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CHAPTER I 

I NTROOUCT I ON 

The o p t i c a l  constants  of a m a t e r i a l  y i e l d  much in fo rmat ion  about 

the energy absorp t  on processes which take p lace  when i o n i z i n g  r a d i a t i o n  

i s  i n c i d e n t  on the ma te r ia l ,  and t h i s  in fo rmat ion  i s  u s e f u l  i n  estab- 

l i s h i n g  the band s r u c t u r e  of the  m a t e r i a l  and energy absorp t ion  cross 

sec t ions .  Recent improvements i n  vacuum u l t r a v i o l e t  equipment, p a r t i c -  

u l a r l y  l i g h t  sources, g r a t i n g  and detectors ,  have made i t  poss ib le  t o  

determine more accu ra te l y  the o p t i c a l  constants  of s o l i d s  i n  the energy 

reg ion  from 6 eV to  25 eV. Th is  reg ion  i s  of i n t e r e s t  because o f  the  

many energy absorp t ion  processes which take p lace  i n  t h i s  energy i n t e r -  

va l ,  such as in terband t r a n s i t i o n s ,  t he  genera t ion  of exc i tons,  and c o l -  

l e c t i v e  o s c i l l a t i o n s  of e lec t rons .  

Because most m a t e r i a l s  a r e  h i g h l y  absorbing i n  the vacuum u l t r a -  

v i o l e t  and because o f  a l ack  of  good p o l a r i z e r s  f o r  t h i s  region, the 

o p t i c a l  p roper t i es  i n  the vacuum u l t r a v i o l e t  a r e  genera l l y  determined by 

r e f l e c t a n c e  techniques. 

ana lys is ,  o r  Kramers-Kronig ana lys is ,  lS2 and the "two-angle method." The 

two-angle method requ i res  the  measurement o f  the ref lectance,  a t  two d i f -  

f e r e n t  angles of inc ident ,  of unpolar ized l i g h t  o r  o f  l i g h t  of known 

p o l a r i z a t i o n .  Using these values of  the re f l ec tance  i t  i s  then poss ib le  

t o  so l ve  the Fresne l  r e f l e c t i o n  equat ions f o r  the r e a l  and imaginary p a r t s  

o f  the complex index of  r e f r a c t i o n .  From these q u a n t i t i e s  the  r e a l  and 

The two most common methods a re  the d i spe rs ion  

1 
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imaginary p a r t s  o f  t h e  complex d i e l e c t r i c  constant  and the volume and sur -  

face-plasma loss func t i ons  can be ca lcu la ted .  The d i spe rs ion  ana lys i s  

method requ i res  the measurement o f  the re f l ec tance  a t  normal. or near-nor- 

mal inc idence over a l a r g e  energy i n t e r v a l .  The phase s h i f t  upon r e f l e c t i o n  

i s  then ca l cu la ted  us ing t h e  dispersion r e l a t i o n s  and from t h i s  s h i f t  the  

o p t i c a l  constants can be ca lcu la ted ,  

S t i l l  another method f o r  determin ing the r e a l  p a r t  o f  t h e  complex 

r e f r a c t i v e  index from re f l ec tance  measurenients i s  the c r i  t i c a l - a n g l e  meth- 

od.  This  method i s  based on the f a c t  t h a t  i f  t h e  e x t i n c t i o n  c o e f f i c i e n t  

of a m a t e r i a l  i s  smal l ,  there  i s  a r a p i d  increase i n  re f l ec tance  f o r  angles 

of inc idence near t h e  c r i t i c a l  angle, the angle which marks t h e  onset o f  

t o t a l  r e f l e c t i o n .  The advantage of t h i s  method i s  t h a t  i t  can he used 

when the  noma1 inc idence re f l ec tance  sf a m a t e r i a l  i s  very  smal l .  Since 

the  e x t i n c t i o n  c o e f f i c i e n t  must be s m a l l  i n  o rder  t o  use t h i s  method t o  

determine the r e a l  p a r t  of the coinplex r e f r a c t i v e  index, the imaginary 

p a r t  can b e  determined by t ransmiss ion measurements. 

3 

Both t h e  two-angle method and t h e  Kramers-Kronig ana lys i s  were used 

i n  t h i s  work to o b t a i n  the o p t i c a l  constants o f  selenium and t e l l u r i u m  

s ince  the  two-angle method was good a t  h igher  energies b u t  n o t  s e n s i t i v e  

enough a t  the lower energies w h i l e  the Kramers-Kronig method was w e l l -  

s u i t e d  to  the  lower energies b u t  no t  so  accurate a t  the h ighe r  energies. 

I n  a d d i t i o n  the c r i t i c a l - a n g l e  method was used i n  con junc t i on  w i t h  t rans-  

miss ion  measurements t o  determine the o p t i c a l  constants  of t e l l u r i u m  above 

18 eV where the re f lec tance was low. 

The pr imary purpose of t h i s  work was to o b t a i n  accura te  o p t i c a l  

constants f o r  vacuum-evaporated s e l e n i  urn and t e l  l u r i  uin f i lrns fo r  the 



3 

u l t r a v i o l e t  s p e c t r a l  region. The o p t i c a l  constants  were used t o  c a l c u l a t e  

the  r e a l  and imaginary p a r t s  o f  t h e  complex d i e l e c t r i c  constant  and the  

volume and surface-plasma energy loss  func t ions .  

There has been some prev ious work on the  o p t i c a l  constants  of se le-  

nium i n  the  wavelength reg ion  i nves t i ga ted  i n  t h i s  study. However, t he  

prev ious work was done on f i l m s  which had been exposed t o  a i r .  S. Robin- 

Kandare4” has measured t h e  t ransmiss ion o f  selenium f i l m s  i n  the  s p e c t r a l  

reg ion  110 A t o  4000 k and the r e f l e c t a n c e  of  selenium i n  the  s p e c t r a l  re-  

g ion  550 t o  1500 k .  W. L. Gof fe  and M. P. Givens have measured the  

re f l ec tance  o f  selenium i n  the  s p e c t r a l  reg ion  550 t o  1500 The re- 

f l e c t a n c e  of ou r  f i l m s  was h ighe r  than t h a t  o f  prev ious i n v e s t i g a t o r s  and 

the  s t r u c t u r e  was more pronounced. 

d i f f e r e n c e s  i n  the  q u a l i t y  o f  the  f i l m s  studied. 

6 

The d i f f e r e n c e s  a r e  probably  due t o  

The r e f l e c t a n c e  of  p o l y c r y s t a l l i n e  t e l l u r i u m  f i l m s  on amorphous 

subs t ra tes  has been measured by severa l  workers 7 9 8 ’  98 lo f o r  the  energy 

reg ion  above 3 eV. T h e i r  values d i f f e r  i n  magnitude and shape and a r e  

s i g n i f i c a n t l y  lower than those measured i n  t h i s  work. S. Robin-Kandare, 

Rustg i  ,9 and Merdy” have made t ransmiss ion measurements on p o l y c r y s t a l -  

l i n e  t e l l u r i u m  f i l m s  i n  the u l t r a v i o l e t  s p e c t r a l  region. The d iscrepancies 

between t h e i r  r e s u l t s  and those o f  the present  work a r e  also a t t r i b u t e d  

t o  d i f fe rences  i n  the q u a l i t y  o f  t h e  f i l m s  s tud ied.  Great care was taken 

i n  t h i s  work t o  prepare f i l m s  of h i g h  q u a l i t y  and to  o b t a i n  reproduc ib le  

r e s u l t s ,  

8 



CHAPTER I I  

THEORY 

The o p t i c a l  p r o p e r t i e s  o f  absorbing media may be descr ibed quan- 

t i t a t i v e l y  by the complex r e f r a c t i v e  index, N = n 9 i k ,  where n,  the 

r e a l  p a r t  o f  t he  r e f r a c t i v e  index, i s  def ined as the r a t i o  o f  the velloc- 

i t y  o f  l i g h t  i n  vacuum ( c )  t o  the  phase v e l o c i t y  (v)  i n  the d l e l e c t r i c  

o f  a plane electromagnet ic wave having constant ampl i tude along a wave 

f r o n t ,  

n = c/v (1) 

The imaginary p a r t  of the complex r e f r a c t i v e  index, k, o f t e n  c a l l e d  

the e x t i n c t i o n  c o e f f i c i e n t ,  descr ibes the damping o f  the wave as i t  t r a -  

verses the  absorbing medium, and i s  def ined by the r e l a t i o n  

2 T kz 1 (2) E = Eo exp ( - 
where z i s  the coord inate i n  the d i r e c t i o n  of propagation, Eo i s  t h e  

ampl i tude of the electromagnet ic wave a t  z = 0, E i s  the ampl i tude a t  z, 

and h i s  t he  wavelength i n  vacuum o f  the e lect romagnet ic  wave. 

