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A B ST R A C T

T h is th esis is con cern ed  w ith  th e study o f  th e  exc ita tion  o f  surface p lasm ons  

on  laterally  n o n -u n ifo rm  structures, and w ith  tw o practical ap p lication s o f  surface  

p lasm ons involving such  structures -  m icroscop y and spatial light m od u lation . T h e  

p revious literature on  surface p lasm ons is review ed  and d iscussed , and th e  th eory  o f  

op tica l exc ita tion  o f  p lasm ons o n  uniform  su rfaces is p resen ted . T h is  section  

in clud es deta iled  original derivations o f  im portant know n results as w ell as som e  

n ew  results. T h e  gen eralization  o f  th is analysis to  th e  case  o f  focu ssed  in c id en t 

light is  p resen ted , and th e results d iscussed. A  n ew  th eoretica l m od el is  then  

ad vanced  for  th e ap proxim ate analysis o f  fin ite  b eam  interaction  w ith n o n -u n ifo rm  

p lasm on  supporting structures.

E xperim en ta l results from  a n ew  type o f  m icroscop y using surface plasm ons  

are p resen ted . Im ages o f  p eriod ic ox id e structures on  silver film s h ave been  

ob ta ined  by both scan n ed  and broad beam  techniques; th ese  d em on strate lateral 

reso lu tion  o f  about 20  /m i com bin ed  with vertical sensitiv ity  on  th e  order o f  an  

angstrom . T h e  use o f  surface p lasm ons for spatial light m odulation  is p rop osed , and  

th e  p oten tia l for th is tech n iq ue in  relation  to  previously  reported  d ev ices  is 

d iscussed . Liquid crystal d ev ices h ave b een  con structed; th ese  are d escr ib ed , and  

m easurem en ts o f  their perform an ce are p resented . T h ese  d ev ices  dem on strate  

reso lu tion  com parable w ith  con ven tion a l liquid crystal spatial light m odulators, along  

w ith sp eed s im proved  b y  about o n e  order o f  m agnitude. O th er  con figu ration s are 

prop osed  for future d evelop m en t. T h e  thesis con clu d es w ith a d iscussion  o f  the  

m erits and restrictions o f  th e use o f  surface plasm ons in  th ese  tw o application  

areas, and recom m en dation s for future work.
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Surface p lasm ons are e lectrom agnetic  w aves o f  transverse m agn etic  (T M ) 

p olar iza tion , w hich  propagate a long in terfaces b etw een  con d ucting  and

n o n -co n d u ctin g  m edia . T h ey  are associated  w ith  longitudinal oscilla tion s o f  th e free  

e lec tro n s at th e  con d ucting  surface. T h e  ex isten ce  o f  these w aves was first indicated  

by th e  s o -c a lle d  W o o d 's  an om alies: at about th e turn o f th e  cen tury , R .W . W ood  

observed  that th e  reflectan ce  o f  m eta llic  gratings show ed  strong m in im a at certain  

an gles o f  in c id en ce  [1 .1 ] . H e had in  e ffe c t  produced a grating cou p ler  for  

p lasm ons -  th e  radiative and surface w ave fie ld s w ere cou p led  w hen  th e spatial 

freq uency  o f  th e grating equalled  th e d ifferen ce b etw een  th e parallel co m p o n en t o f  

th e in c id en t w avevector and th e (h igher) surface w ave propagation  vector.
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Figure 1.1 Instantaneous e lectric  fie ld  pattern for a surface p lasm on  at a 
m eta l/d ie lec tr ic  in terface. T h e  free  space w avelength  is 633  n m , p lotted  area is 
1 /u n  x  l f im , and d ensity  o f  th e director lines is prop ortion al to  field  
am p litud e.

E lectrom agn etic  surface w aves w ere given  a theoretical basis by S om m erfeld  

[1 .2 ] and Z en n eck  [1 .3 ] , as solutions o f  M axw ell's  equations at p lanar boundaries. 

T h e  n am e 'Z en n eck  w ave' has been  given  to  a certain  typ e o f  ra d io -freq u en cy  

surface w ave , w hile surface w aves at visib le and in fra -red  w avelengths are usually  

ca lled  p lasm ons. A  th eoretica l treatm ent o f  surface p lasm ons in term s o f  th e  

co m p lex  d ie lectric  con stan t was reported  in 1962  by R itch ie and E ldridge [1 .4 ];  this 

has s in ce  b eco m e th e standard form  o f  analysis. F o r  a n o n -ra d ia tiv e  p lasm on , th e  

fie ld  is evan escen t in th e d irection  o f  th e surface norm al, on  both sid es o f  th e  

su rface. C on seq uently , p ow er flow s on ly  a long  th e surface, and n o t in to  th e  bulk
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m ed ia . T h e  ex ten t o f  th e fie ld , and con seq u en tly  th e fraction  o f  fie ld  en ergy , is 

m u ch  less  in  th e con d uctor than in th e d ie lectric; this results in  a propagation  

len gth  for surface p lasm ons that is substantially greater than  th e absorption length  

for  p lan e w aves in c id en t on  th e con d ucting  su rface. F igu re 1.1 illustrates th e  

distribution  o f  th e e lectric  field  am plitude and d irection , fo r  a 633 nm  w avelength  

p lasm on  at a silver/a ir in terface.

In terest in  surface p lasm ons increased  considerab ly  a fter th e  reporting by O tto  

o f  a m eth od  o f  op tica l excitation  by prism  cou p lin g  [1 .5 ]. In O tto 's  m eth od , th e  

ex c itin g  beam  is reflected  at th e base o f  a prism , at an an g le  o f  in c id en ce  greater  

than  th e critical an gle for total internal re flectio n , and th e ev a n escen t field  at th e  

p oin t o f  reflection  ex ten d s across an  air gap to  a m etallic su rface. C oupling to  the  

surface w aves occurs w hen  th e phase m atch ing condition  /3r=npkosin 0  is satisfied , 

w here /3r is th e surface p lasm on propagation  vector, k 0=o)/c, and n p and 6 are th e  

prism  refractive ind ex  and incident angle from  th e surface n orm al resp ectively . A  

m od ified  configuration  was introduced by K retschm ann [1 .6 ] ,  in  w hich  th e  

ev a n escen t field  ex ten d s through a m etal film  in  con tact w ith  th e prism  b ase, and  

ex c ite s  surface w aves o n  th e far sid e o f  th e  m etal. B o th  con figu ration s are  

illustrated in figure 1 .2 .

(a) (b)

F igure 1 .2  T w o  m eth ods o f  generating surface p lasm ons u sing prism  couplers: 
a) O tto  configuration; b) K retschm ann configuration

T h e  prism  cou p lin g  m ethod  is a form  o f  resonant exc ita tion ; w h en  th e  

cou p lin g  is op tim ized , th e field  intensity  obtained  at th e p la sm on -su p p ortin g  surface  

can  be 100  tim es h igher than that o f  th e in c id en t b eam . O ptica l exc ita tion  o f
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plasm ons is thus o ften  called  surface p lasm on reson an ce , or  SPR . F igure 1 .3  show s  

an exam p le  o f  th e fie ld  in tensity  p rofile  for p lasm on excita tion  on  a silver film  in  

th e K retschm ann configu ration , illustrating th e in tensity  en h an cem en t. W h en  th e  

surface w ave is gen erated , en ergy  is absorbed due to  co llision  losses in  th e  m eta l. 

T h is results in  attenuation  o f  th e reflected  beam  in th e prism . F or th is reason , 

p rism -co u p led  SP R  m easurem ents are a lso called  attenuated  total re flec tio n , or  

A T R , m easurem en ts.

F igure 1 .3  F ield  in tensity  p rofile  in  a silver film  in  th e K retschm ann  
con figu ration , w here 0 Q is th e surface p lasm on cou p lin g  an g le , sh ow ing th e  
inten sity  en h an cem en t at resonan ce.

If th e re flectiv ity  is m easured as a fun ction  o f  an gle o f  in c id en ce  in  o n e  o f  

th e geom etr ies described  ab ove, using a w ide co llim ated  b eam , a d ip  is seen  at th e  

angle corresp on din g  to  p h a se-m a tch in g . T h e  width o f  th is d ip  is related  to  th e  

propagation  len gth  o f  th e p lasm ons, th e depth  is d eterm ined  by th e relationsh ip  

b etw een  th e absorption  rate and th e cou p lin g  strength, and th e  p osition  o f  th e  

m inim um  is d eterm in ed  by th e d ispersion  relation  for th e p lasm ons and th e  

p h a se -m a tch in g  con d ition  given  ab ove. T h e se  relations w ill be derived  in ch ap ter  

tw o . F igure 1 .4  show s a series o f  exam p les o f  SPR  curves for  film s o f  d ifferen t  

m etals and th ick nesses. T h e  practical in terest in SP R  results from  th e very high  

sensitiv ity  o f  th is angular response to  con d ition s at th e p la sm on -su p p ortin g  surface.



T h e  d ep osition  o f  organic m on olayers on  a m etal film , for  in stan ce, can  b e  easily  

d etected  by m easuring th e sh ift in  th e SPR  respon se. T h is  m akes th e  use o f  

surface p lasm ons for sen sing  an attractive p ossib ility , and it is con seq u en tly  in  this  

area th at m ost o f  th e practical work on  surface p lasm ons h as b een  d on e .

(a) (b)

F igu re 1 .4  C alcu lated  p lasm on resonan ce curves (reflec tio n  c o e ffic ien t vs. 
in c id en t an g le) for th e K retschm ann configuration  at 633  nm  w avelen gth , w ith  
film  th ick nesses as indicated o f: a ) silver; b) go ld ; c ) co p p er; d ) alum inium .

A  n um ber o f  substantial review s have b een  published  o n  surface p lasm on s, for  

ex a m p le  by R itch ie [1 .7 ] , A b eles  [1 .8 ] and R aether [1 .9 ] . T h e  latter o f  th ese  is 

o ften  c ited  in  th e literature; it is quite com p reh en sive , and includ es a very  

ex ten siv e  b ib liography. H ow ever, it suffers from  a drawback that is shared to  som e  

ex ten t by m ost o f  th e literature on  this top ic: th e basic th eoretica l analysis is
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p resen ted  in  a sk etchy , con fu sin g  and som etim es m isleading fa sh ion , and m any  

im portan t results are not derived . F or th is reason , I have p resented  in ch ap ter two  

a d eta iled  analysis o f  th e basic th eory , starting essentia lly  from  first p r in c ip les, in  

order to  p rovide a clear basis for th e n ew  th eoretica l results.

T h e  investigation  o f  organ ic structures using surface p lasm ons w as reported  in  

1977 [1 .1 0 ]. T h is has led  to  th e sp ec ific  application  o f  im m u n osen sin g  [1 .1 1 ],  

w here th e  S P R  respon se is used to  test for  th e p resen ce o f  sp ec ific  organ ic sp ecies  

in so lu tio n , using surface coatin gs that bond to  th ese  sp ec ific  m o lecu le s . O th er  

ap p lication s o f  surface p lasm ons th at have b een  investigated  in c lu d e gas d etection  

[1 .1 2 ], m easurem en t o f  refractive ind ex  and absorption o f  th in  d ie lectr ic  Films 

d ep osited  on  th e m etal surface [1 .1 3 ], and m easurem en t o f  th e op tica l con stan ts o f  

th e  m eta l film s th em selves [1 .1 4 ].

W h ile a great deal o f  th eoretica l and exp erim en ta l work on  SP R  has been  

pub lished , th e m ajority  o f  it deals with laterally  uniform  structures, w ith  the  

ex cep tio n  o f  so m e work on  scattering from  rough surfaces [1 .1 5 ]. T h e  m ain  goal 

o f  th e work described  in  th is thesis was in itia lly  to  investigate th e in teraction  o f  

focussed  and unfocussed  beam s with surface p lasm ons on  laterally  n o n -u n ifo rm  

structures, and in  particular, to  d evelop  a m icroscop y tech niq ue based  on  this 

p rin cip le . A  principal part o f  th is task w as to  d ev elo p  a th eoretica l m o d el w hich  

w ould a llo w  p red iction  o f  th e resolution  attainab le with such  a tech n iq u e , and  

analysis o f  th e interaction  o f  sensitiv ity  ('vertica l' resolu tion) w ith  lateral resolu tion  

and surface structure.

M icroscop y using evan escen t field s to  obtain  su b -w avelen g th  reso lu tion  has 

b een  investigated  for  som e tim e , and is gen era lly  ca lled  n e a r -fie ld  op tica l 

m icroscop y  [1 .1 6 ] ,[1 .1 7 ] . F igure 1 .5  illustrates a typ ical con figu ration . A  glass slide  

is covered  o n  o n e  fa ce  by a 20 nm  alum inium  film  in  w hich  th ere  is  a sm all 

(typ ica lly  50  n m ) p in h o le . A  H eN e laser beam  is cou p led  into  th e  s lid e , and a 

con ven tion a l m icroscop e o b jective  focussed  o n  th e p in h o le  captures th e  scattered  

light as sh ow n . T h e  sam ple is scanned  laterally  just b elow  th e  s lid e , so  th at it 

in teracts w ith  th e evan escen t fie ld  ex ten d in g  from  th e  p in h o le . T h e  variation  o f  th e  

scattered  signal as a fu nction  o f  sam ple p osition  is th en  used to  crea te  a scan n ed  

im age. Lateral resolution  is in  th eory  lim ited  o n ly  by th e p in h o le  d iam eter -  

h ow ever, th e  signal drops rapidly as th is size  is d ecreased , so  th at s ig n a l- to -n o is e  

ratio w ill b e th e practical lim iting  factor. In ad dition , th e m eta l film  m u st b e  th ick  

en ou gh  to  b e h igh ly  reflectin g , and a p in h o le  sm aller than th e film  th ick n ess will

6



p rod u ce m in im al Held in  th e region  o f  th e sam p le ( i .e .  b eyon d  th e m eta l su rface). 

S can n ed  im ages h ave, h ow ever, dem onstrated  resolu tion  b etter  than 2 0  n m  [1 .1 6 ].

F igu re 1 .5  A  scanning n e a r -fie ld  op tica l m icroscop e, in  w hich  th e  ob jec t is 
probed  using th e evan escen t fie ld  exten d in g  from  a su b -w a v e len g th  aperture in  
a con d u ctin g  film  (from  [1 .1 6 ]).

M ore recen tly , a su p er-reso lv in g  probe m icroscop e using surface p lasm ons has 

b een  p rop osed  by W essel [1 .1 8 ]. In th is instrum ent, the prob e w ould b e a m etal 

ellip so id  o f  su b -w avelen g th  d im en sion s, m ounted  on  a transparent base. L ight 

focu ssed  on to  th e  base w ould create strong fie ld s around th e p article d ue to  

reson an t oscilla tions o f  its surface electron s. T h e  in teraction  o f  th ese  fie ld s w ith  a 

sam p le in  proxim ity  w ith th e particle w ould m od ify  th e light scattered  from  it , and  

th is signal cou ld  b e used to  create a scanned  im age. T h e  e ffic ien cy  o f  cou p lin g  

in to  th e  p lasm on m od es w ould  b e  very lo w , h ow ever , sin ce  th e in c id en t fie ld  sh ape  

w ould  b e  p oorly  m atched  to  th ese  m od es. R eason ab le contrast w ould th erefore  be  

d ifficu lt to  a ch ieve . T o  com p en sa te , W essel p rop oses using th is m eth od  to  m easure  

high ly  n o n -lin e a r  p h en om en a , such  as R am an scattering. O th er than  th ese  

n e a r -fie ld  tech n iq ues, th e typ e o f  m icroscop y m ost sim ilar to  that d escribed  in  th is  

th esis  is  perhaps acou stic  m icroscop y , in  w hich  th e  gen eration  o f  surface w aves can  

p lay  an  im portant ro le in generating contrast [1 .1 9 ].

In th is th esis , I w ill describe a m eth od  o f  im aging features o n  planar  

structures, w here surface p lasm ons can  be generated  with high  e ffic ien cy  using th e
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prism  cou p lin g  m eth ods described  ab ove. T h is m eth od  is o f  in terest as a n ew  form  

o f  m icroscop y  b ecau se it has a d ifferen t contrast m ech an ism  from  that in  

con ven tion a l op tica l m icroscop y , and w ill th erefore g ive n ew  in form ation . T h ere  is 

n o  su ggestion  that surface p lasm on m icroscop y w ill o ffer  im p rovem en ts in  lateral 

reso lu tion  over con ven tion a l m eth ods; in  fa c t, th e  lateral reso lu tion  w ill tend  to  

som ew h at w orse, as w e shall see . H ow ever, th e h igh  sensitiv ity  o f  th e  m easurem en t 

in d icates that substantial im provem en ts in  vertical resolution  should  b e p ossib le , thus  

a llow ing  th e  d etection  o f  features w hich  d o  n o t o th erw ise p roduce con trast. T h is  

should  b e  p ossib le w ith lo w  op tica l p ow er, and w ithout vacuum  o r  sophisticated  

instru m en tation . T h e  in itia l exp erim en ta l results reported  in  ch ap ter fou r h ave  b een  

published  [1 .2 0 ], and sh ortly  afterw ard, sim ilar results w ere reported  by B . 

R oth en h ausler and co -w o rk ers  [1 .2 1 ]. O th erw ise , I know  o f  n o  o th er  w ork being  

d o n e  or having b een  d on e on  this type o f  m icroscop y. T h e  use o f  SP R  for  spatial 

light m od u lation , w hich  d evelop ed  from  th e  w ork on  m icroscop y , is treated  

sep arately  in  ch ap ter fiv e .
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C H A P T E R  2

PL A SM O N S O N  U N IF O R M  S U R F A C E S
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2.1 Introduction

P lasm on s o n  uniform  surfaces h ave b een  exten sive ly  stu d ied , and m an y o f  th e  

im portant th eoretica l results are w ell know n. T h e  derivations o f  th ese  results, 

h ow ever , are in  m ost cases n ot reported , and th ose that h ave b een  published are 

gen era lly  sk etchy  and  d ifficu lt to  fo llow , particularly w h ere approxim ations have  

b een  m ad e. F or th is reason , th is ch ap ter w ill include derivation s o f  im portant 

know n results re levant to  th is p roject, as w ell as som e n ew  analysis.

S urface p lasm ons are a typ e o f  gu ided  electrom agn etic  w ave; th erefore th e  

starting p o in t for our analysis is g iven  by M axw ell's  equations. T h e se  w e can  write 

in  th eir  general form  as :

V-D  =  p f (2 .1 .1 )

V-B =  0 (2 .1 .2 )

V x E  +  3 B  =  0 (2 .1 .3 )

0 t

V x H  -  3 D  =  J f (2 .1 .4 )

at

H ere E  and H  are th e e lectric  and m agn etic  Held v ectors, and D  and B th e  

e lectric  d isp lacem en t and th e m agnetic in d u ction , respectively . T h e  quantities p f and  

J f are resp ectively  th e  free  charge d en sity  and th e current d en sity  due to  free  

ch arges.

L et us n ow  introduce th e d efin itions D = e E  and B=/xH, w h ere e  and /x are the  

p erm ittiv ity  ( e * l  + x e) and perm eability  resp ectively . In ad d ition , w e w ill restrict 

ou rselves to  field s having a sinusoidal variation  in  tim e . T o  w rite th is tim e  

d ep en d en ce  in  ex p o n en tia l n otation , w e m ust ch o o se  a sign co n v en tio n : w e w ill set  

th e  tim e  factor to  b e e - ^ ,  so  th at a forw ard -go in g  w ave w ill have th e form  

e j(kz-<*n). w e  can  n o w  rew rite th e latter tw o o f  M axw ell's eq u ation s as:

VxE -  jw/xH =  0  (2 .1 .5 )

VxH  +  jo icE  = J f (2 .1 .6 )

T h e  current is related  to  th e e lectric  fie ld  accord ing to  J f =  a E , a  b ein g  th e  

con d uctiv ity . In th e linear reg im e, th e con d uctiv ity  will be a con stan t, but it n eed  

n o t n ecessarily  b e rea l, as w e will s ee  later. T h en  (2 .1 .6 )  b ecom es:

VxH  +  (jcje-(r)E  =  0  (2 .1 .7 )
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It is n o w  usefu l to  in troduce th e com p lex  perm ittiv ity , w hch is d efin ed  as:

c. *  e  +  j<7/a) =  1 +  x t  +  (2 .1 .8)

T h is  sim p lifies th e  analysis by allow ing  th e  conductiv ity  and perm ittivity o f  a 

m aterial to  be rep laced  by a single (com p lex ) p aram eter. It w ill p rove to  be  

co n v en ien t in  la ter  analysis i f  w e take as our sin g le  param eter th e  relative co m p lex  

perm ittiv ity , or  d ie lectric  con stan t, w hich  w e w ill label e , and  d efin e  as fo llow s:

e * e/e0 (2.1.9)

w h ere e 0 is  th e  perm ittiv ity  o f  free  sp a ce . (N o te  th e d ifferen ce  in  sym bols: e for  

ab solu te and e fo r  relative perm ittiv ity). W e w ill a lso  restrict ou rselves to  

n o n -ferro m a g n etic  m aterials, w here th e perm eab ility  is ap p rox im ately  that o f  free  

sp a ce  ( f i Q). T h u s th e  relative co m p lex  perm ittivity e is th e  sin g le  param eter w e  

w ill use to  ch aracterize m aterials in  th e analysis that fo llow s. T h at being  th e case , 

th e  latter tw o o f  M axw ell's equations can  b e w ritten in  th e form :

VxE -  jo)/i,0H  =  0  

VxH  + ja )c e 0E  =  0  

C om b in in g  th ese  gives:

VxVxH + jo>/i0H  = 0
jo>ee0

S in ce  V -H =0, w e can  substitute V xV xH = -V 2H . T h en :

(2 .1 .10)

(2 .1 .11)

(2.1.12)

V 2H  +  o ) * e e 0n 0H  =  0  (2 .1 .1 3 )

T h is  can  b e  sim p lified  using th e equation  for th e sp eed  o f  light c 2 =  l / ( e  0), 

and by d efin ing  th e free  sp ace w ave vector , k 0 :

k 0 =  03/c (2 .1 .1 4 )

E quation  (2 .1 .1 3 )  can  th en  be w ritten as:

V 2H  +  e k 0 2H  =  0  (2 .1 .1 5 )

T h is is o n e  form  o f  th e electrom agn etic  w ave equation  for h o m o g en eo u s m ed ia .

