  selenium i n  a q u a r t z  f i r i n g  tube  as shown i n  

F i g u r e  4 . 3  urider a hydrogen gas  s t r eam u s i n g  a n  i n c r e -  

menta l  tempera ture  i n c r e a s e .  The q u a r t z  f i r i n g  t u b e  was 

a r ranged  f o r  c o o l i n g  t h e  powder r a p i d l y  i n  t h e  f i r i n g  

atmosphere. For  c o n v e r s i o n  t o  CdCr2Se4 t h e  powders 

were t r e a t e d  f o r  one hour  a t  200°C, 2 h o u r s  a t  400°C, 

3 hours  a t  600°C and 3 hours  a t  700°C. A t  t h e  end o f  each  

p e r i o d  t h e  p roduc t  i s  coo led  t o  room tempera tu re ,  sampled 

f o r  a n a l y s e s  and t h e  remainder  p rocessed  f u r t h e r  a c c o r d i n g  

t o  t h e  program. The r e s u l t i n g  powders had submicron p a r t i c l e  

s i z e s .  

The cor respond ing  s u l f i d e  powders, CdCr2S4, were a l s o  

made u s i n g  t h e  same method e x c e p t  t h a t  t h e  maximum tempera- 

t u r e  used w a s  -925OC and H2S gas  vas u s e d  i n s t e a d  o f .  

H2 and s u l f u r .  

The s o l i d  s o l u t i o n s  o f  (1-x)CdCr2S4 - x  CdCr2Se4 were  

formed by r e a c t i n g  CdCrgS4 and CdCrZSe4 powders i n  a n  

evacuated  q u a r t z  ampule a t  670°C f o r  3 days .  The r e s u l t i n g  

m a t e r i a l  had a p a r t i c l e  s i z e  c l p m .  - 

4 . 1 . 2 .  Sample F a b r i c a t i o n  by Hot-Press ing  

A.  'Appara tus  

Vacuum h o t - p r e s s i n g  of  CdCrgSe4 and (1-x)CdCr2S4 *x 

CdCr2Se4 was c a r r i e d  o u t  i n  che a p p a r a t u s  shown i n  F i g u r e  4 . 4 .  

Tne vacuum h o t - p r e s s i n g  a p p a r a t u s  c o n s i s t s  b a s i c a l l y  of 

a mechanical  pump, a two i n c h  d i f f u s i o n  pump, a chamber 
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Figure 4.3.  Apparatus used to grow submicron chromium chalcogenide spinel
powders and powder treatment after growth  in a helium gas atmosphere.



wirh the hot-pressing die, a radio frequency coil to heat 

the.die by induction and a press capable of applying 

120,000kg on a six inch diameter ram. The pressure can 

be applied uniaxially through two vertical .rams; the. upper 

ram being fixed and the lower is connected to a hydraulic 

acuator. The die was heated by means of a 7.5Kw 200-480KHZ 

Lepel radio-frequency generator and the temperature was con- 

trolled manually to - +3OC. The vacuum during hot-pressing 

was maintained at -5 x 10-'torr. The hot-pressing die is 
* 

made of a Molybdenum titanium zirconium alloy which allowed 

a pressure of 380MPa at T < 900°C. The die was coated - 
with aquadag prior to all runs to allow easy removal of 

the hot-pressed material. Also, two pyrolithic graphite 

discs were placed below and above the powder to maintain 

a uniform temperature within the powder and allow easy re- 

moval of the hot-pressed material. The displacement of 

the powder during the h0.t-pressing was monitored by a dial 

gauge that could be read to 52.5prn .  

B. Hot-Pressing 

The powder is placed in the hot-pressing die shown in 

Figure 4.5 between the two pyrolithic graphite discs and 

put in the hot-pressing chamber to evacuate for 2-3 hours. 

The die was then heated to 350°C-450°C at a heating rate 

of 30-35 deglmin. and outgassed for 15-60 minutes at zero 

* 
- TZM - Molybdenum Alloy, Climax Molybdenum Company o f  

Michigan, 'Detroit Michigan. 



m ,  TZM-Mo ALLOY a ' BELLOWS 

HPG- PYROLITHIC GRAPHITE b COOL,ING COILS 
- 

W ALUMINUM 
STEEL 

0 BRASS 

c SPACER . '  

d RADIO FREQ. COILS ' 
e H-P DIE 
f POWDER. 
g THERMOCOUPLE WELL 
h FUSED QUARTZ TUBE 

- i COOLING - COILS 
] TO VACUUM PUMP 

' k THERMOCOUPLE. FEEDTHRU 

Figure 4 . 4 .  . Vacuum h o t - p r e s s i n g  a p p a r a t u s .  
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Figure 4 . 5 :  "TZM' Molybdenum alloy hot-pressing die. 



applied pressure. After the outgassing period a partial 

pressure varying from 19-78MPa was applied to the powder 

and the die heated to 650-700°C at rates varying from 

13-18deg/min. At 700°C the powder is brought to equilibrium 

under an applied pressure of 78MPa in ten minutes after- 

. which a final pressure is applied (150-344MPa) at 40MPa/min. 

and the powder is hot-pressed for 5-240 minutes. At the 

end of the run .the radio-frequency generator is shut off 

and the pressure is.released slowly to lOOMPa between the 

maximum temperature and 500°C. At 500°C. the pressure is 

released to zero and the chamber is back filled with nitrogen 

gas and cooled to room temperature. A Tlow chart of the 

hot-pressing procedure is shown in Figure 4.6. 

4 3. Sample Preparation 

Hot-pressed samples were ground and polished using 

conventional metallurgical techniques for optical observa- 

tion of the surfaces electrical resistivity measurements 

and for optical transmission measurements. 

The surfaces of the hot-pressed samples were etched 

at room temperature in a 70% solution of HN03 plus two 

or three drops of H202 for 30-60 seconds to prevent staining 

to show the grain boundaries and etch out any CdSe found 

at triple points. Grain boundaries were further etched 

by removing both CdSe and Cr2Se3 with boiling 70%HN03 + 
2-3 drops of H202 
4.2. Materials Characterization 
4.2.1. Chenical Analyses 

Chemical enalyses of both the powders and hot-pressed 
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F i g u r e  4 .6 . .  Flow chart  o f  t h e  h o t - p r e s s i n g  p r o c e d u r e  o f  
CdCr2Se4 and  (1-x) CdCrgS4 . x CdCr2Se4. 



(Excess se len ium was found t o  be  n e c e s s a r y  t o  ach ieve  100% 

r e a c t i o n .  

The r e a c t e d  powders w e r e  t hen  t aken  o u t  o f  t h e  ampule, 

a sample w a s  taken o u t  f o r  a n a l y s i s ,  t h e  r e s t  was reground,  

p u t  i n  a f r e s h l y  c l eaned  ampule, evacua ted ,  s e a l e d  and 

r e a c t e d  a t  6 5 0 ' ~  f o r  an a d d i t i o n a l  week. This  procedure  

was r e p e a t e d  u n t i l  x - ray  d i f f r a c t i o n  showed a s i n g l e  phase .  

-Usua l ly  t h r e e  r e a c t i o n  p e r i o d s  were n e c e s s a r y t o  o b t a i n  a 

s i n g l e  phase m a t e r i a l  acco rd ing  t o  x- ray  d i f f r a c t i o n .  

The f u l l y  r e a c t e d  powders were ground and s i e v e d  

through a 625 mesh s i e v e  (<20vm) - and p l a c e d  i n  a d e s s i c a t o r  

r eady  f o r  h o t - p r e s s i n g .  

C .  Reac t ion  of C o - p r e c i p i t a t e d  hydroxides .  

Don Pearlman and Ed Carna l1  (17) used a d i l u t e  s o l u t i o n  

of  hydraz ine  (N2H4) t o  c o - p r e c i p i t a t e  a f i n e l y  d i v i d e d  

mix tu re  of cadmium and chromium hydroxides  uncontaminated 

by s a l t s  from a s o l u t i o n  of  Cr03 and CdO i n  a molar  r a t i o  

of  2 : 1 ,  Equat ion 4 . 3 .  

CdO + 2Cr03 x H20. + (NH2) 2 .  xH20 2Cr(OH) + 

Cd(0H) 2 + H20 4 . 3 .  

The c o - p r e c i p i t a t e d  hydroxides  a r e  subsequent ly  d r i e d  a t  



samples was accomplished by x-ray diffraction. The as 

formed powders were routinely analyzed by x-ray diffractometry 

in order to determine the second phase concentration. The 

second phase concentration of Cr2Se3 and CdSe, the most 

prominent second phases in CdCrgSe4 that could be de- 

tected by x-ray diffractometry was calculated by taking 

the ratio of the 100% x-ray line of the second phase and 

1009. x-ray line of CdCrpSeq X-ray diffraction using 

a Debye- Scherrer camera was also used to .determine the 
..... 

lattice paramete.r, as, of CdCrZSe4. The lattice parameter 

was calculated from the x-ray data using the. Nelson, Riley 
. . . \  

method(7). Table 4.1 lists the lattice spacings of 

CdCriSe4 powder;within the experimental error nodiffer- &. 

ence was found between the lattice parameter of t h e  powders 

and that of the hot-pressed samples. The values of our 

lattice parameter agree with the. values of a reported 
0, 

by other researchers (48,761 . 

Hot-pressed samples were also analyzed by optical 

microscopy to locate the second phase and determine quanti- 

tatively the amount oL second phases. Observation of 

s,econd 'phases was also done by scanning electron micro- 

scopy and analyzed by electron microprobe. 

4.2.2. D.C.Electrica1: Resistivity Measurements 

D.C. resistivity measurements were made by using the 

van der Paw method(77) . The apparatus used is shorn 

schematically in Figure 4.7. Stainless s tee1 wris match 



TABLE 4 : l .  X-RAY DATA OF CdCr2Seh 

hkl 111, d a. cos 2 0 + cos 2 -  0 P B sin o o 

CdSe 4 .  3 . 4 9 9 8  

CdSe 4 

CdSe . - 6 

B333(511) 2 . 7  2.0650 (B)  10.7302 



TABLE 4 . 1 .  X-RAY DATA OF CdCr2Se4 (cont  ' d.  ). 

. . , 844 .  2 7 1 . 0 9 6 0 .  i o .  7382 0.6829 



Sample 
Fused quartz slide 
Copper block (350g) 
Keithley u~ltmeter 
Thermocouple reference junction at 273K 
Digital voltmeter 
Micro -microammeter 
D.C. Power supply (0 - 3000V) 
Liquid nitrogen dewar 

Figure 4.7. Schematic of the electrical resistivity 
measurement apparatus. 



single sided spring bars were used as pressure contacts 

and silver amalgam was used to ensure an ohmic contact 

at both room temperature and liquid nitrogen temperature. 

The silver amalgam was placed on the tip of the pressure 

contacts and on the samples at the point of contact. Prior 

to all measurements the hot-pressed samples were polished 

by standard metallurgical techniques with 0.05pm alumina, 

they were lightly etched with HC1 to remove any oxide 

layer and cleaned with ethyl alcohol. A Fluke variable 

D.C. power supply (0-3000v) was used as the voltage source 

and the current flowing through ab was measured using 

a Keithley micro-microammeter. .The voltage across cd 

was measured by using a Keithley high impedance nullmeter. 

The sample holder was a 350gram Cu-block in order to 

ensure thermal equilibrium at every reading. The sample 

was kept in a nitrogen gas atmosphere above liquid nitrogen 

and allowed to warm to room temperature in 4-5 hours; 

care was taken in preventing water condensation on the 

sample. The sample temperature was measured by a chrome1 

constantan thermocouple re'ferenced to 273K placed in close 

contact -with the ..sample. The readings were ' taken every 

-2 degrees celsius. 

The probes were placed symmetrically around the sample 

edge so that Rab, cd = Rbc, da. The resistivity was calculated 

by using the van der Paw.fornula,. Equation 4.3. 



where d i s  the sample thickness i n  centimeters,  the 

r e s i s t a n c e , .  Rab,cd i s  defined. as  the po t en t i a l  difference 

Vd-Vc between contacts d and c per un i t  current  

through.the contacts a ,:'and b . .  The current  enters  the  

sample through . the contact a and leaves i t  through 

contact b; s imi la r ly  Rbc, da i s  defined. f(Rab, cd/Rbc, da) 

i s  defined i n  Equation 4 .4 .  

Since Rab , cd . = Rbc, da f (  ) - 1 and Equation 4 . 3 . ' . .  be- 

comes 

where Vcd i s  the voltage across cd and Iab i s  the 

current  flowing through ab. 

4 . 2 . 3 .  Infrared TransmissionMeasurements 

Transmission measurements a t  1 0 . 6 p m  were made on 

a l l  hot-pressed samples ( 1 1 6  i n  t o t a l ) .  rout inely using 



the  apparatus shown i n  Figure 4.8a. The apparatus con- 

s i s  t s  of a C02-laser, a  photoacous t i c  detector  (781, 

a  lock-in amplifier and a chopper. The transmission 

measurements a t  1 0 . 6 ~ ~ 1  f o r  samples with an a t tenuat ion 

coef f ic ien t  l e s s  than 50cm-I were made on samples with a  

thickness varying from 0.15 t o  0.2cm; whereas sanhples with 

- 1 attenuat ion coef f ic ien t s  g rea te r  50cm had to  be polished 

down t o  a  thickness of 0.05-0. lcm. From the value of the 

transmittance the a t tenuat ion coef f ic ien t  (u+r)  was ca l -  

culated from Equation 4.6.  

where R i s  the r e f l e c t i v i t y  f o r  w o  surfaces 

n  i s  the index of r e f r ac t ion .  Table 4.2 l i s t s  the values 

of the inda.x of  r e f r ac t ion  of CdCr2Se4 and CdCr2S4 as 

a  function of wavelength i n  the in f ra red .  

Room temperature and l i qu id  ni t rogen spect ra  from 

2.5pm and 30um were obtained using a  Beckmann 4250 

spectrophotometer. The spect ra  a t  l i qu id  nitrogen tempera- 

ture were made using the  cryosta t  with NaCl windows shown 

i n  Figure 4.8b. The NaCl windows were kept a t  approximately 

10°C above room temperature to prevent water condensation. 

The samples used t o  obtain inf rared  spect ra  were p o l i s h e d  



TABLE . 4 . 2 .  REFRACTIVE INDEX vs WAVELENGTH FOR 

CdCs2S4 AND cdcr;se4  (Adopted from (17)) 

CdCr2S4 CdCr2Se4 

Wavelength Wavelength . 

( ~ t m )  I n d e x  ( urn) I n d e x  
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( b )  

Figure 4.8. (a) Schematic of the optical transmission apparatus 
at A = 10.6pm, 
(b) schematic of the cryostat used for low tempera- 
ture. transmission measurements. 
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down t o  a thickness of 100-250pm. Care was taken i n  

preventing wedging. 

4.2.4.  Physical Density Measurements 

The physical density of. hot-pressed discs  averaging 

.a mass of' .  1-1.5. grams was measured by a l i q u i d  displace-  

ment method using a i r - f r e e  d i s t i l l e d  water as  the  f lu id(79,80)  . 
A constantan or  chrome1 wire 1 2 . 7 u m  thick was used to  sus- 

pend a n.ichrome basket i n to  the water.  Wires with a 

thickness larger  than .20pm caused large  . f luc tua t ions .  i n  

the weight during each weighing period and a l so  caused a 

systematic e r ro r  due to  the large  surface tension of water. 

The d i s t i l l e d  water was always boi led p r i o r  t o  a l l  measure- 

ments to  remove a i r  bubbles i f  i t  had been s i t t i n g  f o r  

more than twelve hours. A copper block with p l a s t i c  legs 

was used as the base of the water beaker containing the 

wire basket s ince charging e f f ec t s  were a l so  found to  

cause severe f luc tuat ions  i n  the Sar tor ius  semi-microbalance. 

Samples to  be measured were polished with 0.05vm 

alumina and cleaned with acetone. The as  cleaned samples 

were weighed i n  a i r  and then placed i n  a i r - f r e e  d i s t i l l e d  

water. The ,samples were heated i n  the water t o  the bo i l -  

ing point of water and boiled u n t i l  a l l  a i r  bubbles trapped 

a t  the surface disappeared. The samples were then t rans-  

fer red  to  the beaker with the basket without exposing the 

sample t o  a i r .  The sample and wire were then weighed sus- 

pended i n  water,  Precautions were taken t o  minimize the 

air-water  temperature differences and correc t ions  were 

made fo r  e f f ec t s  on a i r  and water dens i t i e s .  Th i s  procedure 



yielded densities with a standard deviation o f  '0.052. 

The procedure for high precis ion density determina- 

tions by hydrostatic weighing has been described by ( j g  , 80 ) . 
They calculate the density of the material p, from 

Equation 4 .7 .  

- - 

- 
where WA is the average weight of the sample in air, 

Pw is the density of water at the prevailing temperature - 
and barometric pressure, Ww is the weight of the sample 

in water and pA is the density of air at the prevailing 

temperature and barometric pressure. 

The x-ray density of CdCr2Se4 was calculated using 

the lattice parameter measured, See Table 4.1, by using 

Equation 4.9. 

where M = is the molecular weight ($32. 232grams/mole for 
a 3~ CdCrpSe4) and ' V - O Z  , where a. is lattice parameter, 

N is Avogadro's number (6.02 x and z is the number 

of inolecules .per unit cell. 



4.3 .  Photoacous t ic  spectroscopy 

This  r e p o r t  i s  concerned wi th  t h e  measurement of t h e  

pho toacous t i c  s i g n a l s  genera ted  i n  h i g h l y  t r a n s p a r e n t  

s o l i d s ,  t h i n  f i l m s  and powders u s i n g  b o t h  l a s e r  and i n f r a -  

r e d  blackbody sources  of r a d i a t i o n .  Due t o  t h e  t r a n s p a r e n t  

n a t u r e  o f  t h e s e  m a t e r i a l s ,  however, only  a  minute f r a c t i o n  

of t h e  i n c i d e n t  l i g h t  w i l l  b e  absorbed .and conver ted  i n t o  

a n  a c o u s t i c  d i s t u r b a n c e .  Consequently,  it may b e  a n t i c -  

i p a t e d  t h a t  t h e  photoacous t i c  s i g n a l s  genera ted  from 

t h e s e  m a t e r i a l s  w i l l  b e  r a t h e r  weak, even when u s i n g  a 

l a s e r  source .  

The employment of an I R  blackbody r a d i a t i o n  source  

magnif ies  t h e  problem. I n  c o n t r a s t  t o  t h e  W and v i s i b l e  

r eg ions  of  t h e  spectrum where t u n a b l e  l a s e r s  a r e  r e a d i l y  

a v a i l a b l e ,  broadband sources  o f  f l u x  i n  t h e  I R  a r e  b a s i c a l -  

l y  l i m i t e d  t o  blackbody r a d i a t o r s ,  whose o p t i c a l  power p e r  

u n i t  wavelength i n t e r v a l  i s  o r d e r s  o f  magnitude lower than  

t h e i r  v i s i b l e  c o u n t e r p a r t s .  A s  a  r e s u l t ,  t h e  pho toacous t i c  

s i g n a l s  genera ted  i n  t h e  i n f r a r e d  r e g i o n  by  t h e  blackbody 

source  w i l l  a l s o  b e  extremely low. 

I n  t h i s  i n v e s t i g a t i o n ,  i t  was t h e r e f o r e  o f  c r i t i c a l  

importance t o  opt imize  a s  many pho toacous t i c  parameters  

a s  was p o s s i b l e  i n  an e f f o r t  t o  maximize t h e  s i g n a l  t o  

n o i s e  r a t i o .  I n  t h i s  r e p o r t ,  t h e  r e s u l t s  o f  t h e  op t imi -  



za t ion  procedures used i n  t h i s  s tudy  w i l l  be  presented.  

The various t r ade -o f f s  encountered between t h e  o p t i c a l ,  

thermal e l e c t r o n i c ,  and photoacoust ic  c e l l  design param- 

e t e r s  w i l l  be thoroughly discussed.  F i n a l l y ,  a  cha rac t e r -  

i z a t i o n  of t he  frequency response,  n o i s e  equivalent  

power, waveform, temporal response,  and l i n e a r i t y  prop- 

e r t i e s  of t he  photoacoust ic  s i g n a l  u s ing  carbon b lack  

powder i n  an optimal  c e l l  design w i l l  be  presented.  

4 . 3 . 1 ,  Photoacoust ic  c e l l  design 

A diagram of t h e  b a s i c  design of photoacoust ic  c e l l s  

used i n  t h i s  i n v e s t i g a t i o n  i s  i l l u s t r a t e d  i n  Figure 4 - 9 -  

The i n t e r i o r  dimensions of  t h e  c e l l  were 12.7 mm i n  diameter  

by 1 . 2  mm t h i ck .  The microphone chamber and c e l l  were con- 

nected by an 11 mxn by .89 zmn diameter channel.  The micro- 

phone chamber dimensions were 25.4 mm diameters by .29 mm 

high.  The t o t a l  enclosed volume of t h e  c e l l  inc luding 
2 microphone cha.mber was approximately 300 m . I n  some 

c e l l s ,  t h e  th ickness  was reduced t o  .74 mm, i n  which case  
3 t h e  t o t a l  enclosed volume was roughly 240 mm . Aluminum 

was chosen a s  t h e  c e l l  ma te r i a l  and Harshaw p o l y c r y s t a l l i n e  

pol ished NaCl f l a t s  were used f o r  t h e  window. The window 

and samples were clamped aga ins t  t h e  c e l l  body t o  form an 

a i r t i g h t  s e a l .  A l t e r n a t i v e l y ,  when a g r e a t e r  degree of  

permanence was d e s i r e d ,  t h e  window and c e l l  were s ea l ed  

onto .  t h e  c e l l  w i th  beeswax. 



- 
Figure 4 .9 ,  Diagram of the photoacoustic cells used- in this 

investigation. 



Several considerations went i n to  the  design of the  

photoacous t i c  c e l l ,  and various d i f fe ren t  con£ igurations 

were b u i l t  and tes ted  using opaque carbon black samples. 

Of primary concern was the  maximization of the  magnitude 

of the  photoacoustic s igna l ,  accomplished mainly by re -  

ducing the  t o t a l  c e l l  volume. 

From the  theore t ica l  analysis presented e a r l i e r ,  we 

discovered tha t  the  photoacoustic s ignal  and c e l l  volume 

were inverseFy re la ted .  This re la t ionship  was t es ted  ex- 

perimentally using f ive  c e l l s  whose volumes ranged from a 

3 m a x i m  of l o 8  mm3 to a minimum of 150 rn . A plot of the 

photoacoustic responsivity a t  100 Hz v rs .ce l1  volume fo r  

the f ive  ce l l s  i s  presented i n  Figure 4.10. Inspection of 

t h i s  graph shows tha t  an inverse re la t ionship  does indeed 

3 exis t  f o r  volumes greater  than approximately 300 rmn . 
Thus, it i s  seen t h a t ,  i n  contrast  t o  the  theore t ica l  pre 

d ic t ion ,  the  photoacoustic s ignal  does not tend t o  i n f i n i  

as the volume goes to  zero. It a lso  appears tha t  there 

i s  an optimal c e l l  volume which r e s u l t s  i n  the  greatest  

~ho toacous t ic  responsivity a t  a pa r t i cu la r  modulation 

frequency. 

There are several reasons which might explain t h i s  

behavior. F i r s t  and most importantly, we note tha t  i f  we 

neglect the microphone chamber volume, the  physical dis- 

tance between the  sample and c e l l  windows, ~ / g  decreases 

l inear ly  with decreasing c e l l  volume. For ce l l s  whose 



SAMPLE CHAMBER VOLUME (mm3) 

- 

Figure -4-;lo.  Photoacous . t ic  response v r s .  cell  volume. 



3 volumes are.  l e s s  than 300 mm , t h i s  dis tance i s  l e s s  than 

1 . 2  m. A t  t h e  same time, inspect ion of Table 4 . 3  shows 

t h a t  t h e  length of t h e  acous t ic  p is ton  !t ig , i s  .4 mm 

g rea te r  t h a n R / g a t  a  modulation frequency of 100 Hz i n  

a i r .  Thus, it i s  important t o  note  t h a t  assumptions made 

i n  our t h e o r e t i c a l  model a r e  no longer v a l i d  i n  the  small 

volume regime. We a l so  see  t h a t  a  s i g n i f i c i a n t  amount of 

hea t  may be t ransfer red  by t h e  gas t o  t h e  c e l l  window 

s ince  t h e  acous t ic  p i s ton  i s  l a r g e r  than t h e  buffer .  gas 

length .  In  t h i s  respec t ,  we may consider t h e  buffer  gas 

a s  a  thermal shor t  which conducts hea t  from t h e  sample 

t o  t h e  e x t e r i o r  ambient environment. '  As a  r e s u l t ,  t he  

average. temperature f luc tua t ion  i n  t h e  g a s .  i s  diminished 

and the  magnitude of t h e  photoacoustic s igna l  reduced. 

This hypothesis may be t e s t e d  by Prnployirng t h e  same 

c e l l  and carbon black sample t o  monitor t h e  photoacoustic 

responsivi ty  as  a  function of buf fer  gas. Inspection of 

Table 4 ; 3 ,  f o r  example, shows t h a t  helium has a  thermal 

d i f fus ion  length 2 . 8 5  times t h a t  of a i r .  Thus, according 

t o  ( 7 8 ) ,  an increase i n  t h e  photoacoustic s igna l  of - 2 . 8 4  

should be observed i f  helium were subs t i tu t ed  f o r  t h e  

b u f f e r  gas.  This predict ion was t e s t e d  with t h e  c e l l  

described above where !L/,g= - 7 4  mm. The responsivi ty  of 

t h e  c e l l  was f i r s t  measured using a i r  as t h e  buffer  gas. 

The c e l l  was then disconnected from t h e  microphone to  

allow an exchange of buf fer  gases ,  and l e f t  i n  a  helium 



environment f o r  one hour.  A t  t h e  end of t h i s  p e r i o d ,  t h e  

c e l l  was re -a t t ached  i n  t h e  microphone i n s i d e  t h e  helium 

environment and i t s  respons i v i t y  measured. This  procedure 

was repeated t h r e e  t imes.  The r e s u l t s  of  t h i s  experiment 

were t h a t  t h e  photoacoust ic  response of  t h e  c e l l  was smal ler  

using helium a s  a b u f f e r  gas by approximately 690.  Thus, 

i t  would seem t h a t  t h e  i n c r e a s e  i n  t h e  photoacoust ic  s i g -  

n a l ,  a n t i c i p a t e d  pr imar i ly  a s  a r e s u l t  of t h e  decreased 

dens i ty  of  helium, has  been more than cance l led  ou t  as a 

consequence of t h e  increased  thermal s h o r t i n g .  S imi la r  

t rends  v e r i f y i n g  t h i s  behavior  have, r e c e n t l y  been inde- 

pendently v e r i f i e d  (81) .  . 

Addi t ional  confirmation of  t h e  thermal s h o r t  hypothe- 

s i s  may be  made by monitoring t h e  photoacoust ic  response 

of a p a r t i c u l a r  c e l l  asA/g i s  reduced. I n  p r a c t i c e  t h i s  

was accomplished by adding more and more carbon b l ack  pow- 

der  t o  t h e  c e l l  and monitoring t h e  r e s p o n s i t i v i t y .  Our 

, t h e o r e t i c a l  p red ic t ions  based on t h e  . thermal s h o r t  hy-  

po thes i s  would be t h a t  t h e  r e spons iv i ty  would decrease 

when the. powder v i r t u a l l y  f i l l e d  t h e  c e l l .  Th,e exper i -  

ment was performed i n  a c e l l  whose microphone channel was 

connected t o  t h e  c e l l  a t  t h e  NaCl window. When t h e  carbon 

black powderwas added t o  t h e  c e l l  s o  t h a t  i t  touched the  

window i n  s eve ra l  l o c a t i o n s ,  t h e  photoacoust ic  response 

decreased by a f a c t o r  of more than 2 ,  i n  agreement with 

our thermal s h o r t  hypo t h e s i s .  



Tab le  4 .3 .  Thermal Sampling Depths f o r  Var ious  M a t e r i a l s  

Sampling Depth 
Subs t ance  .01.  Hz 1 Hz 100 Hz 10 .KHz 

A i r  

Helium 

Germanium 

Glas s  

CdCr2Se4 

. CdCr2S4 

ZnS e 

NaCl 



Addit ional  damping mechanisms should a l s o  be  con- 

s idered .  Viscosi ty  and s i m i l a r  l o s s e s  w i l l  b e  important  

when the  dimensions of any a c o u s t i c  propagation ape r tu re s  

approach. t h e  dimensions of t h e  damping s k i n  depths (82) 

which a r e  given by: 

where rl i s  t he  v i s c o s i t y  of t h e  gas @g /m-sgc) . Table 4.4 

l i s t s  the  values of ld a s  a  func t ion  of frequency f o r  

a i r  and helium. A t  100 Hz, we see  t h a t  t h e  s k i n  depths 

a r e  47 pm and 139 rJm f o r  a i r  and helium, r e s p e c t i v e l y .  