The theory o f  r e f l e c t i o n  and t ransmiss ion o f  l i g h t  by t h i n  f i l m s  

has been discussed i n  many texts .  2’ 11’ 12’ l3  

tance (R)  a t  a given wavelength a r e  obta ined by the a p p l i c a t i o n  o f  bound- 

a r y  cond i t i ons  to Maxwell’s equations f o r  a p lane e lect romagnet ic  wave 

i n c i d e n t  on the boundary between two media. 

so rb ing  f i l m  the equations f o r  the components o f  the r e f l e c t e d  l i g h t  

Express ions f o r  the r e f  l ec -  

For an i n f i n i t e l y  t h i c k  ab- 

4 
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r- 2 -31 
~- (n+ ik ) '  - s i n  F) - cos e - - 

2 

a r e  g iven by the  Fresne l  equations: 

2 

R s -  

2 1 1  ((n+ik)2 - s i n 2 8 p  - (n+ik) cos 0 

I 1 (n+ ik )2  - s i n  4- cos 8 
L 

( 3 )  

2 

where R and R a r e  the  re f lec tances  f o r  l i g h t  w i t h  the e l e c t r i c  f 

vec to r  perpend icu la r  and p a r a l l e l  r e s p e c t i v e l y  t o  the  p lane o f  i n c  

and t! is the ang le  of incidence. 

S P 
e l d  

dence 

For unpo lar ized  l i g h t ,  f o r  l i g h t  p o l a r i z e d  a t  45" t o  the  p lane of 

incidence, and f o r  c i r c u l a r l y  p o l a r i z e d  l i g h t  t h e  re f l ec tance  (R) i s  

g i v e n  by 

(5) R = 1 (Rs + RP) 

14 For p a r t i a l l y  p lane p o l a r i z e d  l i g h t  t he  re f l ec tance  i s  g iven  by 

R = ( P R  + Rs) / (1  + P) (6) P 

where the  parameter P i s  de f ined by the  r e l a t i o n  

I 
p = J  ( 7 )  

' S  

w i t h  I 

t r i c  f i e l d  vector p a r a l l e l  and perpendicu lar ,  respec t i ve l y ,  t o  the p lane 

o f  inc idence of t he  sample. 

a n d  I s  being the  i n t e n s i t i e s  o f  t he  i n c i d e n t  l i g h t  w i t h  the e lec-  
P 

I f  P i s  known and R i s  measured f o r  t w o  angles o f  incidence, then 

Equations ( 3 ) ,  (4) and (6) c o n s t i t u t e  a sys t em of equat ions which can be 

so lved by graph ica l  or numerical methods t o  y i e l d  the  o p t i c a l  constants 
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n and k. 

The re f l ec tance ,  R ( E ) ,  can be expressed i n  terms o f  ,?(E) the com- 

p l e x  r e f l e c t a n c e  ampll  tude, by: 

For normal. incidence the complex r e f l e c t a n c e  ampli tude, ?(E) i s  

g 1 ven by 

-iI#I(E) - n-4-ik-1 
- n+ik+l ?(E)  = r(E) e 

The magnitude r(E) and the  phase Q ( E )  a r e  no t  completely independent. 

They a r e  r e l a t e d  by the phase s h i f t  d i s p e r s i o n  re la . t ion  

?(Eo) i s  r e s t r i c t e d  t o  the range -TT - -  < $I < 0 .  

The o p t i c a l  constants n and k a r e  determined from $(E)  and R ( E )  

by the r e l a t i o n s  

l - R  
i - i= 

1 + R - 2 JTCOS $I 

Another u s e f u l  r e l a t i o n  i s  

- 2k tan  = 
n2 -+ k2 - 1 

Thus, i f  the normal o r  near-normal incidence r e f l e c t a n c e  is known 

over  a wide enough energy range, the phase s h i f t  and t h e r e f o r e  the o p t i c a l  

constants can be c a l c u l a t e d  i n  the reg ion where the r e f l e c t a n c e  i s  known, 



The advantage o f  t h i s  method over  o t h e r  r e f l e c t a n c e  methods o f  

determin ing o p t i c a l  constants i s  t h a t  measurements may be made near nor- 

mal incidence, and the p o l a r i z a t i o n  o f  the i n c i d e n t  l i g h t  need not  be 

known. There a r e  seve ra l  disadvantages, One i s  t h a t  the r e f l e c t a n c e  

must be known over such a wide energy range t h a t  some e x t r a p o l a t i o n  tech- 

n ique g e n e r a l l y  must be used beyond the reg ion  where data i s  a v a i l a b l e .  

Another i s  t h a t  e r r o r s  i n  the r e f l e c t a n c e  measurement a t  one energy w i l l  

a f f e c t  t he  c a l c u l a t e d  o p t i c a l  constants a t  a l l  energies. 

The complex d i e l e c t r i c  constant,  E = e l  + i e2, i s  r e l a t e d  t o  the  

2 
complex r e f r a c t i v e  index by E = N so t h a t  

2 e l  = n2 - k 

e2 = 2nk ( 15) 

1 The volume and surface-plasma loss funct ions a r e  g i ven  by - I m  {--) and 

- I m  (- e+l) respec t i ve l y .  1 

The o p t i c a l  p r o p e r t i e s  a r e  s p e c i f i e d  when these f a c t o r s  a r e  known 

as a f u n c t i o n  of i n c i d e n t  photon energy. 



CHAPTER 1 1 1  

EXPERIMENTAL APPARATUS 

A. General D e s c r i p t i o n  

The apparatus, depic ted schemat ica l ly  i n  F i g u r e  1, consis ted p r i -  

m a r i l y  o f  a l i g h t  source and detector ,  a scanning monochromator, a r e f l e e -  

tance chamber, c u r r e n t  measuring instruments, and vacuuni systems. 

L i & t  from the source passed i n t o  the monochromator through the 

entrance s l i t  and f i l t e r  assembly and was i n c i d e n t  on the g ra t i ng .  

o f  the se lected wavelength passed from the g r a t i n g  through the e x i t  s l i t  

i n t o  the re f l ec tance  chamber and on t o  the  evaporated f i l m .  The l i g h t  

i n t e n s i t i e s  were detected by a p h o t o m u l t i p l i e r  tube which was r o t a t e d  

about the v e r t i c a l  a x i s  of the sample. 

p l i e r  tube was measured by a pico-ammeter and recorded by a Minneapolis- 

Honeywell Brown recorder. The monochranator and the r e f l e c t a n c e  chamber 

were evacuated by separate vacuum systems. 

L i g h t  

The output  from t he  photomul t i -  

5. L i g h t  Source 

The c a p i l l a r y  discharge l i g h t  source used i s  depicted s c h e m a t i m l l y  

i n  Figure 2, and consis ted o f  a boron n i t r i d e  c y l i n d e r  and a w a t e r - c o o l e d  

brass anode and cathode, 

r i n g  which i n  t u r n  was mounted on the entrance s l i t  assembly. A Hast ings 

model DV-4DG.1 thermocouple gage, mounted i n  the spacer r i ng ,  was used t o  

measure the pressure i n  t h e  l i g h t  source. A $ vacuuni l i n e  frail the 

I I  
This  source was mounted o n  a 9 brass spacer 

I1 

8 
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F i g .  1. Schematic Diagram o f  Light Source, Spectrometer and 
Reflectance Chamber. 
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F i g .  2. Schematic Drawing o f  Condensed-Spark-Discharge L i g h t  
Source. 
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forepump t o  the  space between the  l i g h t  source and the entrance s l i t  was 

used t o  evacuate the  l i g h t  source. The d ischarge gas was leaked s low ly  

i n t o  the c a p i l l a r y  tube a t  the  anode by means o f  a needle va lve.  The 

l i g h t  source cou ld  be operated i n  e i t h e r  of  t w o  modes, d. C. a r c  d i s -  

charge o r  spark discharge. 

lengths below 1500 A w h i l e  t h e  d .  c. a r c  d ischarge mode was used f o r  wave- 

lengths between 1500 

supp l i ed  by a Consol idated Vacuum LC-031 power supply.  T y p i c a l  ope ra t i ng  

cond i t i ons  i n  the  d ,  C. a r c  mode were a c u r r e n t  o f  250 m i l l i amperes  a t  

600 v o l t s  w i t h  a l i g h t  source pressure o f  1000 microns Hg. A r o t a t i n g  

spark gap w i t h  a r e p e t i t i o n  r a t e  o f  56 pulses per  second was used t o  d i s -  

charge a 0.5 p f  capac i to r  through the  1 i g h t  source i n  the  spark mode. 