W e w ill be con cern ed  w ith  structures consisting o f  o n e  o r  m ore parallel p lanar  

in terfaces. W e can  use th ese  in terfaces as a  referen ce b y  w hich  to  d efin e  our  

coord in ate  axes and our principal p olarizations. A n y arbitrary fie ld  ca n  be  

con sid ered  as a linear superposition  o f  tw o field s having th e  tw o orthogon al 

principal p olarizations. T h e se  w e d efin e  as fo llow s:

i)  transverse e lectric  (T E ): E  is parallel to  th e in terface p lan es
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ii)  transverse m agn etic  (T M ): H  is parallel to  th e in terface p lan es  

T h en  w e d efin e  our th ree  axial d irections:

i)  51 is norm al to  th e  in terface p lan es

ii) £  is in  th e d irection  o f  the Held vector parallel to  th e  in terfaces (E  for  T E  

m o d e, H  for  T M  m o d e)

iii)  z  is parallel to  th e  interfaces and perpendicular to  ?

H ere , and 2 are unit vectors a lon g  th e  x ,y  and z  axes.

2 .2  Surface W aves o n  a S in gle In terface

W e can  d efin e  a surface w ave as o n e  that propagates a lon g  a su rface or  

in terface , w ithout radiating en ergy  in to  th e tw o bulk m edia . T h e  co n fin em e n t o f  

such  a w ave to  th e  in terface im plies that th e fie ld  in ten sity  should  ap proach  zero  

as o n e  m oves aw ay from  th e in terface on  e ith er  side. O ur goal is to  lo o k  for  

so lu tion s to  M axw ell's equations w hich  satisfy  th ese  criteria.

x

* z

F igure 2.1 G eom etry  for single in terface structure.

T h e  figure ab ove show s the coord in ate system  for  a structure con sisting  o f  tw o  

h om o g en eo u s h a lf-sp a c e s  w hich m eet at th e  x = 0  p lan e. T h e  tw o m edia  are 

ch aracterized  by co m p lex  relative p erm ittiv ities e 1 and e 2 as sh ow n. W e w ill 

con sid er th e tw o principal polarizations in  turn.

First le t  us con sid er T M  p olarization . T h e  H  vector w ill be in  th e $  d irection , 

and th e E  vector w ill lie  in  th e  x - z  p lan e. T h e  vector eq uations (2 .1 .1 0 )  and  

(2 .1 .11) n o w  yield  th ree scalar equations:
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(2.2.1)8Ex - 8Ez - jo)MoH  = 0 
0z  Bx

0 H  = -jo )C £ 0E z (2 .2 .2)
0X

0 H  =  j w e e 0E x (2 .2 .3 )
3 z

P lan e w aves are solutions to  th e w ave eq u ation , and in  T M  p olarization  have  
th e  form :

H  =  H Qe x p [j (7 x +  0z )] (2 .2 .4 )

(In gen era l, w e w ill om it th e tim e d ep en d en ce for th e sake o f  b rev ity .) Such  a 

w ave w ill satisfy  (2 .1 .1 5 ) , w hen:

7 2+0 2 = 6 k 0 2 (2 .2 .5 )

W e will look  for a surface w ave field  solution  w hich has th is form  in both  m edia:

H  =
' H o i e x P [K 7 ix + x >0

- H 0 2eXP[j(72X + 02Z)] X<0
(2 .2 .6)

T h e  relationsh ips betw een  th e various param eters are determ in ed  using th e tw o  

boundary con d ition s, w hich arise d irectly  from  M axw ell’s equations: th e  parallel 

com p on en ts  o f  E  and H  m ust be continuous at th e in terface. T h e  latter con d ition  

is satisfied  in (2 .2 .5 )  if  w e set H 01= H Q2 (h en ceforth  H Q), and |31=l32 (h en ceforth  

(3). T o  satisfy  th e form er con d ition  w e first obtain  an exp ression  for  E z, using  

(2 .2 .2 ) .  T h is yields:

E* =  d _  f f i (2 .2 .7 )
o )e e 0 0x

E z =  7 h o e x p [ j(7x + 0 z )l (2 .2 .8 )
C0C60

with y  and c having th e appropriate subscripts in  th e upper and low er m edia . 

C ontinuity  o f  E z n ow  gives us th e result:

7 i  =  7 2  (2 .2 .9 )

E xpressions fo r  7 l  and y 2 are obtained  from  (2 .2 .5 ) ,  giving:

(Clk02 - 02)* («2V  _ 02)*
----:------ = -----------  (2.2.10)
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Manipulation of this equation gives us an expression for the propagation vector

k„ l e ,  +  e_J
(2 .2 .11)

In order for eq u ation  (2 .2 .6 )  to  describe a n o n -ra d ia tiv e  surface w ave , the  

Held am plitudes m ust drop to  zero  for  large p ositive or n egative va lues o f  x . T h is  

m ean s that th e im aginary com p on en ts o f  7 , and y 2 m ust b e p ositive  and n egative  

resp ectively . In order for th is to  be true, /3/k0 m ust be greater than  b oth  e 1 and  

e 2. H ow ever , (2 .2 .1 1 )  in d icates that ( 3/k0 w ill b e less than both  va lues i f  both  are  

p ositive , and w ill b e im aginary if  both  are n ega tive . T h e con d ition  for  ex isten ce  o f  

a n o n -ra d ia tiv e  w ave propagating a long  th e su rface, th erefore , is that o n e  o f  the  

m edia m ust have a n egative  d ielectric  constant; in  addition , th e m agn itu de o f  this 

con stan t m ust be greater than  that o f  th e p ositive e o f  th e o th er m ed iu m . T aking  

m edium  1 to  have a p ositive  e , w e can  write th is con d ition  as:

< -6 (2 .2.12)

L et us n ow  con sider T E  p olarization . In th is case , E  w ill b e in  th e y 

d irection  and H  in th e x - z  p lan e. T h en  equ ations (2 .1 .1 0 )  and (2 .1 .1 1 )  can  be  

w ritten as:

3 g x  -  d P z  +  jo )e e 0E  = 0  (2 .2 .1 3 )
0z  8x

9 E  =  jco /i.H  (2 .2 .1 4 )
Bx

M  = - W o H x (2 .2 .1 5 )

T h e se  w ill g ive a w ave equation  for E  in th e sam e form  as (2 .1 .1 5 ) , and so  w e  

can  take for th e  form  o f  E :

|  E oe x P t i ( 7 i x +  0z )] x >0

l  E oexPLK72x + 0Z)1 x< 0

(2 .2 .1 6 )

H ere  w e have included  th e  con d ition  o f  con tin u ity  o f  E . T o  satisfy  th e con tin u ity  

o f  H z w e use (2 .2 .1 4 ) , from  w hich  w e see  that H z is p roportional to  7E . S o  w e  

can  w rite:

7 ,  =  7 2 (2 .2 .1 7 )

F rom  (2 .2 .5 )  w e can  see  that equation  (2 .2 .1 7 )  can n ot b e satisfied  u n less { , = 6 ^  

w hich  w ould m ean th e in terface would n ot ex ist physically . T h erefo re  w e can
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con clu d e that e lec trom agn etic  surface w aves can  on ly  ex ist in  T M  m od e, on  th e  

su rface o f  a m aterial h aving a n egative d ie lectric  constant.

2 .3  W aves in Plasm as

T h e  w aves w e are con cern ed  w ith propagate o n  th e su rfaces o f  m eta ls. A t low  

freq u en c ies, m etals do  n o t have negative d ie lectric  con stan ts, but at h igh  

freq u en cies, th ey  can  b eh ave as p lasm as, w hich  do h ave n egative d ielectric  

con stan ts; thus th e n am e surface p lasm on. W e shall n ow  con sid er w hy th is is so .

F or our purposes w e will consider a plasm a to  be a d ilu te gas o f  ion ized  

p articles, having an  equal concentration  o f  p ositive and n egative  charges. L et us 

call th is con cen tration  N e, th e num ber o f  charges, in  units o f  th e  e lectron  charge  

' e \  per unit vo lu m e. L et us first exam in e th e p roperties o f  bulk oscilla tions o f  

th ese  charges.

+- +-
+- +-
+- +-
+- +-
+- +-
+- +-

+  -  +

+  -  +

+ -  +

+  -  +

+ -  +

+  -  +

i— > m

+ - + - + - + 
+ - + - + - + 
+ - + - + - + 
+ - + - + - + 
+ - + - + - + 
+ - + - + - +

+-
+-
+-
+-
+-
+-

■» z

Figure 2 .2  O scilla tion s o f  free  electron s in  a p lasm a. T h e  fu n ction  £ (z ) g ives  
th e d isp lacem en t o f  electron s from  their equilibrium  p osition  as a fu n ction  o f  
that position  (z ).

A s th e m asses o f  th e  positively  charged  ions are several orders o f  m agnitude  

greater than th e  e lectron  m ass, m otion  o f  th e ion s w ill b e n eg lig ib le  com pared  to  

that o f  th e e lectron s. W e will n eg lec t both  therm al m otion  and co llis ion s. L et us 

con sid er an  oscilla tion  in  th e  z  d irection , as indicated  in  figu re 2 .2 .  T h e  relative  

d isp lacem en t o f  th e e lec tron s as a function  o f  p osition  is g iven  by £ (z ) .  If w e  

ap proxim ate our d istribution o f  d iscrete e lec tron s as a con tin u u m , th en  th e loca l 

charge d en sity , p , w ill be g iven  by:

p =  e N e9 £ /9 z  (2 .3 .1 )
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W e can  re la te  th is to  th e electric  fie ld  using th e first o f  M axw ell's equations  

(2 .1 .1);  s in ce our system  is uniform  in  th e x  and y  d irection s, th e d ivergen ce has 

o n ly  th e  z  co m p o n en t, so  w e write:

e 9 E /9 z  =  p =  e N e9 £ /9 z  (2 .3 .2 )

W e can  a lso  re la te  th e field  strength  to  th e e lectron  acceleration  in  a 

straightforw ard w ay:

- e E x = m e9 2£ / 9 t 2 (2 .3 .3 )

H ere , m e is th e  e lec tro n  m ass. In th is m icroscop ic th eory , w e are treating th e  

m eta l as a co llec tio n  o f  p o in t charges in  a vacuum , so  th e  p erm ittiv ity  e  w ill be  

th at o f  free  sp a ce . W e n ow  com bin e (2 .3 .2 )  and (2 .3 .3 )  to  get:

e 2N ff 9£ = _  9  9 2£
m e£ 0 9 z  9 z  9 t 2 (2 .3 .4 )

T h e  so lu tion  to  th is equation is a tem p orally  period ic o sc illa tio n , o f  th e  form  

£ = £ (z)ex p (-ja )p t), w h ere th e frequency a)p is given  by:

G)p2
e^N,
m e €  o

(2 .3 .5 )

T h is is ca lled  th e plasm a frequency. E quation (2 .3 .4 )  g ives n o  restriction  on  th e  

form  o f  £ (z );  th e  d ispersion  relation  is just th e lin e  a)=cjp, so  th e  group v e lo c ity  is 

ze ro , and n o  in form ation  or p ow er can  be transported by bulk p lasm a w aves. T h e  

value o f  o)p d ep en d s o n ly  o n  th e charge d ensity . I f w e th ink  o f  a m eta l as a 

plasm a o f  free  e lec tron s in  a fixed  m atrix o f  p ositive  io n s , w e can  ca lcu la te  its 

plasm a frequency accord ingly; for m ost m eta ls th e value o f  wp w ill b e in th e  near  

u ltra -v io le t.

In order to  d eterm in e th e com p lex  p erm ittiv ity  o f  a p lasm a, w e n eed  to

ca lcu la te  th e  con d uctiv ity . A gain , w e w ill con sider th e reg im e w h ere co llis ion s d o

n o t p lay an  im portant ro le . T h e  acceleration  o f  th e e lec tron s w ill th en  be

proportional to  th e fie ld  am plitude, accord ing to  (2 .3 3 ) , and th e  current d en sity  J  
w ill b e proportional to  th e velocity  o f  th e e lectron s:

J  =  - e N e9 $ /9 t  (2 .3 .6 )

T h e  con d uctiv ity  is d efin ed  by o « J /E , so  w e get:

- e N e(-ja>$)
cr =  ---------------------  (2 .3 .7 )

- m e(-<»)2£ ) /e

T h is w e can  sim p lify , using (2 .3 .5 ) ,  to :
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(2 .3 .8 )o' = j6 o^p2/cJ
W e can  se e , th erefore , that in th e  ab sen ce o f  co llision s, th e  current and fie ld  are 

x/2 o u t o f  p h ase , so  that th e high freq uency  conductiv ity  o f  a plasm a is im aginary. 

C om b in in g  (2 .3 .8 )  w ith (2 .1 .8 )  and (2 .1 .9 ) ,  w e can  obtain  th e  co m p lex  d ie lectric  

con stan t o f  a p lasm a:

e =  1 -  o)p 2/w 2 (2 .3 .9 )

W e can  se e  from  (2 .3 .9 )  that for freq uencies b e lo w  th e  p lasm a freq u en cy , th e  

d ie lectric  con stan t is a n egative rea l. T h is is w hat w e require for a m aterial that 

w ill support a surface w ave.

C ollision s p lay an  increasingly im portant role in th e con d uctiv ity  o f  m eta ls as 

th e  freq uency  is reduced; in  th e lo w -freq u en cy  oh m ic reg im e th e con d uctiv ity  is 

rea l, and th e d ie lectric  constant is con seq u en tly  im aginary.

2 .4  T h e  Surface P lasm on

W e have n ow  seen  that n o n -ra d ia tiv e  surface w aves can  ex ist, w ith  T M  

p olar iza tion , at th e surface o f  a m aterial having a negative d ie lectric  con stan t, and  

that p lasm as satisfy this requirem ent for frequencies b e low  but near th e  p lasm a  

freq uency  as given  by (2 .3 .5 ) .  A s m etals have plasm a freq u en cies typ ically  in  th e  

near u ltra -v io le t , th ey  w ill beh ave as p lasm as at optical freq u en cies. In th is w ork, 

as in m ost o f  th e published literature on  surface plasm a w aves, w e are con cern ed  

w ith w aves at th e  interfaces b etw een  m etals and d ie lectric  m aterials, ex c ited  at 

visib le or  n ea r-v is ib le  w avelengths. T h e  quanta o f  th ese  w aves are know n as 

surface p lasm ons. L abelling th e d ie lectric  constants o f  th e m eta l and d ie lectr ic  as 

em and cd resp ectively , w e can  rew rite (2 .2 .11) as:

* =  k ° i
* (2 .4 .1 )

F or th e d ie lectr ic , th e ind ex  o f  refraction  nd will be given  by: 

nd =  ed* (2 .4 .2 )

If em is g iven  by (2 .3 .9 )  then  w e can  write (2 .4 .1 )  as:

0  =  ndk o ( ]  } (2 .4 .3 )
p

W e have n o w  obtained  an exp lic it d ispersion  relation  for surface p lasm ons, w hich  is
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shown in the figure below.

0)

* 0
Figure 2 .3  D ispersion  relation  for surface p lasm ons. T h e  straight lin e  g ives  
th e  d ispersion  relation  for ligh t, in  th e d ie lectric , propagating in  th e  z  
d irection .

S in ce  th e  p lasm on propagation  vector is alw ays greater than  that o f  ligh t in  

th e d ie lectr ic , th e  p lasm on d oes n o t radiate in to  th e bulk, and eq u ivalently  can n ot  

be generated  by light incident on  th e su rface, s in ce  it is n o t p ossib le to  p hase  

m atch  a lon g  th e  in terface.

In p ractice , co llision s do  p lay  som e ro le in  th e con d uctiv ity  o f  m eta ls at 

visib le w avelen gth s, so  a  d oes h ave a sm all real part, and con seq u en tly  th e  

co m p lex  perm ittiv ity  has a sm all im aginary part. It is th is characteristic th at m akes  

th e propagation  o f  p lasm ons lossy , w hich m eans that 0  is co m p lex . L et us w rite  

th e m eta l d ie lectric  con stan t as:

w here er and ex are both p ositive  reals. A ssum ing that e e r, w e can  obtain  

approxim ate exp ression s for th e real and im aginary parts o f  (2 .4 .1 ) :

H ere th e  real part g ives th e spatial frequency o f  th e  p lasm on in th e  d irection  o f  

prop agation , w h ile  th e im aginary part is a d ecay  c o e ffic ien t, in d icatin g  th e  

absorption  o f  en ergy  due to  co llision  losses in th e m eta l.

(2 .4 .4 )

(2 .4 .5 )
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2.5 Surface Waves on a Laver of Finite Thickness

In ord er to  gen erate surface p lasm ons op tica lly  using th e A T R  m eth o d , o n e  o f  

th e  tw o m edia  m ust be o f  fin ite  th ick ness, so  that a third m edium  (th e  cou p lin g  

prism ) ca n  b e  introduced . W e th erefore  n eed  to  d eterm in e h ow  th e  p ropagation  

v ector  0  d iffers in  a th r e e -p h a se  structure from  that d eterm in ed  p reviously  

(equation  2 .4 .5 ) .

x=d

x =0

x

\ \ \ \
6 3 

\ \ \ \ \

/ / / / / / / / /

/ / / /
€ 2 

l / / / /

\ \ \ \ \ \ \ \ \

€ 1

Figure 2 .4  P lane boundaries separate m edium  2 , o f  fin ite  th ick ness d , from  
se m i- in f in ite  m edia  1 and 3 .

W e begin  th e solution  by assum ing that th e fie ld s in each  o f  th e  th ree m edia  

have th e form  given  by (2 .2 .4 )  and (2 .2 .5 ) .  B ecau se m edium  2  has fin ite  th ick ness, 

its fie ld  d o es n o t have to  go  to  zero  for large x . T h erefo re  it can  have field  

co m p o n en ts  w ith  b oth  p ositive and n egative 7  values. W e can  thus w rite th e  total 

fie ld  as:

A  exp[j(/3z +  7 ,x ) ]  x < 0

H  = B  exp[j(|Sz +  7 2x ) ]  +  C  exp [j(|3z —y 2( x - d ) ) ]  0 < x < d  (2 .5 .1 )

D  e x p [j (0 z  +  7 3(x - d ) ) ]  x > d

C on tin u ity  o f  H  at th e tw o boundaries g ives us:

A  =  B  +  C  ex p (j7 2d ) (2 .5 .2 )

B  e x p (j7 2d ) + C  =  D  (2 .5 .3 )

W e k n ow  from  (2 .2 .7 )  that cE z is proportional to  3 H /0 x . T h erefo re , con tin u ity  o f  

E z g ives us th e  fo llow in g  con d itions:

X i * =  2 z (B  -  C  ex p (j72d )) (2 .5 .4 )
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(2 .5 .5 )(B  ex p (j72d) -  C  )
C 3 e 2

L et us a lso  in troduce th e quantities: 

q =  e x p (jY 2d ) (2 .5 .6 )

J  =  7 1 € 2^y 2 € 1 ( 2 . 5 . 1 )

K = y  3 * 2 ^ 2 *  3 (2-5-8)

W e can  n ow  w rite our four boundary con d ition s as:

- A  +  B  + qC =  0  (2 .5 .9 )

qB +  C  -  D  = 0  (2 .5 .1 0 )

J A  -  B  + qC = 0 (2 .5 .1 1 )

-q B  + C  +  K D  = 0 (2 .5 .1 2 )

T h e  so lu tion  o f  th is se t o f  h om ogen eou s linear equ ations can  be found  by setting  

th e  d eterm in ant o f  th e associated  m atrix equal to  zero . T hus:

-1 1 q 0

0 q i - l

J - l q 0

0 - q i K

T h e  so lu tion  to  the equation  can then  be w ritten  as: 

q 2( J + l ) ( K - l )  -  ( J - l  )(K + 1) =  0

U sin g  our d efin itions for q , J  and K , w e can  expand  this equation  to  g ive:

(2 .5 .1 4 )

(2 .5 .1 5 )

ex p (j2 7 2d)
y ^ € 2 y  2^i

7ic2 ~ y 2 c i

y  3^ 2 + 72C3
7 3 £ 2 +  y  2^ 3

(2 .5 .1 6 )

A s th e y  values are all functions o f  0  accord in g  to  (2 .2 .5 ) ,  (2 .5 .1 6 )  is a 

transcendental equation  for /3. W e shall n ow  b e con cern ed  w ith  look in g  for its 

so lu tion s.

B ecau se surface p lasm ons are studied using reflectiv ity  m easu rem en ts, it is
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usefu l to  con sid er th e relationship  b etw een  th e m odal so lu tion  for  th e  d o u b le

in terface sy stem , as g iven  ab o v e , and th e  re flection  equations for th e  sam e system . 