Since t h e  minimum dimensions i n  t h e  c e l l  a r e  290 u m  i n  

t h e  microphone chamb:er, w e  s e e  t h a t  viscous damping may 

a l s o  have con t r ibu ted  t o  t h e  decrease i n  photoacoust ic  

respons iv i ty  as  t h e  b u f f e r  gas was changed t o  helium. For 

a i r ,  however, t h e  v iscous  damping forces  may be  neglected 

s ince  t h e  minimum acous t i c  a p e r t u r e  i s  a  f a c t o r  of s ix  

g r e a t e r  than t h e  damping s k i n  depth.  It should be noted 

t h a t  equation 4.10 r ep re sen t s  a l i m i t  on t h e  s i z e  of t h e  

microphone chamber volume and t h e  connecting tube .  Un- 

f o r t u n a t e l y ,  e f f o r t s  t o  decrease  t h e  volume of t h e  micro- 

phone chamber by reducing i t s  he igh t  t o  - 2 I d  w e r e  no t  

succes s fu l ,  due t o  t h e  mechanical s t r e n g t h  and s t a b i l i t y  

of t h e  aluminum. A s  such,  a  t o t a l  photoacoust ic  c e l l  
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T a b l e  4.4 A c o u s t i c  D a m p i n g  Skin D e p t h s  for H e l i u m  a n d  A i r  

A i r  

H e l i u m  



3 volume of '250-300 mm f o r  sample diameters of 17.6 wn 

may be considered as  optimal. 

Photoacoustic c e l l s  may be acous t i ca l ly  resonant o r  

non-resonant. The s e l e c t i o n  of  one o r  the  o the r  i s  de- 

pendent primarily upon t h e  intended appl ica t ion .  In  the  

acous t ica l ly  resonant c e l l ,  t h e  minimum dimensions of the  

c e l l  must be approximately ha l f  the  acous t ic  wavelength of 

sound i n  the  b u f f e r  gas. For a i r  a t  100 Hz, these d i -  

mensions a r e  roughly 1 . 5  meters. Thus, we see  t h a t  i n  the 

resonant c e l l  design, t h e  t o t a l  c e l l  volume may increase 

by as much as  a f a c t o r  of l o 3  over t h e  non-resonant c e l l .  

Since acous t ica l  gains i n  resonant c e l l s  may t y p i c a l l y  

be on the  order of 5 t o  300 a t  t h e  design frequency, the  

ne t  r e s u l t  i s  a reduction i n  t h e  t o t a l  photoacoustic 

response by a f a c t o r  of -10 o r  more. However, i t  should 

be noted t h a t  using appropria te  designs, such as a long 

narrow tube connected t o  t h e  c e l l ,  t h e  response may be 

enhanced t o  the point  where the  resonant and non-resonant 

responses a r e  approximately equal a t  t h e  design frequency. 

Al te rna t ive ly ,  one might hope t o  increase  t h e  resonant 

response by reducing t h e  c e l l  dimensions and increas ing  

the  resonant frequency. However, from our t h e o r e t i c a l  

analysis  of the  photoacoustic e f f e c t ,  we found t h a t  the  

magnitude exhibi ted e i t h e r  a t  f - I  o r  f - l a 5  modulation f r e -  

quency, dependence. S.ince t h e  response is inverse ly  pro- 

por t ional  t o  t h e . e e l l  volumc we thus gee t h a t  t h e  high 



frequency resonant response may actual ly  b e  lower than t h a t  f o r  

the  low modulation frequency case. 

In t h i s  inves t iga t ion ,  the  non-resonant c e l l  design 

was .used exclusively f o r  several  reasons. From our analy- 

s i s  above, i t  i s  readi ly concluded tha t  there i s  l i t t l e  

t o  gain i n  the photoacoustic response by employing res-  

onant type c e l l s .  We a l so  note t h a t  the resonant c e l l ,  

i n  most cases, does not s ign i f i can t ly  improve the  signal 

t o  noise r a t i o ,  s ince the  c e l l  provides acoust ical  gain 
I 

for  both the  photoacoustic e f f ec t  and any acoustical  noise 

which may be present i n  the environment. Any substant ia l  

improvement i n  t he  s ignal  t o  noise r a t i o  may only be 

. rea l ized i f  the  photoacoustic. system i s  limited' by factors  

other than environmental acoust ic  v ibra t ions .  Unfortunate- 

l y ,  as we sha l l  see,  most photoacoustic systems a re  acous- 

t i c a l l y  noise l imited,  i n  which case the improvement i n  

the signal t o  noise r a t i o  w i l l  be minimized. 

The nsn.-resonant c e l l  configuration was also chosen 

fo r  modulation frequency considerations. In t h i s  inves t i -  

gation, i t  w i l l  be important to  rmnitor the magnitude of 

the photoacoustic s ignal  as a  function of modulation f re -  

quency. In the non-resonant c e l l  design, the  acoustical  

gain of the c e l l  i s ,  t o  a  good approximation, a  constant 

independent of chopping frequency. However, i n  the  res  - , 
onant c e l l ,  the gain ' i s  a  strong function of frequency, 

part icular ly around the resonance frequency as i s  shuwn 



i n  Figure 4.11. This presents  s e v e r a l  problems. F i r s t ,  

the  gain function a f f e c t s  not  .only t h e  amplitude of t h e  

photoacoustic s i g n a l ,  bu t  a l s o  i t s  phase. Thus, ca l ib ra -  

t i o n  and i n t e r p r e t a t i o n -  of r e s u l t s  obtained i n  a  modula- 

t i o n  frequency. study would be extremely d i f f i c u l t ,  i f  no.t 

impossible, t o  accura te ly  i n t e r p r e t .  Second, we note  t h a t  

f o r .  frequencies s u f f i c i e n t l y  r.emoved from t h e  resonance, 

the  photoacoustic s i g n a l  i s  s t rongly damped. Thus, whi le  

the  resonant  ffequency response may. be l a r g e ,  t h e  o f f  

resonant response may decrease s i g n i f i c a n t l y .  Conse- 

q u e n t l y ,  f o r  the  'highly t ransparent  samples inves t iga ted  

i n  t h i s  t h e s i s ,  t h e  resonant photoacoustic s igna l  de tec t ion  

problems would be more severe.  F ina l ly ,  t h e  s t a b i l i t y  of 

the  chopper would become extremely important s ince  a  

small change i n  t h e  modulation frequency around t h e  r e s -  

onance would give r i s e  t o  a  l a r g e  f luc tua t ion  i n  t h e  

p h o t o a c m t i c  s i g n a l .  Additinnal s t a b i l i t y  problems may 

a l so  be encountered as a  r e s u l t  of ambient temperature 

va r i a t ions  changing the  loca t ion  of t h e  resonant frequency. 

Suppression of spurious photoacoustic background s ig -  

na l s  i s  another major consideration i n  t h e  c e l l  design. 

Spurious photoacoustic s igna l s  o r i g i n a t e  from the  incident  

l i g h t  f l u x  being absorbed a t  several sources including t h e  

c e l l  wa l l s ,  c e l l  window, and t h e  microphone membrane. 
84 

These " fa l se  absorption" s igna ls  a r e  extremely important,  

espec ia l ly  i n  the  highly t ransparent  sample regime, s ince  



they: 1)  a re  a t  t h e  same frequency a s  t h e  " t r u e "  s i g n a l ,  

2)  tend t o  be a t  t h e  same phase s ince  both s igna l s  a r i s e  

primarily as a  consequence of sur face  absorpt ion,  and 

- 3 )  may be much s t ronger  than t h e  "true" s i g n a l .  Thus, t h e  

spurious s igna l  is  not  only indis t inguishable  from t h e  

t r u e  s i g n a l ,  but t h e  l a t t e r  may be e n t i r e l y  masked by t h e  

photoacoustic background generated wi th in  t h e  c e l l .  
I 

Several photoacoustic c e l l  parameters were se lec ted  

i n  order t o  minimize t h e  spurious background s i g n a l .  F i r s t  

of a l l ,  Harshaw in f ra red  window q u a l i t y  NaCl . f l a t s  were 

employed as c e l l  windows. The t o t a l  absorption of these 

f l a t s '  a t  10.6 PTII with in  a  d i f fus ion  length of t h e . b u f f e r  

gas i s  - 1 x a t  1.00 HZ. A s  we s h a l l  s e e ,  t h i s  i s  

approximately two orders of magnitude lower than t h e  ab- 

sorptances we w i l l  measure i n  t h e  germanium samples. 

Thus, the  NaCl windows may be considered t o  be e s s e n t i a l l y  

t ransparent  i n  t h e  in f ra red  wavelengths of i n t e r e s t .  Ad- 

d i t i o n a l l y ,  we note  t h a t  the Fresnel  r e f l e c t i o n  loss  f o r  

NaCl i s  small ( 4%/ surface)  due t o  i t s  1.50 index of 

r e f r a c t i o n  a t  10.6 pn. A s  such, l i g h t  which s t r i k e s  t h e  

NaCl window on t h e  i n t e r i o r  sur face  a t  an angle of i n c i -  

dence l e s s  than t h e  c r i t i c a l  angle ( 42.1") w i l l  be 

t ransmit ted out of t h e  c e l l  i n t o  t h e  ambient environment. 

The main contr ibut ion of t h e  s c a t t e r e d  l i g h t ,  which o r i g i -  

nates  from t h e  Fresnel  r e f l e c t i o n  o f f  t h e  f i r s t  sur face  of 

the  samp.le, w i l l  consequently be shunted out of t h e  photo- 



acoust ic  c e l l  without generating an appreciable background 

s igna l  . 
. The mater ia l  wi th  which t h e  photoacoustic c e l l  i s  

made of.  may a l so  b e  u s e d t o  minimize background s i g n a l s .  

The c e l l s  used i n  these inves t iga t ions 'were  made of a lu-  

minum; which i s  .highly r e f l e c t i v e  i n  the . .  i n f r a r e d  region. 

A t  10 .6  u'm, t h e  r e f l ec tance  of aluminum i s  99%(83). *' Thus, 

only 1% of the  l i g h t  s c a t t e r e d  onto t h e  wal ls  can be 

absorbed. The small f r a c t i o n  which i s  absorbed w i l l  

simultaneously b e  hea t  sunk away from the  buf fe r  gas due 

t o  the  extremely l a rge  thermal conductivity o,f aluminum. 

From (78) t h e  r e l a t i v e  magnitude of t h e  photoacoustic 

e f f e c t  f o r  a  c e l l  wal l  absorption i s  given by t h e  product 

(b /us ) (kS /kb ) . For a  germanium sample and aluminum c e l l ,  

we f ind t h a t  the  photoacoustic s igna l  generated from an 

absorption a t  t h e  c e l l  wal l s  would be a  f a c t o r  6.8 smaller  
v 

than t h e  photoacoustic s i g n a l  generated by an equivalent  

absorption on t h e  sur face  of t h e  germanium sample. Thus, 

the  c e l l  walls  may be considered t o  have an e f f e c t i v e  r e -  

f lec tance  of 99.85%. 

The t o t a l  amount of l i g h t  incident  upon t h e  c e l l  

walls  can a l so  be minimized by reducing t h e  t o t a l  cell. 

wal l  area  and by decreasing t h e  aspect  r a t i o  , l g /D ,  of 

t h e  c e l l .  In  t h e  l a t t e r  case ,  the  t o t a l  s o l i d  angle sub- 

tended by the  c e l l  wal l s  i s  reduced.  It i s  i n t e r e s t i n g  

t o  note  t h a t  again i t  i s  advantageous to employ the non- 



resonant c e l l  design s ince  the  t o t a l  i n t e r i o r  c e l l  sur face  

area i s  necessar i ly  l a rge r  f o r  t h e  resonant c e l l  configura- 

t i o n .  

An i n t e r e s t i n g  observation may a l so  be made. regarding 

the ro le  of t h e  b u f f e r  gas i n  reducing the  background s i g -  

n a l .  Consider t h e  case where 1 =2nug 
g 

f o r  .two otherwise 

ident.ica1 c e l l s  f i l l e d  with  helium and a i r ,  respec t ive ly .  

From our previous ana lys i s ,  we no te  t h a t  the  photoacoustic 

c e l l  respons iv i t ies  should be equal i n  t h e  two cases .  

However, i t  i s  s t i l l  advantageous t o  use a i r  as the  buffer  

gas,  s ince t h e  background s igna l  w i l l  be s i g n i f i c a n t l y  lower 

due to  the  smaller  t o t a l  surface a rea  and the  reduced 

aspect r a t i o  encountered i n  t h e  l a t t e r  case .  

A port ion of t h e  i n t e r i o r  sur face  i n  t h e  photoacoustic 

c e l l  consisted of t h e  s t e e l  microphone diaphragm. The 

absorptance of s t e e l  a t  10.6 urn i s  -7% ( re f lec tance  = 

93%)(,83'). Even though the  e f f e c t i v e  photoacoustic r e f l e c -  

tance i s  somewhat. h igher ,  the  increased absorptance of 

s  tee1 may genetace a s i g n i f i c a n t  baskgroi~nd s i g n a l .  Fur- 

thermore, we no te  t h a t  microphone diaphragm absorptions 

. w i l l  .crea'te an'-additiona1,electrical s igna l  due t o  t h e  

thermal expansion of . the diaphragm i t s e l f .  A s  such, i t  

i s  important t o  s h i e l d  the microphone from sca t t e red  r a -  

d ia t ion .  This was accomplished by using a  small channel 

or iented perpendicular t o  the incident  i r r a d i a t i o n  t o  

connect the  microphone and sample chambers. Although i t  



i s  not diagrammed i n  t h i s  locat ion i n  Figure 5-1, the 

top portion of t h e  microphone channel often consisted of 

the  NaCl window i t s e l f .  In t h i s  manner, sca t tered  l i g h t  

which would otherwise be waveguided in to  the  microphone 

was allowed t o  escape through the  window. It should also 

be noted tha t  an addit ional  r i gh t  angle i n  the connecting 

channel was added f o r  the powder analysis ,  s ince the  d i f -  

fuse ref lectance of the  powder i s  f a r  greater  than tha t  

of the  polished germanium f l a t s  used i n  the photoacoustic 

scanning experiments. 

The to t a l ,  background. contribution t o  the  photoacous- 

t i c  s ignal  may be est imated i f  we assume t h a t  the  i nc i -  

dent. i r radiance i s  perpendicular t o  the sample and. t ha t  

the l a t t e r  i s  aLambertian d i f fuse  r e f l ec to r  (exhibi ts  a  

2 cos 8 reflec.tance) . Expressed i n  absorptance u n i t s ,  the 

f a l s e  absorption, A*, i s  g ivenby :  
. . 

where 

2 cos 5 

where h i s  the  f a l s e  absorptance due t o  the  window, Al 

i s  the f a l s e  absorption contribution, due t o  the  c e l l  

wal ls ,  5 i s  the  angle of the  ref lec ted  l i g h t  r e l a t i v e  t o  



t he  sample sur face ,  5 ,  - 1 = s i n  ( D / l k  i s  t h e  angle sub- 

2 tended by t h e  c e l l  w a l l s ,  Rd = (n-1) / (n+1) i s  t h e  normal 

Fresnel r e f l ec tance  o f f  of a sample whose index of r e f rac -  

t i o n  is  n ,  Ral i s  t h e  e f f e c t i v e  r e f l ec tance  of t h e  aluminum 

wal l s ,  and is  t h e  f a l s e  absorption cont r ibut ion  due 

t o  the  microphone. In  practice,Am <<  A1 and can be therefore  

neglected. 

Using 5 1  = 7 9 . 1 '  f o r  t h e  photoacoustic c e l l s  employed 
-6 i n  these i n v ~ s t i g a t i o n s ,  we f i n d  t h a t  A, i s  1 . 2  x 10 

and 1 . 5  x lo-'  f o r  germanium and sodium chlor ide  samples, 

respect ively.  Comparison of these  r e s u l t s  with t h e  

-1 x e f f e c t i v e  absorptance of t h e  NaCl window re-  

veals  t h a t  the  ph.otoacoustic 'cel .1-  used . i n  these invest iga-  

t ions  w i l l  have a background s i g n a l  which i s  window ab- 

sorptance l imi ted .  A summary of t h e  photoacoustic c e l l  

design considerations i s  presented i n  Table 4 . 5 .  

The photoacoustic s igna l  generated wi th in  t h e  photo- 

,acoust ic  c e l l  i s  converted into .  an e l e c t r i c a l  s i g n a l  and 

amplified by means of a microphone and preamplif ier .  Due 

t o  the extremely high input impedances required by micro- 

phones, the  e l e c t r i c a l  no ise  of the  preamplif ier  may be- 

come the  dominant source of noise  i n  photoacoustic systems. 

In t h i s  sec t ion ,  w e  describe t h e  microphone and preampli- 

f i e r  c i r c u i t s  used i n  our inves t iga t ions  aid discuss 



Table 4.5. Photoacoustic Cell Des-ign Considerations 

Parameter Constraints. 

Volume minimize 

Interior sur.face 

area 

cell thermal con- 

uctivity; density 

minimize 

maximi-z e 

-cell .reflectivity maximize 

microphone respo'nse maximize 

preamp noise 

window absorption 

minimize 

minimize 

thermal diffusion length 

viscous damping length 

microphone s ize 

sample size 

thermal diffusion length 

viscous damping length 

microphone size 

sample size 

resonant/nonresonant cell 

material selection 

material. selection 

microphone size 

cell volume 

Johnson, l/f noise 

Brownian motion of mike 

mater.ia1 selection 



steps which were taken to  minimize the  e l e c t r i c a l  noise 

contribution. 

A B&K model 4144 25.4 mm diameter condenser micro- ' 

phone was used t o  detect  the photoacoustic s ignal .  Con- 

denser microphones operate on the  pr inciple  tha t  acoust ic  

waves, which are  incident upon a pa ra l l e l  p la te  capaci tor ,  

w i l l  cause the distance between the  two plates  t o  vary as 

a  function of time. Since the capacitance i s  inversely 

re la ted  t o  the separation of the  p la tes ,  the  moving mem- 

brane creates  an a . c .  voltage f luc tuat ion .  For small 

amplitudes, the voltage f luc tuat ion  i s  d i rec t ly  propor- 

t i ona l  t o  the  amplitude of the pressure wave, and a l i nea r  

conversion from the  acoustic domain to  the  e l e c t r i c a l  

s igna l  domain i s  achieved. 

The B&K model 4144 was chosen primarily f o r  the  u l t r a  

2 high, 5mV/vbar(SOmV/N/m ) s e n s i t i v i t y .  The minimum de- 

t ec tab le  pressure i n  a  microphone i s  most of ten l imited 

by the  e l e c t r i c a l  noise i n  the  preamplifier.  The elec- 

t r i c a l  noise i n  the  preamplifier,  i n  tu rn ,  increases a s  

the  gain of the  preamplifier increases.  Thus, a  high 

s e n s i t i v i t y  i n  the  microphone i s  extremely desirable s ince  

it ef fec t ive ly  decreases the  e l e c t r i c a l  gain necessary t o  

be able t o  detect the  e l e c t r i c a l  s ignal .  Consequently, 

the  e l e c t r i c a l  noise contribution i s  diminished and the  

amplitude of the  minimum detectable acoustic s ignal  i s  

reduced. 



The frequency response of  t h e  B&K model 4144 micro- 

phone(84)which i s  presented i n  Figure 4 .12 i s  a l s o  i m -  

por tan t  t o  consider .  Inspec t ion  of  Figure 5-4 shows t h a t  

t h e  response i s  completely f l a t  from 20 Hz t o  2KHz. A t  

5 KHz, w e  n o t i c e  an i n c r e a s e  i n  r e spons iv i ty  due t o  a  

microphone resonance. Above t h e  resonance, t h e  microphone 

membrane becomes too massive t o  respond t o  t h e  high f r e -  

quencies,  and t h e  s e n s i t i v i t y  decreases .  I n  our  i n v e s t i -  

ga t ions ,  only t h e  lOHz t o  2 KHz regime i s  used,  and cor-  

r ec t ions  t o  t h e  photoacoust ic  s i g n a l '  due t o  t h e  microphone 

frequency response w i l l  be  unnecessary. 

A microphone p reampl i f i e r  se rves  two main purposes. 

F i r s t ,  it provides an impedance match f o r  t h e  microphone 

. i n  t h a t  it conve r t s  t h e  h igh output  impedance of. t h e  con- 

densermicrophone i n t o  a  low output  impedance. . Second, i t  

provides e i e c t r i c a l  ampl i f i ca t i on  of  t h e  extremely weak . .  

a . c .  s i g n a l , .  thus  enabl ing t h e  output  t o  be  connected t o  

more conventional s i g n a l  d e t e c t o r s ,  such a s  osc i l loscopes  

and lock- in  ampl i f i e r s .  Both func t ions  reduce t h e  e l ec -  

t r i c a l  no i se  s i g n a l  s i n c e  they. minimize the: con t r ibu t ions  

of noisy ampl i f i e r s  and reduce t h e  antenna pick-up of t h e  

h igh impedance microphones. The design of  t h e  preampli- 

f i e r ,  however, i s  o f t e n  c r i t i c a l ,  s i n c e  t h e  main e l e c -  

t r i c a l  no i se  c o n t r i b u t i o n . w i l 1  o r i g i n a t e  from t h i s  

source. In our s t u d i e s ,  where t h e  photoacoust ic  s i g -  

n a l s  a r e  extremely weak, i t  was necessary  t o  des ign  a  
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special  low noise preamplifier i n  order t o  prevent elec- 

t r i c a l  noise from masking the  photoacoustic s igna l .  The 

e l e c t r i c a l  diagram of the  preamplifier i s  shown i n  Figure 

There are several features  of the  preamplifier de- 

sign which warrant a t t en t ion .  The heart  of the  preamp is  
-16 a  BF 800 low leakage ( 3  x 10 amp G) , l o w  noise (25 

nV /Ri ) ,  high inpu t  impedance ( 1014 R )  FET, whose pur- 

pose i s  mainly t o  provide an impedance match t o  the  micro- 

phone. The output of t h e  FET i s  then, supplied t o  an 

emitter-follower t r a n s i s t o r  combination, which reduces 

the  output impedance f a r the r  and provides a  feedback loop 

t o  f i x  the e l e c t r i c a l  gain a t  10. The microphone i t s e l f  

i s  supplied with a  heavily f i l t e r e d  200 VDC polarizat ion 

voltage, while the  t r ans i s to r s  are  supplied with a  f i l t e r e d  

20 VDC power source. A l l  of the  r e s i s to r s  a re  e i t he r  wire 

wound or  metal f i lm. With the  e l ec t r i ca l  gain of 1 0 ,  2 the  

overa l l  microphone response i s  50 mV /pbar ( . 5  mV/~/m ) 

A unique feature of the  preamplifier design involves 

the use of two 100 GQ r e s i s to r s  between the microphone 

and the  FET input. The purpose of the  u l t r a  l a rge  r e s i s to r s  i s  

twofold. F i r s t ,  they prevent charge from leaking from 

the microphone. Second, they reduce the  e l e c t r i c a l  

noise contribution of the  preanpl i f ier .  The l a t t e r  re -  

s u l t  i s  best  i l l u s t r a t e d  by considering sources of elec- 

t r i c a l  noise i n  an equivalent c i r c u i t  diagram, shown i n  
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Figure 4.14a. Here, Vs i s  t h e  a .  c .  photoacoustic e l e c t r i c a l  

s igna l ,  V, i s  t he  vol tage  noise  of t h e  FET, i L R  i s  t h e  

noise  voltage caused by the. FET leakage cur rent  iL , and 

VJ i s  t h e  Johnson noise  of t h e  r e s i s t o r .  Inspection of 

Figure 4,. 14a shows t h a t  Vs encounters a  high pass RC 

c i r c u i t  t o  t h e  FET whose -3db point  i s  a t  w,= 2 .rrf = 
. .  - 

(RC) ' I ,  shown i n  .Figure 4.14b. However, t he  Johnson and 

leakage noise contr ibut ions s e e  a  high pass RC f i l t e r  c i r -  

c u i t  t o  ground. A s  such, t h e  noise  v o l t a g e  contr ibut ions 

. of the  l a t t e r .  two sources i s  a t tenuated by 20 db (a fac- 

t o r  of 10) per decade above wo . A t  260 Hz, f o r  example, 

these sources have been at tenuated by l o 3  while t h e  micro- 

phone s igna l  remains uneffected.  

The t o t a l .  e l e c t r i c a l  no ise  a t  th-e. output . o f .  t h e .  pre- 

amplif ier  ( including t h e  e l e c t r i c a l  gain of l o ) ,  VT , i s  

given by: 

where k , is the .  Boltzmann constant  (J/K) , AB is  t h e  band- 

td.dth. (Hz) , T i s  t h e  temperature of t h e  100 GQ r e s i s t o r s  

(K) , and Vef i s  t h e  e f f e c t i v e  noise  vol tage of t h e  r e s t  

of the  preamplifier  (V ) . 
Inspection of reveals  the  s u r p r i s i n g  r e s u l t  

t h a t  the e l e c t r i c a l  output noise  decreases as R increases .  
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However, we note t h a t  a s  R + , only the  Johnson no i s  e  

contribution ( the t h i r d  term) goes t o  zero. As such. a  

pract ical  l imi ta t ion  on the  value of R i s  arrived a t  when 

the  Johnson noise contribution i s  much l e s s  than t h e  other 

sources. I n  the  case under consideration. t h i s  l i m i t  i s  

reached when R = 100 GQ. 

The frequency spectrum of the  e l e c t r i c a l  noise i n  

the  preamplifier was t es ted  experimentally by subs t i tu t ing  

an equivalenp 50 pf capacitor fo r  the  microphone and 

monitoring the output with a  lock-in amplifier.  The 

experimental r e su l t  obtained i s  compared with the  theoret-  

i c a l  design curve (given by ( 4 . 1 3 ) )  i n  Figure 4 .15 .  Agree- 

ment between the  two i s  seen to  be generally good. A t  

low frequencies, the  experimental r e s u l t  i s  higher due 

t o  the l / f  noise i n  the  e lec t ronics .  A t  higher £re- 

quencies, we see  t h a t  the  experimental values are  lower 

than the theore t i ca l  curve. This may be explained as  a  

consequence of t he  frequency dependence of the  Vn term 

i n  4.13 for  t h e  BF-800, which was unknown and could not  

be taken in to  account i n  the  theore t i ca l  curve. 

It i s  i n t e r e s t i ng  t o  compare the  performance of the  

preamplifier t o  the  the roe t ica l  noise l i m i t  d ic ta ted  by 

the Brownian motion of the  microphone diaphragm, vB . 
The l a t t e r  i s  given by (85) : . 



Figure 4.15,  E l e c t r i c a l  output  no i se  of  the  low noise  preamplifier. 



2 where o i s  the  mass density of the  microphone ( g / c m  ) , 

r i s  the microphone response time (sec) , and R i s  the  res-  

ponsivity of the microphone and preanpl i f ier  (V/ybar) . 

Substituting the  values appropriate f o r  the  B&K 4144 

microphone, we f ind  t h a t  the  Brownian noise voltage l i m i t  

i s  100 nV/ 6. Inspection of Figure 4.15 shows that  the 

preamplifier e l e c t r i c a l  noise i s  200 nV &, or  a  value 

which i s  only a  fac to r  of - 2  grea ter  than the  micro- 

phone Brownian noise l i m i t .  

Final ly,  we note tha t  the  use of 100 Gn r e s i s to r s  

required tha t  adequate shielding be maintained i n  order 

t o  prevent antenna-like pick-up. To minimize these d i f -  

f i c u l t i e s ,  the preamplifier was enclosed i n  a  metal l ic  

case and the distance between the microphone and the  FET 
-, 

reduced to  3 cn. For s imi lar  reasons, careful  a t t en t ion  

was also paid t o  the  grounding c i r c u i t ,  which was l a i d  so 

t ha t  a l l  grounds were connected together a t  one physical 

point.  

4  :3:. 3 . . Acoustical' ho'is e  

I The minimum detectable photoacoustic s'ignal i s  often 

a function of the  magnitude of environmental vibrat ions 



and sounds. The o r i g i n  of t he se  de t r imenta l  s i g n a l s  may 

be  t raced  t o  a  v a r i e t y  of sources .  A few of t h e  most i m -  

po r t an t  a r e  : bu i ld ing  v i b r a t i o n s  and sounds o r i g i n a t i n g  

from t r a i n s ,  p lanes ,  vo i ces ,  a i r  condi t ioners  and fans  , 

doors slamming, chopper b l a d e s ,  and vacuum pumps. I n  

t h e  present  i n v e s t i g a t i o n ,  where photoacoust ic  s i g n a l s  

. a r e  r a t h e r  weak, i t  i s  important-  t o  minimize t h e  e f f e c t  

of  t he se  random s i g n a l s . .  Reduction of  t h e  in f luence  of 

acous t i ca l  no i se  on t h e  photoacoust ic  s i g n a l  may be  ac- 

comp.lished. us ing severa.1 techniques .  

The most e f f e c t i v e  method of n o i s e  reduc t ion  in- 

volves phase s e n s i t i v e  o r  lock- in  ampl i f i e r  de t ec t ion  of  

t.he ph.otoacous t i c  s i g n a l .  .Lock-in ampl i f i e r s  measure 

only t h e  frequency component of t h e  t o t a l  microphone s i g -  

n a l  which i s  wi th in  AB.of the  re fe renced  chopping f r e -  

quency. Thus, acous t i c  no ises  a t  f requencies  d i f f e r e n t  from 

t h a t  of t h e  modulation frequency w i l l  be  severe ly  a t -  

tenuated and t h e i r  de t r imenta l  in f luence  reduced. The 

bandpass of t h e  lock- in  may a l s o  be  v a r i e d  so  t h a t  t h e  

e f f e c t  of . t he  random b'ackground s i g n a l  may be decreased 

t o  .an acceptable  ' l eve l .  