T y p i c a l  ope ra t i ng  cond i t i ons  i n  the  spark mode were a c u r r e n t  o f  150 m i l -  

l iamperes a t  5000 v o l t s  w i t h  a l i g h t  source pressure o f  400 microns Hg. 

The spark d ischarge mode was used f o r  wave- 
0 

and 4000k. High vo l tage  f o r  t he  d ischarge was 

The s t a b i l i t y  o f  the l i g h t  source was very s e n s i t i v e  t o  changes 

i n  the  l i g h t  source pressure and to the  c o n d i t i o n  of the  spark gap when 

opera t i ng  i n  the  a i r  spark d ischarge mode. The spark gag had to be ad- 

j u s t e d  each t ime p r i o r  to use t o  o b t a i n  maximum s t a b i l i t y ,  and the "Oil 

r i n g s  i n  the  l i g h t  source had t o  be changed o f t e n  s ince  the  heat  d i s -  

s ipa ted  i n  the  b o r o n - n i t r i d e  c y l i n d e r  d r i e d  them o u t  r a p i d l y .  

C e Monoch roma t o r  

A 0.5 meter Seya-Namioka 

a t  ORNl was used t o  s e l e c t  the  

t rance and e x i t  s l i t s  were cont  

type vacuum scanning monochromator b u i  I t  

nc ident  r a d i a t i o n .  The b i l a t e r a l  en- 

nuously ad jus tab le  from 10 microns t o  6 
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m i l l i m e t e r s  by means o f  r o t a t i n g  sha f t s  extending through the housing. 

Each s l i t  assembly incorpora ted  a s l i d e  va l ve  which made i t  p o s s i b l e  t o  

i s o l a t e  the monochromator from the l i g h t  source and the r e f l e c t a n c e  chamber. 

The d i f f r a c t i o n  g r a t i n g  used was a Fzausch and Lomb concave g r a t i n g  

w i t h  a 0.5 meter rad ius  af curvature.  The g r a t i n g  was r u l e d  w i t h  s i x  

hundred l i n e s  per mm. w i t h  a 1500 A b laze  and was coated w i t h  aluminum 

and overcoa ted w i t h  magnes i um f l o u r  i de (MgF2) . 

0 

D. Vacuum Systems 

A Na t iona l  Research Corpora t ion  (NRC) model HS6-1500 s i x - i n c h  

water-cooled o i l  d i f f u s i o n  pump, w i t h  a pumping speed o f  1400 l i t e r s  per  

second a t  10 To r r ,  backed by a Welch model 1397 r o t a r y  forepump was con- 

nected to t h e  re f l ec tance  chamber through a NRC water-cooled b a f f l e ,  a 

NRC s l i d e  va l ve  and an elbow f lange.  Pressure i n  the  r e f l e c t a n c e  chamber 

was measured by a Veeco RG 75K i o n i z a t i o n  gage tube and read on a 

Vac t ron i c  ion  gage c o n t r o l  model SP-230. 

-4  

A s i m i l a r  system w i t h  two exceptions was used to evacuate the  

monochromator. 

cooled o i l  d i f f u s i o n  pump w i t h  a pumping speed o f  2400 l i t e r s  per second 

a t  10 Torr ,  and the s l i d e  va lve  was connected d i r e c t l y  t o  the  mono- 

The d i f f u s i o n  pump used was a NRC VHS6 s i x - i n c h  water- 

-6 

chroma t o r .  

The re f l ec tance  chamber could be i s o l a t e d  from the monochromator 

by means o f  a s l i d e  va lve  incorpora ted  i n  the  e x i t  s l i t  assembly. 
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E. Cur ren t  Measuring Equipment 

The i n c i d e n t  and r e f l e c t e d  l i g h t  i n t e n s i t i e s  were measured by means 

of  a RCA 1P28 p h o t o m u l t i p l i e r  tube equipped w i t h  a sodium s a l i c y l a t e  wave- 

l eng th  conver ter .  The opera t i ng  vo l tage  o f  540 v o l t s  was suppl ied by a 

regulated power supply b u i l t  a t  ORNL. 

tube was in teg ra ted  us ing an RC c i r c u i t  and was measured on a K e i t h l e y  

Model 409 pico-ammeter and recorded by a Minneapolis-Honeywell  Brown 10 

The ou tpu t  from the p h o t o m u l t i p l i e r  

m i l l i v o l t  recorder.  The range o f  photocurrents  measured was lom7 t o  10"l 

amperes. The pico-ammeter and t h e  recorder were c a l i b r a t e d  w i t h  a 

Kei t h l e y  model 261 standard c u r r e n t  source. 

F.  Ref lectance Chamber 

The chamber used f o r  p repar ing  and measuring the r e f l e c t a n c e  of 

the f i l m s  i s  i l l u s t r a t e d  i n  F i g u r e  3 .  

The evaporated f i l m ,  f i l m  ho lder ,  evaporat ion boat ,  and the l i g h t  

d e t e c t o r  were enclosed i n  a s t a i n l e s s  s t e e l  c y l i n d e r  16 inches long and 

8& inches i n  diameter w i t h  vacuum and v iewing p o r t s .  

c y l i n d e r  was connected by an elbow f l ange  t o  a vacuum pump. The op- 

p o s i t e  p o r t  was connected by a s t a i n l e s s  s t e e l  yoke to the e x i t  s l i t  o f  

the monochromator. Vacuum sea 1s were accomp 1 i shed by V i  ton ' IO1'  r i n g s  , 

The c y l i n d e r  was mounted i n  a v e r t i c a l  p o s i t i o n  w i t h  the vacuum p o r t s  a t  

the lower h a l f  of the c y l i n d e r .  The e n t i r e  c y l i n d e r  was e lec t ro -po l i shed  

i n s i d e  and ou ts ide .  

One p o r t  o f  the 

The top p o r t i o n  of t h e  c y l i n d e r  contained the h i g h  c u r r e n t  feed- 

throughs, the b a f f l e  and s h u t t e r  assembly, and the sample holder  assembly, 
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F ig .  3 .  Reflectance Chamber. 
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The sample holder  guide and the r o t a t i n g  p h o t o m u l t i p l i e r  tube ho lde r  were 

mounted on the base o f  the c y l i n d e r .  The sample ho lde r  was designed f o r  

v e r t i c a l  p o s i t i o n i n g  and independent angular r o t a t i o n  about an a x i s  nor-  

mal t o  the  p lane of inc idence by a s h a f t  extending through the vacuum 

system. Th is  pe rm i t ted  the p o s i t i o n i n g  o f  the sample f i l m  a t  var ious 

angles o f  incidence when measurements o f  the r e f l e c t e d  l i g h t  were made, 

o r  wi thdrawal  from the beam t o  a l l o w  measurement o f  the i n c i d e n t  i n t e n s i t y .  

The de tec to r  was r o t a t e d  about the same a x i s  as the sample ho lde r  by a 

s i m i  1 i a r  arrangement. 

For evaporat ion,  the sample ho lde r  con ta in ing  a c lean  s l i d e  was 

r a i s e d  i n t o  the upper p a r t  of  the chamber and the  b a f f l e  s h u t t e r  closed. 

The sample was evaporated on to  the s l i d e  from the tubu la r  boat  mounted 

on the e l e c t r i c a l  feedthroughs. The evaporat ion process could be observed 

through v iewing p o r t s  i n  the upper sec t i on .  

The re f l ec tance  measurements w e r e  made i n  the lower s e c t i o n  o f  

the chamber. 