T h is w e do  by noting  that th e tw o factors on  th e right side o f  (2 .5 .1 6 )  h ave th e  

sam e form  as th e F resn el reflection  co e ffic ien ts  for  p lane w aves ob liq u ely  in c id en t 

on  boundaries b etw een  tw o h a lf sp aces. T h ese  can  b e  w ritten  as [2 .1 ] :

7 i 6j “  7 j* i  

7 i ej +  7 j e i

(2 .5 .1 7 )

H ere  w e use th e labelling con ven tion  that r— is th e am plitude re flectio n  co e ffic ien t  

for a w ave in c id en t in  m ediu m  i on  th e border w ith  m edium  y (if  b oth  m edia  are 

se m i- in f in ite ) . T o  rew rite (2 .5 .1 6 )  in term s o f  r  va lues, w e m ust con sid er th e  signs  

o f  th e y  va lues. In th e r^ equations, th ese  w ould all b e taken  as p ositive for  

w aves in c id en t in  th e +x d irection  (u p ). T h e  signs in (2 .5 .1 6 )  are for d ecay  aw ay  

from  th e b oundaries, so  y 2 and y 3 are positive and y y is n ega tive . T h is m eans  

w e can  rew rite (2 .5 .1 6 )  as:

ex p (j272d) = ( r 12r 3 2 ) - i (2 .5 .1 8 )

F or a very th ick  m iddle layer, q 2 w ill be approxim ately  equal to  ze ro , and  

th erefore th e tw o solu tion s to  (2 .5 .1 6 )  will be g iven  by 7 ^ 2  =  7 2e i an<  ̂ 7 2e 3 =  

~7 3€ 2 T h e se  are just th e  single boundary so lu tion s, as in  (2 .2 .9 ) ,  fo r  each  o f  th e  

tw o boun d aries, noting  that y 2 w ill have op p osite  signs in th e tw o cases. I f w e  

begin  to  d ecrease th e th ickness d , the tw o solu tion s will be perturbed from  their  

sin g le  in terface values. W e shall look  for an  ap proxim ate exp ression  for  this 

perturbation , in  cases w here it is sm all. W e shall a lso assum e that e 1 and e 3 are 

substantially  d ifferen t so  that th e tw o solutions are w ell rem oved  from  o n e  an oth er. 

L et us con sid er th e so lu tion  at th e 1 - 2  boundary, w hich  w e w ill ca ll 0 O, and label 

as A(3 its d ev iation  from  th e  d=<» solution  so:

0O E &x> + 4 0  w h ere (0«AO)2 =  e ^ e 2/ ( e ^ + e 2)  (2 .5 .1 9 )

T h e  approxim ation  w e w ill m ake is that in  th e v icin ity  o f  th e 1 - 2  so lu tio n , th e  

fu n ction  r ,  2 is rapidly varying, w hereas r 23 and q are m uch  m ore slow ly  varying; 

th erefore w e can  take th e values o f  th e latter tw o to  be th e  sam e at (3 Q as th ey  

are at T h en  w e w rite:

r , 2- ’ =  r 23((S00) (2 .5 .2 0 )

A ssum ing th e perturbation o f  0  is sm all, w e can  use th e approxim ation  /302 =  /J^ 2 

+  2 0 ^ ( 3 .  T h e n  sin ce y 2 =  e k Q2 -  0 2 , w e can  write:

7 ,  2 =  < , V  -  « , « 2/ ( e i + £ 2)  k o J ~  2 0 « 4 0  (2 .5 .2 1 )
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7 i 2 =  6 1 2 / ( e 1 + e 2 )  k 02 -  2 0 * 4 0  (2 .5 .2 2 )

7 ,  2 =  ( ( « , / « 2) “  2AW «>  ) f t , 2 (2 .5 .2 3 )

In evaluating th e  y  exp ression s, care m ust be taken  in  ch oosin g  th e  signs o f  th e  

roots. W e are using th e  con ven tion  th at 7 l  is n egative  im aginary, and both  term s  

in  th e  brackets in  (2 .5 .2 3 )  are n egative. T akin g  th e  negative roo t, and using 4 0 ^ 0 * , 

w e get:

7 ,  =  “  (2 .5 .2 4 )

Sim ilarly:

f 2 =  +  ( £ , / t 2) i 4 0  (2 .5 .2 5 )

In (2 .5 .2 4 )  and (2 .5 .2 5 )  th e  correct signs are ind icated  ou tside th e roots. Inserting  

th ese  exp ression s in th e re flection  co e ffic ien t gives:

( c i C 2) ^0oo  +  6 -i( e i / e 2) ^ 4 0  “  ”  c 2 ( c 2/ c 1 ) ^ 0

r 1 2 - ’ =  ----------- -----------------------------7---------------------- -----------------------------7--------  (2 .5 .2 6 )
( e i C 2 ) ^ o o  +  f i ( e , / f 2) w  +  +  C 2 ( e 2 / c 1 ) i z \ 0

A gain  using 4 0 ^ 0 * ,, w e ob ta in :

4 0 e , ( e , / e 2) t  -  c 2(e

r 1 2 ~ 1 =  ------ (2 .5 .2 7 )
2&o ( £ , £ 2) i

r , 2 ~ 1 ll C1 2 ’  
c i e :2

(2 .5 .2 8 )

r , 2 _1 =  -  4 0 ( e 2_ £ . ) V / 2 &o3 (2 .5 .2 9 )

U sin g (2 .5 .2 0 )  and (2 .5 . 2 9 ) , w e can n ow  write an  exp ression  for th e  perturbation:

AR  = 2 k o C 1 C 2 3/2
(2 .5 .3 0 )u p  —

6 2—6 t £ . + f 2
r 23 e x p y z 72a ;

A s w e are m ain ly  in terested  in  th e K retschm ann con figu ration , w e w ill take th e  

m id d le  m edium  as th e m eta llic  o n e , so  that e 2 is g iven  by (2 .4 .4 ) .  F or th e  

purposes o f  th e perturbation analysis, th e im aginary part can  b e  n eg lec ted , so  that 

e 2= - e r. T h e  low er m ediu m  will b e th e  d ie lectric  e 1= e d= n d2. W e can  also  

ap p rox im ate y 2 (as g iven  b y  2 .2 .5 )  as T h is  gives:

40 2ko
er+ f d

' £d£r  

« r“ «d

3 / 2

exp^ye^d) r32(0oo) (2 .5 .3 1 )

A ll th e quantities in  th is exp ression  are real ex c ep t r 32 , w hich  in  th e  K retschm ann  

con figu ration  is  th e  re flectio n  co e ffic ien t a t th e prism /m eta l boundary for an  in fin ite
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m eta l th ick ness. If y 3 is rea l, w hich  it necessarily  w ill be in a cou p lin g  prism , 

th en  th e  m agnitude o f  r 3 2 , as given  by (2 .5 .1 7 ) , is u nity , and con seq u en tly  r 32 is 

o n ly  a phase factor. T h e  real part o f  (2 .5 .3 1 )  g ives th e increase in th e real part 

o f  0 , w h ich  w ill correspond  to  an increased  cou p lin g  an g le  for  op tica l exc ita tion . 

T h e  im aginary part g ives th e  loss due to  radiation into m edium  3 (th e  cou p lin g  

p rism ). T h is result is g iven  w ithout derivation  in  th e original p ublication  by  

K retschm ann [2 .2 ];  it is a lso  found in  th e frequently  referen ced  rev iew  paper by 

R aether [2 .3 ] ,  but again  it is n ot d erived , and in  fact con ta in s an  error in  th e  

argum ent o f  th e  ex p o n en t (possib ly  typographical).

2 .6  O p tica l C oupling C haracteristics for th e  K retschm ann C onfiguration

x

Figure 2 .5  A  p lan e w ave, propagating at an angle 8 to  th e  surface n orm al, 
is  in c id en t o n  th e boundary b etw een  m edia  3 and 2 .

In th e exp erim en ts con d ucted  in th is w ork, and in  m ost o f  th ose  reported  in

th e  literature, p lasm ons are generated  using light incident in  a cou p lin g  prism  o n  a

m eta llic  layer o f  fin ite  th ickness (th e  K retschm ann con figu ration ), as d escribed  in  

ch ap ter 1 . T h e  p lasm on p roperties are determ in ed  by m easuring th e  reflectiv ity  at 

th e  prism  base as a fu n ction  o f  in c id en t an g le . T h is is d ep ic ted  in  figure 2 .5 ;  a

p lan e w ave in  m edium  3  (th e prism ) is in c id en t on  the m eta l film  a t an  an g le  8

to  th e  surface norm al. If th is incident an g le  is greater than  th e  critical an gle for  

to ta l internal reflection  (s in 0c=n ^ n  3) , th ere will be n o  p ow er propagated  into  

m ediu m  1 ; con seq u en tly , an y  pow er n ot absorbed by th e  m eta l w ill b e  reflected  

back in to  th e prism , at an equal angle to  th e norm al (S n ell's  law ). T h e  m agnitude
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o f  th e  p ropagation  vector o f  both th e incident and reflected  w aves is n ^ c 0, w h ere  

n p is th e  refractive ind ex  o f  th e prism  ( c 3s n p 2) , and th e parallel co m p o n en t o f  

th is w avevector is g iven  by /3=npk os in 0.

U sin g  th e  labellin g  con ven tion s d efin ed  previously in  th is ch ap ter , w e can  

w rite th e  am p litud e reflectiv ity  o f  a th ree  p h ase structure as [2 .1 ] :

r = 1 + r32r2i Q2 (2.6.1)

w h ere th e sin g le  in terface reflection  co e ffic ien ts  rjj are as d efin ed  in  (2 .5 .1 7 ) . T h is  

equation  w ill a llo w  us to  p lo t exactly  th e form  o f  th e reflectiv ity  for  an y  sp ec ific  

com b in ation  o f  physical param eters. It d oes n o t, h ow ever, g ive us m uch  insigh t on  

th e  physics in vo lved . W hat w e will seek  is an approxim ate equation  in  th e  v icin ity  

o f  resonan ce w hich  will exp lic itly  g ive th e form  o f  th e cou p lin g  cu rve , and th e  

d ep en d en ce  o f  th is form  on  th e param eters o f  th e system .

W e w ill approxim ate r  above by assum ing, as w e did  in  sec tio n  2 .5 ,  th at q 2 

and  r 32 are both very slow ly varying com pared  to  r 21 , and so  ap proxim ate th em  

as con stan ts. L et us a lso introduce th e  n otation  r~ = z ^ n - ,  w here:

z ij =  ej7i “  *iYj (2 .6 .2)

n ij =  c j7i + «i7j (2 .6 .3 )

W e can  n ow  rew rite (2 .6 .1 )  as:

r _  n , ,  +  q ;  r
n 2 1 + Z 2 i r 3 2 q 2

(2 .6 .4 )

H ere  w e h ave used th e fact that becau se th e m agnitude o f  r 32 is u n ity , r ^**1 =

It is n 21 that goes to  zero  w h en  /3 =  ^  so  w e w ill w rite n 21 a s an  

exp an sion  ab out (3m- B ut first w e m ust introduce som e n ew  n otation . W e h ave seen  

th a t in  th e fin ite  layer solution  th ere are tw o d ecay  m ech an ism s, absorbtion  loss  

d u e  to  co llis ion s in  th e m eta l, and radiation loss in to  th e  prism . T h e se  are g iv en , 

resp ective ly , by  th e  im aginary parts o f  and A(3. W e w ill label th ese  tw o  

quantities Tj and r r resp ectively , w h ile  th e  real parts o f  A/3 and 0 O w e w ill 

ca ll 0 ^ ,  A/3r and 0 or. So  w e can  w rite:

0 O E fco + W  = 0 or + }(T i + r r)

ft*> E /5oor + Fj
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(2 .6 .7 )4/3 * 40r + jrr
F or p lan e w ave re flectio n , all am plitudes w ill be uniform  in  th e z  d irection , so  /3 

w ill b e real. W e w ill write it as an  exp an sion  about (3 ^ :

0 =  Poor + P = fro  + P “ F i  (2 .6 .8 )

L et us n ow  eva lu ate  n 2 1 . W e begin  by finding exp ression s for  y^  and y 2 . H ere  

w e w ill use th e  approxim ation  that both  p and Tj are sm all com pared  to  /3, so  

that:

t*2 0oo2 +  20co (P "  F j )

T h en  w e can  w rite:

(2 .6 .9 )

7, = k0[ - - ”(kP jr|)" ]* (2.6.10)L fc1 c2 *“0 J
W e com b in e  th e  first tw o term s in th e brackets, and ap proxim ate th e square roo t, 

again  using p<^300 and :

0<r> C,+C
= k° T & p  [ 1 '  (p- jri) P 7  ^

A nd sim ilarly:

7 ,  = -k 0 ( 7 ^ 7 1 1  [ 1 -  (P-JTiJ ^  ^

(2 .6 .11)

(2 .6 .12)

T h e  m inus sign  appears in  -y2 b ecause in  th e reflection  c o e ffic ie n t w e have to  take  

th e sam e sign for both y  values, and e 2 is negative. W e can  n ow  w rite an  

exp ression  for n 21 :

C 1 C 2
2 1

(e,+f2)i
n 21 =  G  (p  -  jTj) 

w here

0oo (61+62K ci 2-f22) 
( p - j F j ) ------  ------------------------------

k 2 Ko

G  = -
2 -  e  2 2 e 1

( e ,  e , ) i

F or z 21 w e can  n eg lect th e p and Tj term s, giving:

(2 .6 .1 3 )

(2 .6 .1 4 )

(2 .6 .1 5 )

2f.e2 k0
(«,+f 2)*

f e e  i  3 /  2 2 k

=  7 ^ ]  G e  ̂ -  e

(2 .6 .1 6 )

(2.6.17)
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T h is w e can  further approxim ate as:

z = - f £dcr 1 3/g  — ^21 *-ed+ 6r J 6r + e d
F rom  th is exp ression , and using (2 .5 .3 1 ) , w e obtain: 

z 2i 9 2 r 3 2 = + F r)

z 21 q 2 t 3 2* = “G m  -  j r r)

W e can  n o w  rew rite th e reflectiv ity  equation  (2 .6 .1 )  as:

2k.
(2 .6 .1 8 )

(2 .6 .1 9 )

(2 .6 .20)

P "  F i  ~  A0r +  j r r
r =  ------------------------------------  r 32 (2 .6 .21)

p -  F i  -  A 0T -  j r r

S in ce  p =  /3 -  0 ^ ,  and 0 ^  +  A 0 r =  /3r, w e can  rew rite th is as:

03 -  0 r) -  j(rj -  r r)
r = ----------------------------------------- r 32 (2 .6 .22)

(£ -  0r) -  j(rj + r r)

W e h ave n ow  obtained  a useful ap proxim ate equation  for th e  reflectiv ity  in 

th e  v icin ity  o f  m axim um  cou p lin g , from  w hich th e am plitude and p hase behaviour  

are d irectly  exp ressed  in term s o f  th e incident parallel w avevector /3 and th e  tw o  

loss term s Tj and r r. A s m ost exp erim en ts m easure the in ten sity  o f  th e re flected  

beam  as a fu n ction  o f  an g le , w e n eed  to  obtain  th e  in ten sity  re flection  co e ff ic ie n t  

R  = r*r. A s th e m agnitude o f  r 32 is o n e , w e get:

(0 -  0ry  + ( rL -  r r) 2
R  = ----------------------------------------- (2 .6 .2 3 )

(0 -  (3r) 2 + (T i + r r) 2

4 r  r
R  = 1 -  -----------------— -----------------  (2 .6 .2 4 )

(0 -  0Ty  + (T i + r r) 2

T h e  secon d  term  in  (2 .6 .2 4 )  g ives th e  dip  in  reflectiv ity  d ue to  surface p lasm on  

cou p lin g , and ind icates that its sh ape is L orentzian . T his is an  ap p rox im ation , as  

w e h ave se e n , w hich  will be m ost accurate w hen  th e resonan ce is sharp , i .e .  w h en  

th e  loss term s Tj and Tr are sm all. A s th e losses in crease , th e sh ap e o f  th e  

reflectiv ity  d ip  w ill b ecom e m ore and m ore a sym m etrical. W e can  rew rite th e  

reflectiv ity  in  term s o f  th e an g le  o f  in c id en ce  0 , using /3=n^cos in 0 , and d efin in g  

th e  reson an ce an gle 0T as th e incident an gle giving phase m atch in g  w ith th e  su rface  

p lasm on (/3r=npk os in 0r). T hen  w e get:

R = 1 -
4 r  r1 1 1 r

n pko(s in 0 -  s in 0r) 2 + ( ^  + Tr) 2
(2.6.25)
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A lthough  th e  reflected  am plitude is probably  th e m ost im portan t fu n ction  for  

m o st practical ap p lica tion s, it is also usefu l to  k now  th e b eh aviour o f  th e o th er  

fie ld s , particularly th e  evan escen t field  in  th e d ie lectric  m ed iu m , w hich  w e shall 

h en ceforth  call th e p lasm on  fie ld . W e w ill n ow  sh ow  h ow  th ese  fu n ction s can  be  

ob ta in ed . L et us b eg in  by considering th e structure o f  figure 2 .4 ;  th is tim e w e will 

add an  extra co m p o n en t to  th e field s, to  rep resen t th e in c id en t w ave . T h e  field s  

are n ow  g iven  by:

' A  e x p [ j (0z  + 7 , x ) ]

H  =  B  exp[j(/3z +  7 2x)]  + C e x p [j (0 z  -  7 2(x -d ) ) ]

- D  exp[j(/3z +  7 3(x -d ) ) ]  +  E  exp[j(/Sz -  7 3(x -d )) ]  

U sin g  th e boundary con d ition s as in section  2 .4 , w e obtain  a

x < 0

0 < x < d  (2 .6 .2 6 )

x > d

m atrix equation:

-1 1 q
0 q i

J - l q
0 -q i

0
-1
0
K

A 0

B 0

c — 0

D 0

E

(2 .6 .2 7 )

F rom  this equation  w e can  obtain  relations b etw een  any tw o o f  th e  fie ld  am plitudes  

by elim in ation ; for in stan ce , w e can  so lve for  D /E , w hich  is equal to  th e  

reflectiv ity  r, and obta in  an expression  exactly  equ ivalent to  (2 .6 .1 ) .  W e are 

in terested  in th e  p lasm on  field  am plitude as a fun ction  o f  in c id en t am p litu d e, so  

w e so lv e  for A /E . F irst, w e add and subtract lin es 2  and 4  o f  (2 .6 .2 7 ) , g iv ing  

eq u ations for B  and C:

tf—1 tf+1
C = -  - j -D  + —j-E  (2.6.28)

B = <2-6 -29)

L in e 3 g ives us J A = B -q C ; inserting (2 .6 .2 8 )  and (2 .6 .2 9 )  gives:

A  = { [ (K + l) +  q 2( K - l ) ] D  -  [ ( K - l ) +  q 2(K + l)]E  } /2q J  (2 .6 .3 0 )

I f  th e  cou p lin g  is n o t to o  strong, th en  q 2 w ill b e very sm all and w e can  n eg lec t  

th e  q 2 term s in  (2 .6 .3 0 ) . M aking th e substitutions r= D /E  and r 3 2= (K -1 )/(K + 1 ), w e  

ob ta in :

A  K - l  
E  2qJ~ (2.6.31)
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N ear ^=Poo, J - l . In addition , w e can  m anipu late our d efin ition  o f  r 32 to  obtain:

K - l  =  2 r 32/ ( l + r 32 ) (2 .6 .3 2 )

F rom  (2 .6 .2 2 )  w e can  obtain  an exp ression  for (r /r 32 -  1 ) . Inserting th is, a long  

w ith  (2 .6 .3 2 )  and J = l ,  in to  (2 .6 .3 1 )  gives:

A  r 3 2<I 1

E 1+ r 32 ((3-(3r) -  j(ri+rr)
(2 .6 .3 3 )

T h is  g ives us th e  form  o f  th e rise in am plitude o f  th e p lasm on  field  at reson an ce , 

corresp on din g  to  th e drop in re flected  am plitude. It is a lso  in teresting  to  consider  

th e intensity; w e sim p ly  take th e m agnitude squared o f  (2 .6 .3 3 )  to  obtain:

i“2 4rr 2

I 1+ r 3 2 1 ( P - P ry  +  (r j+ r r)2
(2 .6 .3 4 )

T h is equation  ind icates th e field  inten sity  en h an cem en t that can  be obtained  at th e  

surface o f  th e m eta l using resonant op tica l exc ita tion .

2 .7  S ensitiv ity  to  Surface Param eters

A s w e h ave se e n , th e SPR  curve takes th e form  o f  a sharp d ip  in  th e  

angular reflectiv ity  resp on se, the sh ape and p osition  o f  w hich  d ep en d  on  th e op tica l 

prop erties o f  th e m etal film  and th e d ie lectric  m aterial in  co n ta ct w ith it. T h e  

sen sitiv ity  o f  th e S P R  curve to  th ese  param eters can  b e ca lcu la ted  for sp ec ific  cases  

using th e analysis p resented  in previous sec tion s; h ow ever, it is usefu l to  con sider  

w h eth er th ere are an y  general reasons w hy SP R  should b e a particularly usefu l 

sen sin g  m eth od . T h e re  are such reasons, and th ey  can  b e  rela tively  sim p ly  stated . 

T h e  p lasm on m od e is a type o f  guided w ave, and as such has m any prop erties in  

com m on  with gu ided  m od es in d ie lectric  p lanar structures, w hich  can  a lso  be  

ex c ited  using prism  couplers. A n  im portant d ifferen ce , h ow ever, is that th e  p lasm on  

m o d e is guided by a single in terface, and that m ost o f  th e  fie ld  en ergy  is in  w hat 

can  be con sidered  th e cladding o f  th e w aveguide. T h is m eans th e  fie ld  is accessib le  

for sen sing  purposes, m uch m ore than  in  m ost d ie lectric  w aveguides. T h e  

propagation  characteristics o f  th e p lasm on are thus strongly  in flu en ced  by  th e  

op tica l p roperties o f  th is cladding reg ion .