The no i se  r e j e c t i o n  capab ' i l i t i e s  of  t h e  lock- in  de- 

t e c t i o n  scheme may be  b e s t  i l l u s t r a t e d  by consider ing t h e  

v i c i n i t y  of  t h e  l abora tory  i n  which t h i s  i n v e s t i g a t i o n  was 

performed. A f requent ly  used r a i l r o a d  t r a c k  . is loca t ed  

approximately 50 meters from t h e  l a b ,  and an a i r p o r t  ap- 



proachway f o r  t h e  l o c a l  a i r p o r t  b r ings  l a r g e  a i r c r a f t  

w i th in  -500 meters of  th.e room. In s p i t e  of  t h e  f a c t  

. ' t h a t  both of t he se  sources  emit l a r g e  q u a n t i t i e s  of low 

frequency l a r g e  ampli tude acous t i c  waves, n e i t h e r  was 

found t o  have any s i g n i f i c a n t  in f luence  on t h e  photoacous- 

t i c  s i g n a l  f o r  modulation f requenc ies  from 100 Hz t o  2 KHz 

a t  bandwidths of 10 Hz. S imi la r  r e s u l t s  were obta ined f o r  

most o t h e r  i d e n t i f i a b l e  sources of  a c o u s t i c  n o i s e  whose 

no i se  spectrum was broad.  These included an a i r  cond i t i one r ,  

vacuum pump, r a d i o ,  and osc i l l o scope  fan .  

Vibrat ions t r ansmi t t ed  through t h e  b u i l d i n g  t o  t h e  

microphone were e f f e c t i v e l y  minimized by p l ac ing  t h e  photo- 

acous t i c  apparatus on top of  a Newport Research Honeycomb 

o p t i c a l  t a b l e .  Vibra t ions  i n  t h e  t a b l e  r e s u l t i n g  p r i -  

mar i ly  from t h e  mechanical chopping motor, however, 

proved t o  be more d i f f i c u l t  t o  e l imina t e .  The e f f e c t  of 

t h i s  source was most acu t e ly  f e l t  a t  h igh  f r equenc ie s ,  

where t h e  chopper motor was r o t a t i n g  a t  speeds up t o  

10,000 rpm. Consequently, chopper b lades  w i t h  up t o  5 2 .  

t e e t h  were used t o  ob ta in  h igh modulation f requenc ies  

whi le  maintaining low chopper motor r o t a t i o n  r a t e s .  In 

t h i s  manner, t h e  v i b r a t i o n s  of t h e  o p t i c a l  t a b l e  were 

kept  t o  a minimum. It should be  noted,  however, t h a t  

chopper no is es and v i b r a t i o n s  could be  v i r t u a l l y  e l iminated 

by us ing an a l t e r n a t e  source  of  amplitude modulation, such 

a s  an e l e c t r o - o p t i c  acous t i c -op t i c  modulator.  Unfortunate- 



l y ,  infrared materials and economic considerations pre- 

vented t h e i r  use i n  t h i s  invest igat ion.  

Coherent sources of nois-e, which have the  iden t ica l  

frequency and a f ixed ph.ase relat ionship to. the  photo- 

acoustic . signal ,  . should a l so  be mentioned s ince  the lock-. 

i n  amplifier cannot alone discriminate between these 

sources and the  t r u e  photoacoustic s igna l .  In t h i s  study, 

the  dominant source of coherent noise was the  chopper, 

whose ro ta t ing  fan blades generated acoustic disturbances' 

a t  the  same frequencies as .the photoacoustic s ignal .  In  

pr incip le ,  these e f fec t s  could be eliminated by using a  

re f lec t ion  mask evaporated onto a  transparent d isk ,  o r  

by employing an electro-optic  o r  acousto-optic modulator. 

In the infrared region, however, material  costs  are  high 

and prevented the  implementation of these measures. A s  

such, the  ef fec t  of t he  chopper was reduced by placing i t  

as f a r  away from the  photoacoustic c e l l  a s  possible.  In 

t h i s  manner, the  s trength of the  acoustic wave'would be 

reduced both by atmospheric absorption and d i f f rac t ion  

losses.  While extremely simple, such measures proved t o  

b e  sa t i s fac to ry  i n  most of our experiments, s ince  the  co- 

herent noise contribution was most of ten masked by other 

sources of noise.  Additionally, it should be noted tha t  

it is  possible t o  discriminate between the  photoacoustic 

s ignal  and the coherent noise by measuring 'the magnitude 

and phase of the  coherent s ignal  alone, and vectoral ly sub- 



t r a c t i n g  the  contr ibut ion from t h e  t o t a l  s i g n a l .  In  

p rac t i ce ,  t h i s  may b e  accomplished by momentarily blocking 

the r a d i a t i o n s o u r c e  from the.  photoacoustic c e l l  and mea- 

sur ing t h e  coherent noise  s igna l .  The t r u e  photoacoustic 

s igna l  can then be r e l a t e d  t o  t h e  t o t a l  measured s i g n a l  by: 

where . A . i s  t he  i n  phase amplitude of the  t r u e  s i g n a l  

: Q i s  the  i n  quadrature amplitude of the  s i g n a l  when 

the  beam i s  t!.acked. 

I, i s  t h e  i n  phase ,amplitude of t h e  t o t a l  s i g n a l  

I i s  t h e  i n  phase amplitude of the  s i g n a l  when 

the  beam i s  blocked 

Qr i s  t h e p h a s e  a n g l e  of  t h e  t r u e  s i g n a l  

Q, i s  t h e  phas'e angle of t h e  t o t a l  s igna l  

6 i s  t h e  correct ion t o  t h e  phase ang1.e due t o  

t h e  noise  . s igna l  

F ina l ly ,  we note  t h a t  t h e  phot.oacoustic c e l l  i t s e l f  

a c t s  t o  reduce the  ex terna l  acous t ic  noise .  Aluminum i s  



a r e l a t i v e l y  dense ma te r i a l .  A s  such, t h e  acous t ic  waves 

transmitted through the  c e l l  a r e  a t tenuated  by absorption 

mechanisms. Also, the  acous t ic  impedance mismatch 'b'etween 

aluminum and t h e  a i r  i s  l a r g e ,  r e s u l t i n g  i n  the  r e f l e c -  

t ion ,  a  major por t ion  of t h e  incident  sound wave i n  an 

analogous manner t o  the  o p t i c a l  Fresnel  r e f l e c t i o n  f o r  

highly r e f r a c t i v e  ma te r i a l s .  

A plo t  of t h e  frequency spectrum of the  t o t a l  no ise  

i n  the  photoacoustic c e l l  and e l ec t ron ics  i s  presented 

i n  Figure 4.16. Inspect ion of Figure 4-16 shows t h a t  the  

acoustic noise  i s  more than an order  of magnitude l a r g e r  

than the preamplif ier  e l e c t r i c a l  no i se ,  and thus w i l l  be 

the  dominant mechanism l imi t ing  t h e  minimum detec tab le  

photoacoustic s i g n a l .  We a l so  note  t h a t  the  noise  de- 

creases i n  an approximately l i n e a r  fashion as t h e  band- 

width of t h e  lock-in amplif ier  i s  decreased. Thus, it i s  

possible t o  reduce t h e  t o t a l  no ise  of t h e  system by i n -  

creasing the time constant  of t h e  lock-in  ampl i f ie r .  

The noise  l e v e l  decreases as t h e  modulation frequency 

increases .  This i s  a  r e s u l t  of the  f a c t  t h a t  low f r e -  

quency environmental sounds have much lower acous t ic  ab- 

sorption coe f f i c i en t s  than higher frequencies.  Thus, higher 

frequencies a r e  more severely a t tenuated a s  they t r a v e l  

to  the  microphone membrane. A l e a s t  squares f i t  t o  t h e  

data presented i n  Figure4-.I6 reveals  t h a t  the  t o t a l  

noise va r i e s  roughly as f - l .  3 .  The analys is  



F i g u r e  4.16. T o t a l  o u t p u t  n o i s e  of  t h e  photoacous t ic - . sys tem.  



presented in (78) indicated tha t  the  photoacous t i c  

signal w i l l  vary as f - I  or  f - 1 . 5 ,  depending on the  nature 

of the material.. Consequently, we see t h a t  the f i r s t  

case , .  the optimum pho.toacoustic modulation frequency . . 

which resul ts  i n  the greates t  s ignal  t o  noise r a t i o  w i l l  

tend toward high ( - 100 Hz) frequencies. I n  contras t ,  i f  

the  photoacoustic s ignal  var ies  ' as  f- , the optimum 

frequency w i l l  be a t  lower modulation r a t e s .  These con- 

siderations w i l l  become extremely important when the op- 

timum chopping frequencies are  selected fo r  the duel beam 

photoacoustic spectrometer and scanning systems . 
It should be noted tha t  Figure 4.16 represents data 

obtained on a given day a t  a given time. Depending on the  

exact time of analys is ,  the -magnitude of the  acoustic 

noises was found t o  decrease almost an order of.magnitude 

from the values Figure 4:16. This i l l u s t r a t e d  i n  

Figure 4.17 where we monitor the  acoust ic  noise a t  500 Hz 

as a function of time. During the  quiet  period, the rms 

noise voltage was approximately 180 nV fo r  a bandwidth of 

.I25 Hz. However, during the no i s ie r  f i ve  ininute span, 

the  rms signal  increased by a fac to r  of two or three .  Un- 

fortunately,  e f f o r t s  to  locate  the  source of the  additional 

noise were often unsuccessful, possibly because of the  

sens i t iv i ty  and non-discriminatorj nature of the  human 

ear .  For  example, inspection of Table (82)  % which re-  

l a tes  the output of the  preamplifier with common noise 



. . .  . 

Figure 4.17. Total output noise of the photaacoustic system as a function of time. 



Table .4 .6 .  Output Amplifier Signal  Levels Related t o  Common 

Noises (adapted from . r e f .  .6,I!3.). 

0utpu.t Signal  AP/P dB . Common no i se  

100 nV 2 X 10-l2 -40 Brownian no i se  l i m i t  

10 pV 2 X 10-lo 0  Threshold of hear ing 

50 pV 13 Quiet f o r e s t  

500 p V  33 Library 

l o - 7  - 53 Conversational speech 

l o - b  73 Heavy t ruck  

l o - 5  93 Pneumatic chopper 

l o - 4  113 J e t  take-off  (100m away) 



l e v e l s ,  shows t h a t  a  300 nV s i g n a l  would be  lower than  

t h e  th resho ld  of hear ing .  Comparison of Table -4 .5  and 

Figure 4.16 a l so  gives a  f e e l  f o r  t h e  tremendous s e n s i t i v i t y  

of t h e  photoacoust ic  apparatus  used i n  t hese  experiments,  

and a  physical  f e e l i n g  f o r  t h e  magnitude of t h e  photo- 

a c o u s t i c  . e f f e c t .  

4 .3.4.  Charac te r iza t ion  of t h e  Photoacoust ic  S igna l  

A block .diagram o f ,  t h e  apparatus  used t o  c h a r a c t e r i z e  

t h e  photoacous t i c  s i g n a l  i s  presented i n  Figure  4.18. The 

f l u x  from a  300 mW TENoo l i n e a r l y  po la r i zed  C02 l a s e r  was 

amplitude modulated by a  v a r i a b l e  frequency chopper and 

d i r e c t e d  onto a  photoacoust ic  c e l l  f i l l e d  wi th  commercial 

grade carbon black powder. A diagram of t h e  c e l l  i s  

given i n  Figure 4.19 and i s  i d e n t i c a l  . t o  the  c e l l s  which 

were .used t o  o b t a i n .  t h e  i n f r a r e d  photoacous t i c  s p e c t r a  of 

powders, . described l a t e r .  The v a r i a b l e  speed chopper 

was - con t ro l l ed  by a  Heathki t  r egu la to r  power supply,  and 

could be  s e t  f o r  modulation f requencies  'from 10 Hz t o  

2 KHz using two d i f f e r e n t  chopper b l ades .  The photoacous- 

t i c  s i g n a l  was f ed  i n t o  a PAR HR-8 lock- in  a m p l i f i e r ,  and 

t h e  output  monitored w i t h  e i t h e r  a  s t r i p  c h a r t  r eco rde r ,  

o r  an osc i l loscope .  F luc tua t ions  i n  t h e  l a s e r  power were 

monitored us ing a  Scientech model 380-102 ca lor imete r  

which was placed i n  t h e  bean a t  f requent  i n t e r v a l s .  



Variable chopper 8- 3.5K.Hz 
1 

- C 0 2  laser 

I A 

Photoacoust ic cell 
* 

- 
Figure  4.18. Apparatus used t o  c h a r a c t e r i z e  t h e  photoacoust ic  
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rCarbon black 

Aluminum body 
. . 

I powder NaCl 

- 
Figure 4 . 1 9 .  photoacoust ic  c e l l  employed f o r  powder samples 

( inc lud ing  carbon black) . 



A .  Frequency Res~ons  e  

A p l o t  of the  responsivity of the photoacoustic c e l l  

as  a  function of modulation frequency i s  presented i n  

Figure* 4.20. There are several features  of i n t e r e s t .  

F i r s t  and most inportant ly,  we see  t ha t  the photoacoustic 

amplitude decreases monotonically with frequency u n t i l  

1 - 2  KHz, wheresit increases dramatically. The phase under- 

goes a  100 degree s h i f t  i n  the same region. Such be- 

havior i s  strongly reminiscent of an acoustic resonance, 

even though the l a rges t  dimensions of the  c e l l  are m ~ c h  

smaller than hal f  of the  1 6  cm acoustic wavelength present 

a t  1 KHz i n  gas a t  STP. However, c loser  inspection of the 

non-resonant c e l l  design reveals t h a t  the microphone and 

sample chambers form a configuration known as a  Helmholz 

resonator, which i s  shown i n  Figure 4.21. The Helmholz 

resonance. behavior i s  well known i n  acoust ics ,  and the 

resonance frequency of . the c e l l ,  fo , i s  given by ( 8 6 ) .  

where Vl and V2 a re  the  volumes of the  microphone and 
3 sample chambers (cm ) , r i s  the  diameter of the connecting 

tube (cm), and L i s  the  length of the  connecting tube (cn) .  
3 For the  photoacoustic c e l l  under con~ ide ra t i on ,  Vl = 150 mm , 

3 V 2  = 150 mm , L = 11 mm, and r = .445 nun. Subst i tut ion of 



E 
- 

ct
 

0
 

I-
'. 

0
 

0
 

'
J
:
 

0
 

0
 

ID
 

a
 

t-
' 

TY
 - 

J 
V

O
LT

S
 (

R
M

S)
 

R
ES

PO
N

SI
VI

TY
 

( 
W

A
T

T
S

 (A
vE

) 
PH

A
SE

 
(D

EG
R

EE
S)

 



Figure 4.21. Helmholz resonator configuration geometry. - 



these values in to  equation 4.18 yields a  resoilance f r e -  

quency of 1.36 KHz, i n  excel lent  agreement with the  1 . 5  KHz 

resonance observed. 

The Helmholz resonance observed i s  a  broad an6 weak 

e f fec t ,  providing an acoust ical  gain a t  1 .5  KHz a t  not 

a  fac tor  of 3 over what might be expected i n  a  conpletely 

non-resonant c e l l .  As such, the  analysis presented e a r l i e r  

for  non-resonant c e l l s  may be applied with only minor 

modifications. It should be noted, however, t h a t  the  

resonance behavior may s ign i f i can t ly  e f f ec t  the  interpre-  

t a t ion  of photoacoustic s ignal  dependences on the  modula- 

t ion  frequency, especial ly a t  frequencies grea ter  than 

1 KHz. 

A l e a s t  squares f i t  t o  the  data presented i n  Figure 

4.20 reveals a  f-• 85  frequency dependence of the  photo- 

acoustic s ignal  f o r  frequencies between 30 Hz and 1 KHz. 

This dependence i s  s l i g h t l y  l e s s  than the  -1.0 depen- 

dences anticipated from theore t ica l  analysis  presented 

i n  ( 7 8 ) .  fur highly opaque mater ia ls ,  and may be ac- 

counted fo r  i f  we assume tha t  the  photoacoustic s ignal  ex- 

periences a  s l i g h t  gain as a r e su l t  of the  t a i l  of the 

photoacoustic resonance. Similar behavior has recently 

been observed by Ferni l ius  (86) .- 
A t  frequencies l e s s  than 30 Hz,  t he  amplitude of the 

photoacoustic s i g n a l  t r a i l s  o f f  from the - .  85 frequency de- 



pendence, and t h e  phase aga in  experiences a  s i g n i f i c a n t  

s h i f t .  This i s  no t  l i k e l y  t h e  r e s u l t  o f  thermal sho r t i ng  

from t h e  carbon b lack  t o  t h e  window and photoacoust ic  c e l l .  

A t  10 Hz, t he  thermal d i f f u s i o n  leng th  i n  t h e  gas is  

approximately 840 pm, and t h e  a c o u s t i c  p i s t o n  b e c o ~ e s  s i g -  

n i f i c a n t l y  l a r g e r  than  $/g. Also,  t h e  e f f e c t  of a  t h r e e  

dimensional flow of h e a t  may begin  t o  appear a t  low f r e -  

quencies,  s i n c e  a  s i g n i f i c a n t  amount of h e a t  may now be 

t r ans fe r r ed  t o  t h e  c e l l  w a l l s  i n s t e a d  of t h e  b u f f e r  gas .  

It i s  important  t o  n o t e  t h e  extremely high respon- 

s i v i t i e s  measured i n  t h e  photoacoust ic  c e l l  us ing  carbon 

black.  A t  100 Hz, f o r  exaiiple, t h e  response i s  25 v o l t s  

m s / w a t t .  Since carbon b lack  e x h i b i t s  s t r o n g  absorp t ion  

throughout t h e  i n f r a r e d ,  t h e  photoacoust ic  c e l l  may b e  

thought of a s  a  broadband .room temperature wide ape r tu re  

dete-c tor  of i n f r a r e d  r a d i a t i o n .  This f a c t ,  which we w i l l  

make ex t ens ive ,u se  o f  i n  t h e  photoacoust ic  spect rometer ,  

was recognized by Freese  and Teegarden (86). Their  r e s u l t s  

a r e  summarized i n  Table .,4.6. 

B.- Noise equ iva len t  power o f  t h e  photoacoust ic  c e l l  

The no i se  equ iva len t  power (NEP) of t h e  photoacoust ic  

c e l l  may be obta ined by combining Figures  4 -20  and 4.16 

and i s  presented as a  func t ion  of frequency i n  Figure  4 -22 .  

The no i se  equ iva len t  power of t h e  photoacoust ic  c e l l  r epre -  

s e n t s  t h e  amount o f  o p t i c a l  r a d i a t i o n  necessary  t o  produce 



Table 4.7.. Photoacoustic Detector Characteristics 

Operating temperature 300K 

Linear response 0 to 500 mW, limited by 
preamp saturation 

Detector area 2.85 cm 2 

Uniformity + 5% over entire detector - 
Frequency response 1Hz to "10 KHz 

Time constant limited by chopping frequency 
1.4 msec demonstrated 

: Responsivity (10.6 pm, 1KHz) 3.8 V/W incident upon 
window, cons.t'ant to 
within + 3%:at ... 6328 pm 
and 1.. 05 urn. 

NEP (lKHz, B-1Hz) "best" 75 nW 

NEP (1KHz; B-1KHz) "best" 3.7 pW 

NEP (1KHz , B=lHz) "typical" 1 pw 
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F i e u r e  4 . 2 2 .  NEP nf t h e  nhn+nnrn l l s+ i r  detector  as a function of frequency. 

* .  I I I 1 I I I I I  I  I I  I I I l l  

- TC= I SEC. - 
AB=.125Hz . 

- - 

- - 

- - 

l 

- l 
- 

0 .  - - 
'BEST 

I I I I I I I I I  I I I I I I l l  
10 100 I K 



a  1: 1 signal  t o  noise r a t i o ,  and i s  important t o  consider 

since the  MEP ef fec t ive ly  s e t s  a  lower l i m i t  on the  opt ica l  

powers which may be used i n  photoacoustic investigatior-s . 
In the  inf rared ,  where blackbody sources are  orders of ' 

magnitude lower than t h e i r  v i s i b l e  counterparts,  the  NEP 

i s  .of -  pa r t i cu la r  importance. 

Inspection of Figure 4.22 reveals t ha t  the  lowest 

HEP i s  found t o  occur a t  frequencies between 100 Hz and 

1 KHz. This i s  a  r e su l t  of the  f ac t  t ha t  the  noise de- 

creased as f - l . 3  while the  s ignal  only decreased as  f -  . 8 5  

A t  higher frequencies, the  vibrat ions of the  chopper notor 

became excessive, and the  MEP decreased. Thus, it would 

seem t h a t ,  when given .a ,  choice, the  optimum chopping f re -  

quency l i e s  around 500 KHz f o r  t h i s  c e l l .  

- .  c:.: 'Waveforms 

The waveforms of the  photoacoustic s ignal  were inves t i -  

gated by feeding the  output of the  microphone d i rec t ly  in to  

an oscil loscope. The resul t ing  oscillographs as  a  function 

of frequency are presented i n  Figure4.23 a-h. A t  20 Hz, 

we see t h a t  the  photoacoustic s ignal  r i s e s  and f a l l s  i n  a  

manner charac te r i s t i c  of thermal exci tat ion and de- 

exci tat ion.  The s ignal  also seems t o  have approached 

sa tura t ion  while the  source was s t i l l  on. This type of 

behavior would be indicat ive of other non-photoacoustic 

energy t rans fe r  mechanisms, such as  thermal shorting to  
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the photoacoustic c e l l .  A t  50 Hz, we not ice t h a t  the  

saturation e f fec t s  a re  nearly gone and the  waveform now 

approximates tha t  of a t r iangular  wave. Thus, it would 

seem that  the thermal shorting i s  no longer s ign i f i can t  

for  frequencies greater  than 50 Hz. This supports 

ea r l i e r  arguments regarding the  decrease i n  photoacoustic 

response a t  low frequencies. 

Around 400 Hz, on the  t r iangular  waveform has s t a r t ed  

t o  degrade, and there i s  evidence t o  suggest t h a t  an ad- 

d i t ional  s ignal  a t  approximately three  t ines  the  modula- 

t ion frequency has been added. A t  500 Hz, the  behavior i s  

not only magnified, but the 3f s ignal  also appears t o  

have been phase sh i f t ed  with respect t o  the  fundamental. 

This i n i t i a l l y  unexpected behavior nay be explained by 

considering the  3f Fourier component of t he  incident 

square wave pulse. A t  400 Hz, 3f = 1 . 2  KHz and the  Fourier 

component encounters the  Helznholz c e l l  resonant frequency. 

As such, it i s  amplified, and sh i f t ed  i n  phase. A t  600 

Hz, 3f = 1 . 8  KHz, and the Fourier component not only ex- 

periences acoustic gain, but i t s  phase has been sh i f t ed  by 

100" from the  fundamental. As a r e s u l t ,  the  t o t a l  wave- 

form i s  noticeably asymmetric a t  600 Hz. 

A t  800 Hz, we not ice tha t  the  3f component has a l -  

most completely disappeared, a r e su l t  which may be ex- 

pected s ince the  Fourier component i s  beyond the  c e l l  

resonances. A t  2 KHz, only the  fundamental frequency 



component remains, s i n c e  t h e  o t h e r  Four ie r  components a r e  

a l l  too  high f o r  t h e  microphone t o  respond. Thus, t h e  

t o t a l  waveform i s  n e a r l y  a p e r f e c t  s i nuso id .  

D. Temporal response 

The speed of  th:e: photoacoust ic  response was t e s t e d  

by i n s e r t i n g  a r o t a t i n g  s h u t t e r  i n  t h e  o p t i c a l  beam and 

monitoring . t he  output  o f  t h e  lock- in  ampl i f i e r  w i t h .  an 

osc i l loscope ,  a s  i s  shown i n  Figure 4.24. The speed of 

t h e  r o t a t i n g  s h u t t e r  was measured independently us ing  a 

Molectron P-1 p y r o e l e c t r i c  d e t e c t o r ,  and was found t o  have 

a 10% t o  90% r i s e t i m e  of  100 psec. The modulation f r e -  

quency was s e t  a t  1 . 3  KHz, and t h e  lock- in  time cons tan t  

s e t  a t  1 msec a t  6 db/octave.  The output  of  t h e  lock- in  

as  a  func t ion  of t ime i s  shown i n  Figure  ~ 4 . 2 5 .  The 10% 

t o  90% r i s e t i n e  was found t o  be 1 . 4  msec. A t  lock- in  

time constants  f a s t e r  than  1 msec, t h e  output  of  t h e  ampli- 

f i e r  f l u c t u a t e d  dramat ica l ly  due t o  t h e  1 . 8  KHz modulated 

s i g n a l .  Thus, we s e e  t h a t  t h e  speed of  response f o r  t h e  

e n t i r e  lock- in  photoacoust ic  de t ec t ion  system i s  l i m i t e d  

t o  times l e s s  than  t h e  per iod  of  t h e  modulation frequency. 

This f a c t  w i l l  be  u s e f u l  i n  t h e  next  chap te r ,  where w e  

consider  p h o t o ~ c o u s t i c  scanning r a t e s .  

E ': &. L i n e a r i t y  

The Linear i ty  of t h e  photoacoust ic  s i g n a l  was ex- 

amined by i n s e r t i n g  a w i re  g r i d  p o l a r i z e r  i n  t h e  po la r i zed  
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F igure  4.24.  Photoacoustic de tec to r  temporal response apparatus.  
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C02 beam, and monitoring the  output of  the  lock-in as a  

function of incident l a se r  power. The r e s u l t s  a re  shown 

i n  Figure 4 . 2 6  fo r  l a s e r  powers up to  500 mW. Inspection 

of Figure 

completely l inear  with 

tha t .  the  photoacoustic s ignal  

power within experimental e r ro r .  

t ha t  the  sample i s  not being heated up t o  

a  s igni f icant  mount above, ambient temperature, : i n  agree- 

ment with our theore t i ca l  predictions presented i n  

( 7 8 ) .  These r e s u l t s . a l s o  imply t h a t ,  up t o  powers of 
- 

500 mW, non-linear absorption mechanisms do not play a  

s igni f icant  ro le  i n  carbon black powder a t  1 0 . 6  pm. 



AVE OPTICAL POWER INCIDENT ON PAS DETECTOR (mW) 

C 

Figure 4 ; 2 6 .  Photoacous.tic c e l l  response a s  a func t ion  of 

i n c i d e n t  o p t i c a l  power. 



V. RESULTS 

51 1. Densification .. of CdCrZSeq 

In this section the densification of CdCr2Se4 will be 

described and results presented. Densification of powders 

can occur by several mechanisms, either concurrent and se- 

quential. Also, three stages of densification can be dis- 

tinguished as shown in Figure 5.1. 

Figure -1 shows a typical compaction curve during 

hot-pressing of CdCrgSe4 with a particle size.<lum. 

The first region (1) is referred to as the initial stage, 

where densification occurs non-isothermally. and isobarically 

between 350 and "710~~. Region I1 is the intermediate stage 

at constant temperature and pressure (-80MPa), and the third, 

region 111, is the final stage of densification at the highest 
0 

temperature (Tmax .. 750 C) and pressure (PmX 350MPa). 

5.1. I. Initial Stage 

During the initial stage of hot-pressing, after the 

clamping pressure has been applied, the temperature is in- 

creased linearly to the final hot-pressing temperature. 

During the heating period, rearrangement and fragmen- 

tation of the particles occurs. The densification rate or 

shrinkage rate of CdCr2Se4, E,  during the initial stage is 

greatly enhanced by the presence of selenium as shown in Figure 

5.2. Here the initial stage compaction of two samples with 

different selenium concentration is shown. The increased 



, T,IME, MIN. 

Figure 5.1. Typical shrinkage vs time curve for CdCr2Se4 
showing three stag= of densification. 



dens i f i ca t ion  ' r a t e  of sample , a  i s  a t t r i b u t e d  to  a  

selenium l i q u i d  phase a t  217°C = T < - 685°C. Liquid 

selenium f a c i l i t a t e s  the  rearrangement of the  p a r t i c l e s  

and therefore  a c t s  a s  a  lub r i can t .  A t  T ,> 500" C 

- 3 selenium has a  vapor pressure  of 24.3 .x  10 t o r r  and i t  

begins t o  evaporate r ap id ly .  This leads t o  the decrease 

i n  dens i f i ca t ion  r a t e  as  ind ica ted  by p la teau  A i n  

Figure 5 . 2 .  Also, thermodynamic considerat ions  of the 

pseudo-binary system CdCr2Se4: Se r u l e  out  the  p o s s i b i l i t y  

of the r eac t ion  of selenium with CdCr2Se4 to  form a  

l i q u i d  phase . s ince  t h i s  .does. not  occur u n t i l  about 890" C 

(16); Therefore during the  i n i t i a l  s t age  d e n s i f i c a t i o n  

does not occur by a  l i q u i d  phase mechanism bu t  by r e -  

arrangement and fragmentation of the  powders. 