CHAPTER I V  

EXPER I NENTAL PROCEDURE 

A .  Spectrometer Al ignment and C a l i b r a t i o n  

The i n i t i a l  al ignment o f  t h e  spectrometer cons is ted  of  cen te r ing  

the  g r a t i n g  face  on the g r a t i n g  tab le ,  a d j u s t i n g  the t i l t  and l e v e l  o f  

g r a t i n g ,  focus ing  the spectrometer w i t h  the entrance and e x i t  s l i t s  

e q u i d i s t a n t  from the g ra t i ng ,  and a l i g n i n g  the  entrance and e x i t  s l i t s  

para l le l .  w i t h  the  r u l i n g s  on the g r a t i n g .  O p t i c a l  stops were placed i n  

the entrance and e x i t  arms t o  con f ine  the beam area a t  the sample t o  

approximately 5 mm a t  normal incidence. 2 

?he spectrometer was c a l i b r a t e d  us ing  known s p e c t r a l  l i n e s  i n  the  

a i r  spark and a i r  d. c. a r c  spectra.  

B .  F i l m  Prepara t ion  

The f i l m s  used i n  t h i s  experiment were prepared by vacuum evapo- 

r a t i o n  i n  t h e  upper h a l f  o f  the  r e f l e c t a n c e  chamber. The b o a t s  used to  

evaporate the  selenium were made from s t a i n l e s s  s t e e l  tub ing  .005" i n  

th ickness and were cleaned by soaking i n  a s u l f u r i c  acid-sodium dichromate 

s o l u t i o n  fo l lowed by r i n s i n g  i n  running d i s t i l l e d  water f o r  an hour. The 

boats were d r i e d  w i t h  compressed a i r  and mounted on the cu r ren t  feed- 

throughs i t i  the r e f l e c t a n c e  chamber. 

A predetermined amount o f  selenium or  t e l . l u r i im  was placed i n  t h e  

t u b u l a r  b o a t  and the top of the  re f l ec tance  chamber was then mounted i n  

16 
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place, and the sample ho lde r  was a l i gned  w i t h  the monochromator. The 

selenium and t e l l u r i u m  used had a s p e c i f i e d  p u r i  t y  o f  99.99% and were 

obta ined from t h e  Uni ted M i n e r a l  and Chemical Corporat ion.  15 

The g lass microscope s l i d e s  used as subs t ra tes  were subjected to 

an extens ive c lean ing  procedure. The s l i d e s  were soaked ove rn igh t  i n  

Knox-60 c lean ing  s o l u t i o n ,  then r insed i n  running d i s t i  l l e d  water f o r  

an hour, soaked i n  a s u l f u r i c  acid-sodium dichromate s o l u t i o n  f o r  h a l f  

an hour, then r i nsed  again  i n  running d i s t i l l e d  water f o r  an hour, and, 

f i n a l l y ,  p laced i n  an i s o p r o p y l  a l c o h o l  degreaser for  h a l f  an hour.  The 

16 

a l c o h o l  t reatment removed a l l  t races o f  grease, and upon removal from 

the degreaser the s l i d e s  were h o t  and d r i e d  immediately. Since the s 

were hot ,  the chance o f  water vapor f r o m  the a i  r condensing on the s l  

was smal l .  A c lean s l i d e  was immediately placed i n  the sample ho lde r  

the systeni pumped down. 

ides 

des 

and 

The d i s tance  from the evaporat ion boat  t o  the subs t ra te  was 9 cm. 

-6 Vacuums of the order  of 10 

and the pressure i n  the r e f l e c t a n c e  chamber was never over 6 x 10 T o r r  

w h i l e  t a k i n g  data f o r  selenium and 2 x lom5 Tor r  f o r  t e l l u r i u m .  

T o r r  were maintained d u r i n g  the evaporat ions,  

-6 

The subs t ra te  was pos i t i oned  so t h a t  i t  was sh ie lded  from the boat 

u n t i l  the boat  and the sample were outgassed. The subs t ra te  was then 

exposed t o  the boat  and the c u r r e n t  increased. The evaporat ion took p lace  

over a p e r i o d  o f  about 3 seconds. 

t o  6000 f i .  

T y p i c a l  f i l m  thicknesses were 3000 ,6 



18 

C. Ref lectance Measurements 

Both the f i l n i  and the p h o t o m u l t i p l i e r  could be r o t a t e d  t o  perini t 

r e f l e c t a n c e  measurements t o  be obtained a t  severa l  d i f f e r e n t  angles of 

incidence. The p h o t o m u l t i p l i e r  was pos i t i oned  manually f o r  peak i n ten -  

s i t i e s .  The r e f l e c t a n c e  a t  20", 45", and 70" was measured us ing known 

s p e c t r a l  l i n e s  w i t h  a i r  o r  argon as the  source gas. 

The pr imary components o f  the background were phototube dark cur-  

r e n t  and sca t te red  l i g h t .  L i  t l i ium f l o u r i d e ,  quartz,  and glass F i l t e r s  

were used to determine the background i ntens i  t y  as a Funct ion o f  wave- 

l eng th  and t o  e l i m i n a t e  second order  d i f f r a c t i o n  o f  the s h o r t  wavelength 

l i n e s  from the s p e c t r a l  regions covered. The background i n  the spark 

mode was found t o  be constant for  wavelengths above 200 A, w h i l e  the 

background i n  t h e  d. c. a r c  mode was constant above 500 i, for  a g iven 

phototube p o s i t i o n .  These constant background i n t e n s i t i e s  were measured 

f o r  each phototube p o s i t i o n  and subtracted from the corresponding in ten-  

s i t i e s  measured a t  each s p e c t r a l  l i n e  used. 

0 

D.  Determinat ion o f  the P o l a r i z a t i o n  o f  t h e  I n c i d e n t  L i g h t  

Since the g r a t i n g  i s  known t o  p o l a r i z e  the i n c i d e n t  l i g h t .  con- 

s i d e r a b l y  i n  the  Seya geometry, i t  was necessary t o  determine the polar -  

i z a t i o n  o f  the l i g h t  i n c i d e n t  on the sample. 

This  p o l a r i z a t i o n ,  P, was measured us ing a r e f l e c t i o n  type p o l a r i z e r  

c o n s i s t i n g  of three m i r r o r s  o f  evaporated go ld  w i t h  angles of  inc idence 

o f  7 5 " ,  6 0 ° ,  and 7 5 " .  This p o l a r i z e r  has been descr ibed elsehwere. 

The p o l a r i z e r  was at tached t o  the  e x i t  arm a f  the  monochromator a n d  

14 
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a l i gned  so t h a t  the emerging beam was n o t  de f l ec ted  as the m i r r o r s  were 

ro ta ted ,  A p h o t o m u l t i p l i e r  tube coated w i t h  sodium s a l i c y l a t e  was con- 

nected to the  e x i t  s i d e  of  the  p o l a r i z e r .  Two i n t e n s i t y  measurements 

were made fo r  each s p e c t r a l  l i n e  used: one, Im w i t h  the g r a t i n g  and 

p o l a r i z e r  hav ing a cmmon p lane o f  inc idence and the others,  I:, w i t h  t h e  

p o l a r i z e r  p lane of inc idence perpendicu lar  t o  the  g r a t i n g  p lane of  i n c i -  

P’ 

dence. The p o l a r i z a t i o n  in t roduced by the p o l a r i z e r ,  q, was ca l cu la ted  

us ing  publ ished values of n and k for  go ld.  The p o l a r i z a t i o n ,  P, o f  17 

the l i g h t  emerging from the monochromator was then determined us ing the  

r e l a t i o n  14 

m t m  - q l s  
P 

P =  

The degree o f  p o l a r i z a t i o n  o f  t h e  l i g h t  i n c i d e n t  on t h e  sample us- 
n 

i n g  the  1500 A b l a r e  g r a t i n g  i n  t h i s  experiment i s  shown versus energy i n  

F i g u r e  4. 

E .  Transmiss ion  Measurements 

T h i n  aluminum f o i l s  were prepared by evaporat ing aluminum onto  

18 microscope s l i d e s  coated w i t h  a w e t t i n g  agent, and then immersing the  

s l i d e s  s low ly  i n t o  d i s t i l l e d  water  to f l o a t  o f f  the aluminum f o i l s .  The 

aluminum f o i l s  were p icked up on s t a i n l e s s  s t e e l  ho lders  hav ing c i r c u l a r  

aper tu res  about 1 cm. i n  diameter so t h a t  the f o i l s  covered the  aper tu res .  

These ho lders  were then mounted on the  sample ho lde r  i n  the r e f l e c t a n c e  

chamber so t h a t  the  i n c i d e n t  beam was i n c i d e n t  normal ly  on the aluminum 
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F ig.  4. Polarization o f  I n c i d e n t  L igh t .  
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f o i l s .  The f o i l s  could be  moved t o  a l l o w  f o r  measurements o f  the  i n c i -  

dent  l i g h t  i n t e n s i t y  w i t h o u t  moving the phototube. 