T h e  prism  cou p led  SPR  m easurem ent results in a strong en h an cem en t o f  th e
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fie ld  in ten sity , and as this en h an ced  Held is evan escen t, it can  b e con fin ed  to  a 

layer o f  th ick ness considerab ly  less than a w avelength . In tensity  gain cou ld  be  

ob ta ined  w ith a F a b ry -P ero t type resonant structure, but th e  co n fin em en t o f  th e  

fie ld  w ould b e less; con seq u en tly , a greater vo lu m e w ould h ave to  b e  perturbed in  

so m e w ay in  order to  get a m easurable ch an ge in resp on se. T h e  use o f  d ie lectric  

w aveguides as sensors has b een  investigated  in  th is research  group [2 .4 ] ,  w ith  

prom ising resu lts. B ecau se th ese  gu ides have very lo w  propagation  lo sses , th e  

in ten sity  en h a n cem en t can  b e m uch greater than w ith S P R , and th e angular w idth  

o f  th e (p h ase) resp on se can  b e m ade a lm ost arbitrarily sm all by reducing th e  

cou p lin g  stren gth . T h e  ex ten t o f  th e evan escen t fie ld  in th e  cladding can  a lso  be  

less than a w avelen gth , although m ore than h a lf th e fie ld  en ergy  w ill be in  th e  

core  and th e  b uffer reg ion  b etw een  the core and the cou p lin g  prism , and thus 

unavailab le for  sen sin g . In th e silver film  SPR  m easurem en t (at 633  n m ), m ore  

than 99%  o f  th e  guided field  en ergy  is in  th e accessib le d ie lectric  reg ion . T h e  

practical lim itation  on  obtaining sharp resonan ces and in ten se fie ld s w ith th e  

d ie lectric  structure is th is: th e required lateral ex ten t o f  b oth  th e co h eren ce  o f  th e  

in c id en t b eam  and th e uniform ity o f  th e structure, to  ex c ite  lo w -lo s s  m o d es, 

increases w ith  th e m odal propagation d istance. A s the gu id ing characteristics are  

highly d ep en d en t on  structural p rop erties, th is p laces stringent requirem ents o n  th e  

m anufacturing p recision  for th e gu ides. T h e  p lasm on structure is easier  to  construct;  

it con sists o f  a sin g le  evaporated  layer, o f  a th ickness to  w hich  th e guid ing  

characteristics are n ot h ighly sen sitive . F in ally , SP R  is in h eren tly  an am p litud e  

m odulating tech n iq u e, w hich is o ften  m ore con ven ien t for  exp erim en ta l p urposes  

than th e  p hase m odulation  obtained  w ith th ese  o th er tw o m eth ods.

If w e ex a m in e  equation  (2 .6 .2 4 ) , w e see  that th e re flection  c o e ffic ien t w ill 

o n ly  fa ll to  zero  at p h a se -m a tch in g  (0=/3r) if  w e satisfy:

rr = Tj (2.7.1)

W hen th is is true, th e rates o f  en ergy  dissipation  by th e  propagating p lasm on  d ue  

to  intrinsic d am ping and reradiation are equal. I have fou n d  it usefu l to  con sid er  

th e  o n e -d im en sio n a l analogy o f  a transm ission lin e  cou p led  at its term in ation  to  a 

dam ped  resonator. In th is ca se , th e in c id en t en ergy  is co m p le te ly  absorbed  if  th e  

cou p lin g  strength  is such as to  d oub le th e loss rate o f  th e  oscilla tor (or h a lve its 

Q ). T h is m ean s th at, as ab ove , th e contributions to  en ergy  d issipation  o f  ab sorption  

and reradiation  are equal. T hus w e can  think o f  (2 .7 .1 )  as an im p ed an ce m atch in g  

con d ition . It is  th is con d ition  that is usually used to  d eterm in e th e  m eta l film  

th ickness for an  SP R  m easurem ent. F or silver, w ith H eN e laser light in c id en t at
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633 n m , th e  th ickness giving zero  reflection  at resonan ce is about 560  an gstrom s, a 

figure o ften  repeated  in  th e literature.

W e w ill n o w  exam in e so m e exam p les o f  th e  in flu en ce o f  various param eters  

on  th e SP R  cu rve. In th e course o f  this w ork, a com pu ter program  w as w ritten  to  

ca lcu late th e  reflectiv ity  o f  a m u lti-la y ered  system . T h is w as d o n e  o n  an IB M  PC  

using th e  Pascal language, and th e  calcu lations w ere p erform ed  using th e  m eth od  

d escribed  by H ansen  [2 .1 ] and A b eles  [2 .5 ]. T h is  is  a m atrix m eth od  w h ich  is 

com m on ly  u sed , for  in stan ce, to  design  a n ti-r e fle c t io n  coatin gs. It assum es th at th e  

m edia are h o m o g en eo u s, linear and iso trop ic , and that th e in terfaces b etw een  th em  

are p lanar, p arallel, and in fin ite  in  ex ten t. T h e  program  is ca lled  O P T O ; it 

calcu lates am p litu d e, p hase and p ow er reflectiv ity , and p lots fie ld  p ro files, and was 

used to  gen erate  m any o f  th e figures in th is th esis , includ ing all th o se  in  th is  

sec tion .

F igure 2 .6  S P R  curves for an  A g  film , w ith various th ick nesses as in d icated , 
b etw een  a prism  o f  index 1 .5 2  and air. ( 2 r / k 0 =  633 n m , cm =  -1 6 + j0 .5 3  )

F igure 2 .6  sh ow s th e SP R  curves for several th icknesses o f  silver film  in  th e  

K retschm ann con figu ration . A s th e th ickness is red u ced , th e cou p lin g  gets stron ger, 

and con seq u en tly  th e resonan ce broadens. A t o n e  particular th ick ness, as p red icted  

by th e eq u ation s, th e reflectiv ity  m inim um  falls to  zero . A s th e cu rves w ere  

calcu lated  w ithout m aking th e approxim ations n eed ed  to obtain  (2 .6 .2 4 ) , th ey  are  

not exactly  sym m etrica l. Part o f  th is asym m etry, h ow ever, is sim p ly  d ue to  th e  fact
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that th e  curves are p lotted  as fu n ction s o f  an g le , w h ile  our equations have b een  in  

term s o f  0 , w h ich  is proportional to  s in 0 .

F igure 2 .7  show s th e very high  sensitivity o f  th e SP R  respon se to  surface  

p rop erties, in  particular to  adlayers (th in  layers o f  d ie lectric  d ep osited  o n  th e  A g  

su rface). F or a sm all perturbation , th e  best ind ication  o f  sen sitiv ity  to  so m e  surface  

param eter is th e  angular sh ift in  th e resonan ce cau sed , com pared  to  th e reson an ce  

curve w idth . E ven  w ith high  n o ise  lev e ls  and sim p le  instru m en tation , it should  be  

p ossib le to  m easure quite easily  a resonan ce sh ift o f  o n e  ten th  o f  th e  w idth  at 

h a lf-m a x im u m . T h e  curves show n ind icate that such a sh ift w ould b e prod uced  by  

about an angstrom  adlayer th ickness. W ith a m ore p recise m easu rem en t, it  should  

b e p ossib le to  im p rove th is figure by  at least an order o f  m agnitude.

F igure 2 .7  SPR  curves for a 550  A  A g  film , w ith  various th ick nesses as 
ind icated  o f  a d ielectric  coatin g  o f  index 2 .0 . O th er  param eters as for  figure 2 .6 .

T h e  criterion  o f  zero  reflectiv ity  is a lm ost alw ays u sed , in  exp erim en ta l work  

reported  in  th e literature, to  ch o o se  th e m etal film  th ick ness. T h is a llow s, o f  

cou rse , th e  h ighest p ossib le contrast in  an inten sity  m easu rem en t, but it is n ot 

ob viou s th at th is should  also g ive th e  h ighest p ossib le sen sitiv ity . F or a very  sm all 

perturbation o f  th e system , th e m ost sensitive d etection  m eth od  w ould be to  have  

light in c id en t at th e angle o f  h ighest slop e on  th e reson an ce cu rve , so  that a sm all 

sh ift in  reson an ce position  g ives th e  m axim um  signal ch an ge. T h erefo re  I have  

calcu lated  th e  e ffe c t  o f  cou p lin g  strength  (m eta l th ick ness) o n  th e  s lo p e  o f  th e
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reson an ce cu rve , and used th is calcu lation  to  d erive a  n ew  co n d ition  giving  

m axim um  sensitiv ity .

F o r  co n v en ien ce  w e w ill determ in e th e s lop e  as a fu n ction  o f  0 , rather than

an gle . T h e n  w e can  use (2 .6 .2 4 )  d irectly , and w rite:

8 n  r r (0  -  m
8 R /8 0  = ---------------------------------------------

[((3 -  0r) 2 + (r, + r r) 2] 2
(2 .7 .2 )

T o  d eterm in e w h en  th is s lo p e  is m axim um , w e take th e secon d  

it equal to  ze ro . T h is gives:

d erivative and se t

3 2R W  -  0r) 2 + O'; + r r) 2 -  4(0 -  0r) 2 
= 8 r \  r r -  o 

3 0 2 [(0 -  0r) 2 + ( rs + r r)2p

T h is eq u ation  is satisfied  if:

(2 .7 .3 )

(T i + r r) 2 = 3(p -  0rp (2 .7 .4 )

L et us label th e slop e R ^; th e m axim u m , w hich w e will ca ll R ^ m, is ob ta ined  by

com bin ing  (2.7.2) and (2.7.4). T his gives: 

3/3 Tj r r
R " m =  ---------------------

2 (n  + r r)3
(2.7.5)

If w e n ow  take th e derivative o f  th is function  w ith resp ect to  r r, w e w ill obtain
th e relationsh ip  b etw een  Tj and Tr that m axim izes th e s lo p e .

3R"m 3 /3  n c r, +  r r) -  3r s r r 

3rr 2 (rs + r r)«
(2.7.6)

T h e op tim u m  cou p lin g  to  m axim ize sensitiv ity , th erefore is ob ta ined  by satisfy ing

th e criterion:

r r = r - j i (2.7.7)

E xpressions for  Tj and r r are g iven  by th e im aginary parts o f  (2 .4 .5 )  and (2 .5 .3 1 )  

resp ectively . S in ce  Tr falls w ith  th ickness as e - ^, th e  d ifferen ce  in  th e  th ick nesses  

n eed ed  to  satisfy  each  o f  th e tw o criteria is n o t great; th e  increase in  s lo p e  

ob ta ined  in  go in g  from  th e zero  reflectiv ity  to  th e m axim um  slo p e  con d ition  is on  

th e order o f  5 to  10% .

T h e  tab le b e low  lists optical constants for several m eta ls, at th e  freq u en cy  o f  

th e 633  n m  H eN e lin e , obtained  from  referen ce  [2 .6 ] . A lso  listed  are th e
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th ick n esses n eed ed  to  satisfy  th e criteria o f  zero  reflectiv ity  and m axim um  slo p e , 

g iven  by  d 1 and d 2 resp ectively . In p ractice, th e  op tica l con stan ts o f  th in  m etal 

film s w ill vary som ew hat in  m anufacture, due to  grain s ize  variations, im purities  

in troduced  during evap oration , and possib ly o th er e ffec ts; th ey  are a lso  tem perature  

d ep en d en t. R em em b ering  th at em =  - e r +  j e x, w e have:

M etal cr cx d , d ,

A g 1 6 .9 0 .5 5 560 640

A u 11.0 1 .3 5 505 610

Cu 1 1 .9 0 .9 9 540 640

A1 3 9 .6 14 .7 145 200

T a b le  2.1 C om p lex  relative perm ittiv ities for various m eta ls, a t 2 x / k 0 =  633  
n m , and optim um  th icknesses (in  angstrom s) for zero  reflectiv ity  ( d , )  and  
m axim u m  SP R  slop e ( d 2).

T h e  valid ity o f  th e d n values is indicated by figure 1 .4 .  F igure 2 .8  show s SPR  

slo p e  cu rves, a lso  calcu lated  using O P T O , for several th ick nesses o f  each  o f  th e  

four m eta ls ab ove.
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a) silver b) gold

c ) cop p er  d ) a lum inim ium

F igure 2 .8  C alcu lated  S P R  resonan ce slop es (d R /d 0) ,  in  units o f  d eg re es- 1 , 
for th e  m etals described  in  tab le 2 .1 ,  w ith th ick nesses as in d icated . O th er  
param eters as in figure 2 .6 . N o te  th e d ifferen t vertical sca le for  silver.
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2.8 Phase Considerations

T h e  approxim ation  w e have derived for  th e am plitude reflectiv ity  g ives us th e  

phase ch an ge on  reflection  as w ell as th e am p litud e. If w e m an ipu late equation  

(2 .6 .22) w e can  obtain  th e real and im aginary parts as follow s:

(0 -  eTp  + a y -  r y )

R e {r /r 32 )  =
( 0  -  0 rp  +  ( n  +  r r)2

(2 .8 .1 )

Im {r /r 3 2 } =
2r r ( 0  -  0 T)

(2 .8 .2 )
03 - /3r)2 + fl'j + r y

C alling th e p hase ch an ge on  reflection  <p, w e obtain:

2rr (|3 -  (3r)
tp =  ta n -1 ----------------------------------------  +  p 32  (2 .8 .3 )

(P -  0Ty  + a y -  r y )

w here <p32  is th e p hase ch an ge on  reflection  from  an in fin ite  m eta l th ick ness, i . e . :

r32 = exp(jy?32) (2.8.4)

W e can  se e  from  th e equations ab ove that Im {r /r 32 } will alw ays cross through zero  

at /3=/3r; R e {r /r 3 2 }, h ow ever, will on ly  be zero  at th is p o in t i f  r y i y  g iv ing zero  

reflectiv ity .

F igure 2 .9  Phase ch an ge o n  reflection  from  a silver film , w ith th ick n esses as 
ind icated  (values o f  param eters as in figure 2 .4 ) .
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F igure 2 .9  ab ove show s exam p les o f  th e phase response o f  a silver reson an ce , 

for  various film  th ick n esses, calcu lated  using O P T O . T h e  vertical o ffse t is d ue to

^32*

It is instructive to  con sider th e derivative o f  (2 .8 .3 ) ;  th is w ill g ive  us an  

in d ication  o f  th e  sensitiv ity  o f  a p h a se -b a sed  m easu rem en t, and w ill a lso  a llow  us 

to  ca lcu la te  th e G o o s-H a en sch en  sh ift. If th e system  is u nd ercoupled  ( r r< r j ) ,  so  

that R e {r /r 3 2 } rem ains p ositive , then  th e fu n ction  (2 .8 .3 )  is  reasonab ly  w ell 

b eh aved , in  that th e phase rem ains within th e range (-x /2 ,x /2 ), and w e can  use  

th e  usual form  for th e  derivative o f  ta n - 1x , w hich  is l / ( l + x 2). L et us in troduce  

tw o n ew  variables for co n v en ien ce:

a = r y  -  r r 2 (2.8.5)

= 0 - 0r (2-8.6)
T h en  w e can  ob ta in , fo r  A > 0  :

2rr (A -  v 2 )

Bv (i» 2+A)2 + ( 2 r » 2

T h e  m axim um  slop e w ill be at th e resonan ce an g le  i>=0, w here:

(2 .8 .7 )

( B p l B v ) 0 =  2 V J A  (2 .8 .8)

T h is equation  ind icates that for exact m atch ing (A=0), th e s lo p e  o f  th e p hase  

ch an ge at resonan ce g o es  to  in fin ity . T h is is b ecau se th e im aginary part ch an ges  

sign  w h ile  th e real part is zero . O n e  m ight con clu d e that th is o ffers  a ch a n ce  for  

an exp erim en ta l m easurem en t o f  unlim ited  sensitiv ity; h ow ever, th ere  are tw o  

factors w hich  lim it th is possib ility . T h e  first is th at the high  s lo p e  is associated  

w ith  a signal o f  vanish ing am plitude, so  in p ractice th e sensitiv ity  o f  th e apparatus, 

and th e signal to  n o ise  ratio , will lim it what can  be ach ieved . S eco n d ly , th e  high  

slo p e  w ill o n ly  occur ov er  a very lim ited  angular range, and so  to  a ch iev e  it o n e  

w ould  n eed  a beam  o f  equally  narrow  angular w idth . In p ractice , th is w ould  m ean  

b oth  co h eren ce  o f  th e beam  and uniform ity o f  th e film  over  large lateral d istances.

F or th e undercoupled  case ab ove, th e p h ase sh ift reverses d irection  tw ice , 

fin a lly  returning to  its original value. F or th e overcou p led  case  w here R e {r /r 32} 

g o es b e lo w  zero , th e p hase chan ge is m on oton ic , w ith a 2x  ch an ge over  th e  w h ole  

reson an ce . In figure 2 .1 0  b elow , th e sam e phase sca le  o f  - x  to  +x is used for  all 

p lo ts, so  that an artificial d iscontinu ity  appears in  th e overcou pled  ca se . T h e  th ree  

cases p lo tted  correspond  to  slightly u n d ercou pled , w ell m atch ed , and slightly
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overcou p led . B oth  th e  phase ch an ge and th e  real and im aginary parts o f  th e  

reflectiv ity  r are sh ow n. In th e w ell m atched  case  th ere is an abrupt p hase ch an ge  

o f  T.

(a) (b)

F igure 2 .1 0  D eta il o f  (a) p hase ch an ge <p and (b ) real and  im aginary parts 
o f  r , for silver th ick nesses as indicated .

T h e  G o o s-H a en sch en  sh ift describes th e apparent lateral d isp lacem en t o f  a 

b eam  o f  fin ite  w idth , upon  reflection  from  so m e structure. If w e  ca ll th e  lateral 

sh ift (a lon g  th e su rface) z 0 , th en  th is is g iven  by [2 .7 ] :

z 0 =  (9y? /30)/(n pk oc o s0 )  (2 .8 .9 )

T h e  sign is op p osite  from  that in  th e re feren ce b ecause o f  our d ifferen t sign  

co n v en tio n  for th e exp on en tia l n otation  (see  sec tion  2 .1 ) .  S in ce  j'=npk os in 0- | 5r, th en  

d v / B d  =  npkoc o s 0 , and using 3 ^ /3 0  = ( d< p /d v ) (d i> /d d ) t w e get:

Z 0 = 2r/A (2.8.10)

U sin g  th e ap proxim ation  A = r j 2- r r 2 = 2rr( r i- r r), w e get:

Z 0 *  i / ( r r r r) ( 2 . 8 . 1 1 )

(N o te  that as th ese  exp ression s use (2 .8 .8 ) ,  th ey  are a lso o n ly  valid  for A > 0 ;  the  

corresp on din g  equations for A < 0  are sim ilar but w ith the sign  reversed  so  that th ey  

also  g ive a positive sh ift).
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2.9 Multi-Modal Systems

T h e  K retschm ann configuration  w ill, as w e have seen  in section  2 .5 ,  support 

tw o gu ided  m od es; if  o n e  m edium  is a cou p lin g  prism , th e o n ly  m od e that can  be  

ex c ited  is th e  o n e  o n  th e  lo w -in d e x  side o f  th e m eta l, as th e  propagation  vector  

o f  th e  p lasm on m od e o n  th e prism  side will b e to o  h igh . T h u s for  th e  purposes o f  

th e  prism  cou p led  exp er im en t, w e are e ffec tiv e ly  d ealing  w ith  a sin g le  m od e  

w aveguid e. M ore co m p lex  structures, h ow ever, can  support m u ltip le m od es w ith  

d ifferen t characteristics; in  particular, w e can  gen erate  p la sm o n -lik e  m od es w hich  

h ave m u ch  low er loss (and thus greater propagation  len gth s) than  th e basic surface  

p lasm on . T h e se  lo w -lo s s  m od es are o f  in terest b ecause o f  th e  p oten tia l in crease in  

sen sitiv ity , d ue to  th e sharpness o f  their resonan ce curves.

T h ere  are tw o m ain categories o f  p la sm o n -lik e  m od es, w hich  w e shall con sid er  

in  turn. T h e  first is produced  by th e cou p lin g  b etw een  m od es o n  sim ilar su rfaces.

In our treatm ent o f  th e fin ite  layer prob lem  in  sec tion  2 .5 ,  w e assum ed that th e

in d ices on  th e tw o sides o f  th e m etal w ere su ffic ien tly  d ifferen t to  en su re th at the  

tw o surface m od es acted  quite in d ep en d en tly . If w e con sid ered  instead  a 

sym m etrica l system , such as a fin ite  m etal layer bounded on  both  sides by air,

th en  th is would n o  longer be th e  case . T h e  solution  w ould  n o w  con sist o f  tw o

guided  m od es both having an equal am ount o f  field  en ergy  in  th e tw o d ie lectric  

m ed ia , but w ith th e phase on  th e tw o sides b eing  equal in o n e  m od e and op p osite  

in  th e o th er . T h ese  m od es are called  sym m etric and antisym m etric. O n e  w ill have  

a greater proportion  o f  fie ld  en ergy  in  th e m eta l, and thus w ill h ave both  a h igher  

value o f  0  and a shorter d ecay  len gth . T h e  lo w  loss m od e can  have a propagation  

distance m any tim es greater than that o f  th e s in g le -in ter fa c e  p lasm on , a lthough  that 

o f  th e h igh  loss m od e w ill be correspondingly  reduced . F or th is reason  th ey  are  

freq uently  referred  to  in  th e literature as lo n g -ra n g e  and  sh o rt-ra n g e  surface  

p lasm ons [2 .8 ] ,[2 .9 ] .

In order to  ex c ite  th ese  m od es, w e can  introduce a cou p lin g  prism  at so m e  

d istance from  th e  m eta l film  on  o n e  sid e , as d ep icted  in  figure 2 .1 1 (a ) . F igure  

2 .11(b ) show s an exam p le  o f  th e sort o f  resonan ce curve that results from  this  

con figu ration , w ith o n e  sharp and o n e  broad reson an ce , ca lcu la ted  using O P T O . 

F igure 2 .1 2  show s calcu lated  field  in tensity  p rofiles for th e  tw o m od es. In th e  

high er loss m o d e, th e inten sity  is zero  at th e cen ter  o f  th e  m eta l, ind icating that 

th e  fie ld s on  op p osite  sides are ou t o f  p hase.
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n = l

m etal film

n = l

(a)

F igure 2 .11  (a ) C onfiguration  for op tica l exc ita tion  o f  lo n g -r a n g e  and
sh o rt-ra n g e  surface plasm ons; (b) angular resonan ce curve for a 450  angstrom  
silver film  in such  a con figu ration , with an  air gap o f  0 .8 5  m icrons. 
( 2 x /k 0=633 n m )

-1000 Position (angstroms) 14000

Figure 2 .1 2  F ield  in tensity  profiles for  th e  tw o resonan ces ind icated  in  figure  
2 .1 1 (b ) . T h e  va lue p lotted  is th e m agnitude squared o f  H , n orm alized  to  an  
incident am p litud e o f  H = l .  P osition  is m easured  relative to  th e prism  b ase, 
with dashed  lin es indicating boundaries b etw een  m edia .