The absence of selenium i n  the  v i r g i n  powders r e s u l t e d  

i n  a  decrease i n  dens i f i ca t ion  r a t e  and f i n a l  dens i ty  a t  

the  end of t h e - i n i t i a l  s t age .  A decrease i n  dens i f i ca t ion  

r a t e  i s  a l so .  observed in's'amples hot-pressed a t  lower 

clamping pressures ,  as  expected, See Figure 5 .3 .  It has 

ob served t h a t  more selenium 

lower clamping pressures : 

l i qu id  phase, fragmentation 

occur ' i n  a l l  

s  ing l e  c r y s t a l s  

'In 

evolves 

samples 

by b r i t t l e  

powders 

from the  

f r e e  of 

f r a c t u r e  

powder 

selenium 

i s  bel ieved 

observed i n  hot-pressed 

with a  p a r t i c l e  s i z e  0 .1-1.  hm, Figure 

(Fragmentat ion during the i n i t i a l  s tage  i s  de tec ted  by a  

I icl icking noise" only i.n samples withoet  f r e e  s,elenium). 

Fine powders (clym) .a re  found t o  have low.er d e n s i t i e s  



TIME, MIN. 
F i g u r e  5 . 2 .  E f f e c t  o f  s e l e n i u m  on the  d e n s i f i c a t i o n  b e h a v i o r  

o f  CdCr2Seq ( p .  s .  < lpm) d u r i n g  t h e  i n i t i a l  s t a g e ;  
(a) v i r g i n  powder c o n t a i n i n g  s e l e n i u m  and  (b)  e x c e s s  
s e l e n i u m  w a s  removed i n  f l o w i n g  He (99.999% p u r e )  
g a s  a t  400°C f o r  2 h o u r s .  
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Figure 5 . 3 .  Relative dens i ty ,  D ,  of CdCr2Seq ( p . s .  < lum) 
during the i n i t i a l  s t age  as a function oE 
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Figure 5.4. Microstructure of hot-pressed CdCr2Se4 
single crystals. 



throughout the  i n i t i a l  s tage  i n  comparison t o  the powders 

3 with a  p .  s .  5 20um and 3.0 '~  - 10 urn, Figure '5.5. However, 

t he  p u r e  powders have higher densif  i c a t i o n  r a t e s  because 

of the  l a r g e r  number of i n t e r p a r t i c l e  contac ts  and the  

higher sur face  f r e e  energy term y/r t o  the  dr iving force .  . 

I n  conclusion,, selenium i s  found t o  enhance t h e  den- 

s i f i c a t i o n  r a t e  o f  . CdCrZSe4 during the  i n i t i a l .  s t age  and 

f i n e  powdersdensify a t  higher  r a t e s  during t h i s  s t age .  

The coarse powders have higher i n i t i a l  d e n s i t i e s  but, t h e i r  

dens i f i ca t ion  r a t e  goes to  zero a f t e r  t h e  f i r s t  few minutes' ' . . ' ' 

implying the  absence of high sur face  r e a c t i v i t y .  However, 

although selenium increases  the dens i f i ca t ion  r a t e  and 

decreases the amount of decomposition, a s  w i l l  be seen i n  

Sec t ion .  5.2 .-2,  cannot be used a s  an i n h i b i t o r  de- 

composition and ' t o  i n c r e a s e  the densif  i c a t i o n  r a t e  because 
. . 

i t  i s  de le te r ious  t o  the o p t i c a l  p r o p e r t i e s .  

.5.1.2'. . Intermediate Stage . . 

Dur ina the  intermediate s tage  of dens i f i ca t ion  the 

powders have, r e l a t i v e  dens i t ies .  ranging from' 50% t o ,  80% ' , . . . 

5 and densify  a t  r a t e s  ranging from t o  10- per  

second depending on the  p a r t i c l e  s i z e ,  temperature and 

appl ied pressure .  Figure 5.5 shows t h a t  the  r e l a t i v e  

dens i ty  a t  the end of the  intermediate  s t age  increases  

with  decreasing p a r t i c l e  s i z e .  Also Figure 5 .6  shows 

t h a t  dens i f i ca t ion  a t  T > 650°C i s  a funct ion  of temperature. 



' TIME; MIN. 

F i g u r e  5 . ,5 ; R e l a f i v e  : d e n s i t y ,  D ,  o f  ' c d c r 2 S e 4  d u r i n g  
t h e  l n ~ t l a l  and intermediate s t a g e s  o f  den- 
s i f i c a t i o n  f o r  t h r e e  p a r t i c l e  s i z e s .  



TIME, MIN. 

Figure 5.6. Relative density, D, of CdCr2Seq (p.s. I lum) 
during the intermediate stnge of densification 
at T = 650°C, 685"C, 710°C, and 750°C. 



It is found.that during this stage; decomposition 

' of CdCrpSe4 into- the binary phases occurs according to. 

Equation 5.la,b 

+ Yiie + XV,, 

The amountof decompositon is found to be a function of - 
relative density at 700°C as shown in Figure 5.7. As the 

relative density increases the amount of second phase . .  .. 

decreases. In samples with relative densities . . greater 

than 75% the second phase concentration is too low to be 
. . 

detected by x-ray diffractometry. Decompositon, occurs in 

all samples hot-pressed with an initial particle size >5@ - , ' . 

under all hot-pressing conditions in the absence of a . . 

selenium vapor pressure. The excessive decomposition in 

large particle size powders is attributed to the presence 

of large voids at all stages of densification, even during 

the final stage at D > 90%. Figure 5.8 shows 'the x-ray 

diffraction pattern of CdCr2Se4 powder and hot-pressed, . . 

CdCr2Seq 

The decomposition mechanism of CdCr2Se4 during 

h ~ t - ~ r e s i i n ~  was verified by annealing experiments of 

the powders and the hot-pressed szmples . CdCr2Se4 powder 

and hot-pressed samples were annealed in a continuous 

vacJum and sealed ampules at 500'~ < - T c_ 700' C. These 



Figure 5 . 7 .  Relat ive dens i ty ,  D ,  of CdCr2Se4 ( p .  s  . 2 1 ~ )  
a t  the end o f  the  intermediate s tage  - vs % Cr2Se3 
(I (101) Cr2Se3/I (440) CdCr2Seq) . 



HOT-PRESSED 

Figure 5.8. X-ray diffraction p a t t e r n  of CdCr2Se4 powder and h o t - p r e s s e d  
CdCr2Se4 a t  small 2 0  values. 



experiments  showed t h a t  se lenium and cadmium sublimed 

i n d i v i d u a l l y  on to  t h e  c o l d  p a r t s  of t h e  f i r i n g  t u b e  i n  

a cont inuous  vacuum. In  t h e  s e a l e d  ampules se lenium 

and cadmium r e a c t e d  t o  form'  CdSe a f t e r  e v a p o r a t i o n  a t  

t h e  co ld  ends of  t h e  ampule. X-ray d i f f r a c t o m e t r y  of  

annealed  powders and h o t - p r e s s e d  CdCrZSe4 always showed 

t h e  p resence  of  t h e  s p i n e l  phase  and Cr2Se3 b u t  ve ry  

l i t t l e  CdSe thus  i n d i c a t i n g  t h a t  se lenium and cadmium 

evapora te  i n d i v i d u a l l y  and n o t  a s  CdSe. 

F i g u r e  5.9a', b shows t h a t  decomposi t ion of  CdCr2Se4 

occurs  between l a r g e  g r a i n s .  Also ,  once decomposi t ion 

t a k e s  p l a c e ,  u n l e s s  t h e r e  i s  a se len ium vapor p r e s s u r e  t o  

d r i v e  Equat ion  5'. 2 

t o  t h e  l e f t ,  l ong  d e n s i f i c a t i o n  t imes  d u r i n g  t h e  f i n a l  

s t a g e  do n o t  r e - r e a c t  t h e  b i n a r y  phases  i n t o  t h e  s p i n e l  

phase .  There fo re  t h e  p resence  o f  second phases can only 

b e  reduced by t r y i n g  t o  ach ieve  h i g h e r  * d e n s i t i e s  a t  t h e  

end of  t h e  i n t e r m e d i a t e  s t a g e  f o r  submicron powders. 

F i g u r e  5 . 1 0  shows an x - r a y  spectrum of  CdSe a t  a  

g r a i n  i n t e r s e c t i o n  a s  shown i n  F i g u r e  5 .11 .  F i g u r e  5 . 1 2  

shows t h e  x - r a y  spectrum of  t h e  CdCr2Se4 s u r f a c e  f o r  

comparison purposes.  Cr2Se3 w a s  n o t  observed a t  g r a i n  

boundary i n t e r s e c t i o n s  and was n o t  observed i n  t h e  rnicro- 

s t r u c t u r e  excep t  i n  h i g h l y  decomposed samples and i n  samples 

h i g h l y  e t ched  i n  b o i l i n g  70%9N03. F i g u r e  5.13a,b shsws an 
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Figure 5.10. X-ray spectrum of CdSe in hot-pressed CdCrZSeq 



Figure 5.11. S M  micrograph of CdSe in hot-pressed 
CdCspSev 
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Figure 5 . 1 2 .  X-ray spectrum of ho t -pres sed  CdCr2Se4. 



Figure 5.13. Opt ica l  micrographs o f  (a) polished surface 
o f  over decomposed hot-pressed CdCr2Se4 and 
(b) etched surface i n  70%HN03+H202 a t  room 
temperature. 



overdecomposed r e g i o n  w i t h . b o t h  C d S e , . a s  t h e  

l i g h t  p h a s e ,  and Cr2Se3 w i t h  t h e  p l a t e - l i k e  s t r u c t u r e .  

Even i n  samples w i t h  -3.5% Cr2Se3, t h e  Cr2Se3 was 

n o t  d e t e c t e d  by o p t i c a l  microscopy.  Overetched samples' 

however show t h a t  Cr2Se3 forms a t  t h e  s u r f a c e s  of  t h e  -.. 

g r a i n s  a s  i s  r e q u i r e d  by cha rge  n e u t r a l i t y  s i n c e  cadmium 

and se len ium e v a p s r a t e  t o  t h e  p o r e s  ( 8 7 ) .  

I n  summary, dur ing  ' t he .  i n t e r m e d i a t e  s t a g e .  two. ' . 

p r o c e s s e s  occur .  c o n c u r r e n t l y  : 

(1) d e n s i f i c a t i o n .  a i d e d  an e v a p o r a t i o n  condensa t ion  
. . 

mechanism of  t h e .  se l en ium and cadmium atoms . a t  
t h e ,  g r a i n  boundar.ies . 

( 2 )  decomposi t ion 'of CdCr2Se4 i n t o  Cr2Se3, .Cd(g) 

and Se2(g)  w i t h  t h e  e v e n t u a l  r e a c t i o n  of  Cd . . 

and Se . i f i t o  . CdSe i f  t h e  d e n s i f i c a t i o n  r a t e  i s  

n o t  h i g h  enough. 

5 . 1 . 3 .  F i n a l  S t a g e  . '  

The d e n s i f i c a t i o n  r a t e  d u r i n g  t h e  ' f i n a l  s t a g e  depends 

s t r o n g l y  on t h e  p a r t i c l e  s i z e  o f  t h e  s t a r t i n g  powders, 

t h e  h o t - p r e s s i n g  tempera ture  and t h e  a p p l i e d  p r e s s u r e .  

F i g u r e  5 .14  shows t h e  d e n s i f i c a t i o n  behav io r  of  CdCr2Se4 

a s  a  f u n c t i o n  o f  p a r t i c l e  s i z e .  The l a r g e  p a r t . i c l e s  

( 0 . 1  - :  l.Omm) d e n s i f y  a t  v e , r y  low r a t e s  ( -10-6/sec)  and 

r e a c h  a  f i n a l  r e l a t i v e  d e n s i t y  o f  <go%, - whereas t h e  f i n e  

powders d e n s i f y  a t  r a t e s  -10-(*/sec t o  d e n s i t i e s  g r e a t e r  

than  99%, F i g u r e  5 . 1 4 .  The incomple te  d e n s i f i c a t i o n  

f o r  l a f g e  g r a i n  s i z e s  i s  a t t r i b u t e d  t o  low m a t e r i a l - t r a n s p o r t  

because of  t h e  s m a l l  s u r f a c e  a r e a s  and thus  s m a l l  d r i v i n g  

f o r c e  and i n e f f i c i e n t  packing .  Also ,  i t  i s  e v i d e n t  from 
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Figure  5 .14 .  R e l a t i v e  d e n s i t y ,  D ,  d u r i n g .  t h e  f i n a l  s t a g e  ;of d e n s i f i c a t i o n  f o r  t h r e e  
p a r t i c l e s  s i z e o f  CdCr2Seq 



.PARTICLE SIZE, p m  . . 

. . 
F i g u r e  5 . 1 5 .  P o r o s i t y  o f  h o t - p r e s s e d  CdCr2Se4 , ys- p a r t i c l e  

s i z e ,  



the o p t i c a l  micrographs, Figure 5 .16a,b,  of regions ; p a r a l l e l  

t o  the applied pressure  t h a t  no p l a s t i c  deformation occurs 

i n  s ingle  c r y s t a l s  hot-pressed a t  e f f e c t i v e  s t r e s s e s  as  

high a s  ' 5 7 5 ~ ~ a .  The absence of p l a s t i c  deformation ind ica tes  

t h a t .  the  t r a n ~ i t i o ~  from b r i t t l e  to  p l a s t i c  behavior a t  

T c - 750°C has not  occured.. X-ray d i f f r a c t i o n  f u r t h e r  

' supports t h e  absence of p l a s t i c  deformation. X-ray r e l a t i v e  

i n t e n s i f i e s  of the (220), (222), and (400) l i n e s  of powders 

and hot-pressed samples vary only s l i g h t l y ,  P i p r e  -5 .8 ,  

wi th in  the experimental e r r o r ,  i nd ica t ing  t h a t  c r y s t a l l o -  

graphic tex ture  i s -  absent ,  (no pole f i g u r e  p l o t  was obtained) .  

Figure 5.17 shows t h a t  f o r  p a r t i c l e s  ~ 2 0 p m  - hot-pressed a t  

282MPa and 7 1 0 ' ~ ;  very s l i g h t  g r a i n  alignment along the 

t e n s i l e  d i r ec t ion  i s  observed. However, s ince  d e n s i f i c a t i o n  

of these powders t o  D = 99.25% took 45-90 minutes and s ince  

l a r g e  s ing le  c r y s t a l s  do no t  show p l a s t i c  deformation, the  

observed alignment i s  a t t r i b u t e d  to  a  movement of atoms 

from regions compression to  . region in '  tension 

d i f fus ion  mechanism. 

It i s  d i f f i c u l t  a t  t h i s  poin t  t o  say what the  main 

dens i f i ca t ion  mechanism f o r  CdCr2Se4 i s  a t  these tempera- 

tures  and pressures .  But from the  experimental da ta  pre- 

sented here ,  p l a s t i c  deformation can be e l iminated i n  a l l  

s tages  of dens i f i ca t ion .  Power-law creep as a  poss ib le  

dens i f i ca t ion  mechanism can a l s o  be el iminated s ince  densi-  

f i c a t i o n  r a t e s  as a  function of pressure ,  Figure 5.18,snow 

t h a t  f o r  applied pressures between 192-282MPa, the s t r e s s  



Figure 5 . 1 6 .  Optical micrographs of hot-pressed CdCr2Seq 
single crystals (a) perpendicular to aa and 
(b) parallel to aa. 





: H-P CdCr2Se4 

- PARTICLE SIZE: s l p m  

APPLIED ,PRESSURE 6,. MPa 

Figure 5.18. Shrinkage rate, i at D = 97.5% and T = 710°C 
vs - applied pressure, oa, of CdCr2Se4. 



exponent n ,  Equation 5 . 3 ,  a t  a  r e l a t i v e  dens i ty  

D = 97.5% i s .  1 .15 .1 .  

.* , Aa . exp 
E - 

dm 

The value n  = 1 . 1 5 .  1 i s  i n  agreement with Newtonian flow 

and hence d i f fus iona l  creep.  However, the  g r a i n  s i z e  

exponent rn determined f o r  our ma te r i a l  i s  -0 .75 ,  

Figure 5.19, i n  disagreement with both the Coble g ra in  

s i z e  exponent o f . .  2 and the Nabarro-Herring g r a i n  s i z e  

exponent of 3 .  The disagreement i s  bel ieved t o  be  due 

t o  the cont r ibut ion  of severa l  mechanisms t o  .the dens i f i -  

ca t ion  and a l s o  the p,resence of second phases and non- 

s  toichiome t r y .  

Fur ther , .  i t  i s . -  found t h a t  during . the  f i n a l  s t age  . the  

dens i f i ca t ion  r a t e ,  . , dexermined by dD where D = r e l a t i v e .  

densi ty ,  decreases with second phase concentrat ion,  Figure 5.20.  

The decrease i n  the steady s t a t e  d e n s i f i c a t i o n  r a t e  i s  due 

to  second phase concentration a t  the  g r a i n  boundaries and 

g r a i n  i n t e r s e c t i o n s .  The separa te  e f f e c t  of the second 

phases has not been determined. But, because of the  more 

r e f rac to ry  nature  of Cr2Se3 (Tmp 2 1 5 0 0 ' ~ )  compared to  

CdSe (Tmp 2 12809C) and i t s  non-cubic s t r u c t u r e ,  Cr2Se3 

i s  more l i k e l y  t o  have a  l a rge r  e f f e c t .  Also, microstruc- 

t u r a l  observations ind ica te  t h a t  Cr2Se3 forms mainly a t  

the gra in  boundaries due to  the decomposition mechanisms 

and thus decreases mater ia l  t r anspor t  across  the boundary (88) .  



PARTICLE SIZE d ,  pm 

F i g u r e  5 . 1 9 .  s h r i n k a g e  r a t e ,  a t  D = 97.5% a t  T = 7 1 0 " ~  and oa = 2 3 4 M P a  vs - p a r t i c l e '  
s i z e  of C d C r 2 S e q  



a'. 

Figure 5 . 2 0 .  Shrinkage r a t e ,  , a t  D = 98% %Cr2Se3 
(I (101) Cr2Se3/I (440) CdCr2Se4) . 



Dsensi f ica t ion  i s  a t h e m a l l y  a c t i v a t e d  process  

as shown i n  Figure  5.21. The ' a c t i v a t i o n  . 

energy f o r  d e n s i f i c a t i o n  f o r  t h e  < l p m  - p a r t i c l e s  and 

< - 20pm p a r t i c l e s  i s  27.5cal /mole and 29.. 1Kcal/mole r e s p e c t i v ' e l y  . 

The disagreement of t h e  a c t i v a t i o n  energy f o r  t h e  two 

p a r t i c l e  s i z e s  i s  . a t t r i b u t e d  t o  non-s to ich iomet r i c  e f f e c t s  

and/or  t o  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  g r a i n  ' s i z e  : 

s e n s i t i v e  me-chan'isms . ' Figure  5 . 2 2  shows t h a t  teniperatures  . 

of 700-750°C and f i n e  powders a r e  necessa ry  t o  achieve  h i g h  

r e l a t i v e  d e n s i t i e s .  

I n  conclusion, .  d e n s i f i c a t i o n  of  CdCr2Se4 occurs  

by rearrangement and f ragmenta t ion  dur ing  t h e  i n i t i a l  

s t a g e .  A t  T - > 500°C an evapora t ion-condensa t ion  of  

cadmium and selenium i o n s  takes  p l a c e  w i t h  r e - o r d e r i n g  of  

' t h e  g r a i n s .  During t h e  i n t e r m e d i a t e  s t a g e ,  evapora t ion  

and condensat ion of  se.lenium and cadmium leads  t o  decompo- 

s i t i o n  w i t h  t h e  format ion  of CdSe. 

During t h e  f i n a l  s t a g e ,  t h e  h igh  atomic m o b i l i t y  o f  

selenium .and cadmium a long the' g r a i n  boundaries  i s  thought  

t o  c o n t r i b u t e  t o  t h e  d e n s i f i c a t i o n  and a l s o  to 'decompos i t ion  

' i f  t h e  d e n s ' i f i c a t i o n  r a t e  i s  n o t  h igh  enough. Also a  

s t r e s s  exponent of n  = 1 . 1 2 . 1  i s  found f o r  t h e  < l u m  - powders 

i n  c l o s e  agreement w i t h  Newtonian mechanisms. The a c t i v a -  

t i o n  energy f o r  d e n s i f i c a t i o n  i n  27.3Kcal/mole and 29.1Kcal/mole 

f o r  c l p m  - and <20pm - p a r t i c l e s  r e s p e c t i v e l y .  F u r t h e r ,  i t  

i s  found t h a t  second phases dec rease  t h e  d e n s i f i c a t i o n  r a t e  

and a l s o  p reven t  complete d e n s i f i c a t i o n  of CdCr2Se4. 

Considering t h e  exper imenta l  d a t a  ob ta ined  s o  f a r  

submicron p a r t i c l e s  of CdCr2Se4 f r e e  of second phases 



Figure 5 . 2 1 .  Teinperature dependence of the  shr inkage r a t e ,  
E ,  of CdCr2Se4 dur ing the  f i n a l  s t a g e  of 
d e n s i f i c a t i o n  a t  D = 9 7 . 5 % .  



TEMPERATURE T,OC 

vs temperature Figure 5 .22 .  Final relative density, DFj - 
for two particle sizes. 



are needed t o  achieve r e l a t i v e  densi t ies  g rea te r  than 99 .6%.  



5 . 2 .  O p t i c a l  P r o p e r t i e s  o f  CdCr2S4, CdCr2Se4 & (1-x)CdCr2S4-xCdCr2Se4 

5 . 2 . 1 .  Hot-Pressed CdCr2S4 

F igure  5 .23  shows t h e  i n f r a r e d  s p e c t r a  o f  h o t -  

p r e s s e d  CdCr2S4 a t  T = 297K and 77K. There a r e  t h r e e  

main f e a t u r e s  t o  be  n o t e d .  The f i r s t  occurs  a t  s h o r t  

wavelengths.  A t  room tempera ture  t h e r e  i s  a broad 

a b s o r p t i o n  band from 2.8pm t o  5.2pm (0.24ev - 0.44ev) . 

A s  t h e  tempera ture  i s  lowered t o  -140K t h e  a b s o r p t i o n  

band sharpens  i n t o  t h r e e  d i s t i n c t  bands A ,  B and C 

a t  e n e r g i e s  0.4ev.  0 .35ev and 0;28ev r e s p e c t i v e l y  a s  

shown i n  Figure  5 .23 .  T h e n  a s  the temperature i s  lowered 

below t h e  Cur ie  temperature (84.5K) t o  77K t h e  0 .4ev  

band dec reases  a s  shown i n  Figure  5 .24 . '  These bands 

a r e  a s s o c i a t e d  wi th  s u l f u r  d e f i c i e n c i e s  intr .oduced 

dur ing  h o t - p r e s s i n g  a t  a temperature of  900°C an'd an 

a p p l i e d  p r e s s u r e  o f  234MPa. Since t h e  bands a r e  be-  

l i e v e d  t o  be  due t o  s u l f u r  d e f i c i e n c i e s  they  a r e  .most 

probably donor bands,  E q u a t i o n  5 . 5 ,  a s  a l s o  - s e e n  by 

Miyatami (59)  . 

The charge compensation a s  a l r e a d y  d i s c u s s e d  i n  Chapter 3 .  

i s  accomplished by t h e  formation of  c r2+ ,  Equation 5 . 6 ,  

on t h e  o c t a h e d r a l  s i t e s .  
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Figure  5 .23 .  I n f r a r e d  a b s o r p t i o n  spec t rum o f  h o t - p r e s s e d  CdCr2Si. 
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Figure  5 . 2 4 .  I n f r a r e d  a b s o r p t i o n  s p e c t r a :  of  h o t - p r e s s e d  
. . CdCr2Sq as a f u n c t i o n  o f  t empera tu re  showing 

the s u l f u r  d e f i c i e n t  band-s.. 



A second f e a t u r e  t h a t  i s  obse rved  i n  many. samples o f  h o t -  

p r e s s e d  CdCr2S4 i s  a .  ve ry  s h a r p  a b s o r p t i o n  band,  D ,  

a t  0 .29ev.  Th i s  a b s o r p t i o n .  band i s  a t t r i b u t e d  t o  carbon 

monoxide t r apped  i n  t h e  powder.  The o r i g i n  of  t h e  CO 

i s  most probably  from t h e  mechanical  pump o i l .  Samples 

h o t - p r e s s e d  i n  a vacuum system w i t h  P - < 1 0 - ~ t o r r  and 

a l i q u i d  n i t r o g e n  c o l d  t r a p  d i d  n o t  show t h e  s h a r p  ab-  

s o r p t i o n  band, 

A t h i r d  f e a t u r e  t h a t  i s  obse rved  a t  l o n g e r  wave- 

l e n g t h s  i s  an impur i ty  r e s t s t r a h l  band a t  9.3pm. Th i s  

band i s  a t t r i b u t e d  t o  t h e  r e s t s t r a h l  o f  t h e  SO; complex. 

The s u l f a t e  i o n s  a r e  thought  t o  form a t  h i g h  tempera ture  

by t h e  r e a c t i o n  o f  s u l f u r  t r a p p e d  a t  pores  and oxygen 

p r e s e n t  i n  t h e  powder because  o f  an improper o u t g a s s i n g  

procedure p r i o r  t o  h o t - p r e s s i n g  . 
F i n a l l y ,  t h e  f o u r t h  and most impor tan t  f e a t u r e s  a r e  

t h e  i n t r i n s i c  multiphonon a b s o r p t i o n  bands a t  A > lourn .  . 

Two-phonon a b s o r p t i o n  bands have a l r e a d y  been observed (35) 

and combination phonon f r e q u e n c i e s  a s s i g n e d  LU them. In 

t h i s  work a d d i t i o n a l  a b s o r p t i o n  bands due t o  three-phonon 

a b s o r p t i o n  were observed and a  new assignment  i s  made t o  

tile r e p o r t e d  two-phonon a b s o r p t i o n  band o c c u r i n g  a t  

A = 12.5um (800cm-I). F igure  5 .25  shows t h e  spectrum of  

h o t - p r e s s e d  CdCr2S4 2 t  X >9.5pm showing t h e  multiphonon 

a b s o r p t i o n  bands from 10.24pm t o  15.55pm. Table  5 . 1  l i s r s  

t he  two- and three-phonon s1.m f r e q u e n c i e s  ass ignments  t o  

t h e  a b s o r p t i o n  bands shorjn i n  F i g u r e  5 . 2 4 .  The v a l u e s  o f  
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F i g u r e  5 . 2 5 .  I n f r a r e d  a b s o r p t i o n  spec t rum o f  h o t - p r e s s e d  
CdCr2S4 showing two and three-phonon a b s o r p t i o n  
bands l i s t e d  i n  T a b l e  5 . 1 .  



TABLE 5.1. MULTIPHONON ABSORPTION BANDS IN HOT-PRESSED CdCr2S4 
- 
ABSORPTION BAND PHONON WAVENUMBER/WAVELENGTH WAVENUMBERIWAVELENGTH 

NUMBER COMEINATION crn-l/pm crn-ll prn 
(Fig. 5.25) THEORETICAL MEASURED 



. . . . 

the t ransverse  and. longi tudina1 o p t i c a l  phonon frequencies 

a r e ,  l i s t e d  i n  Table 3.4. 

Therefore, i n  addi t ion t o  - the  two-phonon absorpt ion . .. 

bands three-phonon absorpt ion bands a re  found t o  i n t r i n -  

s i c a l l y  l i m i t  CdCr2S4 a t  h > 10um. Thus, i t  i s  necessary ' ' 

t o  inves t iga te  o t h e r m a t e r i a l s  t h a t  a r e  no t  i n t r i n s i c a l l y  . .  

l imi ted .  In  t h e . n e x t . s e c t i o n s  the  o p t i c a l  p roper t i e s  of 

CdCr2Se4 and (1-x)  CdCr2S4 :x CdCr2Se4 a r e  described.  

5 .2 .2 .  , Hot-Pressed CdCr2SeL 

Figure 5.26 shows a  typ ica l  i n f r a r e d  spectrum of 

hot-pressed CdCrpSe4. A t  long wavelengths the wavelength 

dependence of the transmission i s  ind ica t ive  of f r e , e -ca r r i e r  ., 

absorption.  Also, a  'very s t r o n g  absorption band a t  

h - > .  16. &~m i s  present .  This a s  a l ready observed i n  . . . . 

CoCr2S4 and CdCr2S4(89) i s  most probably due. t o  t h e  . : . . 

Cr203 ' r e s t s t r a h l .  A t  shor t  wavelengths the: wavelength 
. . 

dependence i s .  i nd ica t ive  of s c a t t e r i n g .  

In  t h i s  sec t ion '  the sources .of o p t i c a l  .a t tenuat ion.  
. . 

i n  ho t -pressed CdCr2Se4, a r e  described and the , a t t e n u a t i o n . ,  

c o e f f i c i e n t '  reduced. 