The t ransmiss ion o f  the aluminum f o i l s  was measured and the  f o i l s  

removed from the r e f l e c t a n c e  chamber and mounted on the ends o f  c lean  

g lass microscope s l i d e s  a t  var ious  d is tances from a s t a i n l e s s  s t e e l  

t ubu la r  boat  con ta in ing  t e l l u r i u m .  The t e l l u r i  urn was evaporated on to  the 

aluminum f o i l s  and g las s  s l i d e s  a t  a pressure o f  2 x 10 T o r r .  -5  

The t ransmiss ion of the  te l lu r ium-coated  aluminum f o i  1s was then 

measured i n  the re f l ec tance  chamber w i t h  the f o i l s  i n  the same geometry 

as be fore .  The t e l l u r i u m  f i l m s  on the microscope s l i d e s  t o  which the 

aluminum f o i  1 ho lders  were mounted du r ing  evaporat ion were overcoated w i t h  

s i l v e r ,  and the thicknesses of these t e l l u r i u m  f i l m s  were determined i n t e r -  

f erome tr i c a l  l y  . 

F .  C r  i t i  ca 1 Angle Measurements 

The c r i t i c a l  angle method for  de termin ing  the  r e f r a c t i v e  index i s  

based on the  f a c t  t h a t  i f  the  e x t i n c t i o n  c o e f f i c i e n t  o f  a m a t e r i a l  i s  

smal l ,  there  i s  a r a p i d  increase i n  re f l ec tance  f o r  angles o f  inc idence 

near the c r i t i c a l  angle, the angle which marks the onset  o f  t o t a l  r e f l e c -  

t i o n .  

r e a l  p a r t  of the complex r e f r a c t i v e  index. H is  c a l c u l a t i o n s  show t h a t  

the ang le  a t  which the s lope o f  the curve o f  the re f l ec tance  as a f u n c t i o n  

o f  angle o f  inc idence i s  a maximum can be used as  an approximate va lue  of 

the c r i t i c a l  angle.  The r e f l e c t a n c e  was measured as a f u n c t i o n  o f  angle 

of  inc idence u t i  l i z i n g  an e lec t r i c -mo to r -d r i ven  sample ho lder  connected t o  

Hunter3 has discussed the use of t h i s  method for  determin ing the 
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the  phototube through a b e l t - d r i v e  angle-doubler system s o  t h a t  the  pho to -  

tube was always a t  an angle which was t w i c e  the  a n g l e  o f  inc idence.  



CHAPTER V 

DATA REDUCTION 

The pr imary data were cor rec ted  fo r  background as descr ibed i n  

chapter  I V ,  and the r e f l e c t e d  i n t e n s i t i e s  p l o t t e d .  A t y p i c a l  s e t  o f  re-  

f l e c t a n c e  curves for  amorphous selenium i s  shown i n  F igu re  5. Equations 

(3)  and (4) were used t o  c a l c u l a t e  t h e  constants n and k by  means of a 

computer program w r i t t e n  f o r  the COC 1604-A computer a t  the Oak Ridge 

Na t i ona 1 Laboratory  us i ng va 1 ues o f  r e f  1 ectance taken from the  curves 

drawn through the exper imenta l  data.  The computer program u t i 1  i z e s  

Newton's method o f  successive approximat ions and co r rec ts  for  the  po la r -  

i z a t i o n  of the  i n c i d e n t  l i g h t  by the use o f  Equat ion ( 6 ) .  

The i n i t i a l l y  assumed values o f  n and k i n  t h e  i t e r a t i v e  process 

were obta ined us ing  the char ts  publ ished by l s h i g u r o  and Saski.19 

cha r t s  c o n s i s t  o f  curves for  constant  values o f  n and k p l o t t e d  f o r  

re f l ec tance  a t  20" incidence (abscissa) and r e f l e c t a n c e  a t  70" inc idence 

(o rd ina te ) .  The values obta ined from these curves were s u f f i c i e n t l y  ac- 

cu ra te  f o r  the i n i  t i a l  guesses. 

These 

Since the re f l ec tance  was measured a t  th ree  angles o f  incidence, 

2 0 ° ,  45", and 7 0 " ,  th ree  d i f f e r e n t  se ts  o f  values o f  n and k were com- 

puted and compared. This  gave a check on the consis tency o f  the i n p u t  

re f lec tances .  T y p i c a l  r e s u l t s  f o r  n and k f o r  selenium a re  shown i n  

F igu re  6. 

For  selenium the two angle method gave q u i t e  cons is ten t  r e s u l t s  

23 



24 

.6 0 

.5 0 

.40 

R 

.30 

.20 

. I  0 

i 

. L - . . - L  

I- 

5 so 15 20 25 
,L.* ...... 1 1  I I I 1 1  1 .L ._..... 1. I I I 

ENERGY ( e ! ! )  

Fig. 5. Ref lectance o f  Amorphous Selenium as a Funct ion of  Energy 
f o r  20", 45", and 70" Angles o f  Incidence. 



25 

i.5k , I 
I 1 1  1 1  1 1 1  I I I I I  

5 IO 15 20 25 

ENERGY ( e V )  

Fig. 6. Optical Constants of Selenium Obtained from Two-Angle 
Method. 



26 

for the o p t i c a l  constants i n  the reg ion  above about 15 eV, as can be  seen 

i n  F igu re  6 $  b u t  the consistency was n o t  very good f o r  energies below 

about 12 eV. 

H i s  ana lys i s  shows t h a t  i n  general  when n and k a r e  l a rge  (g rea te r  than 

l ) ,  a smal l  e r r o r  i n  the r e f l e c t a n c e  o r  p o l a r i z a t i o n  can r e s u l t  i n  l a rge  

u n c e r t a i n t i e s  i n  n o r  k ,  e s p e c i a l l y  for i n c i d e n t  l i g h t  po la r i zed  perpen- 

d i c u l a r  t o  the plane o f  incidence. Above 10 eV, the  i n c i d e n t  l i g h t  was 

l a r g e l y  po la r i zed  perpend icu la r  t o  the p lane o f  incidence (F igu re  4), and 

up t o  about 13 eV the constants n and k f o r  selenium were l a rge  (F igure  

6 ) .  Therefore, d iscrepancies could be expected i n  the  r e s u l t s  from the  

t w o  angle method f o r  energies below 13 eV for  selenium. Above 13 eV, n 

and k were smal l  and good r e s u l t s  from the  two-angle method i s  expected. 

Hunter" has discussed the e r r o r s  i n  the t w o  ang le  method. 

Since the  two-angle method gave discrepancies a t  the  lower ener- 

g ies,  we decided to use the  d ispers ion-ana lys is  method a l s o .  This method 

i s  useful when data over a wide energy range i s  a v a i l a b l e .  The p r i n c i p l e  

disadvantages of t h i s  method were l i s t e d  i n  Chapter I I .  For selenium, 

good da ta  were ava i lab le .  f o r  energies up t o  5 eV (see comments 

page 2 ) .  However, the  o p t i c a l  constants i n  the  energy reg ion  from 5 t o  

15 eV obta ined from the d i spe rs ion  ana lys i s  depend t o  a l a rge  ex ten t  on 

the  e x t r a p o l a t i o n  used above the l a s t  data po in ts .  Various e x t r a p o l a t i o n  

procedures have been used w i t h  good success by o the r  workers. 

However, for t h i s  work, s ince  good d a t a  e x i s t  belaw 5 eV and s ince  the 

two-angle method gave good r e s u l t s  above 15 eV, the phase change on re- 

f l e c t i o n ,  $ (Eo)  $ cou ld  be ca l cu la ted  i n  these regions from Equat ion (13) .  

Then Equation ( I O )  can be w r i t t e n  

2 1 22,23 

24,25,26 



27 

For selenium the i n t e g r a l  f o r  0 t o  E eW was evaluated numer i ca l l y  us ing 

the 20" r e f l e c t a n c e  values from the present work up t o  22.5 eV and values 

c a l c u l a t e d  from the data o f  Vasko,21 Caldwel l  and Fan,22 and Koehler, 

- e t .  d-?3@.2 eV t o  5 eV) u t i l i z i n g  a computer program w r i t t e n  f o r  the CQC 

1604-A computer a t  the Oak Ridge N a t i o n a l  Laboratory.  

p u t  r e f l e c t a n c e  i s  shown i n  F igu re  7. The phase change on r e f l e c t i o n ,  

C 

A graph o f  the i n -  

$(Eo), was c a l c u l a t e d  f o r  seve ra l  energies Eo f o r  which the  constants n 

and k were known and the  corresponding phase change values g iven by the 

i n t e g r a l  f r o m  0 t o  22.5 eV subtracted from these values. Th is  gave values 

f o r  & # I ( E ~ ) ,  the c o n t r i b u t i o n  t o  the phase change on r e f l e c t i o n  due t o  

abso rp t i on  i n  the energy reg ion  above 22.5 eV. 

versus energy a r e  shown i n  F i g u r e  8. 