T h e  o th er m eth od  o f  obtaining p la sm o n -lik e  m od es w ith  long  p ropagation  

d istances is by having a structure like a d ie lectric  w aveguide, but w ith  o n e  or both  

o f  th e guiding boundaries being  a m eta l su rface. T hu s w e ob ta in  a gu ided  m od e  

w h ere part o f  th e fie ld  is n ot evan escen t. T h e  sim plest w ay to  p roduce th ese  

m o d es is by p lacing  a d ie lectric  layer o f  su ffic ien t th ickness b etw een  th e  m eta l and  

air in  th e K retschm ann con figuration . Such  a system  is illustrated in  figure 2 .1 3 (a ) ,  

th e  resulting resonan ce curve (calcu lated) is show n in figure 2 .1 3 (b ) , and th e  field
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p rofiles for tw o o f  th e m od es are show n in  figure 2 .1 4 . T h e  e ffec tiv e  index ( 0/k  0) 

o f  th e p lasm on  m od e is greater than th e in d ex  o f  th e  d ie lectric  layer, sin ce a lm ost 

all o f  th e fie ld  w ill b e in th is m edium . B etw een  th e  critical an g le  and th e p lasm on  

reson an ce an g le  are seen  a num ber o f  very  sharp m od es. T h e se  m od es are  

ev a n escen t in  th e  silver and air, but period ic w ithin  th e  d ie lectr ic . T h e  th icker th is  

d ie lectric  layer, th e  m ore such  m od es w ill b e supported , just as in  a con ven tion a l 

slab  w aveguide w hich  is bounded by low er in d ex  d ie lectric  m aterials o n  b oth  sides. 

T h e  p ropagation  len gth s o f  th ese  m od es can  be orders o f  m agnitude greater than  

th at o f  th e sim p le  p lasm on m od e.

d ie lectric  layer  

nd

n = l

(a)

Figure 2 .1 3  (a) C onfiguration for  p la sm o n -lik e  m od es in  a d ie lectric  slab
w aveguide; (b ) angular resonan ce curve for a 550  angstrom  silver film  in  such  
a con figu ration , w ith a 2  /an  d ie lectric  layer o f  index 1 .3 8 . ( 2 x /k 0=633 n m )

F igure 2 .1 4  F ield  in tensity  profiles for tw o o f  th e  m od es indicated  in figure  
2 .1 3 (b ) (p osition  m easured relative to  th e  prism  b ase).
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W hile both  th ese  m od e typ es suggest possib ilities for trem endous sen sitiv ity  d ue  

to  th e very sharp angular resp on se, th ere are several lim itations. F irstly , as in th e  

ca se  o f  th e  sharp p h ase response discussed in  sec tion  2 .8 , a narrow  angular

reson an ce requires h igh  uniform ity o f  th e beam  and structure over  a large lateral 

ex ten t; m anufacturing and exp erim en ta l con sideration s w ill thus p lace  a lim it on  

w hat can  b e  ach ieved  in  th is w ay. E ven  w ithout th is requ irem en t for lateral

uniform ity , all th ese  structures are m ore d ifficu lt to  fabricate than th e  basic  

K retschm ann stucture. A lso , in th is particular p ro ject, w e are con cern ed  w ith  

m easuring spatial variation , and thus w e m ust con sider th e e ffe c t  on  lateral 

resolu tion  o f  lon g  propagation  d istances. T h is top ic  w ill be d iscussed  in  d eta il in  

ch ap ter 4 .

From  th e p o in t o f  v iew  o f  sen sing  in  gen era l, th ese  sp ecia l m od es h ave an

additional draw back, w hich  is that less o f  th e field  is in  th e reg ion  w here sen sin g  

occu rs, and thus th e m od es are likely  to  b e less a ffected  by ch an ges w ith in  th is 

reg ion . In th e  slab w aveguide m od es, m ost o f  th e  field  is w ith in  th e  d ie lectric

layer, as w e have se e n , w hile in th e lo n g -ra n g e  surface p lasm on  about h a lf th e  

fie ld  is in  th e air gap  b etw een  th e  prism  and silver. H ow ever , it m ay b e th at a 

lo w -lo s s  m od e o ffers h igher sensitiv ity  desp ite th is con sid eration , and in d eed  that 

th e m ost sen sitive  m eth od  m ight be a p hase m easurem en t using a d ie lectric  

w aveguid e, w hich  has e ffec tiv e ly  no  absorption  losses [2 .4 ].
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C H A P T E R  3

PL A SM O N S O N  N O N -U N IF O R M  S U R F A C E S
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3.1 SPR Measurements Using Focussed Beams

T h e  S P R  reflectiv ity  equations w e derived in  sec tion  2 .6  are for p lan e w aves, 

w hich  can n ot in  p ractice be individually obtained . H ow ever, any field  w ithin  a 

u niform  m ediu m  can  be described  as a unique angular spectrum  o f  p lan e w aves. 

W e shall o n ly  be con cern ed  w ith m onoch rom atic fie ld s, for w h ich  th e angular  

spectra w ill in  gen eral be co m p lex  functions o f  tw o param eters (th e  th ree angular  

com p on en ts  o f  th e w ave vector b eing related  by th e w ave eq u ation).

L et us con sid er th e in c id en t beam  show n in figure 2 .5 . In th e prism  (m edium  

3 ) , p lan e w aves w ill all have propagation  vectors o f  m agnitude n p k Q. If w e restrict 

ou rselves to  a tw o d im ensional approxim ation , w here b oth  th e system  and th e  

w aves are con stan t in  th e y d irection , th en  th e d irection  o f  th e p lan e w ave  

propagation  vectors can  be described  by a single param eter; this cou ld  b e th e an gle  

0 , or equ ivalently  th e z  com p on en t /3. L et us take as our phase re feren ce  th e  

p oin t (z=0 , x = d ), and call th e angular spectra o f  th e in c id en t and re flected  beam s  

A j(0 ) and A r( 0) respectively . T h en  w e can  write:

\ ( - d )  = r (0) A j(0) (3 .1 .1 )

w here r (0) is th e angular reflectiv ity  fu n ction , g iven  by (2 .6 .22) w ith /3= npkos in 0 .

W e can  n ow  calcu late th e e ffec t o f  m easuring th e  S P R  reflectiv ity  curve with  

a spatia lly  con fin ed  b eam , i .e .  o n e  w ith an angular spectrum  o f  n o n -z e r o  w idth. 

W e w ill start with a beam  having a fixed  angular spectrum  about a d irection  0C, 

w hich  w ill be th e an gle o f  th e axis o f  th e beam  to  th e  surface n orm al. If w e th en  

rotate th e prism  relative to  the b eam , w e will vary 0C w h ile k eep in g  th e relative  

angular spectrum  A i( 0- 0C) con stan t. If w e m easure th e resonan ce cu rve by 

co llec tin g  all th e reflected  p ow er in a d etector , w e w ill obtain  th e p ow er  

reflectiv ity  as a fun ction  o f  th e axial incident an gle 0C. W e will ca ll th is total 

reflectiv ity  1 ^ (0 ^ . S in ce p ow er is proportional to  the m odulus squared o f  th e  

am p litud e, w e can  write:

I
t /2

R (9 ) A i( « - < y  A j * (0 -< y  d e

= -7x73------------------------------------------- (3.1.2)
J  As*(»-«c) d e

w h ere R (0) is th e m odulus squared o f  th e  am plitude reflectiv ity  fu n ction , and is 

given  by  (2 .6 .2 5 ) .
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E quation  (3 .1 .2 )  te lls us that th e total p ow er reflectiv ity  is g iven  by the  

con vo lu tion  o f  th e  p lane w ave reflectiv ity  w ith th e m odulus squared o f  th e  in c id en t 

angular sp ectru m . T h e  m ost im portant con seq u en ce is that th e resonan ce curve is 

b road en ed , w hich  results in  loss o f  sen sitiv ity , and that th is b roaden ing increases  

w ith increased  angular w idth o f  th e incident b eam . T h is a lso  g ives a con d ition  on  

th e  ex ten t o f  th e illum inated  area . T h e  am plitude distribution  at th e  m eta l surface  

w ill b e g iven  by th e F ou rier transform  o f  th e in c id en t angular sp ectru m ; thus the  

angular w idth increases as th e s ize  o f  th e sp o t illum inated  d ecreases. If w e w rite  

th e  spectrum  in  term s o f  (0 - /3 c) rather than ( 0 - 0 c), and label as a ^ z ) the  

am plitude o f  th e  in c id en t b eam  at th e  prism /m etal in terface , th en

rnpko
a;(z) =  exp(i(3cz ) J  A ;(p -(3 C) ex p [j(g -(3 c)z] d f i  (3 .1 .3 )

T h e  am plitude reflectiv ity  fu n ction , as given  by equation  (2 .6 .2 2 ) , a lso  is associated  

with a characteristic len gth ; its F ourier transform  is a d ecayin g  ex p o n en tia l o f  the  

form  exp[-(ry»-rr)z], as w e shall sh ow  in section  3 .3 . T hu s th e total reflectiv ity  

(3 .1 .2 )  is th e con volution  o f  th e m agnitude squared o f  tw o fu n ction s, w hich  are 

related  to  th e illum inated  area and th e d ecay  len gth  1 / ( r j + r r) resp ective ly . T h e  

im p lica tion  is that to  keep  th e angular beam  w idth low  en ou gh  to  avoid  broaden ing  

th e  reson an ce sign ificantly , th e illum inated  area m ust be greater than  the  

characteristic p lasm on d ecay  len gth .

W e can  think o f  this requirem ent on  illum inated  area in  term s o f  in teraction  

len gth . T h e  basis o f  sen sing  m easurem ents using guided w aves lies  in  d eterm in in g  

th e  propagation  vector o f  th e guided m od e w ith th e m axim um  p ossib le p recision ;  

th is p recision  is proportional to  th e length  over w hich  th e  exc itin g  fie ld  and the  

guided  m od e interact coh eren tly . In th e case o f  SPR , th e  m axim um  co h eren ce  

len gth  o f  th e  p lasm on m od e is its d ecay  len gth ; th is g ives a m axim um  p recision  in  

th e  m easurem en t o f  /3 w hich  is proportional to  th e resonan ce w idth . If both  the  

exc itin g  b eam  and th e structure are uniform  over a t lea st th is latera l d istan ce, 

m axim um  sensitiv ity  can  be ach ieved .

W e will n ow  consider th e resonan ce broadening e ffec ts  on  in c id en t b eam s with  

sp ecific  angular spectra. B y assum ing that th e p lan e w ave reson an ce is  very  sharp , 

w e can  m ake th e approxim ation:

s in 0 -  s in 0r «  (0 -  0r) c o s 0 *c) ■ (3 .1 .4 )

If we define a as the angular half-width of the plane wave resonance, then we



can write:

R (0) = 1 -  — --------  (3 .1 .5 )
x 2 +  a 2

w h ere x  =  6 -  6r , and th e constan t ot is given  by:

A T T
os2 s  * r (3 .1 .6 )

(npkoc o s 0r) 2

W e n ow  introd uce tw o n ew  variables:

u ■ ec — er (3 .1 .7 )

y  = 0 - 0c =  x -  u (3 .1 .8 )

rem em bering  that 0C and 0r are th e axial incident an gle o f  th e beam  and th e  

resonant cou p lin g  an gle resp ectively . W e w ill take as our first ex a m p le  a 

rectangular in c id en t angular spectrum  o f  h a lf-w id th  b  :

Ai(y) A 0 | y |  < b

0 l y l  >  b

Inserting (3 .1 .9 )  and (3 .1 .5 )  into (3 .1 .2 )  gives:

R t(u) =

u+b
a 2 l

x 2 + a 2 J dx

dx

from  w hich  w e obtain:

(3 .1 .9 )

(3 .1 .1 0 )

t \ 1 a*r . _.u+b . .u-b Iw  = 1 ■ 2b L 4 3 , 1 _  J,u -b
(3 .1 .1 1 )

T h e  angular h a lf-w id th  o f  this m e asure d resonan ce, w hich  w e w ill label u 0, w ill be  

th e value o f  u for  w hich  the bracketed exp ression  in  (3 .1 .1 1 )  has h a lf th e va lue it 

has at u=0. T h is  w e can  w rite as:

t a n - -  t a n - =  t a n - ’ (b /a ) (3 .1 .1 2 )

Introducing th e norm alized  variables y  ■ b /a  and v  ■ u Q/a , w e h ave:

tan - 1(v+7 ) -  tan_ 1(v~7 ) = tan -1 (7 ) (3 .1 .1 3 )

T h is is a transcendental equation  for th e norm alized  b roadened  resonan ce w idth v. 

In th e  lim its o f  very narrow and very w id e incident b eam s, w e  can  use T aylor  

exp an sion s to  obta in  th e fo llow ing approxim ations:



w here 7^1 

w here 7 )*!

v  =  1 +  7 2/3 

v  =  7  +  I /27

(3 .1 .1 4 )

(3 .1 .1 5 )

T h e se  exp ression s agree w ith th e exp ected  result; for a very narrow  in cid en t  

angular sp ectru m , th e resonan ce width is on ly  slightly  greater than th e  p lan e w ave  

id ea l, w h ile  for  very broad in c id en t angular sp ectra , th e  reson an ce is slightly  

greater than th e  b eam  w idth. A n oth er ap proxim ation ,

u q =  ( a 2 + b 2) i  or v  =  (7 2 +  l ) i  (3 .1 .1 6 )

w as found em pirica lly  w hich  fits (3 .1 .1 4 )  and (3 .1 .1 5 )  quite w e ll, and  can  b e used  

over  th e  en tire  range o f  7 . T h is fu nction  w as found  to  fit th e num erica l so lu tion  

o f  (3 .1 .1 3 )  to  a m axim um  error o f  1 .5% . F igure 3.1 g ives a com parison  o f  the  

th ree approxim ations to  the num erical so lution  o f  (3 .1 .1 3 ) .

F igure 3.1 N orm alized  resonan ce h a lf-w id th , as a fu n ction  o f  norm alized  
beam  h a lf-w id th , for a rectangular incident angular sp ectru m , using th e  
approxim ations: a ) v  =  1 + 7 2 ; b ) v  = 7  + I / 2 7 ; c )  v 2 = 7 2  + l ;
E xact num erical so lution  is a lso p lo tted , but is indistinguishable from  (c ).

W e can  relate th e resonan ce broadening to  th e illum inated  area in th e  

rectangular beam  case using equation  (3 .1 .3 ) .  If th e angular h a lf-w id th  o f  th e beam  

is b , th en  using (3 .1 .4 )  w e obtain  a w idth in  term s o f  0  o f  (n p k oc o s 0)b . T h e  

am plitude at th e prism  base will be th e F ourier transform  o f  a rectangular  

fu n ction , w hich  is a sine function:

a ^ z ) =  a 0exp(j/3cz) sin (n pk Qc o s 0 b z )/z  (3 .1 .1 7 )
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L et us ch aracterize th e illum inated  area by a sp o t radius z 0 w ithin  w hich  h a lf th e  

in c id en t p ow er falls:

j ° s i n y _  d z  =  1 j  s in H 0 nz )  d z
(3 .1 .1 8 )

w h ere 0 O = (npkoc o s 0)b . T h e  secon d  d efin ite  integral can  be found  in tab les [3 .1 ]  

to  h ave a va lue o f  t /30/2 . B y setting  th e first integral equal to  x /30/4 ,  w e  can  

obtain  a num erical so lu tion  for  z 0 , w hich  is:

z 0 s  O .8 5 /0 o (3 .1 .1 9 )

T o  obtain  a relation  b etw een  z 0 and th e angular w idth b ,  w e w ill assum e typical 

values o f  np =  1 .5 2 , k Q =  2 x /0 .6 3 3  /m i- 1 , and c o s 0 ^ 0 .7 ;  th en  w e get:

z Q s  0 .0 8 /b  /im /rad = 4 .5 6 /b  /im /d egree (3 .1 .2 0 )

C om b in in g  (3 .1 .2 0 )  w ith (3 .1 .1 6 )  g ives a relation  b etw een  focussed  sp o t s iz e  and  

reson an ce w idth:

u 0 =  ( a 2 + ( 4 .5 6 /z 0 d eg //tm )2  )*  (3 .1 .2 1 )

In figure 3 .2 ,  th is is p lotted  for several values o f  th e p lane w ave reson an ce width  
a.

Figure 3 .2  E ffec tiv e  resonan ce h a lf-w id th  u Q, as a fu n ction  o f  focu ssed  spot 
radius z 0, for a rectangular incident angular sp ectru m , p lo tted  for  several 
values o f  p lane w ave h a lf-w id th  a  as ind icated .



A n oth er im portant exam p le is that o f  a G aussian in c id en t angular sp ectru m . 

T h is w e w ill w rite as:

A j(y) =  A 0 e x p ( - y 2/ b 2) (3 .1 .2 2 )

T h e  total reflectiv ity  w ill n ow  be given  by:

x/ 2— 6

R t(u) =

A 0 j  [1 -  a 2 ]  e x P C -2 (x -u )2 /b 2) dx

x/ 4
A 0 f e x p ( - 2 y 2/ b 2) dx
“X/4

(3 .1 .2 3 )

In th is case th e  h a lf-p o w er  h a lf-w id th  u Q o f  th e resonan ce w ill be g iven  by:

x/ 2— 6 . x/ 2-0,
e x p ( - 2( x - u  n) 2/b  2) dx

x 2 +  a
-6

e x p ( -2x 2/ b 2) . 
x 2 + a 2

-8
(3 .1 .2 4 )

T h e  illum ination  am plitude is obtained  using (3 .1 .3 ) ,  and w ill a lso be G aussian:

a ,(z ) = a oe x p ( - z 20 o 2/4 )  (3 .1 .2 5 )

w ith , again , /30 =  (n pk Qc o s 0)b . C onsequently , th e h a lf-p o w e r  sp ot radius can  be 

obtained  from :

(3 .1 .2 6 )

T h is was a lso  solved  num erically  to  give:

z 0 =  O .6 7 5 /0 o (3 .1 .2 7 )

U sin g  th e sam e assum ptions as for (3 .1 .2 0 ) , th is gives:

z Q £  0 .0 6 4 /b  pm /rad = 3 .6 6 /b  p m /degree (3 .1 .2 8 )

E quation  (3 .1 .2 3 )  can n ot be so lved  exp lic itly , but a n um erical so lu tion  was 

p erform ed . T h is  w as found to  agree to  w ithin  about 5 %  w ith  th e ap p roxim ation  

g iven  by (3 .1 .1 6 ) , w hich  com bin ed  w ith (3 .1 .2 7 )  can  be w ritten  as:

u 0 =  ( a 2 +  ( 3 .6 6 /z 0 d eg /p m ) 2 ) i  (3 .1 .2 9 )

T o  quantify th e  resonan ce broadening e ffe c t , w e w ill exam in e th e  h a lf-p o w e r  sp ot  

radii for w hich  th e resonan ce w idth is d ouble its p lan e w ave va lu e , i .e .  u 0 =  2a. 

W e can  ob ta in  expressions for th is va lu e , w hich  w e w ill call p , d irectly  from  

(3 .1 .2 1 )  and (3 .1 .2 8 ):

p £  2 .6 3 /a  (p m /d eg ) (rectangular incident spectrum ) (3 .1 .3 0 )



(Gaussian incident spectrum)p s  2.11/a (pm/deg) (3.1.31)

T h e se  values g ive a rough ind ication  o f  th e lateral resolu tion  that can  be ob ta ined  

in  an  S P R  m easurem en t w ithout to o  m uch  loss o f  sensitiv ity . A  tab le  o f  exam p les  

is g iven  b elow .

a P (p m )

(d egrees) rectangular G aussian

0.1 26 21

0.2 13 10

0 .5 5 4

T ab le  3.1 H a lf-p o w er  illum inated  sp ot radii for w hich  th e e ffec tiv e  reson an ce  
h a lf-w id th  u 0 is tw ice th e p lane w ave resonan ce h a lf-w id th  a ,  for  several 
values o f  a , and for both  rectangular and G aussian in c id en t angular sp ectra .

3 .2  A C  C ircuit A nalogy

z =0 z= l

1 1 C R  L

Figure 3 .3  A  transm ission line o f  im p ed ance Zj is cou p led  to  an L - R - C  
oscilla tor via a length  / o f  coup lin g  lin e  w ith im aginary im p ed an ce Z c.

In our analysis o f  surface p lasm ons, w e have assum ed th e  system  is uniform  

in  tim e and in  th e  y  d im en sion , as is usual in  th e literature, and thus th e prob lem  

is tw o d im en sion al. It has proved  very u sefu l, in  gain ing physical insight to  th is  

p rob lem , to  com pare it w ith th e o n e -d im en sio n a l, t im e -d e p e n d e n t an a logy  o f  an  

electrica l transm ission lin e  cou p led  to  a dam ped oscilla tor, as d ep icted  in  figure  

3 .3 . W e can  sh ow  that th e equations governing th e behaviour o f  such  a circu it are  

very sim ilar in  form  to  th ose derived  in  ch apter 2 , and con seq u en tly  th e  transient 

behaviour o f  th e circuit can  provide inspiration for  treating th e spatia lly  

n o n -u n ifo rm  surface p lasm on prob lem .