. . A .  E1,ectron. i~.  Absorption 

Our experiments ind ica te  t h a t  f r e e - c a r r i e r s  c o n t r i -  

bute to  the increase i n  absorption a t  X - > 4.5pm with 

wavelength. The temperature dependence of the absorption 

a t  1 > - 4.5pm i s  cons is ten t  with f r e e - c a r r i e r  quenching 





a t  l i q u i d  ni t rogen temperature as  shown i n  Figure 5 .27 .  

Room temperature r e s i s t i v i t y  measurements a l so  ind ica te  

t h a t  f r e e - c a r r i e r s  a r e  responsible  f o r  the  high absorp- 

t i o n  a t  long wavelen.gths. Figure 5.28 shows t h a t  t h e  

a t tenuat ion  coe f f i c i en t  a t  X = 10.6pm ' increases  with 

decreasing r e s i s t i v i t y .  as expec.ted. However, the at tenua- 

t i o n  coe f f i c i en t  d o e s n o t  follow the c l a s s i c a l ' .  A 2 .  . 

dependence: T h i s i s  due t o  a  number of f a c t o r s . .  The 
. . 

most important i n  our case a r e  the  o p t i c a l  s c a t t e r i n g ,  

which w i l l  be described i n  Section 5 . 2 .  2 B ,  and Cr20j  . .  

r e s t s t r a h l  contr ibut ions t o  the a t t e n u a t i o n  c o e f f i c i e n t .  . . . 

Our experiments f u r t h e r  i n d i c a t e  t h a t  the f r ee -  
. , .  

c a r r i e r s  responsible  f o r  absorption a t  .long wavelengths' 

a r e  associated with excess selenium present  i n   he " 
. . 

v i r g i n  powder. We have shown t h a t  CdCr2Se4 powders . . 

formed by the .  co-prec ip i ta t ion  o f  hydroxides and.by the , . 

. . . . 
d i r e c t  reac t ion  of the  binary phases contain free. 

selenium. Upon hot-pressing f r e e  selenium g e t s  t rapped.  
. . 

a t  gra in  boundaries and r e a c t s  with . CdCr2Se4 a t  high 
. . 

' temperature. The r e a c t i o n  occurs as  shown i n  Equation . . 

5.6a.  

X *7100C CdCr2Se4+y ( s )  + CdCr2Se4(s) + ZSe2(.g) -+ 



WAVELENGTH A ,  pm 

F i g u r e  5 . 2 7 .  I n f r a r e d  absorption o f  h o t - p r e s s e d  CdCrzSeq - 
(as gruwn) conra in ing  excess selenium a t  
297 K a n d  77 K. 
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Figure 5.28. Room temperature electrical resistivity vs - 
zttenuation coefficient a-t.' x = , l o .  6 ! ~ m .  



As shown i n  Equation 5.6b charge compensation i s  believed 

4+: t o  occur by the formation of C r  

Excess selenium was observed by SEM i n  conjunction 

with an e l ec t ron  microprobe. Figure 5.29 shows an x-ray 

spectrum of a  pore f i l l e d  with selenium. Also, s ince  f r e e  

selenium has a  h i g h v a p o r  pressure  and r e a c t s  r ead i ly  

with H2 i t  was always detected as a  foul  odor during 

the  grinding and pol ishing of the hot-pressed samples. 

Elec t ronic  absorption due t o  f r e e - c a r r i e r s  was r e -  

duced by removing selenium from the  v i r g i n  powders by two 

methods. 

(1) by t r e a t i n g  .the powders a t  T - 4 0 U 0 C  i n a  

flowing dry he l iumgas  f o r  2 h o u r s  , p r i o r :  t o  

. hot-pressing;  

(2 )  b y  lowering the clamping pressure  a f t e r  the  

outgassing period from 78MPa to  19MPa during 

the hea t ing  p.eriod from 350-710°C. 

' Removal of selenium during t h e  hear ing .  period proved to  be 

more successful  and f a s t e r .  Removal of f r e e  selenium from 

the powders caused a  decrease i n  a t t enua t ion  coe f f i c i en t  

a t  long wavelengths with decreasing clamping pressure  as 

shown i n  Figure 5 . 3 0 .  The decrease i n  a t t enua t ing  c o e f f i c i e n t  

was found t o  be d i r e c t l y  r e l a t e d  to  the free-selenium evo- 

l u t i o n  during the i n i t i a l  s tage of d e n s i f i c a t i o n .  As 



. . .  

F i g u r e  5 . 2 9 .  X-ray spec t rum o f  se len ium i n  h o t - p r e s s e d  CdCrZSeq, 



H-P CdCr2Se4 0 78 MPa 
A 39. .MPa 

'WAVELENGTH A, p m  

Figure 5 . 3 0 .  Room temperature i n f r a r e d  absorpt ion s p e c t r a  
of ho t -pressed  CdCr2Se4 (era = 234Wa, T = 710°C) 
as a functiori  o f  c l m q i n g  p re s su re .  



fu r the r  evidence tha t  free-selenium r e a c t s  'with CdCr2Se4 

during hot-pressing t o  c r e a t e  f r e e - c a r r i e r s  i s  the  

absence of f r e e - c a r r i e r  absorption i n  the v i r g i n  powders. 

Photoacoustic spectroscopy was r ecen t ly  used - to  obta in  

i n f r a r e d  spec t ra  o f  as ,grown- powders t 7 8 ) .  Figure 5 .31 

shows a typ ica l  in f ra red  spectrum of CdCr2Se4 (p. s .  < - lpm) 

showing a broad e l e c t r o n i c  absorption band a t  shor t  wave- 

l e n g t h s  but  no f r e e - c a r r i e r  i s  observed. Thus ind ica t ing  

t h a t  se.1eniu.m doping occurs during the .  ho t.-pres s ing  

process.  . However i n  'powders formed from the b i n a r y s e c o n d  

phases , (p.  s .  < - 20pm) f r e e - c a r r i e r  a t  long wavelengths i s  

observed, Figure 5.32. This i s  a t t r i b u t e d  to  the long 

reac t ion  times to  form the powders and the eventual  trapping 

of selenium during the growth process .  Treatment of the 

powders i n  flowing He a t  500°C removed some selenium and 

reduced f r e e - c a r r i e r  absorption as  shown i n  Figure 5.33.  

~ o t - p r e s s i n g  time. a t  the  op ti- hot-pressing tempera- 

t u r e  and pressure has been found to  have' an e f f e c t  on 

t h e  e.lc?.ctx.i c,aI resi,stj . .vtty -beha.vi.nr o f  h , a t -p ressed  

CdCrZSe4. below the Curie temperature.  Figure 5 . 3 4  shows 

the temperature dependence of the  e l e c t r i c a l  r e s i s t i v i t y  . 
A t  low temperatures approaching the Curie temperature  the 

r e s i s t i v i t y  changes slope and i t  increases  with  decreasing 

hot-pressing time. This behavior ind ica tes  t h a t  the slope 

i s  dependent on the 4 cadmium and selenium def ic iency .  

-- Also, s ince the e l e c t r i c a l  r e s i s t i v i t y  behavior i s  ind ica t ive  
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of n-type conduction (27) selenium l o s s  must be higher  

than t h a t  of cadmium. Calculations of the a c t i v a t i o n  

energy f o r  e x t r i n s i c  conduction(90) show t h a t  the  a c t i -  

vat ion energy of CdCr2Se4 hot-pressed f o r  t = 20 minutes 

i s  0.23ev. The value of Ea  = 0.23ev i s  i n  exce l l en t  

agreement with the ac t iva t ion  energy of selenium de- 

f i c i e n t  CdCr2Se4 s i n g l e .  c r y s t a l s  (91). 

Figure 5.35 shows the i n f r a r e d  spectrum of hot-  

pressed CdCr2Se4 w i t h  a  room temperature r e s i s t i v i t y '  

3 grea ter  than 1 . 5  x  10 Qcm a t  297K and 77K. Two important 

fea tures  must be noted here .  The f i r s t  i s  the  absorpt ion 

band a t  E -0.23ev a t  l i q u i d  ni t rogen temperature. This 

band i s  assoc ia ted  with a  selenium d e f i c i e n t  b a n d .  This 

i s  again,  i n  exce l l en t  agreement wi th .  the  published 

d a t a ( 2 6 , g l ) o n  s ing le  c r y s t a l s  a n d w i t h  t h e  e l e c t r i c a l  

r e s i s t i v i t y  measurements of the  same s a q l e .  The second 

- 1 
fea ture  t o  be noted-  i s  a  decrease of -6cm i n .  absorp- 

t ion  coeff ic , ient  a t  l i q u i d  ni t rogen temperatures  i f  the  

index of . r e f rac t ion  i s  kept cons ' tant .  , The decre.ase can 

be a t t r i b u t e d  to  a  decrease i n  number of f r e e - c a r r i e r s  

a t  grain  boundaries and/or a  decrease i n  index o f  r e f r a c -  

t i o n .  I f  i t  i s  assumed t h a t  the  increase i n  transmission 

i s  due to  a  decrease i n  index of r e f r a c t i o n  a  dn/dT of 

- 7  x ~ O - ~ / K .  i s  obtained.  S . Jacobs CL) , however, found t h a t  

dn/dT f o r  CdCr2S4 w a s  very small and not  enough t o  

account fo r  the change i n  t ransmit tance.  This may a l so  



Figure  5 . 3 5 .  I n f r a r e d  absorp t ion  s p e c t r a  o f  h ~ t - ~ r e s b e d  cdcr2se4  (p .  s .  <lpm) ' a t  
- .  

room temperature and l i q u i d  n i t r o g e n  tempera ture .  



be t rue  i n  CdCrZSe4 i n  which case the increase  i n  t rans-  

mission cannot be accounted f o r  a  decrease .in n .  And 

t h e  dec rease . in  a t tenuat ion  can b e ' a t t r i b u t e d  t o  c a r r i e r .  
. . 

quenching. . . .  

In  summary', ' the l a rge  absorpt ion i n  hot-pressed 

CdCr2Se4 a t  long wavelengths i n d i c a t i v e  of f r e e - c a r r i e r .  

absorption was found t o  be due t o  holes  introduced by 

excess selenium present i n  the v i r g i n  powders. Free- 

c a r r i e r  absorption was reduced by removing selenium from 

t h e  powders during t h e  i n i t i a l  s t age  o f  dens i f i ca t ion .  

The lowest absorption c o e f f i c i e n t  obtained a t  10.6pm 
-1 

was 12.lcm a t  room temperature. Also, samples with ab- 
- -1 

s o r p t i o n  coe f f i c i en t s  lower than 25cm a t  10.6pm were 

found to  h a v e  room temperature . e l e c t r i c a l  r e s i s t i v i t i e s  

3  g r e a t e r  than ' 1 . 5  x 10 Qcm. . I n -  add i t ion ,  these sampl-es 

had an e l e c t r i c a l  r e s i s t i v i t y  behavior i n d i c a t i v e - o f  

n-type conduction with an a c t i v a t i o n  energy f o r  ' e l e c t r i c a l  

conduction of - 0.23ev between .200K-297K. 
. . 

B, Scattering 

I n . t h e  l a s t .  sec t ion  i t  was shown t h a t  the  i n f r a r e d  

a t tenuat ion  of hot-pressed CdCr2Se4 va r i e s  very l i t t l e  , . 

with temperature  f o r  samples with room temperature e l e c t r i -  

c a l  r e s i s t i v i t i e s  higher than 1 . 5  x 1o3S2cm as shown i n  

Figure 5 .35.  This ind ica tes  t h a t  the  r e s idua l  a t tenuat ion  

i s  due to  a  temperature i n s e n s i t i v e  mechanism such as  

s c a t t e r i n g .  M i c r o ~ t r u c t u r a l  and x-ray diffraction s tud ies  



Figure 5.36. Etched surface of hot-pressed CdCr2Se4 (zl~m) . 



. . 

. of hot-pressed CdCr2Se4 show t h a t  pores and second 

phases,, CdSe and CrpSe3, a r e  present  as shorn i n  . . 

F i g u r e  5.36 and Figure 5.8.  Also i n f r a r e d  spectro-  

photometry shows two s t rong absorption bands a t  16.3vm 

and 18,. 9pm. These bands were. found t o  be due . t o  . . . . 

Cr203 r e s t s t r a h l  processes,,  Figure 5 .35.  T h e v a l u e s  
\ 

of T .  0 .  and T .  0 ,  a re  i n  c lose  agreement with the 

published values o f  T!O. l  and T.0.  2 (  9 2 , 9 3 )  of 16.2pm 

(618cm-l) and 18.2pm(550cm-l). Therefore i t  i s  :most 

l i k e l y  tha t  the  r e s idua l  absorption observed i s  due t o  

sca t t e r ing '  by pores due to  incomplete d e n s i f i c a t i o n ,  

second phases, CdSe and Cr2Se3, introduced mainly 

by the decomposition of CdCr2Se4 during hot-pressing , ; 

and . ' C r Z O i  present  i n  the ,  as grown. powders. 

Figure 5.37 shows t h a t  t h e  a t t enua t ion  c0ef 'f icien.t  

a t  10.6vrn decreases with increas ing  poros i ty  and t h a t  

d e n s i t i e s  , g r e a t e r  than 99.. 8% are  necessary f o r -  a t tenua-  

t i o n  c o e f f i c i e n t  - <lcrn-I a t  10.6pm. As shown i n  Chapter 

5 . 1 ,  poros i ty  i n  hot-pressed' CdCrZSe4 a r i s e s  from i n -  

complet-e dens i f ica t ion  due t o  second, phases i n  t h e  as 

grown powders and from decomposition during the intermediate 

s tage  of dens i f i ca t ion .  Figure 5.38 shows t h a t  the 

a t tenuat ion  coe f f i c i en t  a t  10.. 6pm increases '  with second 

phase concentration.  A l e a s t  squares f i t  shows t h a t  a t  

zero concentrat ion,  according t o  x-ray diff ractometry , 

che af tenuat ion  coe f f i c i en t  i s  14cm-'. This value 

however i s  high because x-ray diff ractometry i s  not 



ATTENUATION ' C O E F F ~ C ~ E N T  (CI + T )  A T  10.6~rn.cm-I 

Figure  5 . 3 7 .  At t enua t ion  c o e f f i c i e n t  ( a  + r )  a t  A = 1 0 . 6 ~ m  
vs - p o r o s i t y  o f  h o t - p r e s s e d  CdCr2Se4 ( p .  s .  < - l u m )  . 



\ 

Figure 5 . 3 8 .  Cr2Se concentra~ion, (I (101) Cr2Se3/ 
I (440fCdcr2~e4) , vs attenuation coefilcrent 
at 1 0 . 6 ~ m  in hot-pressed CdCr2Seq 



sensitive to concentrations less than -1%. Figure' 5 139  

further shows that decomposition' .which is respons.ible 

for the incomplete densification and therefore scattering, 

occurs during the intermediate stage of densification. 

The effect of. incomplete densification can also be seen . , 

in samples hot-pressed at temperatures lower than 710°C. 

Figure 5.40 shows that the attenuation coefficient at . . 

10.6~m is a minimum at a hot-pressing temperature of 

-710°C. At. temper~atures..less than 71O0C,.the material 

does not densify completely and .less. free-selenium: eva- . . 

porates during the soaking p.eriod. 

more decomposition occurs and 

temperatures 

thus the 
. . 

in. attenuation. The effect -of density and decompos'ition . . 

. . .is also. seen in samples hot-pre.ssed at lower final . . 

pressures as .shown .in Figure 5.41.. At lower fin.al pressures, . 
.. , 

more selenium and cadmilrm evaporate thus increasing the 
. .  . 

amount of decomposition. A t  higher pressures, o n  the other. 

the high attenuation is attributed to gas entr.appment 

and a lower electrical resistivfcy. 

As shown in Section 5.1 fine powders (p. s. <_ lpm) 

densify to higher relative densities than coarse .partFcles 

( <  - 20pm) and single crystals (0.01 - 0 .  lcm) . Figure 5.42 

shows that in hot-pressed CdCrqSe4 with two particles 

3 sizes and resistivities higher than 1.5 x 10 Rcm 

scattering is much Larger in coarse powders. This is 

attributed to the incowlet= densification and presence 



Figure 5 . 3 9 .  Attenuation c o e f f i c i e n t  (a + T )  a t  X =10.6um 
vs - r e l a t i v e  dens i ty ,  D ,  a t  the  end of the  
intermediate s tage  of dens i f i ca t ion .  
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Figure 5.'40. Attenuation coefficient' ( a  + r )  a t .  ;i = 10 ;6vm . , . 

of hot-pressed CdCrpSe4 y s  hot-pressing 
temperature. 



H-P PRESSURE AT 710°C ua, MPa 

Figure 5.41. Attenuation coefficient (a + r) at A = 10.6um 
of hot-pressed CdCrZSe4 hot-pressing pressure. 
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F i g u r e  5 . 4 2 .  I n f r a r e d  absorption s p e c t r a  of  hot-pressed 
CdCrgSe4 with two p a r t i c l e  sizes. 



of second phases a t  gra in  boundaries. I 

A fu r the r  ind ica t ion  t h a t  second phases cause 

severe s c a t t e r i n g  i n  hot-pressed CdCr2Se4 i s  seen 

i n  Figure 5.43.  In these samples the second phase 

concent ra t ion  was changed by increas ing  the  outgassing 

time thereby los ing  selenium and a id ing  decomposition. . . 

. . 
The selenium deficiency i s  c l e a r l y  seen i n  the spec t ra ,  

' Figure 5 . 4 ,  showing the vide absorption band centered a t  

-0.23ev. The s c a t t e r i n g  a t  shor t  wavelengths i s  

a t t r i b u t e d  to  the higher concentration of second phases 

and a l s o  t o  t h e  l a rge r  s i z e  o f  CdSe . as micros t ruc turea l  

observations show. Cr2Se3 i s  not  detected by o p t i c a l  

microscopy nor.  i s  i t  detected by S E N  with an. e l ec t ron  

microprobe attachment. 

In  summary, r e s idua l  a t tenuat ion  i n  hot-pressed 

CdCr2Se4 i s  caused mainly by pores and second phases 

present  mostly as a  consequence of decomposition during 

ho t -p ress ing .  

5 .2 .3 .  . Hot,-Pressed ( l -x)  CdCr2S4 * x  CdCr2Se4. 

Figure 5.44 shows the i n f r a r e d  spec t ra  of the physical  

mixtures of as grown CdCr2Se4 and CdCr2S4 f i n e  powders 

( p .  s .  5 lpm) . Three fea tures  can be observed. A s  the  

compositional parameter x increases  the a t tenuat ion  

c o e f f i c i e n t  decreases.  Also, the  increase  i n  a b s o r ~ t i o n  

a t  long wavelengths with increasing wavelengths has a  

d i f f e r e n t  wavelength dependence. The decrease i n  a t tenuat ion  
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Figure 5 .43 .  I n f ~ a r e d  absorpt ion  of  hot -pressed  cdc r2Se i  showing t h e  i n -  
c reased  a t t e n u a t i o n  of  s h o r t  wavelength caused by second phases .  



WAVELENGTH 1, prn 

Figure 5.44. Infrared absorption spectra of hot-pressed 
(1-x)CdCr2S4*xCdCrZSe4 as a function of 

composition. 



c o e f f i c i e n t  and t h e  change i n  t h e  wavelength dependence 

i s  a t t r i b u t e d  t o  a  d i l u t i o n  e f f e c t  o f  t h e  f r e e  selenium 

i n  (1-x)CdCr2S4 * x  CdCr2Se4. Since CdCr2S4 i s  formed 

b y  Elowing H2S . over  t h e  c o - p r e c i p i t a t e d  meta l  hydroxide 

powder,s a t  tempera tures  a s  h igh  a s  925OC(17) i t  i s  most 

l i k e l y  t h a t  t h e  i t  i s  more s t o i c h i o m e t r i c ,  i . e .  i t  d o e s  

n o t  con ta in  excess  s u l f u r .  . Chemical ana lyses  o f  s i m i l a r  

. a s  grown. powders of  CdCr2S4 c a r r i e d  out  a t K o d a k  

, Research L a b o r a t o r i e s  show t h a t  t h e r e .  i s  -0 .2% e x c e s s  

s u l f u r .  However, upon  h o t - p r e s s i n g  a t  900°C .and 234MFa 

CdCrgS4 becomes s u l f u r  d e f i c i e n t  a s  F igure  5 .24  shows. 

There fo re ,  upon the  formation o f  t h e  p h y s i c a l  mixtures  

some excess  selenium i o n s  a r e  incorpora ted  i n  CdCr2S4 . .  

As a  consequence t h e  number of f r ee - se len ium i o n s  produced 

a t  the  g r a i n  boundaries  i s  reduced and. f r e e - c a r r i e r  ab- 

s o r p t i o n  decreases  w i t h  c o m p o s i t i o n .  The th i - rd  ' f e a t u r e  . . 

t o  n o t e  i s  t h e  s c a t t e r i n g  a t  s h o r t  wavelengths.  ' F o r  

x=O t h e  amount of s c a t t e r i n g  i s  much lower rhan t h e m i x e d  

powders. T h i s ,  a s  x - ray  d i f f r a c t i o n  of t h e  h o t - p r e s s e d  

m a t e r i a l s  show i s  due t o  t h e  incomplete r e a c t i o n  of  t h e  

two compounds t o  form a  s o l i d - s o l u t i o n  and decomposition 

o f  CdCr2Se4 i n t o  CdSe and Cr2Se3 a s  shown i n  

Figure  5 .45 .  In  a d d i t i o n ,  p h y s i c a l  d e n s i t y  measurements 

show t h a t  t h e  powders were n o t  completely d e n s i f i e d .  

R e l a t i v e  d e n s i t i e s  of 99.5 - 99.7% were achieved f o r  a l l  

composi t ions.  Whereas, r e l a t i v e  d e n s i t i e s  g r e a t e r  than  

99.9% were n o t  unusual f o r  ho t -p ressed  CdCr2S4. 



Figure 5.45.  Optical &crographs of hot-pressed *,CdCr2S4 . 
%CdCr2Se4; (a) polished surface,  (b) etched 
surface. 



The mixed system (1-x)CdCr2S4 - x  CdC.r2Se4 was 

ho t -p ressed  us ing  t h e  same procedure a s  f o r  CdCr2Se4 

a s  ' i n d i c a t e d  i n  F igure  4 . 6 ,  w i t h  t h e  excep t ion  o f  t h e  

f i n a l  h o t - p r e s s i n g  temperature and t h e  clamping.. p r e s s u r e .  

The hot -press ing .  temperature v a r i e d  from 710°C 'for x=O . . 

t o  900°C f o r  x = l , , . s e e .  Table 5 . 1 .  The clamping p r e s s u r e  

was maintained a t  -801Pa bo th  dur ing  t h e  h e a t i n g  pe r iod  and 

t h e  in te rmedia te .  s t a g e  o f d e n s i f i c a t i o n .  The s o l i d  s o l u -  

t i o n s  .wi th  x=0.5 were ho t -p ressed  under .  t h e  same cond i t ions  

Two-phonon absorp t ion  bands observed i n  h o t - p r e s s e d  . . . . 

CdCr2S4 were reduced and s h i f t e d  t o  longer  wavelengths 

by forming the  s o l i d  s o l u t i o n s  and p h y s i c a l  mix tu res .  

F i g u r e  5 . 4 4  shows t h e  i n f r a r e d  a b s o r p t i o n  s p e c t r a  wi th  
. . .  

the .  two-phonon absorpt5on bands s l i g h t l y  s h i f t e d  and r e - .  , 

duced f o r  x=0.95 .  For -va lues  g r e a t e r  t h a n '  0  .'.95' t he  . . 

two-phonon absorp t ion  bands were n o t  o b s e r v e d  because o f  

t h e  Cr203 r e s t s t r a h l  a t  16.3vm. Also ,  s i n c e  Cr203 

could n o t  be removed from t h e  samples ,  t h e  anaxlysis o f  

r e s t s t r a h l  and multiphonon a b s o r p t i o n  was n o t  p o s s i b l e .  

P r e s e n t l y  t h e  absorp t ion  c o e f f i c i e n t  o f  (1-x)CdCr2S4 

* x  CdCr2Se4 i s  l i m i t e d  by s c a t t e r i n g  by p o r e s ,  second 

phases ,  p o s s i b l y  f r e e - c a r r i e r  a b s o r p t i o n  a t  l o n g  wavelengths 

and by t h e  Cr203 r e s t s t r a h l .  

Thus, our experiments show t h a t  (1-x)CdCr2S4 * x  CdCr2Se4 

i s  e x t r i n s i c a l l y  l i m i t e d ,  a d d i t i o n  of  ~ d ~ r p ~ e ~  reduces 

phonon absorp t ions  but  i t s  decomposition must be reduced 

i n  o r d e r  t o  decrease  the  a t  t e ~ l u a t i o n  c o e f f i c i e n t  . 



TABLE 5 . 2 .  HOT-PRESSING TEMPERATURE OF (1-x)CdCr2S4 * x  CdCr2Se4 

(oa = 234MPa, t = 20min.) 

~ 

SAMPLE NO.  ( &  + T). a t  10.6pm H-P T COMPOSITION 
-1 cm b~ . x 

7 

LKSSeO1 7 . 3  900 0.0: 5 

LKSSe05 1 4 . 9  - 1 8 . 0  800 0 . 5  

j: 
S o l i d - s o l u t i o n  formed a t  670°C i n  vacuum f o r  t h r e e  days .  



I WAVELENGTH A ,  Grn 

Figure 5.46. Infrared absorption spectra of hot-pressed 
(1-x)CdCr2S4*xCdCr Se4 showing scattering 

i at short wavelengt s and two-phonon absorp- 
tion bands at longer wavelengths. 



5 . 3 .  Conc.lus ions  

CdCr2Se4 and (1-x)CdCr2S4 - x  CdCr2Se4 have been 

h o t - p r e s s e d  t o  r e l a t i v e  d e n s i t i e s  .of  99.6% a n d  99.7% 

r e s p e c t i v e l y .  The minimum a t t e n u a t i o n  c o e f f i c i e n t  o f  

-1 
ho t -p ressed  CdCr2Se4 o b t a i n e d  a t  l 0 . 6 p m  was 12 .  lcm .. . , . . 

a t  room tempera ture .  I n  (1-x)CdCr2S4 * x  CdCr2Se4 a  

minimum a t t e n u a t i o n  c o e f f i c i e n t  of 14.9cm-I was ob ta ined  . . .  

f o r  x=% . 

A t  l ong  wavelengths,  t h e  major absorbing  mechanisms . . 

i n  ho t -p ressed  CdCr2Se4 w e r e  found t o  be f r e e - c a r r i e r  
. . 

a b s o r p t i o n  and . Cr203 r e s t s t r a h l  a b s o r p t i o n .  F r e e - c a r r i e r  

a b s o r p t i o n  was found t o  be induced by f ree - se len ium p r e s e n t  

i n  t h e  a s .  grown powders. Suppression of  f r e e - c a r r i e r  

a b s o r p t i o n  was achieved by removing selenium from t h e  powders 

d u r i n g  t h e  i n i t i a l  s t a g e  of  d e n s i f i c a t i o n .  The r e s i d u a l  

a t t e n u a t i o n  i n  h o t - p r e s s e d  CdCr2Se4 . and,  (1-x)CdCr2S4 . . . . 

- x  CdCriSe4 was found t o  be. due t o  s c a t t e r i n g  by pores  

and second phases (CdSe, Cr2Se3, Cr203) and Cr203 r e s t s  t r a h l  

a b s o r p t i o n .  The pores  a r e .  p r e s e n t . b e c a u s e  of incomplete  
. . 

d e n s i f i c a t i o n  due t o  t h e  pr.esence of .second.  phases i n '  t h e  

a s  grown powder and from decomposition mainly dur ing  t h e  

i n t e r m e d i a t e  s t a g e  of d e n s i f i c a t i o n .  

The d a t a  p resen ted  i n  t h i s  r e p o r t  show t h a t  ma te r i , a l s  . . 

p r e p a r a t i o n  i s  indeed very impor tan t .  Submicron s i n g l e  

phase powders a r e  necessary  t o  achieve  complete d e n s i f i c a t i o n .  

Also ,  i t  was shown t h a t  t h e  h o t - p r e s s i n g  procedure i s  

c r i t i c a l  i n  improving the  o p t i c a l  p r o p e r t i e s .  S p e c i f i c a l l y ,  

t h e  h o t - p r e s s i n g  p rocess  must be  o p ~ i m i z e d  i n  o r d e r  t o  



. . 
prevent  excess ive  selenium and cadmium l o s s .  This  would 

be  e s p e c i a l l y  impor tant  f o r  s h o r t  wavelength a p p l i c a t i o n s  

s i n c e  t h e  selenium and cadmiu d e f i c i e n c y  bands .occur a t  

. s h o r t  wavelengths.  This  i s  a l s o  t h e  c a s e  i n  CdC.r,2S4 . . 

where a  very  .b road  ,band i s  -observed from 2.8-5.2um. 
. . M a t e r i a l s  p r e p a r a t i o n  can be improved u s i n g  h igher .  

p u r i t y  s t a r t i n g  m a t e r i a l s  (CrOg., CdO) , op t imiz ing  t h e  co- . . 

p r e c i p i t a t i o n  process  and most impor tant  opt imize  t h e  t r e a t -  . . 

ment of t h e  c o - p r e c i p i t a t e d  hydroxides i n .  H2-  + ; fSe  2  i n  

o r d e r  t o  decrease  t h e  s.econd phase concentrati-on. . . 