Values o f  &5(Eo) p l o t t e d  

A$(Eo) was i n t e r p o l a t e d  i n  the 

energy reg 

curve i n  F 
27 W i  11 iams 

on 4 t o  17 eV by a smoothly va ry ing  curve as shown by the 

gure 8. This  method was f i r s t  used by MacRae, Arakawa, and 

f o r  t i n .  For selenium t h i s  curve i s  very n e a r l y  t h a t  which 

25 one ob ta ins  us ing the  e x t r a p o l a t i o n  method suggested by Roessler. 

Values of f @ ( E o )  i n  the energy reg ion 2 t o  17 eV obta ined from t h i s  

curve were s u b s t i t u t e d  back i n t o  Equation (17) t o  o b t a i n  values o f  $(E ) .  

These values a long w i t h  the r e f l e c t a n c e  R(Eo) were used t o  c a l c u l a t e  n 

0 



28 

c 
S e  

.2 0 

. I O  

0 
0 5 IO 15 20 

ENERGY l e v !  

F i g .  7 .  I npu t  Reflectance for  Dispersion Analys is  of  Selenium. 



0.0 

-I .O 

Ido 
v 
*-2.o 
a 

-3.0 

S e  

\ 

I 
I 

. .- 
5 10 15 20 0 

E, ( e V )  

F i g .  8.  A$(Eo) versus Eo f o r  Selenium. 



30 

and k i n  the energy reg ion  0 t o  16 eV using Equations (11) and (12) 

respec t ive ly .  

Thus f o r  selenium, the values o f  n and k i n  the energy reg ion 0 

t o  16 eV were obta ined from the  d i spe rs ion  ana lys is  method, w h i l e  those 

above 16 eV were obta ined from the two-angle method. These r e s u l t s  a r e  

shown i n  F igure  9. 

For t e l l u r i  um the two-angle method gave cons i s t e n t  r e s u l t s  be- 

tween 14 eV and 18 eV b u t  some divergence f o r  energies above 18 eV and 

below 14 eV. 

were obta ined from an average o f  the  70"-20" and the 30"-45" data, w h i l e  

the values o f  k i n  t h i s  same energy range were determined from t rans-  

miss ion  measurements macle on f i l m s  o f  t e l l u r i u m  evaporated on to  t h i n  

se l f - suppor t i ng  aluminum f i l m s  as descr ibed i n  Chapter I V .  The trans- 

miss ion o f  the  aluminum f i l m s  measured be fo re  the t e l l u r i u m  evaporat ion 

was d i v ided  i n t o  the t ransmiss ion o f  the same f i l m s  a f t e r  the t e l l u r i m  

evaporat ion t o  o b t a i n  the t ransmission, T, of the  t e l l u r i u m  f i l m s ,  Then 

graphs of l o g  1" versus thickness o f  the  t e l l u r i u m  f i l m s  were used to  o b t a i n  

the k values o f  t e l l u r i u m  i n  t h i s  energy region. A t y p i c a l  s e t  o f  these 

p l o t s  i s  shown i n  F igu re  10. 

The values o f  n i n  the energy reg ion  between 18 eV and 26 eV 

We were ab le  t o  o b t a i n  values of  n i n  the  energy i n t e r v a l  between 

@In 
28 eV and 40 eV from the c r i t i c a l  angle method. T h e  c r i t i c a l  angle, 

was taken as the  angle a t  which t h e  s lope o f  t he  re f l ec tance  curve was 

a maxiinurn when the re f l ec tance  was p l o t t e d  versus angle o f  incidence, 

The r e a l  p a r t  of  the r e f r a c t i v e  index was determined us ing the r e l a t i o n  

n = s i n  8 
IT1 
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F i g .  9. O p t i c a l  Constants of Selenium versus Energy. 
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A comparison of the n and k values obta ined by these methods for  

the  energy reg ion  18 eV t o  38 eV i s  shown i n  F igu re  11. 

The values o f  n and k f o r  energ ies below 14 eV were obta ined from 

a Kramers-Kronig ana lys i s  o f  the r e f l e c t a n c e  values shown i n  F igu re  12. 

The r e f l e c t a n c e  values from 0 t o  0.5 eV were ca l cu la ted  from the o p t i c a l  

constants determined by H a r t i g  and t o f e r s k i 2 8  f o r  s i n g l e  c r y s t a l s  o f  t e l -  

lur ium w i t h  e l e c t r i c  vec tor  o f  the  i n c i d e n t  l i g h t  p a r a l l e l  t o  the c-ax is  

o f  the c r y s t a l s .  The re f l ec tance  values i n  the energy i n t e r v a l  0.5 eV 

t o  3.0 eV were taken from the data o f  Stuke and Ke l l e rZ9  f o r  s i n g l e  erys- 

t a l s  o f  t e l l u r i u m  w i t h  the e l e c t r i c  vec to r  o f  the  i n c i d e n t  l i g h t  pa ra l -  

l e l  to  the  c-ax is  o f  the  c r y s t a l s .  These values bes t  matched our  re- 

f lectance values on po lycrys  t a  E 1 i ne f i lms. The r e f l e c t a n c e  va lues f Tom 

3 eV to  23 eV were the  20" re f l ec tance  values of the  present  work. The 

e x t r a p o l a t i o n  used f o r  t e l l u r i u m  was the same type a s  t h a t  used f o r  

selenium. The p l o t  of Aq5(Eo) versus Eo for  t e l l u r i u m  i s  shown i n  F igu re  

13. The f i n a l  values of n and k obta ined i n  t h i s  work f o r  t e l l u r i u m  a re  

shown i n  F igu re  14. 
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F i g .  11. Comparison o f  O p t i c a l  Constants of  Te11uriL.m Obtained 
by the Var ious Methods Described i n  the  Text. 
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CHAPTER V I  

RESULTS AND CONCLUSIONS 

A. Selenium 

The r e a l  arpd imaginary p a r t s  o f  t h e  complex r e f r a c t i v e  index, 

N = 1-1 i- ik, a r e  shown g r a p h i c a l l y  i n  F igu re  9. These values represent 

a composite O F  values found f o r  a number o f  evaporated selenium f i l m s .  

The values from 0 to 16 eV were obta ined by the  d i spe rs ion  method a n d  

the values from 16 eW to  27.5 ea! were obta ined from the two-angle method. 

The values above 24.5 eV a re  based on o n l y  a few measurements made a t  

27.5 eV and con ta in  more unce r ta in t y  than t h e  o the r  values. From t r an r -  

miss ion  measurements on seleni i im i30bin-Kandat-e~ has measured t h e  absorp- 

, i n  the s p e c t r a l  reg ion  110 t i o n  c o e f f i c i e n t ,  K = - 
has i n t e r p r e t e d  the r e s u l t s  us ing Rei tz 's3'  band model. 

a s e t  o f  peaks a t  about 5 eV t o  t r a n s i t i o n s  f rom the second group o f  p 

bands t o  d bands, a maximum a t  9 eV t o  t r a n s i t i o n s  between t h e  f i r s t  and 

t h i r d  groups o f  p bands and a maximum between 28 and 30 eW t o  t r a n s i  t ions  

between the 4s band and the conduct ion band. I n  the present  work, a 

broad maximum i n  k i s  found a t  about 9 eV and a smal l  "bump" a t  about 

5 eV. The o p t i c a l  cons tan ts  up to 5 eV correspond to data p rev ious l y  

repor ted (see Chapter V) and w i l l  no t  be discussed, The values o f  k ob- 

ta ined i n  t h i s  work a r e  considerably  h igher  than those measured by Robin- 

Kandare throughout the vacuum u l t r a v i o l e t  region, except a t  t h e  9 eV 

peak. 

t o  4000 i, and 

She a t t r i b u t e s  

h k  
h 

Robin-Kandare' has a l s o  measured the 18" re f l ec tance  o f  se len i  im 

38 
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up to 12 eV. 