T o  obtain  evan escen t cou p lin g , w e use a len gth  Z o f  transm ission lin e  having  

an im aginary im p ed an ce Z c, and an im aginary w avevector k c. T h e  lin e  in  w hich
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th e  signal is in c id en t has a real im p ed an ce Z j, and a real w ave vector kj. B oth  th e  

lin e  and th e  cou p lin g  line w ill support fo rw a rd - and b ack w ard -go in g  w aves; if  w e  

lea v e  o u t th e tim e factor e x p (- jw t) , w e can  w rite th e voltages as:

Vj =  A  exp (jk jz) +  B  e x p f-jk jz )  (3 .2 .1 )

V c =  C  e x p Q k ^ ) +  D  e x p ( - jk cz ) (3 .2 .2 )

and th e  currents as:

Z jlj =  A  expQ kjz) -  B  e x p (-jk jz )  (3 .2 .3 )

Z £ c =  C  e x p Q k ^ ) -  D  e x p ( - jk cz) (3 .2 .4 )

C on tin u ity  o f  I and V  at z= 0  gives th e cond itions:

A  + B  = C  +  D  (3 .2 .5 )

Z C(A  -  B ) =  Z j(C  -  D ) (3 .2 .6 )

T h e  boundary con d ition  at Z=Z is:

V c(/) /Ic(Z) =  R  -  jcoL + j /« C  (3 .2 .7 )

W e n o w  d efin e  tw o n ew  quantities:

o>0 = l / ( L C ) i  (3 .2 .8 )

q s  ex p (jk cZ) (3 .2 .9 )

T h en  w e  can  w rite (3 .2 .7 )  as:

Z c Cq2 *  P  =  -  (jL/co) [ u 2 -  o 02 + jwR /L] (3 .2 .1 0 )
C q 2 -  D

W e are in terested  initially  in  tw o asp ects o f  th e  circuit respon se: th e resonant  

freq uency  and dam ping rate for th e undriven ca se , and th e  freq uency  resp on se o f  

th e reflectiv ity  for th e driven case . L et us first consider th e  undriven ca se , w here  

A = 0 . E quations (3 .2 .5 )  and (3 .2 .6 )  n ow  give:

B = C  + D  (3 .2 .1 1 )

B = Z XI Z C (D  -  C ) (3 .2 .1 2 )

W hich  w e can  com b in e to  give:

£  = Z l ~  Zg = -  rlc (3 .2 .1 3 )
D Zj + Zc

w here rlc is th e  reflection  co e ffic ien t at th e Z = 0  jun ction  for an  in fin ite  cou p lin g  

len gth  Z. W e have stated that Z c is im aginary; w e will ca ll its m agnitude p , so  

that:
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z c -  jp

w h ere p is real. W e w ill a lso introduce a n ew  variable v ,  w here:

(3 .2 .1 4 )

v s  o) -  a>0 (3 .2 .1 5 )

and m ak e our first approxim ation: that w e are con cern ed  w ith  a sm all range o f  

freq u en c ies , such that:

0)2 -  o)02 a  2 (i) q v (3 .2 .1 6 )

W e can  n ow  w rite (3 .2 .1 0 )  as:

P
I L

1 -  r lc<lj  '

- 1 +  r,cq J .
v +  jR /2L

F or w eak  cou p lin g , q 2<0, so  w e can  m ake th e approxim ation:

(3 .2 .1 7 )

v £  (p /2 L ) [1 -  2rlcq 2] -  jR /2L  (3 .2 .1 8 )

E quation  (3 .2 .1 8 )  g ives th e devation  o f  th e o scilla tion  freq uency  from  th at o f  an  

u nd am p ed , u ncoup led  oscillator; using th e notation  o f  ch ap ter 2 , w e w ill have three  

term s to  th is deviation : a d ecay  constant Tj due to  internal losses, a d ecay  con stan t 

Tr due to  cou p lin g  lo sses, and a real frequency sh ift 5 d ue to  cou p lin g . T h ese  

th ree term s w ill be g iven  by:

rx = R72L (3 .2 .1 9 )

r r =  (p /2 L )q 2Im {rlc} (3 .2 .2 0 )

5 = (p /2 L ) [1 -  2 q 2R e{rlc}] (3 .2 .2 1 )

w here:

o> = o>r - i(rx +  rr) (3 .2 .2 2 )

0)r £  w 0 +  5 (3 .2 .2 3 )

T h e  n ex t step  is to  determ in e th e reflection  co e ffic ien t as a fu n ction  o f  

driving freq uency , w hich  w ill be d efin ed  as:

r(o>) £  B (o>)/A(g>) (3 .2 .2 4 )

F rom  (3 .2 .5 )  and (3 .2 .6 )  w e can  obtain:

2C  =  A(1 + Z j/Z ,)  + B(1 -  Z J Z X)  (3 .2 .2 5 )

2 D  = A(1 -  Z J Z X) +  B(1 + Z ^ Z j) (3 .2 .2 6 )

U sin g  B /A  h r, w e can  com b in e (3 .2 .2 4 )  and (3 .2 .2 6 )  to  get:
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(3 .2 .2 7 )C  =  1 ~  rlcr 

D  r -  rlc

B y  inserting (3 .2 .2 7 )  into th e final boundary con d ition  (3 .2 .1 0 ) , w e can  obtain:

P
2l

r -  ric +  q 2(* "  ricr)'

- r -  t1c -  q 2( l  -  rlcr).
r +  jR /2L (3 .2 .2 8 )

B ecau se  rlc will have unit am p litud e, r lc* = r lc_1 . U sin g  th is resu lt, w e can  obtain  

from  (3 .2 .2 8 )  an exp ression  for th e reflectiv ity; a fter so m e quite in vo lved  algebra, 

w hich  w e shall o m it, w e can  obtain:

L _  s  °y ) +  j ( r i r r) (3 .2 .2 9 )

rlc ( «  -  wr) +  j ( r i +  r r)

T h is  has th e sam e form  as th e surface p lasm on reflectiv ity  fu n ction  g iven  by  

eq u ation  (2 .6 .2 2 ) . T h e  pow er reflectiv ity  w ill a lso  have th e analogou s form :

4 Tj rr
R  = 1 -  -----------------— -----------------  (3 .2 .3 0 )

(w -  cor) 2 + (Ti + rr) 2

T h e  con d ition  for zero  reflection  is th e sam e as in  the p lasm on case: Tj =  Tr.

It is a lso  usefu l to  d erive, as w e did in  ch apter 2 , an  exp ression  for the  

resonan t am plitude as a fu n ction  o f  driving freq uency . T h is w e w ill ca ll t ,  so:

t  s  W^ = l ) -  D q - i / A  (3 .2 .3 1 )

T h e  derivation  o f  t  is sim ilar to  that described  ab ove for th e re flectiv ity , and th e  

result is:

lc
[z i +  z J

j r r
(3 .2 .3 2 )

L q Z jJ (a)

t?+u+i

aga in , is has the sam e form  as the surface p lasm on eq u iva len t, equation

(2 .6 .3 3 ) .
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3.3 A Diffraction Theory for Surface Plasmon Microscopy

T h is section  w ill p resen t a th eoretica l m od el for th e analysis o f  th e interaction  

o f  an  in c id en t b eam  o f  fin ite  ex ten t w ith surface p lasm ons o n  a n o n -u n ifo rm  

su rface, in  th e K retschm ann p rism -cou p led  geom etry . T h e  basis o f  th is analysis is 

th at w e assum e that b oth  exc itation  and re -ra d ia tio n  can  b e  con sidered  

perturbations on  th e guided surface p lasm on m od e. B y sp litting th e reflected  w ave  

in to  tw o com p on en ts , o n e  due to  d irect re flection  at the p rism /m eta l in terface and  

th e  o th er due to  re -ra d ia tio n  from  th e p lasm on fie ld , w e  w ill b e ab le to  derive  

exp ression s for  th e in teraction  o f  arbitrary input beam s w ith  surfaces having  

arbitrary lateral variation , w ithin  lim itations that w ill b e d iscussed  later in  this 

ch ap ter.

E D  prism

C B  m etal

A d ie lectric

F igure 3 .4  K retschm ann prism  cou p ler geom etry , ind icatin g  th e  labellin g  o f  
th e  various field  com p on en ts.

In  th e n otation  o f  (2 .6 .2 6 ) , th e  am plitude co e ffic ien ts  o f  th e  in c id en t, reflected  

and p lasm on  fields are E , D  and A  resp ectively . T h is is illustrated in  figure 3 .4  

a b ove . W e can  rew rite th e p lan e w ave reflectiv ity  (2 .6 .2 2 )  as:

e T "  = 1 +  ---------------J - L ___________  (3 .3 .1 )
pm (0 -  0T) - j(ra + rr)

H ere w e have relabelled  r 3 2 , th e reflectiv ity  b etw een  prism  and m eta l h a lf-sp a c e s , 

as rpm. W e w ill con sider re -ra d ia tio n  to be a d istin ct and separable contrib u tion  to  

th e  re flected  signal. A n  exp ression  for the re -rad ia ted  am p litud e can  b e  obtained  

using th e  analysis in  section  2 .5 , w here th e in c id en t am plitude is zero . W e will call 

th e am p litud e o f  th is re -ra d ia ted  signal D + . U sin g  equations (2 .5 .9 )  to  (2 .5 .1 2 )  w e
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can derive an expression for D+ as a function of the plasmon field amplitude A:

D + _  J - l  
A  q(K=T)

(3 .3 .2 )

W e h ave derived  in  section  2 .6  expressions for th e p lasm on fie ld  am p litud e in a 

uniform  system ; w e can  rew rite (2 .6 .3 1 )  as:

A  _  K - l  
E  2qJ

(3 .3 .3 )

M ultip lying (3 .3 .2 )  and (3 .3 .3 )  gives an exp ression  for  the re -ra d ia tio n  am plitude o f  

th e  uniform ly exc ited  p lasm on field :

E
J - l
2q2J [ h - 1 )pm

(3 .3 .4 )

A ssum ing w e are near reson an ce , equation  (2 .5 .1 5 )  for q 2 w ill b e approxim ately  

correct, so  w e can  com b in e it w ith (3 .3 .4 ) ,  giving:

E
J + l ,  VJj- (r - rPm) (3 .3 .5 )

T h is  can  b e  further sim p lified , since near reson an ce , J s l ,  giving: 

D +
E" = r ‘ Fpm (3 .3 .6 )

F in a lly , using r= D /E , w e can  write:

D  =  E rpm +  D + (3 .3 .7 )

In th is ap proxim ation  w e can  consider th e reflected  signal to  be com p osed  o f  tw o  

sep arate com p on en ts: th e first is th e signal that w ould be re flected  at th e  in terface  

b etw een  th e prism  and a m etal h a lf-sp a c e , and th e second  is th e  re -ra d ia ted  signal 

from  th e p lasm on fie ld . It is w hen  th ese  tw o com p on en ts are equal and have  

op p osite  p hase that th e  reflectiv ity  is zero .

W e can  gen era lize  th e approxim ation  o f  (3 .3 .7 )  to  th e  case  o f  arbitrary  

in c id en t beam s by integrating over th e in c id en t angular spectrum  o f  p lan e w aves. 

W e w ill n o  longer b e ab le to  quantify th e reflected  signal by a single am plitude  

value; th e am plitude w ill have to  be w ritten  as a function  o f  o n e  param eter. W e  

th erefore  introduce a fu n ction  D (z ) w hich d escribes th e am plitude en v e lo p e  o f  the  

reflected  beam  at th e prism /m etal boundary, w here th e spatial 'carrier freq uency' is 

g iven  by th e cen ter  0  o f  th e incident angular spectrum  (labelled  0 C in sec tion  3 .1 );  

th e am plitude o f  th e reflected  beam  at th e prism /m etal in terface x=d is thus given  

by D (z)exp (j/3cz ) . In th e lim it w here th e in c id en t field  is a sing le p lan e w ave, D (z )
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w ill have th e con stan t value given  by (3 .3 .1 ) .  T h e  am plitude o f  th e reflected  beam  

at an y  o th er p oin t in  th e prism  can  be obtained  from  th is fun ction  by p erform ing  

th e  ap propriate d iffraction  integral. D (z )  can  b e con sidered  as th e am plitude  

distribution  o f  a o n e-d im en sio n a l sou rce, w ith th e exp (j/3̂ )  factor having th e e ffec t  

o f  sh ifting  th e d irection  o f  output o f  this sou rce. S im ilarly , w e w ill in troduce tw o  

oth er  fu n ction s, E (z )  and D + (z ) , w hich  give th e am plitude 'en v e lo p e ' o f  th e  

in c id en t b eam , and th e re -ra d ia tio n  com p on en t o f  th e reflected  b eam , resp ectively .

W e w ill w rite th e in c id en t angular spectrum  as a fun ction  E(/3) o f  th e  lateral 

w avevector /3. T h e  reflected  am plitude D (z )  is g iven  by integrating (3 .3 .1 )  over the  

angular spectrum :

p^exp(j/3c) =

00

jE03)exp(jPz)drf?
—00

+
E (0 ) j2 r rex p (j0 z )
------------------------------  d(3

(0-Pr) ~ JT t

(3 .3 .8 )

w here Tt =  Tj +  r r  B oth  o f  th e integrated term s in  (3 .3 .8 )  have th e form  o f  

F ou rier transform s. T h e  first, th e transform  o f  th e in c id en t (3 sp ectru m , g ives the  

in c id en t am plitude at th e prism  b ase, E (z)exp (j/3 (z ) .  T h e  secon d  is a transform  o f  

th e  product o f  tw o fu n ction s, and th erefore can  b e w ritten as th e con vo lu tion  o f  

th e transform s o f  each . T h e  first fun ction  is again  E(/3), and th e seco n d  has a 

transform  given  by:

j2r re x p (j0z) 2r re x p (j0rz  -  Ttz)
----------  d0 =
(0-M ' F t 0

z >0

z < 0
(3 .3 .9 )

If w e rew rite (3 .3 .8 )  in  the form  o f  (3 .3 .7 ) ,  w e obtain:

D (z )  =  E (z )rpm + D + (z) (3 .3 .1 0 )

th en  D + (z )/rpm is th e con vo lu tion  o f  th e in c id en t am plitude E (z )  w ith  th e decayin g  

exp on en tia l o f  th e p lasm on m od e; w e can  w rite this as:

z

D + (z )/rPm = 2 r re x p ( - j £ cz ) |  exp[(j/3r- r t)(z-<r)] E(<r)exp(j/3c<j)do- (3 .3 .1 1 )

W e have derived  equation  (3 .3 .1 1 )  from  an  approxim ate treatm ent o f  the  

in teraction  o f  an  arbitrary incident b eam  w ith a uniform  p lasm on -su p p ortin g  

structure. T h e  lim its o f  in tegration  indicate that in th is ap proxim ation , th e reflected  

am p litud e at so m e poin t z 1 is d ue on ly  to  th e incident am plitude in th e  region
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z < z 1 ; th is im p lies that th ere is n o  p lasm on field  propagating in  th e - z  d irection , 

w hich  is reasonab le if  th e incident angular spectrum  has o n ly  positive 0 values. 

E quation  (3 .3 .1 1 )  w ill p rove m ore usefu l in  d ifferen tia l than integral form ; th is can  

be ob ta ined  as fo llow s:

D+CzVrp,,, =
z

2r re x p [ - ( r t+ j(0c- 0r)z] {  e x p [ - ( j 0 r- r t)<r]E(a)exp(j (3ca)dcr
—00

(3 .3 .1 2 )

a p + f z y r p j / a z  =  [ r t+j«3c- 0 r)] d + (z)

+  2r rex p  [ - ( r t+j ( Pc~ P T)z ] e x p [ - ( j  (3r- r t)o-]E(o-)exp(j (3ccr)
(T=Z

(3 .3 .1 3 )

d D + (z )/d z  =  [rt + j ( 0 c- 0 r)]D + (z) + 2 r rE (z )rpm (3 .3 .1 4 )

T h is g ives th e loca l rate o f  chan ge o f  th e re -ra d ia tio n  am p litud e, w hich  is 

proportional to  th e rate o f  ch an ge o f  th e p lasm on field  am plitude; th e th ree  

contributing com p on en ts  are dam ping and re -rad ia tion  loss, p hase m is-m a tc h , and  

excitation  by th e in c id en t beam .

F igure 3 .5  F ield  in tensity  p ro file , in  th e p lan e o f  in c id en ce , for  th e resonan t 
excita tion  o f  surface p lasm ons o n  a silver film  by a focu ssed  G aussian beam  
o f  2* angular w idth. P lotted  area is 55  /im  (x ) by 260 /im  (z ).

E quation  (3 .3 .1 4 )  allow s th e calcu lation  o f  th e p lasm on field  created  by a 

focussed  in c id en t b eam . T his can  also b e obtained  num erica lly , by ca lcu latin g  th e  

F resn el transm ission  coeffic ien ts  for  p lane w aves incident o n  a m u lti-la y ered
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structure, and integrating over th e angular spectrum . F igure 3 .5  g ives an  exam p le  

o f  a p lasm on fie ld  p rofile  calcu lated  in  th is w ay, show ing th e in ten sity  rapidly  

increasing in  th e reg ion  o f  exc ita tion  and th en  decayin g  in  th e  d irection  o f  forward  

p ropagation  w ith  th e  characteristic d ecay  len gth  l / r t. T h is figure h elp s to  illustrate  

w h y th e  resolu tion  o f  th e p lasm on m easurem en t can n ot b e  increased  sim ply by  

strongly  focussing th e  in c id en t light. T h e  contribution  th e p lasm on  reson an ce m akes  

to  th e  reflected  signal arises from  th e  re -ra d ia tio n  o f  th e  p lasm on  fie ld  as it 

propagates forw ard, and th is clearly  can  b e over a region  ex ten d in g  sign ificantly

b eyon d  th e illum inated  portion  o f  th e ob jec t.

O th er than th e  assum ptions and approxim ations m ad e in  ob ta in in g  th e  

reflection  eq uations o f  section  2 .6 , th e  treatm ent p resented  ab ove is rigorous for

arbitrary incident fie ld s. T h e  basis o f  th e n ew  m od el for n o n -u n ifo rm  fie ld s is to  

p ostu late that equations (3 .3 .1 0 )  and (3 .3 .1 4 )  are a lso  valid if  th e surface

param eters /3r, T; and Tr are th em selves fu n ction s o f  z ,  so  lon g  as th ey  are slow ly

varying com pared  to  th e  spatial 'carrier' freq uency  0C, so  that 0r has a d efin ab le

loca l value. T h e  basis o f  th is postu late is th e assum ption  th at ch an ges in  th e

su rface d o  n o t d irectly  in flu en ce th e p lasm on fie ld  am plitude, but o n ly  th e rate o f
will'ch

exc ita tion  and re -ra d ia tio n , both o f^ a re  com p on en ts  o f  (3 .3 .1 4 ) . T h u s w e can  use  

(3 .3 .1 0 )  and (3 .3 .1 4 )  to  analyze th e interaction  o f  arbitrary in c id en t b eam s w ith

arbitrarily varying surfaces.

T h ere  are tw o im portant lim itations to  th is gen eralization . T h e  first is that as 

th e  m od el assum es a single forward propagating w ave, re flection s o f  th e  p lasm on  

fie ld  are n o t in clud ed . In p ractice , first re flection s can  b e n eg lec ted , s in ce  th ey  w ill 

n o t b e p h a se -m a tch ed  w ith th e forw ard -go in g  w ave and w ill re -ra d ia te  tow ards th e  

in c id en t beam  in  th e prism , rather than in  th e d irection  o f  th e  re flected  b eam .

S econ d ary , and h igh er ev e n -o r d e r  re flection s, w ill a lter th e p lasm on  and reflected  

fie ld s; h ow ever, su ch  w aves w ill b e  o f  very lo w  am plitude, ex c e p t for  th ose  d ue to  

high ly  reflectin g  m u ltip le lin e  features w hich  are c loser  togeth er  than  th e p lasm on  

d ecay  length .

T h e  secon d  lim itation  to  equation  (3 .3 .1 4 )  is that it d o es n o t includ e th e  loss  

o f  en ergy  from  th e  p lasm on fie ld  due to  scattering in to  bulk radiation m od es in  

th e  d ielectric  m ed iu m , w hich w ill occur for features having spatial freq uency  

com p on en ts  greater than 0r- n dk o. W e can  add this contribution  in  a straightforward  

w ay in  th e case o f  lin e  features (section  3 .4 ) ,  but not so  easily  for p eriod ic  

structures (section  3 .5 ) .
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N eg lectin g  m u ltip le re flection s and scattering losses for  th e m o m en t, equations  

(3 .3 .1 4 )  and (3 .3 .1 0 )  taken togeth er com prise a general form ulation  for  treating th e  

in teraction  o f  arbitrary incident b eam s w ith  p lasm ons o n  su rfaces having lateral 

variations. T h is w ill a llow  th e ca lcu lation  o f  th e exp ected  reflection  im ages, in  

surface p lasm on  m icroscop y , from  arbitrary ob jects , and p red iction  o f  th e  spatial 

resolu tion  atta in ab le in  various circum stan ces. It should  a lso  b e valid for  prism  

cou p led  im aging usin g  o th er typ es o f  gu ided  m od es, a lthough  for m u ltim od e  

structures, m o d e cou p lin g  would have to  b e included  in  th e  m o d el. In th e  ca se  o f  

a n o n - lo ssy  guide (1^=0), th ese  equations are equ ivalent to  th o se  g iven  by U lrich  

for  a tapered  cou p ler  [3 .2 ] ,[3 .3 ] ,  a lth ough  h is form ulation  w as d ev e lo p ed  for a 

quite d ifferen t application : that o f  m axim izing th e cou p lin g  e ffic ien cy  from  a 

truncated prism  in to  a lossless slab w aveguide.