. S o l i d - s o l u t i o n s  and p h y s i c a l  mix tu res  of CdCr2S4 a n d  ' 

CdCr2Se4 w i t h  x c - %'were  shown t o  be e x t r i n s i c a l l y  l i m i t e d  

by s c a t t e r i n g  and p o s s i b l y  f r e e - c a r r i e r  a b s o r p t i o n .  . . 
. . 

F u r t h e r ,  i t  was shown t h a t  two-phonon a b s o r p t i o n ,  bands 

were s h i f t e d  a n d . r e d u c e d . i n  i n t e n s i t y  wi th .  i n c r e a s i n g  
. . 

' s e l e n i d e  concentrati 'on.  

I n  a d d i t i o n ,  i t  was, shown t h a t  CdCr2S4 i s  l i m i t e d  . . 

no t '  only by two-phonon a b s o r p t i o n  b u t  . a l s o  by three-phonon . .  . 

a b s o r p t i o n  n e a r  10.6pm .and a  new three-phonon sum frequency '. 

-1 combirlaliion was ass tgned  t o  - the '  band o c c u r i n g  a t  800cm 

ins . tead  of  a two-phonon combination, . . 

A s  a  consequence o.f t h e  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  

CdCr2Se4 and t h e  s o l i d  s o l u t i o n s  o f  (1-x)CdCr2S4 * x  CdCr2Se4 . . 

w i t h  x  < - k would be . b e t t e r  cand ida tes  ' f o r  app . l i ca t ions  

up t o  X = 10.6pm. However e x t r i n s i c  a b s o r p t i o n  s t i l l  

'needs  t o  b e  reduced f u r t h e r .  



V I .  INFRARED. PHOTOACOUSTIC SPECTRA OF . . 

TRANSPARENT .'SEMICONDUCTORS I N  THE . . 

P0WDE.R STATE. FROM 1. urn - 15 u m  

. . 
Quant i t a t ive  absorption spec t ra .o f  highly transparent 

, , . m 

mater ia l  i n  the  powder form a r e  of ten d i f f i c u l t  o r  impos- 

s i b l e  t o  obtain  using s tandard techniques ava i lab le  today. 

T h i s i s  due to  a  va r i e ty  of reasons including: 1 )  the  

highly sca t t e r i . ng  nature  of t h e  powders, 2)  t h e  minute . .  . ,  

s i z e  of the  individual  p a r t i c l e s ,  and 3 )  t he  h igh .  op t i ca l  

transparency of the  grains thenselves ( 8 6  << 1 where 6 i s  . , 

t he  mean p a r t i c l e  diameter) . For the high r e f r a c t i v e  in -  . ,  

dex ( n =  2 . 8  - 4.0) materials .  of i n t e r e s t  i n  t h i s  inves t i -  . . 

. , 

gat ion ,  the  problem i s  pa r t i cu la r ly  ser ious s ince  t h e  

Fresnel r e f l e c t i o n  coe f f i c i en t s  a r e  l a r g e ,  . t h e  powder par- 

t i c l e  s i z e s  may be on t h e  same ord,er as i n f r a r e d  wave- 

lengths ,  and 6 6  may be l e s s  than I n  ' t h i s  s e c t i o n  

we inves t iga te  th.e a b i l i t y  of t h e  photoacous t i c  method t o  . . 

overcome these d i f f i c u l t i e s  and obtain  both q u a l i t a t i v e  ' . ,. 

and quan t i t a t ive  information regarding t h e  - infr .ared ' ab- . . . . 

sorp t ion  propert ies  of three  highly t ransparent  semi- 

conductors i n  the  powder form i n  the 1 - 15 m region 

of t h e  inf rared .  

6 . 1 .  S.a11p1es 

Infrared photoacoustic spectra  were obtained on th ree  

transparent inf rared  semiconductors i n  the  powder form: 



germanium, CdCr2Se4 and CdCr2S4. The i n t r i n s i c  g rade  ger -  

manium powders, which were ob ta ined  from Eagle P i t c h e r  

I n d u s t r i e s ,  were examined p r i m a r i l y  because  o f  t h e i r  w e l l  

known o p t i c a l  p r o p e r t i e s .  A s  such ,  t h e  pho toacous t i c  

s p e c t r a  of germanium may be used t o  i n v e s t i g a t e  and v e r i f y  

t h e  a b i l i t y  of t h e  photoacous t ic  method t o  o b t a i n  i n f o r -  

mation rega rd ing  t h e  phys ica l  and o p t i c a l  p r o p e r t i e s  of  

t h e  powder. 

I n i t i a l  e f f o r t s  t o  i n v e s t i g a t e  t h e  o p t i c a l  p r o p e r t i e s  

of t h e  s p i n e l  powders i n  t h e  1 - 15 p m  region  of  t h e  i n f r a r e d  

us ing  s t andard  t ransmiss ion  and p e l l e t  techniques have n o t  

been s u c c e s s f u l .  I n  most c a s e s ,  the  s i n g l e  c r y s t a l s  were too 

s m a l l  t o  be a b l e  t o  employ s t andard  spec t rophotometr ic  micro- 

sampling methods. Attempts t o  implant  a  small  concen t ra t ion  

of t h e  powders i n  e i t h e r  K B r  Nujol ,  o r  selenium p e l l e t s  a l s o  

proved t o  be unsuccessfu l .  P e l l e t s  made i n  t h i s  f a sh ion  were 

o f t e n  too opaque o r  too  s c a t t e r i n g  t o  ana lyze ,  mainly due t o  

t h e  extremely high s p i n e l  i n d i c e s  of  r e f r a c t i o n  (3.15 and 

2.85 f o r  CdCr2Se4 and CdCr2S4 r e s p e c t i v e l y ) .  When t h e  

powder concen t ra t ion  was reduced t o  y i e l d  t r a n s p a r e n t  p e l l e t s ,  

t h e  q u a n t i t y  of powder used was n o t  l a r g e  enough t o  y i e l d  any 

s p e c t r a l  informat ion .  Addi t ional  problems inc lud ing  the  de- 

s t r u c t i v e n e s s  and t h e  n o n - q u a n t i t a t i v e  informat ion  c a p a b i l i t y  

of t h e  technique a l s o  made t h e  method undes i rab le .  

The s u c c e s s f u l  a p p l i c a t i o n  of photoacous t ic  methods t o  

rhe a n a l y s i s  of rhe o p t i c a l  p r o p e r t i e s  of CdCr2Se4 and 

CdCr2S4 would el imina, te  t h e  t h r e e  main d i f f i c u l t i e s  en- 



countered i n  t h e  t r ansmiss ion  s t u d i e s  : s i z e ,  s e n s i t i v i t y ,  

and s c a t t e r i n g .  From our  e a r l i e r  r e s u l t s ,  we found t h a t  

i t  i s  d e s i r a b l e  t o  work w i t h  s m a l l  sample s i z e s ,  s i n c e  t h e  

photoacous t ic  s i g n a l  i s  s t r o n g e r  f o r  smal l  c e l l  volumes. 

We discovered  t h a t  t h e  pho toacous t i c  method i s  one o f  t h e  

most s e n s i t i v e  techniques  f o r  measuring o p t i c a l  a b s o r p t i o n .  

Also,  s i n c e  only  t h e  absorbed r a d i a t i o n  c o n t r i b u t e  t o  t h e  

photoacous t ic  s i g n a l ,  h i g h l y  s c a t t e r i n g  samples p r e s e n t  

no major d i f f i c u l t i e s .  A d d i t i o n a l l y ,  a s  we s h a l l  s e e ,  t h e  

pho toacous t i c  method i s  able t o  p rov ide  q u a n t i t a t i v e  i n -  

formation rega rd ing  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  powders. 

Thus, i n f r a r e d  photoacous t ic  s p e c t r a  would n o t  only  a s s i s t  

i n  t h e  unders tanding  and o p t i m i z a t i o n  of t h e  h o t - p r e s s i n g  

procedures ,  b u t  a l s o  provide  t h e  f i r s t  q u a n t i t a t i v e  measure- 

ments of t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t s  of t h e s e  ma-  

t e r i a l s  i n  powder form i n  t h e  i n f r a r e d .  The l a t t e r  

c a p a b i l i t y  i s  p a r t i c u l a r l y  impor tant  f o r  s t u d i e s  concerned 

w i t h  t h e  assessment of  t h e  s u i t a b i l i t y  of  CdCr Se f o r  2 4 

Faraday r o t a t i o n  i s o l a t o r  and o t h e r  magneto-opt ical  ap- 

p l i c a t i o n s .  

6 . 2 .  Apparat-us 

I n  t h i s  s e c t i o n  we r e p o r t  t h e  f i r s t  photoacous t ic  

s p e c t r a  ever  ob ta ined  i n  t h e  1 - 1 5  p m reg ion  of t h e  spec-  

trum. Obviously,  i n f r a r e d  pho toacous t i c  spec t rometers  

were n o t  y e t  commercially a v a i l a b l e ,  and it was necessa ry  



The bottom d i s k  suppor ted  t h e  w e i g h t  o f  t h e  glower,  w h i l e  

t h e  top  d i s k  maintained t h e .  glower i n  a  v e r t i c a l  p o s i t i o n .  

A d d i t i o n a l l y ,  t h e  t o p  d i s k  was c o n s t r u c t e d  i n  a  manner 

which al lowed t h e  glower t o  expand dur ing  h e a t i n g ,  thus  

reducing the rmal ly  a induced mechanical s t r e s s .  Asbestos 

was chosen t o  reduce t h e  the rmal  c o n t a c t  between t h e  1500 K 

glower and t h e  aluminum h o l d e r .  

P rehea t ing  o f  t h e  ceramic rod  was accomplished u s i n g  

two tungs ten ,  h e a t e r  w i r e s  wrapped around two ceramic 

c y l i n d e r s  and mounted symmetr ica l ly  on e i t h e r  s i d e  o f  t h e  

glower. During t h e  i n i t i a l  s t a r t - u p  procedure ,  c u r r e n t  

was allowed t o  flow through t h e  tungs ten  w i r e s . .  A f t e r  

t h e  glower was s u f f i c i e n t l y  h e a t e d ,  t h e  h e a t e r  w i r e s  were 

then  d isconnected  from t h e  power supply .  

The-heater  c o i l s ,  a s b e s t o s  d i s k s ,  -and Nernst  glower 

were a l l  mounted i n  a c y l i n d r i c a l  aluminum c e l l  w i t h  an  

open window d r i l l e d  o u t .  In  t h i s  manner, t h e  glower was 

p r o t e c t e d  from tempera ture  v a r i a t i o n s  (and thus  v a r i a t i o n s  

i n  t h e  ou tpu t  f l u x )  caused by l o c a l  a i r  c u r r e n t s .  

The l e a d s  of  t h e  glower were connected i n  s e r i e s  w i t h  

a  150 w a t t  l i g h t  bu lb  ac ross  l i n e  v o l t a g e  (120 vac) . The 

l i g h t  b u l b ,  which has  a  p o s i t i v e  tempera ture  c o e f f i c i e n t  

of r e s t s t a n c e ,  provided a  convenient  b a l l a s t  f o r  t h e  Nernst 

glower. During o p e r a t i o n ,  t h e  glower consumed 70 w a t t s  of ' 

power a t  an a .  c .  c u r r e n t  of  - . 8  amps. F i n a l l y ,  we n o t e  

t h a c  t h e  60 H z  l i t ~ r  v o l t a g e  could b c  used i n  p l a c e  of a  



t o  c o n s t r u c t  o u r  own. The d e s i g n ,  o p e r a t i o n ,  and c a l i b r a -  

t i o n o f  t h e  pho toacous t i c  spec t rometer  w i l l  t h e r e f o r e  b e  

descr ibed  i n  t h e  fo l lowing s e c t i o n s .  

A b lock  diagram .of t h e  appara tus  i s  p.resented i n  

F igure  6 . 1 -  General ly  speaking ,  broadband l a s e r  sources  of  

r a d i a t i o n  a r e  n o t  tunab le  over  t h e  1 - 15 ,,m r e g i o n  o f  t h e  

i n f r a r e d .  A s  a  r e s u l t ,  a  24 mxn long by 2  mmwide PE-2 

Nernst  glower ob ta ined  from Buck S c i e n t i f i c  was employed 

a s  t h e  broadband source  o f  i n f r a r e d  r a d i a t i o n .  The I le rns t  

glower i s  a  thermal  source  of  r a d i a t i o n  and o p e r a t e s  a t  

a  tempera ture  of  approximately 1500 - 1800 K w i t h  an emis- 

s i v i t y  o f  approximately .5 .  Thus, i t s  ou tpu t  s t r o n g l y  r e -  

sembles t h a t  o f  a  1500 K blackbody. The glower i t s e l f  i s  

comprised of  a  p r o p r i e t a r y  mixture  o f  z irconium, y t t r i u m  

and thorium ox ides  formed i n t o  a hollow rod  (83) .- It i s  an 

extremely f r a g i l e  device  and must be  mounted i n  a  manner 

which minimizes t h e  e f f e c t  o f  mechanical ly  o r  the rmal ly  

induced s t r e s s .  The glower a l s o  e x h i b i t s  a  l a r g e  n e g a t i v e  

tempera ture  c o e f f i c i e n t  of r e s i s t a n c e  and r e q u i r e s  a  b a l -  

l a s t e d  power supply of approximately 70 w a t t s  a t  70 VAC. 

A t  room tempera tu re ,  t h e  e l e c t r i c a l  r e s i s t a n c e  of the 

9 glower i s  g r e a t e r  than  10 R .  Thus, i t  is  necessa ry  t o  

p rehea t  t h e  rod  i n  o r d e r  t o  t u r n  t h e  dev ice  on .  

The Nernst  glower was mounted i n  a  s p e c i a l l y  designed 

h o l d e r ,  d i a g r a m e d  i n  F igure  6 . 2 .  The ends of  t h e  ceramic 

rod were p o s i t i o n e d  i n  h o l e s  d r i l l e d  i n  two a ~ b e s t o s  disks. 



Figure 6 . 1 ' .  Diagram of the dual beam IR photoacoustic spectrometer. 
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Figure 6 . 2  Nernst glower housing and.mountin geometry. 



d . c .  power supply s i n c e  t h e  l a r g e  thermal  mass o f  t h e  

glower prevented t h e  emi t t ence  o f  t h e  device  from f o l -  

lowing t h e  a .  c .  e l e c t r i c a l  power f l u c t u a t i o n s .  

The ou tpu t  o f  t h e  Nernst  glower was c o l l e c t e d  by a  

£12.8 A 1  coa ted  f r o n t  s u r f a c e  m i r r o r ,  modulated by a  syn- 

chronous motor d r iven  chopper ,  and imaged 1:l on t h e  

i n p u t  s l o t s  of  a  f / 5 . 6  c o l l e c t i o n  o p t i c s  Ze i s s  double 

pr i sm monochromator. The d ispers . ive  element i n  t h e  double 

monochromator c o n s i s t e d  of two KBr pr isms,  which were used 

f o r  t h e i r  h igh  t r ansmiss ion  i n  t h e  1 - 15 u m  t r ansmiss ion  

reg ion  of  i n t e r e s t .  The KBr pr i sms,  which I a r e  h i g h l y  hy- 

groscopic  and sub j  e c t  t o  atmospheric  degrada t ion ,  were 

kept  5 O C  above room temperature and enclosed i n  a  

s t e e l  s h e l l  t o  prevent  t h e i r  degrada t ion .  It should  a l s o  

b e  no ted  t h a t ,  due t o  t h e  s i z e  o f  t h e  pr i sms,  only  a  f / 9  

cone a n g l e  of  l i g h t  could b e  d i s p e r s e d  i n  s p i t e  o f  t h e  

f15 .6  c o l l e c t i o n  o p t i c s  o f  t h e  monochronator. This  f a c t  

w i l l  be  important  l a t e r  when t h e  s u b j e c t  of  pho toacous t i c  

spec t rometer  op t imiza t ion  i s  addressed ,  s i n c e  t h e  s m a l l e r  

c o l l e c t i o n  ang le  impl ies  t h a t  l e s s  t o t a l  d i s p e r s e d  r a d i a -  

t i o n  power i s  a v a i l a b l e  f o r  u s e  i n  t h e  g e n e r a t i o n  o f  t h e  

photoacous t i c  s i g n a l .  

The wavelength of  t h e  r a d i a t i o n  a v a i l a b l e  a t  t h e  exit 

s l i t s  o f  t h e  monochromator could  be  v a r i e d  by t u r n i n g  a 

d i a l  which a l t e r e d  t h e  a n g l e  o f  inc idence  of  t h e  KBr pr isms.  

This  system was modified f o r  concinuous scanning by a t -  



taching a  reduction gear t r a i n  t o  t h e  d i a l  and dr iving the  

former with a  synchronous motor. In  t h i s  manner, t h e  time 

necessary t o  complete an e n t i r e  photoacoustic spectrum 

could be varied as circumstances dicta t ,ed.  Under normal 

operation,  the  gear t r a i n  was s e t  so t h a t  a  1 p m  t o  15 p m  

spectrum could be obtained i n  - 75 minutes. 

The output of the  monochromator was co l lec ted  by an 

f / 4  40 cm focal  length f r o n t  surface coated mirror ,  s p l i t  

i n t o  two.equa1 beams, and focused onto the  f ron t  surface of 

two photoacoustic c e l l s .  The e l e c t r i c a l  output of the  t r ~ o  

photoacoustic c e l l s  was then sent  i n t o  two Ithaco 391A 

Dynatrac lock-in ampl i f ie rs ,  normalized by a  rat iometry 

and displayed on a  Honeywell s t r i p  char t  recorder.  During 

normal operation-, one of the  photoacoustic c e l l s  was 

f i l l e d  with carbon black powder i n  a  manner s imi la r  t o  t h a t  

discussed i n  kef.  ( 7 8 )  and acted a s  a  de tec tor  of o p t i c a l  

r a d i a t i o n .  Employment of t h e  carbon black c e l l  thus enabled 

t h e  ph'toacoustic s igna l  from' t h e  opposite c e l l  t o b e  nor- 

m a l i z e d  f o r  incident power f luc tua t ions  r e s u l t i n g  from 

e i t h e r  atmospheric absorption o r  Nernst glower i n s t a b i l i t i e s .  

A photoacoustic detector  was se lec ted  primarily because 

i t  was the  most s e n s i t i v e  l a rge  aper ture  room temperature 

broadband inf rared  detector  ava i lab le .  

6'. 3 .' ' Pr.ocedure 

Approximately 100 mg of sample powder was 'placed i n  



t h e  opt imized photoacous t ic  c e l l  whose des ign  was desc r ibed  

e a r l i e r  (78) and F i g .  6. '3 . The powder and c e l l  were then  

hea ted  t o  approximately 150 "C f o r  - 15  minutes  t o  reduce  

t h e  de t r imen ta l  i n f l u e n c e s  o f  any w a t e r  which might be  - 

p r e s e n t  on t h e  c e l l  o r  i n  t h e  sample i t s e l f .  A new Har- 

shaw NaCl window was t h e n  waxed i n t o  p l a c e ,  and t h e  ' cooled 

c e l l  a t t a c h e d  t o  t h e  microphone i n  a  manner which o r i e n t e d  

t h e  c e l l  window up. I n  t h i s  way, t h e  powder d i d  n o t  come 

i n  c o n t a c t  wi th  t h e  NaCl window. Also ,  by p l a c i n g  d i f - ,  

f e r e n t  .sanpl.es i n  s e p a r = , t e  b u t  n e a r l y  . i d e n t i c a l  photoacous - 
t i c  c e l l s ,  we were a b l e  t o  double check such f a c t o r s  a s  

r e p r o d u c i b i l i t y  and long  term chemical decomposition wi th -  

ou t  d i s t u r b i n g  t h e  sample i t s e l f .  

I n  a  dual  beam spec t romete r  which employs an inhomo- 

geneous source  ( i .  e .  , a .source whose r a d i a n c e  and wave- 

l e n g t h  dependence of  r ad iance  i s  a  f u n c t i o n  0.f p o s i t i o n  on 

. t h e  source ;  e .  g .  , a Nernst  ' glower) ,. i t  is. extremely i m -  

p o r t a n t  t o  i n s u r e  ' t h a t  t h e  b e a m s p l i t t e r  d i v i d e s  t h e  o p t i c a l  

bean  symmetr ical ly  i n - o r d e r  t o  ma in ta in  a  f l a t  100% l i n e  

a s  .a f u n c t i o n  of wavelength.  For example., cons ide r  a  hy- 

p o t h e t i c a l  case  where t h e  h o t t e r c e n t e r  p o r t i o n  o f  t h e  

Nernst  glower was imaged onto  one d e t e c t o r ,  w h i l e  t h e  

coo le r  o u t e r  p o r t i o n  o f  t h e  glower was imaged on to  a n  

i d e n t i c a l  d e t e c t o r .  The r a d i a n c e  o f  t h e  two beams a s  

a  f u n c t i o n  o f  wavelength would n o t  b e  i d e n t i c a l ,  s i n c e  t h e  

blackbody r ad i ae ion  of  t h e  f i r s t  ,bean would correspond t o  
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Figure 6.3. Photoacoustic cell sample geometry. 



a  s i g n i f i c a n t l y  h o t t e r  blackbody than t h e  second beam. 

Thus, t h e  r a t i o  of t h e  two beams would vary a s  a  funct ion 

of  wavelength. 

This problem was minimized i n  t h e  photoacoust ic  spec- 

t rometer  by ca re fu l  s e l e c t i o n  of t h e  p o s i t i o n  and o r i en t a -  

t i o n  of t h e  r e f l e c t i v e  beamspl i t t e r  and Nernst glower. I n  

o rder  t o  maximize t h e  etendue of t h e  e n t i r e  system, t h e  

glower was o r i en t ed  i n  a  v e r t i c a l  manner such t h a t  i t s  

long a x i s  was p a r a l l e l  t o  t h e  long a x i s  of t h e  monochromator 

s l i t s .  It was the re fo re  optimal t o  o r i e n t  t h e  r e f l e c t i v e  1 

beamspl i t t e r  i n  a  manner which s e n t  t h e  top po r t i on  of 

t h e  e x i t  s l i t s  t o  one beam, whi le  al lowing t h e  symmetric 

bottom por t ion  of t h e  e x i t  s l i t s  t o  propagate a s  t h e  second 

beam. The p rec i se  l oca t ion  of t h e  beamsp l i t t e r  was de te r -  

mined by measuring t h e  t o t a l  f l u x  i n  t h e  second beam, and 

then  pos i t i on ing  t h e  beamspl i t t e r  a t  a  he igh t  which y ie lded  

exac t ly  h a l f  t he  response a s  was measured from t h e  f u l l  

beam. 

Once t h e  beamspl i t t e r  was i n  p l ace ,  t h e  pos i t i on  of 

t h e  photoacoust ic  sample c e l l  was determined by v i s u a l l y  

i n spec t ing  t h e  image of t h e  source whi le  t h e  monochromator 

was s e t  f o r  green wavelengths of l i g h t .  S ince  a l l  of t h e  

o p t i c s  i n  t h e  photoacoust ic  spectrometer  were r e f l e c t i v e  

and thus  achromatic, t h e  pos i t i on  of t h e  v i s i b l e  image cor-  

responded t o  t h e  pos i t i on  of t h e  i n v i s i b l e  i n f r a r e d  

images. It should be  noted t h a t  alignmcnt of t h e  monochro- 



mator o p t i c s  was a l s o  accomplished u s i n g  a  s i m i l a r  t ech-  

n ique  only  u s i n g  a  HeMe l a s e r  a s  t h e  v i s i b l e  s o u r c e .  

Due t o  t h e  d i s p e r s i o n  of  t h e  KBr prisms which were 

used ,  t h e  r e s o l u t i o n  o f  t h e  monochromator w a s  a  f u n c t i o n  

o f  bo th  t h e  s l i t  width  and t h e  average  wavelength a t  t h e  

s l i t s .  Thus, i t  would b e  d e s i r a b l e  t o  change t h e  s l i t  

width  a s  a  f u n c t i o n  o f  wavelength i n  o r d e r  t o  ma in ta in  

cons tan t  r e s o l u t i o n  over  t h e  e n t i r e  scan .  Unfor tuna te ly ,  

t h e  c o n s t r u c t i o n ,  u s e ,  and l o c a t i o n  of t h e  t h r e e  s l i t s  on 

t h e  Le i s s  monochromator made t h i s  g o a l  i m p r a c t i c a l  and 

pho toacous t i c  spectrum were recorded a t  a  f i x e d  s l i t  

width .  I n  t h e  r eg ions  of low d i s p e r s i o n ,  o r  i n  t h e  cases  

where h i g h e r  r e s o l u t i o n  was d e s i r e d ,  two s e p a r a t e  spectrum 

u s i n g  d i f f e r e n t  s l i t  widths  were o f t e n  recorded .  For  t h e  

semiconductor powders i n v e s t i g a t e d  i n  t h i s  s t u d y ,  most o f  

t h e  s p e c t r a l  f e a t u r e s  of  i n t e r e s t  were broad and w e l l  

s e p a r a t e d .  Consequently,  t h e  normal s l i t  width  employed 

dur ing  pho toacous t i c  s p e c t r a  a n a l y s i s  was s e t  f o r  a  r e s o -  

l u t i o n  o f  A X / X  = -1 ae 1 0 . 6 ~  m.  

Pho toacous t i c  s p e c t r a  were ob ta ined  by moni tor ing  t h e  

ampli tude o f  t h e  pho toacous t i c  s i g n a l  a s  a f u n c t i o n  of  

wavelength a t  c o n s t a n t  phase.  The optimum phase a n g l e  was 

determined by s e t t i n g  t h e  phase d i a l  t o  f o r c e  a  n u l l  

r ead ing  on t h e  l o c k - i n  a m p l i f i e r ,  t h e n  adding ( o r  sub- 

t r a c t i n g )  90"  t o  t h i s  v a l u e .  Once determined,  t h e  phase 

ang le  was n o t  a l t e r e d  dur ing  a  p a r t i c u l a r  run. T t  should  



a l s o  b e  noted  t h a t  t h e  lock- in  parameters  were s e t  w h i l e  

t h e  photoacous t ic  s i g n a l  was a t  a  maximum i n  o r d e r  . t o  r e -  

duce l o c k - i n  a m p l i f i e r  e r r o r s .  I n  almost  a l l  of t h e  photo- 

a c o u s t i c  s p e c t r a  t a k e n ,  a  t i m e  c o n s t a n t  of 1 s e c  was em- 

ployed. F i n a l l y ,  we n o t e  t h a t  t h e  s p e c t r a ,  were recorded a t  

a  cons tan t  l o c k - i n  a m p l i f i e r  s e t t i n g  ( i . e . ,  t h e  d i a l s  were 

no t  changed dur ing  a  r u n ) .  . 

6.4.  Spectrometer  c'al i b r a t i o n  
. . 

. C a l i b r a t i o n  of  t h e  dual  beam photoacous t i c  s p e c t r o -  

meter  was accomplished u s i n g  two w e l l  known sources  of 

absorp t ion :  1) t h e  atmosphere and 2) p o l y s t y r e n e .  A Cop 

l a s e r  beam ( -A= 10.6  um) and Md:YAG l a s e r  beam ( A =  1:06 urn) 

were a l s o  employed. I n  t h e  atmospheric  a b s o r p t i o n  e x p e r i -  

ments, t h e . b e a m s p l i t t e r  w a s  t o t a l l y  removed and t h e  o u t p u t  

of  t h e  monochromator allowed t o  f a l l  i n c i d e n t  upon t h e  

pho toacous t i c  d e t e c t o r .  The r e s u l t i n g  s p e c t r a ,  ob ta ined  

a t  f i x e d  s l i t  wid th ,  i s  shown i n  F i g u r e  ' a s  a  f u n c t i o n  

of t h e  wavelength d i a l  s e t t i n g .  

Inspec t ion  of  F igure  . 6 . 4 . r e v e a l s  s e v e r a l  f e a t u r e s  o f  

i n t e r e s t .  F i r s t  of  a l l ,  we s e e  t h a t  t h e  g e n e r a l  envelope 

f u n c t i o n  of t h e  spectrum resembles t h a t  of  a blackbody 

curve.  S i n c e  the Nernst  glower approximates a blackbody 

source ,  t h e  s i n g l e  beam s p e c t r u n  i n d i c a t e s  that our  assump- 

t i o n  rega rd ing  t h e  carbon b lack  and i t s  r o l e  as an o p t i c a l  

d e t e c t o r  appears  t o  be. v a l i d .  The peak of  t h e  spectrum 
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Figure 6 . 4 . S i n g l e  beam spectrum of air using the photoacoustic detector. 



l i e s  around 2 . 5  rn which i s  a  s i g n i f i c a n t l y  longer  wave- 

l e n g t h  than  t h e  1 . 9  ~ r n  v a l u e  i n d i c a t i v e  o f  a  1500 K 

blackbody. However, it must be  remembered t h a t  t h e  ou tpu t  

f l u x  i s  a f u n c t i o n  of bo th  t h e  blackbody spectrum and t h e  

d i s p e r s i o n  of  t h e  KBr pr i sms.  I n s p e c t i o n  of  t h e  l a t t e r ,  

which i s  p resen ted  i n  F igure  6 . 5 .  r e v e a l s  t h a t  t h e  minimum 

d i s p e r s i o n  of KBr i s  a t  4 p m .  Thus, t h e  wavelength of  

maximum r a d i a t i o n  w i l l  b e  s h i f t e d  toward 1onger .wavelengths 

i n  agreement w i t h  o u r  exper imenta l  f i n d i n g s .  