9 eV, b u t  the s t r u c t u r e  is no t  as pronounced as t h a t  shown i n  the  present  

r e s u l t s .  

and imaginary pa r t s  o f  t he  complex r e f r a c t i v e  index, N = n f i k ,  t o  the 

abso rp t i on  c o e f f i c i e n t ,  K = - 4-r' , and ca l cu la ted  the  constants  n and k 

f rom .13 A t o  150 us ing the  abso rp t i on  c o e f f i c i e n t  determined by var ious 

exper imenters i nc lud ing  t h a t  of Robin-Kandare5 i n  the vacuum u l t r a v i o l e t .  

H i s  r e s u l t s  d i f f e r  cons iderably  from those o f  t h i s  work i n  the  vacuum 

u l t r a v i o l e t  s p e c t r a l  region. W. b .  Gof fe  and M. P .  Givens have measured 

the  r e f l e c t a n c e  of selenium i n  the s p e c t r a l  reg ion  550 A and 1500 i. 
T h e i r  values a r e  considerably  lower than those repor ted  here. The d i f -  

ferences a r e  probably  due t o  the  f a c t  t h a t  the present  measurements were 

performed on f i l m s  which had not  been exposed t o  a i r ,  s i nce  we have found 

t h a t  t he  re f l ec tance  o f  selenium f i l m s  exposed t o  a i r  f o r  a few minutes 

i s  cons iderab ly  less  than the r e f l e c t a n c e  of the  same p r i o r  to  exposure 

t o  atmospheric pressure, 

Her r e s u l t s  show a minimum a t  about 6.5 eV and a peak a t  

Vasko" has used the d i spe rs ion  r e l a t i o n s  r e l a t i n g  the  r e a l  

h 
0 

6 

The r e a l  and imaginary p a r t s  o f  the complex d i e l e c t r i c  constant, 

€(E) = E (E) + i e2(E),  were c a l c u l a t e d  from the  values o f  n and k and 

a r e  shown g r a p h i c a l l y  i n  F i g u r e  15. The o p t i c a l  constant  most u s e f u l  i n  

r e l a t i n g  one-e lect ron spect ra of s o l i d s  t o  band s t r u c t u r e  i s  a2(E) .  

Peaks and sharp edges i n  e2(E) can be associated w i t h  o p t i c a l  t r a n s i t i o n s  

which take p lace  i n  the s o l i d  between f i l l e d  and u n f i l l e d  s ta tes .  Since 

e2 i s  p r o p o r t i o n a l  t o  the  j o i n t  dens i t y  o f  s t a t e s  i n  the  s o l i d ,  the 

energy dependence of e2 y i e l d s  in fo rmat ion  about the r e l a t i v e  band gaps 

i n  the s o l i d  w h i l e  the  shape and magnitude o f  e g i v e  i n fo rma t ion  about 2 

the  type and r e l a t i v e  importance o f  the t r a n s i t i o n .  

I 

31 
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F i g .  15, Dielectric Constants of Selen ium versus Energy .  
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There have been severa 1 30s 321 33 34' 35 band s t ruc t u  r e  ca l c u l a  t 1 ons 

f o r  selenium. 

od tak ing  hyb r id i zed  o r b i t a l s  as b a s i s  func t ions .  The i r  c a l c u l a t i o n s  

i n d i c a t e  t h a t  t he  4s and 4p atomic l e v e l s  h y b r i d i z e  i n t o  4 l e v e l s  which 

a r e  designated as Q, 7, f3, and p. The th ree  lower leve ls ,  T, p, and p 

a r e  the  pr imary cons t i t uen ts  o f  the valence bands, w h i l e  the  O! and 5s 

l e v e l s  make up the  major p a r t s  o f  the conduct ion bands. 

The most recent35 makes use of  the m o l e c u l a r - o r b i t a l  meth- 

For selenium the  broad peak i n  iz2 beginning a t  about 7 eV i s  due 

t o  in te rband t r a n s i t i o n s ,  probably  f rom the  lower valence l e v e l s  (3 and 

p to the  conduct ion bands. The magnitude o f  e2 a t  the peak a t  8.25 eV 

is comparable t o  t h a t  of t he  peak a t  4 eV, i n d i c a t i n g  t h a t  t he  8.25 eV 

t r a n s i t i o n  i s  r e l a t i v e l y  strong. 

were ca l cu la ted  from 1 
The energy-loss func t i ons  - I m  - and - I m  - 

E E+ 1 
the  values o f  n and k and a r e  p l o t t e d  versus energy i n  F igu re  16. The 

volume-loss f u n c t i o n  - I m  - shows peaks a t  5.25 eV and between 18.5 and 

19.0 eV, w h i l e  t h e  sur face- loss  func t i on ,  - I m  - has maxima a t  5.25 eV 

and 14.5 eV. Charac ter is t i c -e lec t ron-energy  losses have been observed 

i n  amorphous selenium by Robins3' who found losses a t  5.4 eV, 14.2 eV, 

18.8 eV, 37.7 eV, and 55.5 eV. The loss a t  14.2 eV was a t t r i b u t e d  t o  a 

surface-plasma loss  w h i l e  the  loss  a t  18.8 eV was a t t r i b u t e d  t o  a volume- 

plasma loss.  The loss a t  5.4 eV was a t t r i b u t e d  poss ib l y  t o  an in terband 

t r a n s t t i o n .  The peaks i n  the energy-loss funct ions i n  t h i s  work compare 

w e l l  w i t h  the measurements of Robins. The loss  a t  18.8 eV is d e f i n i t e l y  

a volume-plasma loss  s ince  E shows l i t t l e  s t r u c t u r e  near t h i s  energy, 

c1 and G~ a r e  sma l l  i n  the  reg ion  of the  peak and approx imate ly  l i n e a r l y  

va ry ing  

l 
e 

€+1' 

2 

w i t h  de /dE > 0 and deZ/dE - < 0 ,  w h i l e  t h e  loss a t  14.5 eV i s  1 -  
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Fig.  16. The Energy Loss Funct ions o f  Selenium versus  Energy. 
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Se l e n  

would expect 

o s c i l l a t i o n s  

d e f i n i t e l y  a surface-plasma loss  s i n c e  c2 shows l i t t l e  s t r u c t u r e  i n  t h i s  

region. We i d e n t i f y  the  loss near 5.25 eU as due to volume-plasma o s c i l -  

l a t i o n s  i n v o l v i n g  the e lec t rons  i n  the uppermost valence band. 

2 um has a 4s 

6 e lec t rons  per atom t o  take  p a r t  i n  the  major volume-plasma 

4p4 e l e c t r o n  con f igu ra t i on ;  t h e r e f o r e  one 

Since in terband t r a n s i t i o n s  occur ing  below the plasma en- 

ergy, Ep, s h i f t  the plasma energy to h ighe r  values, the plasma energy 

w i l l  n o t  necessa r i l y  be g i ven  by the  f r e e  e l e c t r o n  r e l a t i o n ,  

where N is the number o f  e lec t rons  per u n i t  volume and m i s  the e l e c t r o n  

mass. For s i x  e lec t rons  per  selenium atom, Equat ion (19) y i e l d s  a va lue  

o f  17.4 eV f o r  t he  plasma energy. The d i f f e r e n c e  o f  1.4 eV between the  

observed plasma energy and t h a t  g i ven  by Equat ion (19) i s  reasonable 

s ince  the re  a r e  s t rong  in te rband t r a n s i t i o n s  below the  expected plasma 

energy. For  two e lec t rons  per selenium atom in the top  valence band, 

Equat ion (19) y i e l d s  a value o f  5.8 eU f o r  t he  energy associated w i t h  

c o l l e c t i v e  o s c i l l a t i o n s  i n v o l v i n g  these e lec t rons .  Thus i t  i s  reason- 

a b l e  t h a t  the  loss near 5.25 eU i s  due t o  c o l l e c t i v e  o s c i l l a t i o n s .  