T h is m od el can  be in som e w ays easier  understood w ith  re feren ce  to  th e  A C  

circuit an alogy  o f  sec tion  3 .2 . T h e  equations derived for re flectiv ity  o f  th e  circuit 

are equ ivalent to  th e SPR  equations o f  ch ap ter 2 , w ith tem poral freq u en cy  o> taking  

th e  p lace o f  th e lateral spatial freq uency  /3. W e can  con sid er th e  d im en sion  o f  

tim e  in  th e  A C  m od el to  b e  an alogou s to  th e  lateral d im en sion  £  in  th e  

tw o -d im en sio n a l p lasm on m od el. W e can  th erefore com p are an  in c id en t op tica l 

beam  o f  fin ite  lateral ex ten t to  an A C  input pulse o f  fin ite  d uration , and lateral 

variations on  th e  p lasm on -su p p ortin g  surface can  be con sid ered  analogou s to  

tem p oral variation o f  th e A C  circuit param eters. T h is com parison  w ill be  

particularly usefu l in  th e  treatm ent o f  lin e  features.
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3 .4  L in e F eatures

B y  settin g  th e derivative in  (3 .3 .1 4 )  equal to  ze ro , w e obtain  th e equilibrium  

va lu e o f  D +  w hich  is that derived  earlier for a uniform  system . If w e call th is  

va lu e D 'J, th en :

-2rY E (z)r
D+ = -------------------- (3.4.1)

T , +  j((3c-(Sr)

W e can  n o w  rew rite (3 .3 .1 1 )  as:

dD+(z)/dz = -[r , + j(fJc-Br)](D+(z) “ D+) (3.4.2)

T h e  so lu tion  to  th is equation  is  g iven  by:

D + (z) =  D +  +  C e x p [ - ( r t +  j ( 0 c - 0 r))z ] (3 .4 .3 )

w h ere C  is a co m p lex  con stan t, th e  value o f  w hich  w ill b e d eterm in ed  by boundary  

con d ition s. L et us n o w  consider th e  system  o f  figure 3 .6 ,  w h ere w e h ave tw o  

ad jacen t uniform  surface reg ion s, characterized  by p ropagation  vectors 0 1+ j(ri l+ rr1) 
and 0 2+j(ri2+ rr2) respectively . T h e  solution  w ith in  ea ch  o f  th ese  reg ion s will 

have th e  form  given  b y  (3 .4 .2 ) ,  assum ing that th e in c id en t illu m in ation  A (z ) is very  

slow ly  varying. In reg ion  1 th e in c id en t and p lasm on fie ld  am p litud es w ill increase  

slow ly  from  zero  w ith  increasing z ,  so  h ere th e value o f  C  w ill be zero . In th e  

secon d  m ed iu m , th e initial am plitude o f  D + w ill b e  D +  in  th e  first m ed iu m , tim es  

th e transm ission  co e ffic ien t for th e p lasm on field  as it crosses th e lin e  boundary. 

T h is takes in to  accou n t th e en ergy  lost at th e boundary d u e to  scattering in to  bulk  

m od es in  th e  d ie lectric . T h e  value o f  C  for m edium  tw o can  b e calcu lated  from  

th is in itia l value for D + .

0, P 2

F igure 3 .6  A  beam  o f  fin ite  w idth , sim ultaneously  in c id en t on  tw o uniform  
reg ion s w ith  d ifferen t SP R  properties.
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L et us label th e transm ission co e ffic ien t for p lasm ons crossing th e  boundary as 

tjp. T h is w ill in  gen eral b e  a co m p lex  quantity g iv ing th e am plitude and  phase  

ch an ge o f  th e  p lasm on  fie ld , and also  o f  D + , w hich  is proportional to  th e p lasm on  

am p litud e A .  If w e label D +  in  th e first and secon d  m edia  as and D + 2

resp ective ly , th en  th e  co m p lete  so lu tion  for th e re -ra d ia ted  fie ld  a fter  th e  boundary  

w ill be:

D +(z > 0 )  =  D + 2 +  (tspp + ,  -  D + 2)ex p [-(r t +  j(0 c - 0 r))z] (3 .4 .4)

A ll that rem ains is to  ca lcu late t^ .  T h is w e can  d o  by m aking th e  approxim ation  

that th e  transm ission  co e ffic ien t is th e sam e in  th e prism  cou p led  ca se  as it w ould  

b e for a p lasm on travelling o n  an in terface b etw een  m eta l and d ie lectric  

h a lf-sp a c e s . T h is p rob lem  has b een  considered  in  th e  literature, b oth  for p lasm ons  

at op tica l w avelengths and for ra d io -freq u en cy  Z en n eck  w aves.

A  m eth od  for calcu lating th e  behaviour o f  a surface p lasm on at a lin e  or  strip  

feature has b een  reported  by T .A . Leskova [3 .4 ] . S h e d escribes a co m p lex  integral 

equation  m eth od  for calcu lating th e radiated field  p attern , and th e  re flected  and  

transm itted surface w ave am plitudes. In th e case w here th e strip is w ide en ou gh  

that th e  radiation  field  at th e first boundary d oes r e -c o u p le  in to  th e  surface m od e  

at th e  seco n d  boundary, an exp lic it equation  is g iven  for th e  strip transm ission  and  

reflection  co e ffic ien ts . W e are o n ly  interested  in  th e  transm ission c o e ff ic ie n t a t a 

single boundary, w hich  L eskova g ives as (variable lab els adjusted  to  m y  

con ven tion s):

7 2(72~7i) *+(02)
tsp = -----------------  -----------------  (3 -4 .5 )

02(02-0,) *+(0i)
T o  evalu ate th e  fu n ction  ¥ + , Leskova g ives a related  function:

*03) = 1 -  -------- ---------------- (3.4.6)
( k „ ’  -  (32) t  -  y ,

w hich  th en  has to  b e factored  in to  tw o fu n ction s, ¥ +  and ¥ _ ,  w h ich  are analytic  

and n o n -z e r o  in  th e  upper and low er h a lf-p la n e s , resp ectively , o f  th e co m p lex  

variable 0 . T h is  can  b e d on e using C auchy's th eorem , as fo llow s [3 .5 ] :

¥  =  ¥ + ¥ _  (3 .4 .7 )

I n i f  =  Zn¥+ + /n ¥ _  (3 .4 .8 )
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ln*+(t3) = (3 .4 .9 )

a>-ic
1 f l n $ ( z )

T r f  j 2 .-0
-oo-ie

dz

/n*_(/3) =
®+ie

-1 f fn*(z)
2 *T  J z“ /3-oo-ic

d z (3 .4 .1 0 )

H ere  6 is  an  in f in ite s im a l con stan t, included to  ind icate that th e tw o integrations  

are perform ed  just b e lo w  and ab ove th e real lin e  resp ectively , and thus indicating  

th e  sign  th at should  b e  ch osen  for th e square root in ¥ (z ) ,  in  th e  ca se  w here  

I z  | <  1 o j / c  I . In ¥ + , th e  im aginary part m ust b e  n eg a tiv e , becau se L eskova g ives the  

con d ition  th at th e real part is alw ays p ositive . B y  evaluating th e  c o m p lex  integral 

and taking th e  exp on en tia l o f  th e result o f  (3 .4 .9 ) ,  w e  obtain  th e  values n eed ed  in  

(3 .4 .5 ) .

T h e  prob lem  o f  surface w ave reflection  at a sin g le  lin e  d iscontin u ity  h as a lso  

b een  an a lyzed  by B arlow  and B row n [3 .6 ] , in  th e co n tex t o f  Z en n eck  w aves. A s in  

L esk ova 's p ap er, th ey  con sid er o n ly  th e  fields in  th e d ie lectric  m ed iu m , th e  e ffec ts  

o f  th e  'low er' m edium  b eing  taken accou n t o f  by th e  appropriate boundary  

con d ition s. T h en  th ey  evaluate th e transm itted , radiated and re flected  field  

co m p o n en ts , obtain ing exp lic it so lutions using a W ie n e r -H o p f m eth od . If w e  

co m b in e  B arlow  & B row n 's equations 12.11 and A .3 .8 2 , w e obtain  th e m agnitude  

squared o f  th e am plitude transm ission coeffic ien t:

40,122
l t J J =  ---------------  (3.4.11)

02(7i+7 2)2
T akin g  th e square root o f  th is exp ression , w e obtain:

, 272
=  ( f V f ? ,) ’ ' 2 ------------- (3 .4 .1 2 )

7 i+7 2

F igure 3 .7  show s a com parison  o f  tsp calcu lated  using (3 .4 .1 2 )  w ith  a n um erical 

so lu tion  o f  th e  Leskova m eth od , as a fun ction  o f  th e  ratio 0 2I 0 A.
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F igure 3 .7  T ransm ission  co e ffic ien t t _  o f  a p lasm on crossing a lin e  boundary  
b etw een  tw o surface region s having d ifferen t values o f  0 r  T h e  solid  lin es give  
Re{tsp}“ l»  calcu lated  by th e m eth ods o f  L eskova (a) and B arlow  and B row n  
(b ), w h ile  th e dashed  lin e g ives I m f ^ } ,  th e  results o f  th e tw o ca lcu lation s  
b eing indistinguishable.

F igure 3 .8  show s th e re flected  inten sity  d istributions at th e prism  b ase , for  a 

ser ies o f  an gles o f  in c id en ce  o f  a broad G aussian  b eam , for  fou r sp ecific  

com b in ation s o f  surface p rop erties, all calcu lated  u sing th e m eth od  d escribed  ab ove . 

T h e  m ost dram atic results are th e fringes seen  for  exam p le in  3 .8 (a ) ,  w h ere th e  

in c id en t b eam  is w h olly  absorbed in th e first m ediu m  (giving a strong p lasm on  

fie ld ) but is sign ificantly  p h ase-m ism atch ed  in  th e  secon d . T h e se  fr in ges h ave  b een  

m easured  exp erim en ta lly  at a num ber o f  w avelengths by R oth en h ausler [3 .7 ] ,  and  

th ey  agree in  form  w ith  th e  predictions o f  th e m od el described  ab ove. In figure  

3 .8 (a ) , th e  p lasm on vectors in  th e tw o reg ion s are separated by four reson an ce  

w idths, w hich  g ives strong fringes at th e boundary. In 3 .8 (b ) , th is sep aration  is 

redu ced  to  o n e  resonan ce w idth , w ith a con seq u en t reduction  in  th e am p litu d e and  

p itch  o f  th e  fringes. In 3 .8 (c ) ,  th e fringes are dam p ed  com pared  to  3 .8 (a )  b ecau se  

th e  secon d  m edium  has a stronger re-rad ia tion  co e ffic ien t. F in a lly , 3 .8 (d )  illustrates
n  /

th e  loss o f  resdqltion  o f  th e  feature w h en  it is  illum inated  w ith  m ore strongly  

focu ssed  light.
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(C) (d)
F igure 3 .8  R eflected  in tensity  profiles for a G aussian b eam  in cid en t o n  a line  
fea tu re as illustrated in  figure 3 .6 ,  p lotted  for  various an g les o f  in c id en ce  0 
w ith  resp ect to  th e resonant coupling angles 0 1 and 0 2 in  th e  le ft and right 
m edia respectively . Param eters for (a ) are:

f t ,  =  1 .0 7 k 0 ; 0r2 =  1 .0 3 k 0 ;

r i ,  =  r n  =  r i 2 =  r r 2 =  0 .0 0 2 5 k 0; 

in c id en t beam  w idth =  1 4 0 0 /k 0 ; 

p lo tted  Z  range =  1 6 0 0 /k 0 ;

P aram eters for  (b ) ,(c )  and (d ) are as for  (a ) ex c ep t for  th e fo llow in g  
alterations:

(b ) 0 rl =  1 .0 4 k 0

(c )  rr2 =  0.0O 75ko

(d ) beam  width =  2 0 0 /k 0 ; p lotted  Z  range =  2 6 0 /k 0
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3 .5  P eriod ic F eatures

T h e  th eory  p resented  in  section  3 .3  can  b e used to  an alyze th e  case  o f  

p eriod ic  featu res, th e  sim p lest being sinusoidal variation o f  th e  p lasm on propagation  

vector 0 r. L et us con sid er th e case o f  a sm all sinusoidal perturbation  o f  /3r, o f  

am p litud e M  and spatial frequency p , about th e  in c id en t cen ter  freq uency  0 C.

T h en :

0 r =  0 C +  M cos(p z) (3 .5 .1 )

W e w ill d efin e  th e equilibrium  value o f  D +  as that in  th e  ab sen ce  o f  th e  

perturbation , so  that:

D +  =  - 2 r rA(z)rpm/ r t (3 .5 .2)

W e w ill a lso  in troduce a variable A * D +( z ) - D + . T h en  th e d ifferen tia l equation  for  

D +  (3 .4 .2 )  can  b e  w ritten  as:

d A (z)/d z  =  -r V U z ) -  jM cosp z D + (z) (3 .5 .3 )

If th e  perturbation is sm all, then  w e can  m ake th e ap proxim ation  that D +(z )= D + 

in  th e last term  o f  (3 .5 .3 ) ,  w hich gives:

d A (z)/d z =  - r tA (z) -  jM D +  co sp z  (3 .5 .4 )

T akin g  th e  derivative o f  (3 .5 .4 )  gives:

d 2A (z )/d z 2 =  Tt 2A (z) + co sp z  -  jM p D +  sin p z (3 .5 .5 )

W e can  find  a so lu tion  to  th is equation o f  th e form :

A (z) =  Pcos(pz+y?) (3 .5 .6 )

T h is  g ives:

d 2A (z )/d z2 =  - p  2A(z) (3 .5 .7 )

Inserting (3 .5 .7 )  in to  (3 .5 .5 )  gives:

( f t2 +  p 2)Pcos(pz+y?) =  - j D 'jM (r tco sp z  +  p cosp z) (3 .5 .8 )

T h is  g ives us so lu tion s for  th e am plitude and p hase o f  th e  perturbation  on  th e  

re flec ted  signal:

-jM D +
P = --------------  (3.5.9)

(rt2+p2) l/2

tanp = -p /rt (3.5.10)

Figure 3.9 shows the variation of the reflected signal with the spatial frequency of
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th e  perturbation , for  four values o f  th e perturbation am plitude M , calculated using  

(3 .3 .1 0 )  and (3 .3 .1 1 ) . A s predicted  by (3 .5 .9 ) ,  th e am plitude o f  th e sinusoidal 

variation  o n  th e  re flected  signal drops as p increases past Tt. A s th e  perturbation  

am p litud e in creases, th e  approxim ation  m ade in  (3 .5 .4 )  b eco m es less valid , and th e  

signal variation b eco m es less sinusoidal, show ing a strong n o n - lin e a r  respon se. In  

figu re 3 .9 (c ) ,  th e  lo w  sp a tia l-freq u en cy  resp on se curves sh o w  a ringing e ffe c t  

sim ilar to  that see n  for  th e line featu res. It should  be born e in  m ind that th ese  

ca lcu lation s d o  n o t includ e th e e ffe c t  o f  radiation into  bulk m od es in  th e  d ie lectric , 

w h ich  b eco m e sign ifican t for h igh spatial freq uency  featu res.

F igure 3 .9  R eflected  in tensity  p rofiles for  a broad G aussian  beam  in cid en t on  
a film  o n  w hich  th e p lasm on cou p lin g  angle has a spatia lly  period ic variation  
about th e  in c id en t an gle . In each  figu re, th is is p lotted  for  th e  fo llow in g  set  
o f  values o f  th e  spatial period  o f  perturbation  (in  term s o f  1/1^): 5 , 3 .3 ,  2 .2 ,
1 .5 , 1 .0 , 0 .6 7 , 0 .4 4 . T h e  perturbation am plitudes are as fo llow s:

(a) M=r/2; (b) M = 2 ft; (c ) M=6rt; (d) M=10rt;
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C H A P T E R  4

S U R F A C E  PL A SM O N  M IC R O SC O PY  -  E X P E R IM E N T A L  R E SU L T S
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4.1 Resonance Curve Measurements

T h e  first exp erim en ta l task p erform ed  w as th e m easurem en t o f  surface p lasm on  

reson an ce curves o n  uniform  film s, using previous literature as a gu id e, in  order to  

g e t ex p er ien ce  o f  th e relevant p rocedures. T h e  m etal ch o sen  for  th e  exp erim en ts  

w as silver, w h ich  is used in  m ost S P R  w ork due to  its h igh  con d u ctiv ity  at optical 

freq u en cies (and con seq u en tly  sharp reson an ce), its ea se  o f  d ep osition  and its 

re la tively  h igh  ch em ica l stab ility . G old  w as a lso  used  for a fe w  exp er im en ts. T h e  

silver film s w ere prepared by evaporation  in  th e  standard w ay, using p ie ces  o f  pure  

silver w ire in  a m olybdenum  evap oration  d ish  through w hich  a h igh  current was 

p assed . T h e  sou rce to  sam p le separation  w as about 20  cm , th e  e ffec tiv e  sou rce size  

ab out 1 c m 2, and th e evap oration  pressure typ ically  b etw een  2 x 1 0 “ 7 and 1 0 “ 6 

torr .. M onitoring o f  th e d ep osition  rate and th ickness w as d on e using a quartz 

oscilla tor, w hich  w as calibrated for each  m aterial d ep osited  by m easuring film  

th ick n esses o n  a talystep  m ach in e, w hich  has a resolution  o f  about 10  angstrom s. A  

d ep osition  rate o f  about 10 angstrom s/second  was found to  g ive good  A g  film s, 

w h ile  a llow ing  p rec ise  con tro l over th e  th ickness. M uch slow er d ep osition s produced  

film s w ith  p oor con d uctiv ity , as ev id en ced  by broad p lasm on  reson an ce cu rves. T h is  

w as probably d ue to  excessive  h eatin g  o f  th e substrate, w hich  resulted  in ox idation  

or o th er con tam in ation  o f  th e silver as it was being  d ep osited . S am p les w ere given  

at least 20  m in utes to  co o l after d ep osition  b efore being exp osed  to  room  pressure. 

T h e  film s w ere dep osited  on  glass m icroscop e slides w hich  w ere first c lean ed  with  

a ce to n e , th en  m icrosoap , th en  d e - io n iz e d  w ater, w ith about th ree m in utes in an 

ultrasonic bath at each  step .

F igure 4 .1  sh ow s th e  apparatus used for th e  original reson an ce  curve  

m easurem en ts. A ll m easurem ents w ere m ade using a o n e  m illiw att h e liu m -n e o n  

laser. T h e  corresponding silver th ickness for m axim um  con trast, as d iscussed  in 

ch ap ter tw o , is 560  angstrom s. T h e  glass slides on  w hich  th e  film s h ave been  

d ep osited  are attached  to  th e cou p lin g  prism  using a drop o f  in d ex -m a tc h e d  o il. 

T h e  easiest w ay to  see  th e resonan ce is to  look  for strong scatterin g  at the  

silver/a ir su rface. If th e film  w ere p erfectly  u n iform , th ere w ould  b e n o  such  

scatterin g , but th e  inevitab le surface roughness causes so m e cou p lin g  b etw een  th e  

ev a n escen t fie ld  and th e radiation m od es. A t th e p lasm on  reson an ce a n g le , the  

scatterin g  in ten sity  increases due to  th e  strong en h an cem en t o f  th e  fie ld  in ten sity  at 

th e  silver su rface. T h is appears as a red g low  w hich  is o ften  visib le ev e n  if  the  

drop  in reflectiv ity  is too  sm all to  b e n oticeab le  to  th e e y e . T h e  scattered  light 

w as o n ly  used to  loca te  th e reson an ce , n ot for any quantitative m easurem en ts.

67



7

F igure 4.1 A pparatus for  p lasm on reson an ce curve m easu rem en ts, and for  
scan n ed  p lasm on  im ages. C om p on en ts are:

1 . H eN e  laser (1 m w )
2 . polarizer
3 . beam  exp an der
4 . len s
5 . focu s adjustm ent
6 . prism
7 . rotating p latform
8 . m irror
9 . servo p oten tiom eter
10 . drum  for p oten tiom eter belt
11 . rotation  con tro l linkage

12 . rotation  con tro l m icrom eter
1 3 . vertical translation  m icrom eter
14 . support springs
1 5 . h orizontal translation  m icrom eter
1 6 . servo p o ten tiom eter
1 7 . vertica lly  translating p latform
1 8 . horizon ta lly  translating cradle
1 9 . len s
20 . p olarizer
21 . p h otod etector
22 . s lid e  w ith m eta l film

T h e  reson an ce curves w ere m easured by th e  fo llow in g  tech n iq u e (w h ere  

num bers refer  to  th ose o f  figure 4 .1 ):  th e b eam  from  th e laser (1 ) is TM  

polarized  (2 ) , exp an ded  (3 ) , and in  som e instances focussed  (4 ) , b efo re  en tering  

th e  cou p lin g  prism  (6)  o n to  w hich  th e sam p le (2 2 ) is a ttach ed . T h e  p latform  (7) 

o n  w hich  th e  prism  is m ou n ted  is rotated m anually  via a linear m icrom eter stage  

(1 2 ) , co n n ected  to  th e  p latform  with a p inned  rod arrangem ent (1 1 ). A  m irror 

parallel to  th e  prism  base (8) restores th e b eam  to  its original d irection ; th e  beam  

is th en  focussed  (1 9 ) on to  a p hotod etector (2 1 ), through a p olarizer (2 0 ) w hich  

adjusts th e in ten sity  to  su it th e  sensitiv ity  range o f  th e  d etector . T h e  ou tp ut o f  the  

p h otod etector  contro ls o n e  axis o f  a chart record er , w h ile  th e o th er  ax is is 

con tro lled  by th e vo ltage o n  a servo p o ten tiom eter (9 ) , w hich  is co n n ected  by a 

b elt to  a  drum  (1 0 ) that rotates w ith  th e platform  (7 ) .
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T h e  first curves w ere m easured  w ith an  u nexpan d ed , u nfocu ssed  b eam  o f  

ab out 1 m m  d iam eter. N ex t, som e slight focussing was added to  redu ce th e  sp ot 

s iz e . In gen era l, th is broadened  th e resonan ce curve som ew h at, as can  b e seen  in  

figu re 4 .2 . H ow ever, in  so m e cases th e reson an ce was narrow er in  th e  focussed  

ca se . T h is cou ld  b e sim p ly  d ue to  n o n -u n ifo rm ity  o f  th e film , so  th at th e  respon se  

w ith  a larger illum inated  area w as averaging a greater variation  o f  S P R  resp on se. 