We a l s o  n o t e  t h a t  t h e  s h o r t  wavelength s i d e  o f  t h e  

spectrum appears  t o  be  much b roader  t h a n  a  t y p i c a l  b lack-  

body curve.  However, t h i s  i s  a  r e s u l t  of  t h e  extremely 

h i g h  d i s p e r s i o n  o f  t h e  KBr prisms i n  t h e  1 - 2 reg ion .  

A s  such,  t h e  s h o r t e r  wavelengths a r e  " s t r e t c h e d "  o u t  t o  

t h e  r i g h t .  

Severa l  a tmospheric  a b s o r p t i o n  bands a r e  c l e a r l y  seen  

i n  F igure  6 . 4 .  These bands have been i d e n t i f i e d  by com- 

p a r i n g  t h e  t r a n s m i s s i o n  spectrum o f  t h e  atrnosphere(97) w i t h  

t h e  experimental  spectrum, and t h e  absorbing  spec ies  

have been noted  on t h e  f i g u r e ;  O f  p a r t i c u l a r  i n t e r e s t  

i s  t h e  extremely s t r o n g  Cog band a t  4 . 3  ym, which 

i s  resolved  b e t t e r  u s i n g  a  narrower s l i t  wid th .  Th i s  band 

i s  r e a d i l y  i d e n t i f i e d  by i t s  s h a r p  peak and i t s  common 

p e r s i s t e n c e  i n  unequal p a t h  l e n g t h  dua l  beam spectropho- 

tomete r s .  The 6 . 0  p m  and 2 . 7  p m w a t e r  bands a r e  a l s o  

c l e a r l y  r e so lved .  A t  s h o r t e r  wavelengths ,  t h e  atmospheric  





absorpt ion bands were more e a s i l y  seen during narrow s l i t  

high r e so lu t ion  s i n g l e  beam s p e c t r a .  

Addit ional  c a l i b r a t i o n  p o i n t s ,  p a r t i c u l a r l y  a t  longer 

wavelengths, were obtained by .us ing  t h e  dual  beam photo- 

acous t i c  spectrometer i n  a  p red i spe r s ive  1R spectrophoto-  

meter mode. I n  t h i s  case ,  t h e  sample photoacoust ic  c e l l  

was f i l l e d  wi th  carbon black wi th  t h e  r e s u l t  t h a t  t h e  ap- 

para tus  was transformed i n t o  a  spectrophotometer.  A t h i n  

shee t  of polystyrene was then placed i n  one beam and t h e  

t ransmiss ion spectrum recorded by monitoring t h e  output  of 

t h e  ra t iometer  as  a  func t ion  of monochromator d i a l  

s e t t i n g .  This procedure was repeated f o r  s eve ra l  s l i t  

widths ,  s i n c e  t h e  t ransmiss ion spectrum of polys tyrene,  

shown i n  Figure  6 .6 .  conta ins  s eve ra l  extremely sharp 

absorpt ion peaks. 

One of t h e  sharpes t  and most o f t e n  used polys tyrene 

c a l i b r a t i o n  absorption l i n e s  i s  t h e  6 . 2 3 4  pm band = 

-1 1601.8 c m  ) . A comparison of t h i s  band obtained from 

t h e  photoacoust ic  spectrometer  and t h e  same band measured 

i n  a  Beckman 4250 c o m e r c i a l  spectrophotometer i s  presented 

i n  Figure  6 . 7 .  Examination of t h e  two curves r evea l s  t h a t  

t h e  b a s i c  shapes a r e  extremely s i m i l a r .  I n  both cases ,  t h e  

main absorpt ion band and i t s  s i d e  band a r e  w e l l  resolved.  

The two s c a l e s  a r e  s l i g h t l y  d i f f e r e n t  and as  a r e s u l t ,  t h e  

two bands do no t  exac t ly  t r a c e  t h e  i d e n t i c a l  curve.  How- 

eve r ,  i t  i s  c l e a r  t h a t  t h e  absorpt ion bands are i a  good 



Figure 6.6. Infrared transmission spectrum of polystyrene. 
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Figure  6 . 7 .  comparison o f  t h e  6 .243 Prn p o l y s t y r e n e  a b s o r p t i o n  

bands o b t a i n e d  from t h e  p h o t o a c o u s t i c  spec t romete r  (a) 

and from t h e  Beckman spec t romete r  (b) . 



agreement, which i n d i c a t e s  t h a t  t he  photoacoust ic  spec t ro-  

meter i s  we l l  a l igned and opera t ing  i n  a  known and pre-  

d i c t a b l e  fashion.  

Two add i t i ona l  c a l i b r a t i o n  po in t s  were obta ined by 

focusing the  beams from a  Nd:YAG ( A  = 1.06 pm) and a  C02 

l a s e r  ( A= 10.6 Pm) onto t h e  entrance s l i t s  of t h e  mono- 

chromator and de t ec t ing  t h e i r  presence a t  t h e  e x i t  s l i t s .  

With extremely narrow s l i t s ,  it was poss ib l e  t o  l o c a t e  t h e  

pos i t i on  of t h e  wavelength d i a l  t o  wi th in  2 1 1 2  number. 

Using these  procedures,  i t  was poss ib le  t o  ob t a in  a  

monochromator c a l i b r a t i o n  curve which r e l a t e d  t h e  wave- 

length  a t  t h e  e x i t  s l i t s  t o  t h e  d i a l  number of t h e  mono- 

chromator wavelength d r i v e .  The c a l i b r a t i o n  graph i s  pre-  

sented i n  Figure 6.8.and i s  seen t o  be  a  wel l  behaved con- 

t inuous funct ion from 1 t o  14 pm.  A t  t h e  two extremes of 

t h e  curve,  where X i s  l e s s  than - 2 p m  o r  x i s  g r e a t e r  than 

- 10 urn, we no te  t h a t  t h e  d i spers ion  of t h e  nonochromator 

increases  dramat ica l ly .  For constant  s l i t  s i z e ,  t h i s  i m -  

p l i e s  t h a t  t h e  r e s o l u t i o n  of t h e  instrument i s  much g r e a t e r  

i n  these  regions than i n  t h e  in termedia te  wavelength r e -  

gime. Both of t he se  observat ions  a r e  i n  agreement w i th  

t he  KBr dispers ion  d r ive  presented i n  Figure 6 . 6 .  A s  a 

f i n a l  no t e ,  we mention t h a t  i t  was poss ib l e  t o  determine 

t h e  d i a l  l oca t ions  t o  w i th in  f 1 . 5  numbers. A s  such,  

t h e  wavelength e r r o r  w i l l  va ry  a s  a  funct ion of wavelength. 

For 5 t h e  uncer ta in ty  i n  t h c  abso lu te  value  of t h e  

wavelength i s  f .1 pm. 



6; 5 .  Photoacousti'r, s p e c t r a  - - .  -of '  germanium powder 

I n t r i n s i c  grade germanium powder with-  an average 

p a r t i c l e  s i z e  of .  112 pm was .placed i n  t h e  sample photo- 

acous t i c  c e l l .  The photoacoust ic  c e l l  was then p laced .  i n  

t h e  spectrometer and t h e  normalized photoacoust ic  spectrum 

recorded from 1 pm t o  15 pm a t  a  constant  s l i t  width.  The 

r e s u l t a n t  spectrum i s  shown i n  Figure  9-8 and may be  com- 

pared t o  t h e  absorpt ion spectrum obta ined from germanium 

f l a t s  which were presented e a r l i e r  i n ' F i g u r e  5-1. I n  t h e  

n o i s i e r  por t tons  of the ,  photoacoust ic  sp.ectrum, a  l i n e  has 

been drawn through "the .rms va lue . . i n  o rder  t o  a i d  - fn . the .  

comparison.. There a r e  s eve ra l  f e a t u r e s  of i n t e r e s t .  

6.5.1. Qua l i t a t i ve  f e a t u r e s  

Qua l i t a t i ve ly ,  we no te  t h a t  t h e r e  i s  a good o v e r a l l  

agreement between t h e  general  shape of  both spec t r a .  A t  

s h o r t  wavelengths, t he  photoacoust ic  spectrum e a s i l y  de- 

t e c t s  and resolves  t h e  Urbach ta i1(98,99)  of t h e  .9 eV 

( h = 1.37 pm) energy band gap i n  t h e  germanium semicon- 

ductor  powder. The t a i l  i s  seen t o  extend from approxi- 

mately 1 . 3  p m  t o  approximately 3 . 1  ~ r n ,  i n  general  agree- 

ment wi th  t h e  da ta  repor ted  f o r  t h e  germanium f l a t s .  A t  

longer wavelengths, a general  o v e r a l l  i nc rease  i n  t h e  

photoacoust ic  s i g n a l  i s  no ted ,  p a r t i c u l a r l y  f o r  wavelengths 

g r e a t e r  than 5 u m. This may be  i n t e r p r e t e d  as  t h e  onset  

of f r e e  ca r r ie r (33 ,42 ,83and  m u l t i p h o n d l O O ~ l O 2 ) a b s o r p t i o n  
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Figure 6.8. Calibration curve for the photoacoustic spectrometer. 



WAVELENGTH ( p m )  

Figure 6 . 9 .  Photoacoustic spectrum of germanium powder. 



and the  general pos i t ion  and shape of the  photoacoustic 

spectrum agrees well  wi th .  the  spectrum reported f o r  t h e  

polished f l a t s .  Pa r t i cu la r  s i m i l a r i t i e s  should be noted 

i n  the  increase i n . s i g n a l  a t  6 urn, the  f l a t t e n i n g  out 

a t  8 .0  urn,  t he  increase and plateau a t  9 urn, t h e  in -  

crease and plateau a t  10 p m ,  and the  dip and increase  

a t  11 urn and 11.2 urn respect ively.  

The only main discrepancy between general  f ea tu res  
, 

observed i n  the  photoacoustic spectrum of t h e  powder and 

the  absorption spectrun of t h e  polished f l a t s  i s  an ap- 

parent absorption peak i n  t h e  former centered a t  2 . 7  U r n .  

H o ~ ~ e v e r ,  as we s h a l l  s e e  l a t e r ,  t h i s  i s  most l i k e l y  a t -  

t r ibu ted  t o  the  presence of a  minute anount of res idual  

water i n  the  powder ma te r i a l ,  and is  not of major conse- 

quence. 

Some consideration should be given t o  the  reproduci- 

b i l i t y  and s igna l  t o  n o i s e  r a t i o  of the  photoacoustic 

spectrum. In  the  1 . 5  urn - 10.5 pm region,  a l l  of t h e  

photoacoustic spec t ra  reported i n  t h i s  inves t iga t ion  were 

found t o  be reproducible t o  within 2 1.5% provided t h a t  

the  apparatus and/or lock-in was not  ser ious ly  dis turbed 

o r  nudged o u t  o f :  alignment. Due to t h e  s p e c t r a l  output  of 

the  Nernst glower and monochromator, t he  s igna l  t o  noise  

r a t i o  was b e s t  i n  t h i s  region. For wavelengths l e s s  than 

- 1 . 5  urn o r  grea ter  than - 1 m the  reproducib i l i ty  of 

t h e  r m s  photoacoustic s igna l  and t h e  s igna l  t o  noise  r a t i o  



were both. reduced,  a l though t h e  ser i .ousness  of  t h e  degre-  . . 

d a t i o n  depended mainly upon t h e  sample under i n v e s t i g a t i o n .  

This r e s u l t  i s  a  d i r e c t  consequence of t h e  r e d u c t i o n  i n  

o p t i c a l  f l u x  a v a i l a b l e  a t  t h e s e  extremes u s i n g  t h e  Nernst  

glower source  and KBr monochromator. It should  b e  n o t e d ,  

however, t h a t  both  t h e  r e p r o d u c i b i l i t y  and s i g n a l  t o  n o i s e  

r a t i o  c o u l d  b e  improved by dec reas ing  t h e  bandwidth o f  

t h e  lock- in  a m p l i f i e r  and/or  i n c r e a s i n g  t h e  monochromator 

s l i t  width .  ,Although t h e  l a t t e r  i s  only  accomplished a t  

t h e  expense of  s p e c t r a l  r e s o l u t i o n ,  t h e  l a r g e  d i s p e r s i o n  

o f  t h e  KBr prisms a t  t h e  extrema wavelength reg ions  o f t e n  

permi t ted  t h e  use  o f  wide s l i t s  wi thou t  s e r i o u s  degreda- 

t i o n  t o  t h e  s p e c t r a l  r e s o l u t i o n .  

6 . 5 . 2 .  Q u a n t i t a t i v e  r e s u l t s  

I n  in f ra re .d  spectroscopy.,  i t  i s  o f t e n  s u f f i c i e n t .  t o  

l o c a t e  t h e  r e l a t i v e  s i z e '  o r . . p o s i t i o n  of  s p e c t r a l ;  f e a t u r e s  i n  

o rde r  t o  i d e n t i f y  compounds o r  e x t r a c t  t h e  informat ion  d e s i r e d  

from the  spectral a n a l y s i s .  However, i n  many cases ,  i t  i s  

of extreme importance t o  o b t a i n  q u a n t i t a t i v e  d a t a ,  p a r t i -  

c u l a r l y  regarding  t h e  absorp t ion  c o e f f i c i e n t  of t h e  m a t e r i a l  

under c o n s i d e r a t i o n .  I n  photoacous t ic  spec t roscopy,  i t  

may be p o s s i b l e  t o  e x t r a c t  t h e  average absorp t ion  c o e f f i c i e n t  

of t h e  powder p a r t i c l e s  through t h e  a p p l i c a t i o n  of a 

t h e o r e t i c a l  a n a l y s i s .  Th.e a n a l y s i s ,  shows t h a t  t h e  photoacous- 



t i c  s igna l  and t h e  quan t i t y  86 were r e l a t e d  by: 

i\p = 6.6 ( 1  - j )exp j ( w t  - ~ / 4 )  

where B= a t tenua t ion  c o e f f i c i e n t , 6  = gra in  diameter and 

where K i s  an unknown constant  which contained information 

regarding the  c e l l  parameters and t h e  thermal constants  of 

t h e  powder materiaX78iIt  should be  noted t h a t  I< i s  inde- 

pendent of wavelength. 

If we assume t h a t  t he  absorpt ion c o e f f i c i e n t  of t he  

powder p a r t i c l e s  i s  known a t  a  given wavelength and t h a t  

t h e  near  p a r t i c l e  diameter i s  a l s o  known, then i t  should be  

poss ib le  t o  c a l c u l a t e  K and e s t a b l i s h  an abso lu te  c a l i b r a -  

t i o n  curve which r e l a t e s  t h e  photoacoust ic  s i g n a l  a t  any 

wavelength t o  t h e  o p t i c a l  absorpt ion c o e f f i c i e n t  of t h e  

powder g ra in s .  For germanium, t he  absorpt ion c o e f f i c i e n t  

of t h e  powders was unknown. However, i t  may be  a n t i c i p a t e d  

t h a t  t h e  absorpt ion p rope r t i e s  of t he  pol ished f l a t s  and 

t h e  powders w i l l  be  extremely c lo se  i n  s p e c t r a l  regions 

which a r e  not  dominated by impur i t i e s .  Thus, s e l e c t i o n  of  

a c a l i b r a t i o n  po in t  should be made i n  a  region of i n t r i n s i c  

absorpt ion.  Furthermore, t h e  photoacoust ic  s i g n a l  a t  t h a t  

wavelength should a l s o  be  w e l l  known. A s  a  r e s u l t  of 

these  cons idera t ions ,  t h e  germanium powder c a l i b r a t i o n  

point  was chosen f o r  A = 10.6  ir m,  where f3 i s  assumed t o  

be  t h e  same va lue  a s  i t  was i n  t h e  l a r g e  polished f l a t s ,  



-1 
$ = .027 cm . The c a l i b r a t i o n  curve ,  which r e l a t e s  t h e  

magnitude of t h e  photoacoust ic  s i g n a l  r e l a t i v e  t o  t h e  

10.6 pm value and t h e  quan t i t y  ( $ 6 )  i s  presented i n  

Figure 6.10. 

Using t h e  photoacoust ic  spectrum and t h e  c a l i b r a t i o n  

curve, i t  i s  poss ib l e  t o  o b t a i n  a  p l o t  of t h e  abso lu te  

absorption c o e f f i c i e n t  of t h e  powder a s  a  func- 

t i o n  of wavelength f o r  t h e  germanium powders. This spec- 

trum has been ca l cu l a t ed  and i s  compared with t he  absorp- 

t i o n  spectrum of bulk germanium i n  Figure 6.11. 

Comparison of t h e  two s p e c t r a  shows remarkable agree- 

ment between 2  pm and 10 pm.  In  most ca se s ,  t h e  abso lu te  

values f o r  t h e  absorpt ion c o e f f i c i e n t  agree we l l  wi th in  t h e  

experimental e r r o r  of t h e  photoacoust ic  da t a .  Increased 

absorpt ion is  noted a t  2.7 v m  and 6 p m .  These two peaks 

may be i n t e r p r e t e d  a s  water  i n  t h e  germanium powder, s i n c e  . 

t h e  two most prominent water  absorp t ion  bands match these  

l oca t ions .  The water  most l i k e l y  en te red  t h e  powder during 

a  pa-rcicle s1zFlig procedure, and. apparenrly d i d  not 

completely evaporate during t h e  hea t ing  period when t h e  

powder was placed i n  t h e  photoacoust ic  c e l l .  The small 

.002 cm-L increase  i n  absorpt ion c o e f f i c i e n t ,  however, i n -  

d i ca t e s  t h a t  t he  concentra t ion of water  i s  extremely low 

i n  t h e  powder. 

Although t h e r e  i s  exce l l en t  agreement between t h e  

photoacoust ica l ly  generated spectrum and t h e  spectrum f o r  
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Figure 6.1O.Calibration curve for the photoacoustic spectrum 

germanium powder. 
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Figure 6 .11. Quantitative photoacoustic spectrum of germanium powder. 



the  la rge  o p t i c a l  blanks,  major discrepancies appear f o r  

wavelengths l e s s  than 2 urn and g rea te r  than 10.6 pm. A t  

both of these  extrema, the  photoacoustic values appear t o  

be low by as  much a s  an order of magnitude. These d i s -  

crepancies do not appear t o  be r e l a t e d  t o  t h e  higher ab- 

sorption coef f ic ien t  i t s e l f ,  s ince  absorption coe f f i c i en t s  

roughly of t h e  same value agree wel l  i n  other  regions of 

t h e  spectrum. For t h e  same reason, t h e  model should s t i l l  

be va l id  up t o  absorption coe f f i c i en t s  on the  order  of 

10 cm-I due t o  t h e  cons t ra in t  t h a t  f36 <<  1. 

The shor t  wavelength and long wavelength problems may 

be explained by considering t h e  e f f e c t  of t h e  ra t iometer  

reading a s  both numerator and denominator go t o  zero.  Due 

t o  the  blackbody source and t h e  high dispers ion of t h e  KBr 

i n  these regions,  very l i t t l e  o p t i c a l  r ad ia t ion  i s  i n c i -  

dent upon t h e  photoacoustic samples. As a r e s u l t ,  t h e  

photoacoustic s igna ls  i n  both t h e  reference and sample 

beams tend rapidly toward zero i n  s p i t e  of t h e  f a c t  t h a t  

the  absorption coef f ic ien t  of t h e  sample increases dramatical- 

l y  a t  both shor t  and long wavelengths. When t h e  two weak 

s ignals  a r e  fed i n t o  the  ra t iometer ,  a  s l i g h t  o f f s e t  i n  

e i the r  the  numerator o r  denominator can cause an extremely 

l a rge  e r r o r  t o  be introduced i n t o  t h e  quot ien t .  For ex- 

ample, i f  t h e  denominator has a s l i g h t  pos i t ive  zero of-  

s e t  , t h e  quotient  w i l l  tend toward zero a s  t h e  two s ignals  

go t o  zero.  Al te rna t ive ly ,  i f  t h e  denominator has a s l i g h t  



negat ive  z e r o o f f s e t  , t h e  quot ien t  w i l l  tend toward i n -  

f i n i t y  a s  t h e  s i g n a l s  go t o  zero .  Thus, t he  abso lu te  va lue  

of  th.e ra t iometer  i s  sub jec t  t o  considerable  e r r o r  i n  t h e  

regions of  t h e  spectrum where t h e  t o t a l  o p t i c a l  power i s  

small .  I n  t h e  ca se  under cons idera t ion ,  d i v i s i o n  of two 

small s i g n a l s  r e s u l t e d  i n  a  quot ien t  which tended toward 

zero a t  both  long and sho r t  wavelengths. This r e s u l t  was 

confirmed by blocking the  o p t i c a l  beam a t  t he  en t rance  

s l i t s  of the.monochromator and no t ing  t h a t  t h e  output  of 

t h e  ra t iometer  went t o  zero .  

Xnteres t i n g l y  i t .  should b e  noted t h a t .  

s p i t e  of t h e  zero  e f f e c t  problems, r e l a t i v e  changes i n  t he  

spectrum a r e  s t i l l  recorded. Thus, we see  t h a t  whi le  t h e  

l a r g e  d ip  recorded i n  t h e  photoacoust ic  spectrum a t  11 pm 

i s  i n c o r r e c t  i n  i t s  magnitude, t h e  p o s i t i o n  of  t h e  change 

Similar  behavior was found e x i s  t a t .  

longer wavelengths, and a good c o r r e l a t i o n  was obta ined 

between the l o c a t i o n  of changes i n  t he ,  photoacoust ic  s i g n a l  

and t h e  l o c a t i o n  of f e a t u r e s  i n  t h e  o p t i c a l  absorpf ion 

c o e f f i c i e n t  spectrum. 

The good agreement between t h e  photoacous t ica l ly  gen- 

e r a t ed  absorp t ion  spectrum and t h e  o p t i c a l l y  obta ined 

graph provides support f o r  t h e  t h e o r e t i c a l  model developed 

e a r l i e r .  There were two assumptions i m p l i c i t  i n  t h e  der iva-  

t i o n  of equat ion ( 6 .  l.) : 1) t h a t  t h e  p a r t i c l e s  be  o p t i c a l l y  

t r anspa ren t  (i. e .  , 6 6  c c  1)  and 2) t h a t  t h e  g ra in s  be  



thermally t h i n  (6/ u ,<< l ) .  While t he  l a t t e r  parameter i s  

not  a  func t ion  of wavelength, cons ide ra t ion  must be  given 

t o  t he  o p t i c a l l y  t ransparen t  c o n s t r a i n t  s i n c e  it may be  

v io l a t ed  i n  s p e c t r a l  regions  of high absorp t ion  coef- 

f i c i e n t s .  A p a r t i c u l a r  example i s  provided lFy t h e  ger-  

manium spectrum, where Bb may be  on t h e  o rder  of one o r  

even l a r g e r  f o r  t h e  extremely high ( l o 2  - cm-l) ab- 

sorp t ion  c o e f f i c i e n t s  encountered i n  t h e  band gap reg ion  

( A "  1 . 4  urn). 

For regions  .where ~6 1 ,  t h e .  ana lys i s  u s e d  t o  d e r i v e  

equation (8-1) breaks down. However, we no te  t h a t  f o r  

s l i g h t l y  l e s s  than 1, t h e  g ra in s  approximate t h e  photo- 

acous t ic  ca se  of being o p t i c a l l y  t r anspa ren t  and thermally 

t h i n .  A s  we saw.. . e a r l i e r ,  i n .  t h i s  reg ion ,  t h e  photoacous - 
' t i c  s i g n a l  should  -be  propor t iona l  to .  B . When 86 >>  ' 1 ,  

t h e . g r a i n s  become photoacoust ica l ly  opaque and t h e  photo- 

acous t i c  s i g n a l  s a t u r a t e s  a t  a  value  independent of . 
4  Thus, f o r  extremely high values  of B ( lo3-10 cm-l) t h e  

photoacoust ic  s i g n a l  r e s u l t i n g  from t h e  powders should -. 
become independent of the  absorpt ion c o e f f i c i e n t .  

I n  t h e  germanium photoacoust ic  spectrum, t h e  onset  of 

photoacoust ic  s a t u r a t i o n  may be  seen t o  occur around 1.1 

Vm. Careful  s tud i e s  where t h e  zero  e f f e c t  was we l l  ad- 

jus ted  i n  t h i s  region confirmed the  photoacoust ic  s a t u r a -  

t ion .  



6 .6 .  Photoacous t ic  s p e c t r a  of CdCr2Se4 powder 

Severa l  d i f f e r e n t  samples of  CdCr2Se4 were manu- 

f a c t u r e d  i n  our  l a b o r a t o r y  o r  obta ined  from Kodak Research 

Labs (104) and analysed i n  t h e  photoacous t ic  spec t rometer .  

The photoacous t ic  spectrum of  CdCr2Se4 Batch 20, which was 

manufactured i n  our l a b ,  i s  p resen ted  i n  Figure 6.12.  and 

may be compared t o  t h e  absorp t ion  spectrum which was 

obta ined  from s i n g l e  c r y s t a l s  us ing  t ransmiss ion  techniques 

by Bongers and Zammarachi (36) .  The l a t t e r  spectrum i s  

given i n  Figure  3 . 3 .  Comparison of  the  two s p e c t r a  r e -  

v e a l s  both  s i m i l a r i t i e s  and d i f f e r e n c e s  i n  t h e  genera l  

shape of t h e  curves.  

6 . 6 . 1 .  Q u a l i t a t i v e  f e a t u r e s  

CdCr2Se4 i s  a  semiconductor w i t h  an energy gap 
. . 

of 1 .36  eV ( A -  . 9 1  urn) . The well-known Urbach t a i l  

of t h e  band gap t r a n s i t i o n  i s  c l e a r l y  seen  i n  both t h e  

photoacous t ic  spectrum and t h e  s i n g l e  c r y s t a l  d a t a  f o r  

wavelengths l e s s  than  - 2 urn. The absorp t ion  c o e f f i c i e n t  

a l s o  i n c r e a s e s  i n  both s p e c t r a  a t  long wavelengths g r e a t e r  

than - 10 urn. I n  t h e  s i n g l e  c r y s t a l  d a t a ,  t h i s  absorp t ion  

edge has been a t t r i b u t e d  (36) t o  multiphonon absorp t ion  and 

i s  a  r e s u l t  o f  t h e  fundamental l a t t i c e  v i b r a t i o n s  encoun- 



F i g u r e  6 . 1 2 .  Pho toacous t i c  spectrum o f  CdCr2 Seq Batch 20 powder (vUrgin) .  



t e r e d  i n  CdCr2Se4. It should be noted.. t h a t ,  . i n  , t h e  photo- 

acous t i c  spectrum, t h e  onset  of t h i s  absorp t ion  occurs a t  

- 10 pm, which i s  s i g n i f i c a n t l y  e a r l i e r  than.  t h e  - 1 7  um 

onset  encountered i n  t h e  s i n g l e  c r y s t a l  mosaic spectrum. 

This observat ion w i l l  be  .discussed i n  f u r t h e r  d e t a i l  l a t e r .  

In  t h e  s p e c t r a l  r eg ions  between the  band gap and t h e  mult i-  

phonon edge, bo th  s p e c t r a  appear t o  be  r e l a t i v e l y  f l a t  and 

reach t h e i r  minimum absorpt ion values i n  t h e  7 u m  - 10 urn 

region,  Thus, t h e  o v e r a l l  q u a l i t a t i v e  shape of  t h e  CdCr2Se4 

Batch 20 photoacoust ic  spectrum is  found t o  be  i n  good 

agreement wi th  t h e  absorpt ion f ea tu re s  repor ted  by o the r s  

f o r  pure s ing l e  c r y s t a l s .  

Close inspec t ion  of t h e  photoacoust ic  spectrum, how- 

ever ,  r evea l s  some very important d i f fe rences  between t h e  

powder a n d  s i n g l e  c e s t a l  spec t ra .  In  p a r t i c u l a r ,  t h r ee  broad 

absorp t ion  .peaks centered a t  2.0 urn,  3.0 urn, and 4.5 urn 

a r e  observed i n  t h e  powder s p e c t r a  bu t  no t  i n  t h e  s i n g l e  

c r y s t a l  da t a .  The f i r s t  two f e a t u r e s ,  l abe l ed  a  and b ,  

r e s p e c t i v e l y ,  e x h i b i t  l inewidths  of approximately : 2 u m. 

The t h i r d  f e a t u r e ,  l abe led  c ,  i s  extremely broad i n  n a t u r e  
-. 

and extends from 3 . 8 u m  t o '  5.5 U r n .  Since t hese  ab- 

so rp t ion  f e a t u r e s  a r e  obviously sample dependent, i t  seems 

l i k e l y  t h a t  they may be  r e l a t e d  t o  impur i t i e s  o r  non-. 

s to ichromet r ies .  Miyatani(46) f o r  example, has  observed 

s i m i l a r  type f e a t u r e s  a t  2.0 p m  and 4-5 urn in indium 

doped and vacuum annealed CdCrZSe4. In  h i s  s tudy ,  Miyatani 



concluded t h a t  t h e  broad :absorption band a t  4 . 5  pm could be 

a t t r i b u t e d  t o  selenium vacancies i n  the  c r y s t a l  l a t t i c e ,  

whi le .  t h e  2.0 M n  .band appeared t o  be associated with t h e  

indium doping concentrat  ion. 