B .  T e l l u r i u m  

A t y p i c a l  s e t  o f  re f l ec tance  values f o r  p o l y c r y s t a l l i n e  t e l l u r i u m  

i s  shown i n  F igu re  17. The near-normal-incidence r e f l e c t a n c e  o f  po ly -  

c r y s t a l l i n e  te l lu r ium f i l m s  on amorphous subs t ra tes  h a s  been measured by 

severa 1 workers 7’8y9’10 i n  the energy reg ion  above 3 eV. 

a re  a l l  s i g n i f i c a n t l y  lower than the  values repor ted here. We found t h a t  

The i r  values 



ENERGY (eV) 

F i g .  17. Ref lectance of Vacuum-evaporated Te l l u r i um as a Funct ion 
of Energy fo r  Z O O ,  45", and 75" Angles o f  Incidence. 
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exposing the t e l l u r i u m  f i l m s  t o  a i r  d i d  n o t  a f f e c t  t h e  re f l ec tance ,  

d iscrepancies i n  the values repor ted by the var ious workers must there- 

f o r e  be due t o  the c o n d i t i o n  of  the substrates,  t he  speed o f  the evap- 

o r a t i o n ,  o r  the p u r i t y  o f  t he  sample. Robin-Kandare, Rustgi, '  and 

Merdy" each observed the peak i n  the r e f l e c t a n c e  near 7.8 eV w h i l e  

Merdyl' and Rustg i9  each observed the  r e f l e c t a n c e  peak near 9 eV. 

p l a t e a u  i n  the  RZ0 curve o f  F igu re  17 between 14 eV and 17 eV has n o t  

been observed prev ious ly .  The sharp decrease i n  r e f l e c t a n c e  above 17 eV 

r e s u l t s  from the onset o f  t ransmiss ion a t  the plasma frequency. The o n l y  

o t h e r  s t r u c t u r e  which m igh t  be noteworthy i s  a p l a t e a u  from 20 eV t o  

about 22 eV. 

reg ion  20 t o  26 eV f o r  t e l l u r i u m  i n  t ransmission measurements. 

t r i b u t e d  t h i s  edge t o  t r a n s i t i o n s  from the  5s band t o  t h e  conduct ion 

band ( R e i t z  Model).3Q 

i n  the energy i n t e r v a l  18 eV t o  24 eV (F igu re  11). I n  her  t ransmission 

measurements Robin-Kandare8 a lso  observed abso rp t i on  peaks near 4 eV and 

near 8 eV. 

The 

8 

The 

Robin-Kandare4 observed an abso rp t i on  peak i n  t h e  energy 

She a t -  

Our t ransmiss ion measurements d i d  n o t  show a peak 

The r e a l  and imaginary p a r t s  o f  the complex r e f r a c t i v e  index f o r  

t e l l u r i u m  f o r  the energy reg ion  covered i n  t h i s  experiment a re  shown i n  

F i g u r e  14. 

i t i s  p o s s i b l e  t o  o b t a i n  them from the r e a l  and imaginary p a r t s  o f  the 

complex d i e l e c t r i c  constant us ing r e l a t i o n s  (14) and (15).  Ca lcu la t i ons  

f o r  a f e w  se lec ted  energies i n d i c a t e  t h a t  h i s  values f o r  n and k were 

less than those repor ted here. This  i s  to be expected s ince  h i s  r e f l e c -  

tance v a l u e s  f o r  p o l y c r y s t a l l i n e  t e l l u r i  m on amorphous subst rates were 

l ess  than those of the present  work. 

Merdy's'' paper d i d  n o t  g i v e  t h e  constants n and k. However, 
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The r e a l  and imaginary par t s  o f  the complex d i e l e c t r i c  constant  

were ca l cu la ted  from the values o f  n and k and a r e  shown g r a p h i c a l l y  i n  

F igu re  18. 

7.4 eV and smal l  edges a t  8.5 eV and a t  9 eV. Several  band s t r u c t u r e  

c a l c u l a t i o n s  have been made f o r  t e l l u r i u m .  

t h a t  the band s t r u c t u r e  of  t e l l u r i u m  i s  very  s i m i l a r  t o  t h a t  o f  selenium. 

The s t r u c t u r e  i n  c2 between 7 eV and 9 eV i s  probably due t o  in terband 

t r a n s i t i o n s  f r o m  l e v e l s  i n  t e l l u r i u m  s i m i l a r  t o  the and p l e v e l s  

mentioned f o r  selenium t o  the conduct ion band. 

I n  the energy reg ion  covered i n  t h i s  work c2 has a peak a t  

3 2 ,  34, 37 P 38 5 39 
1 1 i nd 1 te 

The energy-loss func t ions  f o r  t e l l u r i u m  a r e  shown i n  F igu re  19. 

The volume-loss f u n c t i o n  has peaks a t  5.6 eV, '7 eV, 8 eV, and 17.2 eV 

w i t h  a shoulder around 14 eV, w h i l e  the sur face- loss f u n c t i o n  has peaks 

a t  5.4 eV, 7 eV, 8 eW, and 11.3 eV. Chapaster is t ie -e lec t ron-energy  

losses have been observed i n  t e l l u r i u m  by N B l l e n ~ t e d t , ~ '  Leder and 

Robins observed losses a t  5.2 eV, 11.8 H a r t ~ n , ~ ~  Gauthe4' and Robins. 

eV, 17.0 eV, 29.1 eV, 33.8 eV, 41.5 eV, and 50.5 eV. The loss a t  5.2 eV 

was a t t r i b u t e d  poss ib l y  to in terband t r a n s i t i o n s ,  w h i l e  the loss a t  11.8 

eV was a t t r i b u t e d  to surface-plasma o s c i l l a t i o n s  and the loss  a t  17.0 eV 

t o  volume-plasma o s c i l l a t i o n s .  The peaks i n  the energy-loss Functions 

o f  the present  work agree w e l l  w i t h  t h e  losses observed by Robins. We 

assoc ia te  t h e  5.6 eV peak w i t h  the loss observed by Robins a t  5.4 eV and 

a t t r i b u t e  t h i s  loss to volurne-plasma o s c i l l a t i o n s  i n v o l v i n g  the. e lec t rons  

i n  t h e  uppermost valence band. The 11.3 eV peak i n  the sur face- loss 

f u n c t i o n  i s  assoc iated w i t h  surface-plasma o s c i l l a t i o n s  w h i l e  the 17.2 eV 

peak corresponds to volume-plasma o s c i l l a t i o n s  of  a l l  the valerice e lec-  

t rons.  The shoulder i n  the volume-loss f u n c t i o n  near 14 eV i s  due t o  

36 
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Te 

ENERGY [eV) 

Fig. 18. Dielectric Constants o f  Tellurium versus Energy. 
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Te 

ENERGY (ell) 

F i g .  19. The Energy Loss Functions of Tellurium versus Energy. 
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the f a c t  t h a t  E goes through zero i n  t h i s  energy region. There may be 

volurne-plasma o s c i  l l a t i o n s  associated w i t h  t h i s  s t r u c t u r e ,  a lso.  

1 

For 6 e l e c t r o n s  per t e l l u r i u m  atom Equat ion ( 1 9 )  y i e l d s  a theo re t -  

i c a l  plasma energy o f  15 eV. The d i f f e r e n c e  o f  2.2 eV between the theo- 

r e t i c a l  value and the observed value is reasonable s i n c e  there a re  s t r o n g  

interband t r a n s i t i o n s  f a i r l y  c lose  i n  energy t o  the expected plasma en- 

ergy. Fo r  2 e lec t rons  per t e l l u r i u m  atom Equat ion(19)y ie lds a value of 

5 eV which i s  reasonably c l o s e  t o  the peak i n  the volume-loss f u n c t i o n  

a t  5.6 eV. 

From t h i s  work we have found t h a t  the o p t i c a l  p r o p e r t  es of evapo- 

r a t e d  f i l m s  of t e l l u r i u m  and amorphous selenium a r e  very sim l a r .  Both 

m a t e r i a l s  have a s t rong  abso rp t i on  band around 8 eV and bo th  m a t e r i a l s  

can have volume-plasma o s c i l l a t i o n s  a t  two d i f f e r e n t  energies, between 

5 and 6 eV and between 17 and 19 eV. 

We have found t h a t  i t  is p o s s i b l e  to prepare evaporated t e l l u r i u m  

f i l m s  w i t h  r e f l e c t a n c e  comparable t o  t h a t  o f  t e l l u r i u m  s i n g l e  c r y s t a l s  

and t h a t  the r e f l e c t a n c e  o f  these f i l m s  does no t  seem t o  be a f f e c t e d  by 

exposure t o  a i r .  However, amorphous selenium f i l m s  do show a consider-  

a b l e  decrease i n  re f l ec tance  upon exposure t o  a i r .  These f i n d i n g s  i n -  

d i c a t e  t h a t  the re f l ec tance  values a t  low energies repor ted e a r l i e r  f o r  

these substances may be too low. 
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