The photoacous t i c  spec t ra  obtained i n  t h i s  invest iga-  

t i o n  provide evidence which suggests t h a t  the  2.0 3.0 

m ,  and 4.5  ~m absorption bands and t h e  premature onset  of 

absorption a t  10 y m  may be a t t r i b u t e d  t o  an excess of 

selenium i n  the  CdCrZSe4 powder. It has already been 

noted' t h a t  the  onset  of the  long wavel.ength absorption i n  

t h e  CdCrZSe4 Batch 20 powder occurred a t  a  wavelength 

(10 which was s i g n i f i c a n t l y  shor t e r  than the  - 1 7  ,,m 

onset  observed f o r  t h e  s ing le  c r y s t a l  mosaic. This in -  

crease i n  absorption may be a t t r i b u t e d  t o  t h e  exis tence 

of f r e e  c a r r i e r  absorption i n  t h e  powder mater ia l .  Free 

c a r r i e r  absorption r e s u l t s  when energy i s  t r an fe r red  from 

incident  photons t o  f r e e  e lectrons o r  holes i n  a l a t t i c e  

(note: conservation of energy and momentum forbids  a  

complete t r a n f e r  of energy from t h e  r ad ia t ion  t o  the  per- 

f e c t l y  f r e e  e lectrons o r  holes .  However, any f r e e  e lec t ron  

o r  hole i n  a  r e a l  l a t t i c e  w i l l  i n t e r a c t  with  t h e  v ib ra t ing  

s t r u c t u r e  , thus permitt ing t h e  absorption of rad ia t ion)  . 
Free c a r r i e r  absorption has been observed i n  most semi- 

conductors(l95)and i s  characterized by a  s p e c t r a l  de- 

pendence. For c l a s s i c a l  models, n = 2 (83) . However, semi- 

conductors have been observed t o  exhib i t  a  wavelength de -  



pendence which va r i e s  between n = 1 . 8  and n = 3 - 5 (105).  

Close inspection of the  photoacoustic spectrum f o r  

CdCr2Se4 Batch 20 f o r  wavelengths g rea te r  than 10 u m  re-  

veals a  monotonically increasing function whose shape i s  

highly reminiscent of the  c l a s s i c a l  dependence of f r e e  

, c a r r i e r  absorption observed i n  ,o ther  in f ra red  semiconduc- 

t o r s .  Indeed, t h i s  observation is supported by a  l e a s t  

squares curve f i t  of t h i s  port ion of the  spectrum. Using 

the  quant i ta t ive  data  presented l a t e r ,  we f ind  a  A" de- 

pendence where n =  2.2. Thus, it seems l i k e l y  t h a t  the  

absorption i n  t h i s  region may be a t t r i b u t e d  mainly t o  f r e e  

Additional evidence which supports t h i s  theory and 

c l a r i f i e s  the  nature  of t h e  th ree  absorption fea tu res  a t  

2.0 u m ,  3.0 urn, and 4 .5um may be obtained by comparing 

the photoacoustic spectra  of several  d i f f e r e n t  puwder 

samples. The photoacoustic spec t ra  of two o ther  CdCr2Se4 

powder samples i s  presented i n  Figure 6 .13  and Figure . 6 . 1 4 .  

In  the  f i r s t  case,  a  port ion of t h e  Batch 20 powder' 

discussed above was, placed -in an open ampule, heated t o  

'-500 "C. and exposed t o  a  continuous stream of hydrogen gas.  

In  t h i s  manner, t h e  concentration of selenium i n  the  pow- 

ders was. reduced and ca r r i ed  away i n  the  H 2 Se gaseous from 

due to  th.e react ion:  
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Figure 6.13. Photoacoustic spectrum of CdCrpSeq ~ a t c h  20 powder (heat. treated). 
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Figure 6. .  1 4  ~hotoacoustic spectrum of CdCrpSe4 (Kodak powder). 
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The heat t rea ted  powder was then allowed t o  cool and 

was plsced i n  a photoacoustic c e l l  and analysed. The 

photoacoustic spectrum of t h i s  sample i s  presented i n  

Figure 6.13. 

Comparison of t h i s  photoacoustic spectrum with tha t  

obtained from the v i rg in  powder reveals tha t  two important 

changes have taken place. F i r s t ,  we note tha t  while a l l  

of the  three absorption peaks a t  2 . 0  ~ m ,  3.0 ~ m ,  and 4.6 

s t i l l  remain, t h e i r  strength has been reduced by more than 

a factor  of two. Additionally, we observe tha t  the re la-  

t i ve  strength of a l l  three features  has been reduced by 

the same amount. As such, it would appear that  a l l  three 

of these features are re la ted  t o  the  concentration of 

selenium i n  the  powder material .  Second, we note tha t  the 

f r ee  ca r r ie r  absorption present i n  the  virgin powder i n  

the  10  m region has almost disappeared. Instead of in- 

creasing monotonically from 1 0  pm on, the absorption coef- 

f i c i e n t  i s  actual ly observed to  decrease. However, care- 

I u l  and repeated analysis of the  en t i r e  spectrum reveals 

t ha t  the c lass ic  signature of f r e e  ca r r ie r  absorption 

i s  s t i l l  present i n  the t reated powder, but only f o r  wave- 

lengths greater than -. 1 1 . 5  pm. A l e a s t  squares curve f i t  

on the quanti tat ive data presented l a t e r  fo r  the  p o ~ ~ d e r  

reveals a n = 2 . 1  dependence i n  good agreement with the 

previous f i t .  in  the same spect ra l  region. 



.The s h i f t  of the  onset  of t h e  f r e e  c a r r i e r  absorption 

i s  ind ica t ive  of a  reduced concentration of c a r r i e r s .  

Since t h e  only s ign i f i can t  d i f fe rence  between t h e  v i r g i n  

and hea t  t r e a t e d  powders i s  a decrease i n  t h e  selenium 

content i n  t h e  l a t t e r ,  it thus seems l i k e l y  t h a t  both the  

f r e e  c a r r i e r  absorption and t h e  th ree  fea tures  observed 

a t  2.0 pm, 3.0 urn, and 4.5 pm a r e  in t imate ly  r e l a t e d  t o  

t h e  selenium concentration i n  t h e  powders. Furthermore, 

a  decrease i n  the  concentration was found t o  r e s u l t  i n  a  

decrease i n  the  f r e e  c a r r i e r  absorption.  Since s toichro-  

metric compounds may be expected t o  be more t ransparent  

than t h e i r  non-stoichronetric counterpar ts ,  the  v i r g i n  

powder must therefore  have contained a  selenium excess. 

F ina l ly ,  we note t h a t  an excess amount of selenium i n  

CdCr2Se4 would r e s u l t  i n  t h e  formation of acceptors and 

acceptor l e v e l s ,  the  l a t t e r  being located a t  energies l e s s  

than the  band gap of t h e  semiconductor (90) . Thus, i t  seems 

l i k e l y  t h a t  the  absorption fea tures  a t  2.0 pm, 3 .0  u m ,  and 

4.5 u r n  represent  acceptor leve ls  and t h a t  the  f r e e  c a r r i e r s  

responsible f o r  the  f r e e  c a r r i e r  absorption a r e  holes .  

Additional evidence which supports these conclusions 

i s  presented i n  Figure 6.14 where t h e  photoacoustic spec- 

trum of CdCr2Se4 powders ( 6 = 100 u m) obtained from Kodak 

Research Labs i s  presented. The spectrum has been ex- 

panded by a  f ac to r  of f i v e  over the  previous CdCr2Se4 

spec t ra  i n  an e f f o r t  t o  i l l u s t r a t e  t h e  inf luence of t h e  



three. acceptor levels  obsenred in  CdCr2Se4 Batch 20 powders. 

Careful inspection of Figure6.12 reveals tha t  a l l  evidence 

of the three  discrete  peaks has vanished. A t  t h e  same 

- time, we note t h a t  the long wavelength f r ee  c a r r i e r  ab- 

sorption has also disappeared. The photoacous t i c  spec- 

trum, even under repeated and close scrut iny,  was found t o  

remain f l a t  t o  - 13 urn. Thus, the  re la t ionship  between 

the selenium acceptor levels  and the  f r e e  ca r r i e r  absorp- 

t ion  i n  CdCr2Se4 i s  confirmed. 

It should be noted tha t  the excess selenium and f ree  

ca r r i e r  absorptions relat ionship may not necessarily b e  a 

one to  one correspondence. We have found tha t  the  exis- 

tence of the  excess selenium i n  CdCr2Se4 gives r i s e  t o  

f ree  ca r r i e r  absorption. However, i t  i s  possible t ha t  

f ree  ca r r i e r  absorption i n  CdCr2Se4 can a lso  r e su l t  from 

other non-stoichiometries o r  impurities.. ~ h ~ s ,  the ab- 

sence of selenium acceptor levels  does not necessarily 

guarantee the absence of f ree  ca r r i e r  absorption. 

Final ly,  we note the observation of an extremely broad 

absorption peak i n  the Kodak CdCr2Se4 powder spectrum from 

' 2  u r n  t o  - 5  urn .  The or ig in  of t h i s  peak i s  not c lea r .  

However, the  peak has been observed only i n  the  Kodak pow- 

ders,  and may b e  a t t r ibuted  to  an impurity, donor, o r  

acceptor level  which i s  re la ted  t o  the  method or  materials 

us'ed t o r  manufacture the. powders 
' 



6.6.2. Quant i t a t ive  da t a  

It may be  poss ib le  t o  ob t a in  q u a n t i t a t i v e  informa- 

t i o n  regarding t h e  absorpt ion c o e f f i c i e n t s  of  t h e  CdCr2Se4 

powders by using t h e  same technique employed f o r  t h e  ger-  

manium powders. Although t h e  abso lu te  absorpt ion coef - 
f i c i e n t  of t h e  powder i s  unknown, a  s u i t a b l e  ca l ib ra t ' i on  

point  may be  s e l ec t ed  from t h e  s i n g l e  c r y s t a l  data  

i f  ca re  i s  taken t o  insure  t h a t  t h e  absorpt ion a t  t h e  

wavelength i s  i n t r i n s i c a l l y  l imi t ed .  I n  t h i s  manner, t h e  

c a l i b r a t i o n  po in t  should be  f a i r l y  independent 'of t h e  com- 

position o r  p u r i t y  of t h e  m a t e r i a l ,  r egard less  o f  whether 

i t  i s  in .  t h e  s i n g l e  c r y s t a l  o r  powder form. For CdCrgSe4, 

t h e  c a l i b r a t i o n  point  s e l e c t e d ,  B = 50 cm-I a t  = 1 . 1 9  m, 

was loca ted  on t h e  i n t r i n s i c  Urbach t a i l  of t h e  band gap 

t r a n s i t i o n  from the  data  obta ined from the  s i n g l e  c r y s t a l  

mosaic by Bongers and Zanmarchi (36) , , 

The q u a n t i t a t i v e  photoacous t i c  spec t r a  of t h e  v i r g i n  

and hea t  t r e a t e d  CdCr2Se4 powders i s  presented i n  Figure  

6 .  15.  For t h e  v i r g i n  powders, we no te  t h a t  t h e  minimum 

absorpt ion c o e f f i c i e n t  i s  3 .0  cm-I f . 2  a t  a  wave- 

length  of 7.5 P m .  For t h e  hea t  t r e a t e d  powders, t h e  mini- 

mum absorpt ion c o e f f i c i e n t  i s  1 . 9  cm-' ? .2  cm-' a t  10 .6  ,, m .  

Thus; t h e  removal of excess selenium i s  seen t o  improve 

t h e  o p t i c a l  q u a l i t y  o f  t h e  powders and decrease t h e i r  in-  

f r a r e d  absorpt ion c o e f f i c i e n t s .  A t  1 0 . 6 ~  m,  t h e  improve- 

ment i s  roughly a  f a c t o r  of two. The r e s u l t  agrees with  
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enre 6. 15. ~uantitetive photcacoustic spectrum of CdCr2Se4 powder Batch 20 (virgin and treated). 
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physical  i n t u i t i o n  and our  previous conclus ion  regarding 

t h e  det r imenta l  inf luence of  excess selenium on t h e  i n f r a -  

r e d  o p t i c a l  absorpt ion c o e f f i c i e n t  i n  CdCrZSev It a l s o  

. provides evid,ence t o  .support t h e  ab i1 i t .y  of  t h e  photoacous- 

t i c  method t o  ob ta in  q u a n t i t a t i v e  da t a  regarding t h e  op- 

. . t i c a l  p rope r t i e s  .of powders. 

It i.s i n t e r e s t i n g  . . t o  compare t h e  absorp t ion  coef- 

f i c i e n t  da t a  obtained from t h e  hea t  t r e a t e d  powders wi th  

t h a t  of t h e  s i n g l e  c r y s t a l  mosaic. I n  t h e  l a t t e r  case ,  

t h e  lowest absorpt ion c o e f f i c i e n t  i s  13  cm-I i n  t h e  8 - 16 

u m  region of t h e  spectrum. This  i s  a  f a c t o r  of -7  higher  

than  f o r  our powders. However, Bongers and Zanmarchi 109 

a t t r i b u t e  t h i s  high va lue  t o  r e f l e c t i o n  and/or  s c a t t e r i n g  

1os.ses -which they .encountered i n .  t h e i r  t ransmiss ion 

methods. Thus., t h e ,  t r u e  a b s o r p t i o n ,  .as would be  measured 

i n  t h e  photoacous t i c  techniques ,  i s  probably lower. The 

lowest repor ted  absorption c o e f f i c i e n t s  f o r  CdCr2Se4 

s i n g l e  c r y s t a l s  i s  4 cm-I (37 ) .  Thus, our  photoacoust ic  re- 

s u l t s  on powder samples a r e  i n  genera l  agreement wi th  those  

repor ted  i n  t h e  l i t e r a t u r e .  However, i t  should be  em- 

phasized t h a t  t h e  l i t e r a t u r e  va lues  were obtained us ing  

t ransmiss ion techniques,  and a r e  t h e r e f o r e  succep t ib l e  t o  

considerable  e r r o r  due t o  t h e  in f luence  of s c a t t e r i n g  

o r  r e f l e c t i o n  l o s s e s .  

It i s  a l s o  u se fu l  t o  compare t h e  absorpt ion coef- 

f i c i e n t  of t h e  powders wi th  t h e  a t t e n u a t i o n  ( includes  



s c a t t e r i n g )  c o e f f i c i e n t s  of t h e  f i n a l  hot-pressed elements.  

To da t e ,  t h e  b e s t  hot-pressed a t t enua t ion  c o e f f i c i e n t s  a t  
-1 10.6 pm and room temperature have been - 15 c m  , o r  a 

value  which i s  an order  o f  magnitude l a r g e r  than t h e  

s t a r t i n g  powder. X-ray ana lys i s  of t h e  two samples r e -  

vea l s  t h a t  second phase impur i t i es  a r e  roughly t h e  same i n '  

both cases .  However, dens i ty  measurements on t h e  hot-  

pressed samples show t h a t  t h e  l a t t e r  i s  only - 99.5% of 

t h e  t h e o r e t i c a l  value .  Consequently, i t  appears t h a t  t h e  

a t t enua t ion  coe f f i c i en t  of  hot-pressed CdCr2Se4 a t  10.6 u m 

i s  l imi t ed  pr imar i ly  by s c a t t e r i n g  and t rapp ing  mechanisms 

r e s u l t i n g  from an incomplete d e n s i f i c a t i o n  during t h e  ho t -  

p ress ing  process and not by absorpt ion due t o  s t a r t i n g  

powder impur i t i es  o r  non-stoichrometries .  

6 ' 7 .  Photoacoust ic .  s p e c t r a  of CdCr2S4 

The photoacoust ic  spectrum of CdCr2S4 powder ob- 

t a ined  from KodakResearch Labs i s  presented i n  Figure 8-16.  

It may be compared t o  t h e  general ized absorpt ion spectrum 

obta ined by Jacobs(1) i n  Figure  6.17. and t h e  absorpt ion 

spectrum obtained us ing t ransmiss ion methods on one of 

t h e  hot-pressed CdCr2S4 samples i n  Figure  6 . 1 8 .  Compari- 

son of t h e t h r e e  f i gu re s  r evea l s  t h a t  t h e  f e a t u r e s  i n  t h e  

photoacoust ic  spectrum a r e  s i m i l a r  t o  ' those  observed i n  

t h e  .o.ther two spec t r a .  
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Fi,gure 6 . 1 6 .  P h o ~ o a c o u s t i c  spectrum of CdCr2S4 powder ( ~ o d a k )  . 
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Figure  6 . 1 7 .  Genera l ized  a b s o r p t i o n  spectrum o f  CdCr2S4 

(adapted from .ref .  (1 )') . 
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6 . 7  .l. Qual i ta t ive  features  

A t  short wavelengths ( c 3 p rn) we .note the presence 

of a  strong absorption i n  a l l  three s p e c t r a .  Considerable 

work has been conducted t o  show t h a t  t h i s  absorpt ion i s  

a t t r ibu tab le  t o  a . 1 . 6 2  eV ( A- - 7 6  un) cr3+ crys ta l  f i e l d  

t rans i t ion  ra ther  than the 2.5 eV ( = .49 u m) energy 

band gap of CdCr2Se4(X08-,112) . In the photoacoustic spec- 

trum, the t a i l  o f  the  crystal .  f i e l d  t rans i t ion  extends 

. . down t o  roughly 4.0 p m i n  good agreement with t h e  pre- 
. . . 

viously published data.  

In addi t ion .  t o  the cr3+ c rys t a l  f i e l d  t rans i t ion ,  

several other absorption peaks a r e  observed i n  the  photo- 

' a c o u s t i c  spectrum and they have bee* labeled a ,  b ,  c ,  d ,  

and e  i n  Figure 6 . 1 6 .  The fea ture  labeled "a" i s  located 

a t  A = 1 . 2  u m ( . 9 7  eV) and may be re la ted  t o  the  stoichro- 

metry of the  powder. . . Miyatani (4-0), fo r  example', h a s  seen . . 

. . 
an absorption fea ture  a t  t h e  ident ica l  wavelength fo r  a  

. . 

sample of su l fur-def ic ient ,  CdCr2S4. Our experiments, . , 

. . whicl i  indicate.  .that the  strength of t h i s  peak. v a r i e s  as a  ' . , . '  . , . . . ,  

. . 
. . function of powder sample, would support t h i s  :hypothesis. . , 

The 'origin of t h e  "b" and' "c" bands a t ' 2 . 5  m a n d 4 . 5  

u m,  respectively,  seem t o  be impurity re la ted .  Both 

features.  have been observed i n  the  hot-pressed elements, 

and considerable variat ion i n  t h e i r  strength has been 

noted from sample t o  sample. It i s  in teres t ing  t o  note 

the the locat ion of the' 4 . 5  1.m peak i.s the same as  t ha t  



observed f o r  an anomaly i n  t h e  Faraday r o t a t i o n  of CdCr2S4 (113). 

TJittekock and Bongers (113) and others.@) however, were unable 

t o  i d e n t i f y  t h e  absorbing spec i e  and simply a t t r i b u t e d  t h e  

f e a t u r e  t o  an unknown impuri ty.  Our observations would 

support  t h i s  hypothesis .  However, i t  should be mentioned 

t h a t  t he se  authors d id  not  s ee  t h e  2 . 5  p m band i n  t h e i r  
I 

i nves t iga t ions .  Consequently, i t  seems l i k e l y  t h a t  t h e  two 

peaks, i f  they can indeed be  a t t r i b u t e d . t o  impur i t i e s ,  a r e  

r e l a t e d  t o  two separa te  i m p u r i t i e s . .  F i n a l l y ,  we mention 

t h a t  x-ray ana lys i s  of t h e  powders d i d  no t  revea l  any 

second phases p resen t .  

The extremely l a r g e  absorp t ion  f e a t u r e  a t  8 .5  p m  i s  

s i m i l a r  t o  absorption bands seen i n  t h e  hot-pressed 

samples. I n t e r e s t i n g l y  enough, t h e  absorpt ion band was 

observed t o  be f a r  s t ronger  i n  t h e  s t a r t i n g  powder than 

i n  t h e  hot-pressed elements.  Indeed, the ,band was not  

even observed i n  many of t h e  hot-pressed samples. Thus, 

i t  appears t h a t  t h e  ho t -press ing  'has a c t u a l l y  improved t h e  

o p t i c a l  q u a l i t y  .of t h e  powder, a  f a c t  which may he lp  t o  

c l a r i f y  not  only t h e  o r i g i n  of t h e  band, but  a l s o  t h e  de- 

ta i ls  of  t h e  hot-press ing process .  
- .. . .  - - 



In  p a r t i c u l a r ,  we note t h a t  the  c l a s s  of so ca l l ed  oxy- 

s u l f a t e  impurit ies exhibi t  an absorption peak around 

9 . 0  p m  Cll3)in good agreement with t h e  peak "d" o b s e n e d  

i n  the  photoacoustic powder spectrum. If we assume t h a t  

a s l i g h t  excess of su l fu r  i s  present i n  t h e  i n i t i a l  s t a r t i n g  

Powder, then it i s  possible  t h a t  the  sulfur-oxygen sub- 

s t i t u t i o n  could be completed during t h e  high temperature 

phase of the  hot-pressing process, thus r e s u l t i n g  i n  a 

purer f i n a l  hot-pressed element and a reduction i n  t h e  

8 .5  p m oxygen r e l a t e d  absorption band. Since t h e  experi- 

mental evidence confirms t h e  l a t t e r  predic t ion ,  i t  there-  

fore  seems l i k e l y  t h a t  the  o r ig in  of the  9 . 5  pm absorption 

fea tu re  l i e s  i n  oxygen re l a t ed  impuri t ies  i n  the  s t a r t i n g  

powder which e x i s t  possibly as  a r e s u l t  of t h e  incomplete 

formation of CdCr2S4 i n  the  i n t i t a l  powder preparation 

procedure. 

Several small peaks labeled "e" were a lso observed 

a t  wavelengths greater  than 9 ; 5  p m .  These features  a r e  

located a t  t h e  same wavelengths as s imi la r  ,peaks i n  

the hot-pres.sedelements and have been iden t i f i ed  a s . t h e  

c l a s s i c  signature of multiphonon absorption also shown i n  

Figure 5.25. The existence of absorption bands a t  sum and 

difference frequencies of fundamental l a t t i c e  vibrat ions  has 

been well established i n  several  semiconductors, including 

ZnSe, ZnS, GaAs and o thers .  Applying a s imi la r  analysis 

t o  CdCr2S4, we find an excel lent  agreement between 



t h e .  p o s i t i o n s  of t h e o r e t i c a l  and observed two and t h r e e  

phonon absorp t ion  peaks,  see  Table 5.1.. We a l s o  n o t e  t h a t  

t h e s e  peaks were observed i n  every CdCrZS4 sample i n v e s t i g a t e d  

a t  t h e  same s t r e n g t h .  Thus, we conclude t h a t  they  a r e  i n t r i n s i c  

and t h e  r e s u l t  of multiphonon absorp t ion .  

Q u a n t i t a t i v e  d a t a  

It may b e  p o s s i b l e  t o  o b t a i n  q u a n t i t a t i v e  in fo rmat ion  

about t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  CdCr2S4 powder 

g r a i n s  i f  an a p p r o p r i a t e  c a l i b r a t i o n  p o i n t  can be  found. 

Although previous  d a t a  i s  n o t  a v a i l a b l e  f o r  CdCrZS4 pow- 

d e r s ,  ~ a c o b s  ( 1 )  has  r e p o r t e d  a  minimum a b s o r p t i o n  coef - 
f i c i e n t  of  2 3  cm-I a t  1 .06  p m f o r  h o t - p r e s s e d  samples .  

S ince  t h i s  wavelength .is l o c a t e d  on t h e  i n t r i n s i c  C r  3+ 

c r y s t a l  f i e l d  t r a n s i t i o n ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  may 

b e  ' expected  t o  b e . . r e l a t i v e l y  independent  o f  sample p u r i t y  

and thus  a p p r o p r i a t e  f o r  use  a s  t h e  p h o t o a c o u s t i c  spectrum 

c a l i b r a t i o n  p o i n t .  The r e s u l t i n g  q u a n t i t a t i v e  a b s o r p t i o n  

spectrum of  t h e  CdCtZSL powder i s  p r e s e n t e d  i n  F igure  6 . 1 9 .  

I n s p e c t i o n  o f  t h i s  f i g u r e  r e v e a l s  t h a t  t h e  minimum 

a b s o r p t i o n  c o e f f i c i e n t  i s  -25  cm-I a t  6 . 0  p w h i l e  t h e  

10 .6  urn v a l u e  i s  .55 cm-l. The l a t t e r  va lue ,  i s  i n  good 

a g r e e m e n t  w i t h  t h e  1 cm-I - 2 cm-I room. tempera ture  a t -  

t e n u a t i o n  c o e f f i c i e n t  r epor ted (1 )  f o r  t h e  b e s t  ho t -p ressed  

- elements a t  . l o .  6 um.  The. r e s i d u a l  d i f f e r e n c e  between -the 

powder and ho t -p ressed  c o e f f i c i e n t s  may b e  a t t r i b u t e d  t o  





t h e  increased s c a t t e r e d  and trapped r a d i a t i o n  i n  t h e  l a t -  

t e r  due t o  t h e  incomplete d e n s i f i c a t i o n  of t h e  CdCrgS4 

during t h e  ho t -press ing  process .  

It i s  of i n t e r e s t  t o  es t imate  t he  i n t r i n s i c  absorpt ion 

c o e f f i c i e n t  of CdCr2S4 a t  10.6 um due t o  multiphonon ab- 

so rp t ion .  One experimental method of c a l c u l a t i n g  t h i s  

absorpt ion c o e f f i c i e n t  i s  t o  assume t h a t  t h e  e x t r i n s i c  con- 

t r i b u t i o n  t o  t h e  absorpt ion c o e f f i c i e n t  i s  t h e  same a t  

10.6 u r n  and 6.0 p m .  The i n t r i n s i c  absorpt ion coef- 

f i c i e n t  i s  then s i n p l y  found b e  sub t r ac t ing  the  two 

values .  For CdCr2S4, w e  f i n d  t h a t  t h e  i n t r i n s i c  absorp t ion  

c o e f f i c i e n t  a t  10.6  I.J m i s  0;30 cm-l, which i s  i n  excel -  

l e n t  agreement wi th  t h e  es t imate  of  0.3 cm-' obta ined 

from a s i m i l a r  an 'alysis  us ing  t ransmiss ion techniques o r  

hot-pressed .samples (35) ;. ' . 

6 -  8. Addi t ional  comments regarding t h e  photoacous t i c  

spectrometer  

The monochromator used i n  t h i s  i n v e s t i g a t i o n  was em- 

ployed pr imar i ly  a s  a  r e s u l t  of i t s  a v a i l a b i l i t y  and be- 

cause of economic cons idera t ions .  The design of t h e  photo- 

acous t i c  spectrometer  i s  t h e r e f o r e  n o t  opt imal ,  and i t  i s  

use fu l  t o  consider  two improvements i n  t h e  system which 

could be e a s i l y  implemented t o  improve e i t h e r  t h e  speed. 

r e s o l u t i o n ,  and/or  s i g n a l  t o  no i se  r a t i o .  

I n  t h e  measurement o f .  i n f r a r e d  photoacoust ic  s p e c t r a ,  



primary considera t ion must be  given t o  t h e  maximization of 

t he  etendue of t h e  o p t i c a l  system. In  t h e  p resen t  .ap- 

<paratus ,  t h e  e f f e c t i v e  cone ang le  was only f/9. Conversion 

t o  f / 4  o p t i c s  could r e s u l t  i n .  an i nc rease  i n  t h e  t o t a l  

f l u x  by a f a c t o r  of 5 .  

A n  add i t i ona l  f a c t o r  of two c o u l d . a l s o  be  achieved 

by simply us ing a f r o n t  su r f ace  coated r e f l e c t i n g  chopper 

b lade  t o  both modulate t h e  r a d i a t i o n  whi le  supplying a n . a . c .  

r e fe rence  beam. In t h e  p resen t  apparatus ,  t h i s  would n o t  

only e l imina te  t h e  was te fu l  beamsp l i t t e r ,  bu t  would a l s o  

e l iminate  t h e  c r i t i c a l  alignment assoc ia ted  wi th  t h e  de- 

v i c e .  It .should be noted t h a t  t h i s  type of  modulation was 

-. not used due t o  economic cons idera t ions .  

Thus, we see  t h a t  us ing  a chopper beamspl i t t e r  i n  

combination wi th  a £14 monochromator, it  would be poss ib l e  

t o  gain a f a c t o r  of 10 i n  t h e  s i g n a l  t o  no i se  r a t i o  over 

t h e  cur ren t  system. In  t h e  i n f r a r e d ,  where blackbody 

sources of  r a d i a t i o n  a r e  no tor ious ly  poor,  , t h i s  i nc rease  

would allow t h e  examination of  s o l i d s  t o  proceed i n  

add i t  ion t o  t h e  cur ren t  powder c a p a b i l i t y  . 
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