T h is e f fe c t  w as usually ob ta ined  w ith p oor quality film s: it w as d iscovered  that 

silver film s le ft  exp osed  to  th e  air gave SP R  readings that d egen era ted  sign ificantly  

after  2 - 3  days, due to  ox idation  or reaction  w ith  a tm osp h eric con tam in an ts  

(probably  su lfur). H aving produced  SP R  curves w ith  som e focu ssin g  (sp o t s ize  about 

100 m icro n s), it w as n ow  possib le to  look  for  variation o f  th is resp on se w ith  

p osition . F igure 4 .3  show s tw o  m easurem ents m ade at o n e  p osition  o n  th e sam p le , 

to  in d icate repeatab ility , and a third reading at a d ifferen t p osition , w ith  a m arked  

ch an ge in  resp on se. T h ese  exp erim en ts indicated  that a scanned  su rface p lasm on  

im age w ould  b e possib le; contrast was p resen t, d esp ite th e  fac t th at th e film s  

appeared  com p lete ly  uniform  in  a con ven tion a l m icroscop e, a lthough  th e  m ech anism  

for  th is contrast cou ld  not be d eterm ined .

F igure 4 .2  M easured SP R  curves for  
a un iform  5 6 0  A A g  film , using:
a ) an  unfocu ssed  beam
b ) a b eam  o f  * 1 * angular w idth

Figure 4 .3  M easured S P R  curves as 
in  fig . 4 .2  b ), w here a )  and b ) are  
m easured  at th e sam e p o sitio n , and  
c )  at a secon d  p osition .
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4.2 Scanned Plasmon Images

F igu re 4 .3  in d icates that if  th e beam  is in c id en t at an  an gle w h ere th e  slop e  

o f  th e  reson an ce curve is  m axim u m , th e reflected  inten sity  w ill vary w ith  lateral 

p osition  as th e  resonan ce curve changes in  p osition  an d/or sh ap e. B y  p lo ttin g  this 

varying in ten sity  as a fu n ction  o f  p osition , a sin g le  lin e  scan  is ob ta in ed , an d  by  

p lottin g  a ser ies o f  parallel lin e  scans m easured  a long  ad jacen t paths o n  th e  

sa m p le , a tw o -d im e n sio n a l im age o f  th e surface can  b e con structed . T h e  apparatus  

u sed  w as th at o f  figure 4 .1 ,  w ith  th e horizon ta l translation m icrom eter (15 )  

con tro llin g  o n e  ax is o f  th e  chart recorder via a servo  p o ten tiom eter  (1 6 ) as sh ow n . 

A fter each  lin e  w as p lo tted , th e  p lotter p en  and sam p le w ere both  sh ifted  b y  fixed  

in crem en ts p erpendicularly  to  their d irection  o f  m otion  in  ea ch  scan  lin e .

T h e  first surface p lasm on im ages m ade in  th is w ay w ere o f  n om in a lly  uniform  

silver film s; figure 4 .4  is an  exam p le . T h e  featu res obtained  corresp on d  to  ch an ges  

in  reflected  in ten sity  o f  as m uch as 40  to  50% . T h e  scan n ed  area is about 

600x600  /im , and featu res o f  about 50 /im  lateral ex ten t can  b e clear ly  se e n . T h e  

m ech anism  respon sib le for th ese  features cou ld  n o t be d eterm in ed ; it cou ld  be  

su rface corrosion  or physical dam age. T h e  im age d id , h o w ev er , in d icate  th at a 

surface p lasm on scan  could  ex p o se  features n ot v isib le using a  con ven tion a l 

m icroscop e.

F igure 4 .4  Surface p lasm on line im age o f  a n om inally  u niform  evap orated  A g  
film . S can ned  area is about 600x600 /un .
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4.3 Imaging of Known Features

T h e  first k now n featu re to  b e im aged was a lin e  boundary b etw een  tw o  

th ick nesses o f  A g  Him. T h is was m ad e by direct con tact m asking. T h e  lin e  scan  

im age, figure 4 .5 ,  w as m ad e using th e sam e m ethod  as for  figure 4 .4 . D e sp ite  th e  

large step  h eigh t o f  500  angstrom s, th e  lin e  cou ld  n o t b e d etected  w ith  th e  

instrum entation  used  if  th e  an gle o f  in c id en ce w as sign ificantly  rem oved  from  th e  

p lasm on  reson an ce a n g le , but o n  th e  slop e o f  th e reson an ce it w as very  clear ly  

visib le.

F igure 4 .5  Surface p lasm on lin e scan  im age o f  A g  f ilm , sh ow in g  step  
b etw een  film  th icknesses o f  600 and 1100  angstrom s. S can ned  area is about 
500x500  /on .

T h e  th eoretica l analysis indicates that th e SP R  e ffe c t  is m u ch  m ore sen sitive  

to  con d ition s at th e  m eta l surface than  to  th e  m eta l th ick ness. T h e re fo re , th e  n ex t  

test sam p les w ere prepared b y  evaporating very th in  ox id e  layers over  A g  film s, 

using a fin e  w ire m esh  as a m ask. W ith th is m eth od , care had  to  b e  tak en  to  

en sure c lo se  and uniform  con tact b etw een  th e m esh  and th e  sam p le; o th erw ise , th e  

fin ite  s iz e  o f  th e  sou rce w ould cause blurring o f  th e  d ep osited  p attern , d u e  to  th e  

um bra/penum bra e ffe c t  (partial sh adow ing). S in ce th e  lack o f  fla tn ess o f  th e  m esh  

sets a m inim um  average separation  b etw een  it and th e  sam p le , th e  ed g es  o f  th e  

d ep osited  pattern  w ould have a  m inim um  transition w idth o f  ab out o n e  w ire radius 

(about 5  m icron s). T h is is con seq u en tly  a lso  a lim it o n  th e  spatial reso lu tion  that 

can  b e m easured  w ith th ese  sam ples.

T h e  ox id e  layers w ere im possib le to  d etect w ith  th e unaided  e y e , but w ere  

easily  d etected  using SPR . F igure 4 .6  show s single lin e  scan s across tw o sam p les.
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S en sitiv ity  is  clear ly  better than o n e  angstrom , and spatial resolu tion  is at lea st 20  

m icrons. T h e  lack  o f  uniform ity and p oor ed ge  d efin ition  cou ld  both result from  

th e  m anufacturing process; th ey  are n o t n ecessarily  ind icative o f  lim itations o f  th e  

im aging tech n iq u e. L ayers o f  50  angstrom s and less w ere d ep osited , and su ch  th in  

d ep osition s cou ld  n o t b e m on itored  p rec ise ly  usin g  th e crystal m on itor in  th e  

vacuum  ch am b er; m easuring th e sh ift in  SP R  respon se was in  fac t th e  m ost p rec ise  

w ay o f  d eterm in in g  th e  th ickness. In all cases th e  reson an ce sh ifted  substantially  

com pared  to  its w id th , so  that th e op tica l signal strength w as a large fraction  o f  

th e in c id en t beam  in ten sity . T h e  th in n est sam p le had a featu re h e igh t o f  ab out tw o  

atom ic rad ii, and w h ile  clearly  th e  lim it o f  sensitiv ity  o f  th e  im aging tech n iq u e had  

n ot b een  reach ed , it w as n ot p ossib le to  produce substantially th inn er fea tu res with  

th e m eth od  u sed , s in ce  th ey  w ould n o t have b een  d etected  by th e crystal m on itor.

a)

b)

F igure 4 .6  S urface p lasm on line scans o f  W 0 3 grids o n  uniform  silver film s, 
w ith  grid param eters:
a ) 120  m icron  period icity , 30  ±3 angstrom  th ickness
b) 60  m icron  p eriod icity , 7 ±3 angstrom  th ickness

72



4.4 Full-frame Surface Plasmon Microscopy

W h en  th e  in c id en t beam  used for th e scan n ed  m easurem en ts w as n o t p roperly  

focu ssed  on  th e o b jec t, features cou ld  b e seen  (in  particular th e ox id e  grids) in  

both  th e  re flected  and th e  scattered  light. T h is ind icated  th at th e  S P R  e ffe c t  cou ld  

b e used  to  prod uce im ages o f  very  w eak featu res w ithout scan n in g , b y  sim p ly  

illu m in ating  th e  en tire  o b jec t or  a desired  p ortion  w ith  a uniform  co llim ated  

co h eren t b eam , at th e  appropriate an gle o f  in c id en ce . T h is  m ak es th e  

instrum entation  ev e n  sim p ler, and  presents th e  im age d irectly  to  th e  v iew er  

o p tica lly  as in  a con ven tion a l m icroscop e. It has th e  additional advantage o f  b eing  

a r e a l- t im e  tech n iq u e, so  it cou ld  b e  used for  ob serving tem p ora lly  varying features  

w ithout an y  lim itations d ue to  scan  rate.

F igure 4 .8  show s an exam p le o f  a fu ll-fra m e  p lasm on im age o f  a 25  angstrom  

th ick  o x id e  grid. T h e  instrum entation  used is show n in figure 4 .7 ;  th e print was 

m ad e b y  p hotographing th e im age screen  (8). T h is is a practical d em on stration  o f  

a m eth od  w h ich  produces a h igh  contrast im age o f  a d ie lectric  m aterial le ss  than  

0 .0 0 5  w avelengths th ick , w ithout any signal p rocessin g  or e lec tro n ics  o f  an y  k ind, 

and w ith lo w  optical p ow er (1 m w ). U n lik e in terferen ce tech n iq u es, it  is n o t  

particu larly sen sitive to  a lignm en t, requiring on ly  con tro l o f  th e  in c id en t an g le  and  

b eam  d ivergen ce to  about 0 .1* . T h e  analysis p resented  in  ch ap ter th ree ind icates  

that th e  im ages produced in  th is w ay are easier to  interpret and an a lyze in  general

F igu re 4 .7  A pparatus for  fu ll-fra m e  
are:
1 ) 1 m w  H eN e polarized  laser
2)  b eam  exp an der
3 )  rotating p latform
4 ) prism

surface p lasm on im aging. C om p on en ts

5 ) sam ple slide
6) m irror
7 ) len s
8) im age screen
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F igure 4 .8  F u ll-fra m e  surface p lasm on  im age o f  W 0 3 grid o n  a uniform  
silver  film . G rid  th ickness is 25  ±3 an gstrom s, and p eriod icity  is  6 0  /a n .
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C H A P T E R  5

SP A T IA L  L IG H T  M O D U L A T IO N
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5.1 Introduction

Spatial light m od u lators, or  SL M 's, are d ev ices that gen era te  a tem p oral and  

spatia l variation  in  th e  am plitude or p hase o f  a light beam  in  resp on se to  so m e  

in p u t signal. T h e  spatia l variation is in  o n e  or tw o d im en sion s p erpendicular to  th e  

p ropagation  d irection  o f  th e  b eam , and m ay b e a contin uou s im age o r  an  array o f  

d iscrete  p ixe ls . T h e  inp u t m ay b e a seria l electrica l signal, or  an  op tica l signal; in  

th e  latter ca se , th e  p urpose o f  th e d ev ice  is typ ically  to  transfer th e  im age from  

an  in coh eren t to  a coh eren t b eam , or  b etw een  b eam s o f  d ifferen t spectral 

com p osition .

Spatial light m odulators act as th e input d ev ices for op tica l signal processin g  

system s. T h ese  system s take advantage o f  th e inherent p arallelism  o f  ligh t, by  

p erform ing op eration s sim ultaneously  on  a tw o -d im en sio n a l se t o f  data. T h is is an  

area o f  research  w hich  is still at an  early  stage o f  d ev elo p m en t. A  variety o f  

op tica l signal p rocessin g  system s, both an alog  and digital, h ave b een  p rop osed  and  

in vestigated ; all re ly  o n  so m e form  o f  SLM  as th eir input p orts, a lthough  for static  

dem onstration  a p hotographic transparency is usually  su ffic ien t. W h ile  a num ber o f  

typ es h ave b een  d ev e lo p ed , a ll su ffer from  significant w eak n esses; th e  lack  o f  

adeq uate SL M 's is currently o n e  o f  th e m ain  im p ed im en ts to  th e  d ev elo p m en t o f  

op tica l processin g  system s o f  useful com p lex ity  and perform an ce.

F igure 5.1 A  dual in lin e op tica l correlator.

O n e  o f  th e m ost im portant ap p lication s o f  SLM 's is in  r e a l- t im e  op tica l 

p attern  recogn ition . F igure 5.1 illustrates an  ex a m p le; such system s h ave ap plication  

p oten tia l in  m ilitary and security  su rveillan ce, robotic assem b ly , and tex t  

recogn ition . A n oth er m ajor application  area is an alog  and digital op tica l com p u tin g , 

includ ing  op tica l im p lem en tation  o f  neural netw orks.
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T h e  p erform an ce and utility o f  SL M 's can  b e ch aracterized  by a num ber o f  

p aram eters. T h ese  are: sp eed , lateral reso lu tion , phase u niform ity , con trast, 

g r e y -sc a le , e ffec tiv e  area , linearity , storage (m em ory) ab ility , input sen sitiv ity , 

e ffic ien cy , and spectra l resp on se. In ad dition , th e factors o f  co st , reliab ility  and  

life tim e  w ill naturally b e  im portant. T h e  relative im portan ce o f  th e  perform an ce  

param eters is very  m u ch  d ep en d en t on  th e  sp ec ific  ap p lication . In th e ca se  o f  

an alog  im age p rocessin g , broadcast v id eo  p rovides a co n v en ien t benchm ark  for  

sp eed , contrast and grey  sca le , as w ell as th e  inform ation  co n ten t (reso lu tion  x  

active  area). F or op tica l com pu tin g , m uch  h igher sp eed s w ill b e  required . In d igital 

ap p lica tion s, g r e y -sc a le  is  unnecessary and bistable op eration  m ay  b e d esirab le. In  

an y  coh eren t signal p rocessin g  system , phase uniform ity  w ill b e  a critical p aram eter, 

alth ough  th is m ay d ep en d  m ore on  th e m anufacturing p rocess than  o n  in h eren t  

p rop erties o f  th e  d ev ice . Input sen sitiv ity  is esp ecia lly  im portant for  op tica lly  

addressed  SL M 's. E ffic ien cy  refers to  th e fraction  o f  th e op tica l p ow er passed  by  

th e  d ev ice  (in  th e unm odulated parts o f  th e  b eam ); th is w ill b eco m e an  

increasingly  im portant param eter as system s b ecom e m ore co m p lex .

5 .2  Current SLM  T ech n o lo g y

M ost o f  th e im portant typ es o f  SLM  that have b een  reported  are described  in  

a 1977  rev iew  p aper by C asasent [5 .1 ] . S in ce  th en  several o f  th em  h ave b een  

substantially  im proved  and a num ber o f  n ew  variations h ave b een  rep orted , so m e  

o f  w hich  are described  in a recen t rev iew  by C ollings [5 .2 ] . H ow ever , no  

im portan t n ew  tech n o lo g y  has em erged , w ith  th e excep tion  o f  th e greatly  increased  

u se  o f  active sem icond u ctor structures as part o f  th e im p lem en tation  o f  earlier  

tech n iq u es. T h e  m ajor classes o f  SLM  are described  b elow .

Liquid Crystal SL M 's

D e v ic es  using liquid crystals (L C 's) m ake up th e m ost im portant class o f  

S L M 's. T h is  in c lu d es th e H ugh es liquid crystal light va lve (L C L V ), w hich  is 

d ep ic ted  in  figure 5 .2 .  A  tw isted n em atic c e ll is em p loyed , as in  d isp lay d ev ices , to  

rotate th e  polarization  o f  th e 'read' b eam  as it p asses through (o n ce  for  

transm ission  and tw ice  for reflection  d ev ices). T h e  liquid crystals, w hich  are h igh ly  

birefringent, are a ligned  w ith their h igh  refractive index axes parallel to  th e c e ll  

fa c es , but gradually rotating through 90* w ithin  th is p lane as th ey  pass b etw een  th e  

tw o fa ces , w hich  are coated  w ith perpendicularly orien ted  align ing layers. T h is  

a lign m en t is a ltered  by applying an e lec tr ic  field  across th e  ce ll;  th e  h igh  in d ex
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axes o f  th e  L C 's ten d  to  align  in  th e  d irection  o f  the H eld. A  p olarizer a t th e  

front fa c e  sets th e in itial polarization  and con verts th e rotation  o f  th e ex itin g  beam  

to  an  am plitude m od u lation . T h e  d ifferen ce  b etw een  an SL M  and a norm al LC  

d isp lay d ev ice  is  th at in  th e SLM  th e  applied  fie ld , an d  thus th e  resulting  

m od u lation , is spatia lly  con tro lled  a t a sm all lateral sca le . In th e  LC LV  d ep ic ted , 

th is is  d o n e  b y  illum inating a CdS p hotocon d u ctin g  (PC ) layer w ith  an inp u t im age, 

and ap ply in g  a b ias vo ltage across th e  L C /m irror/PC  san dw ich . In parts o f  th e  

im age w ith  h igh er in ten sity , th e increased  conductiv ity  w ill in crease th e fraction  o f  

th e  bias vo ltage across th e L C , thus reducing th e p olar iza tion  tw ist and th e  

resu lting am plitude redu ction . In th is w ay, th e im age is transferred  from  th e  input 

to  th e  (usually  co h eren t) w rite b eam . T h e  input m ay b e  from  a con ven tion a l 

d isp lay, or  light focu ssed  from  a physical o b ject.

F igure 5 .2  T h e  H ughes liquid crystal light valve (L C L V ).

T h e  LC LV  gives good  g re y -sca le  and reasonable con trast, op erates at lo w  bias 

vo ltages (~  5 V ), and exh ib its resolu tion  o f  about 50  lin ep a irs/m m  [5 .1 ] . Its m ain  

w eakness is sp eed , w hich  is lim ited  b oth  b y  th e  m ech anica l resp on se o f  th e  L C 's, 

and by charge storage tim e in  th e p hotocon d u ctor. T ypica lly  th ese  d ev ices  h ave rise 

and fa ll tim es from  10  to  100  m illisecon d s. A  num ber o f  elab oration s o n  th e  basic  

L C L V  h ave b een  reported . H ughes h ave d evelop ed  an  SL M  in  w hich  th e  tw isted  

n em atic  LC ce ll is sw itched  by an op tica lly  activated  M O S silicon  structure [5 .3 ] , 

A t G E C , an oth er S i/L C  d ev ice  has b een  d evelop ed  in  w h ich  a p h otod iod e array  

rep laces th e PC  layer [5 .4 ] . O th er P C  m aterials have b een  investigated  for  use in  

S L M 's, including am orphous silicon  [5 .5 ] , and G aA s [5 .6 ].

A  num ber o f  e lectrica lly  addressed LC SL M 's have b een  reported . H ugh es
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h ave produced  a variation on  th e  light valve in  w hich  a 256  x 2 5 6  C C D  

(c h a r g e -c o u p led  d ev ice ) array p rovides a  m atrix o f  seria lly  addressed  an a log  

m em ory  ce lls  w h ich  sw itch  corresp on din g  portions o f  th e liquid crystal [5 .7 ] . A t  

S T C , d ev ices  h ave b een  m ade w ith  e lec trod e array b a ck -p la n es  con ta in in g  active  

addressing circuitry [5 .2 ];  in  th is ca se , ferroelectric  liquid crystals are u sed , w hich  

exh ib it m u ch  faster sw itching than  th e  con ven tion a l n em atic  ce lls . T h e se  

ferroelectr ic  LC ce lls  are orien tation ally  b istable; th erefore th ey  h ave an  in h eren t  

m em ory  cap ab ility , and are m ost su ited  for  binary o p era tion , w hich  m ak es th e  

active  addressing circuitry sim ilar to  that for  sem icond u ctor m em ory .

In th e  last fe w  years, a num ber o f  authors have reported  th e  use o f  LC  

te lev ision s as spatia l light m odulators [5 .8 ] ,[5 .9 ] .  T h e  prim ary m otivation  is that 

b ecau se th ey  are m ass p roduced , LC T V 's  con stitu te a very  in exp en sive  e lec trica lly  

driven  LC m atrix. T h e  op tica l quality is very p oor , but th is can  b e  greatly  

im proved  by  replacing  th e lo w -q u a lity  polarizers and im m ersing  th e  d isp lay screen  

in  in d ex -m a tc h e d  o il b etw een  op tica lly  fla t glass p lates. T h e y  are usually used  in  

transm ission  m o d e , and are con ven ien tly  addressed by a standard v id eo  signal.

P o ck e l's  E ffe c t SL M 's

T h e se  d ev ices  are sim ilar to  liquid crystal S L M 's, ex c e p t th at th e  

polarization  rotation  o f  th e  'read' b eam  is p erform ed  by a solid  crystal exh ib itin g  

th e  first order e lec troop tic  (P ock e l's) e ffe c t . In such crystals, w h en  an  e lec tr ic  fie ld  

E  is ap p lied  in  th e  d irection  o f  o n e  o f  th e  crystal a x es , th e  refractive in d ices  n ,  

and n 2 a long  th e  o th er tw o axes sh ift linearly  accord ing to :

n 1, 2 = n0 ± oE (5.2.1)

L ight in itia lly  polarized  at 45* to  th ese  tw o axes w ill have its polarization  rotated  

as it p ropagates through th e crystal, and th is polarization  ch an ge is con verted  to  an  

am plitude m odulation  by a polarizer at th e ex it p lan e , as in  th e LC d ev ices . T o  

ob ta in  m axim um  m odulation  th e polarization  m ust b e rotated  through 90* , and as  

th e  rotation  is proportional to  th e product o f  th e  path length  and th e  fie ld  E , it is 

sim p ly  a fu n ction  o f  th e applied  vo ltage and th e P ock el's  co e ffic ie n t a .  T h erefo re  

w e can  d efin e  th e  h a lf-w a v e  vo ltage as that w hich  prod uces a h a lf  w avelength  

d ifferen ce  in  op tica l path length  b etw een  th e  tw o p olarization  co m p o n en ts , and  thus 

a 90* rotation . O n e  o f  th e d isadvantages o f  th ese  d ev ices  is that th e h a lf-w a v e  

vo ltages are usually in  th e  kV range.
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F igure 5 .3  T w o  P ock el's  e f fe c t  S L M 's, using (a ) D K D P  and (b ) B S O . From  
[5 .1 ] .

A  num ber o f  P ock el's  e ffe c t  SL M 's have b een  reported  [5 .1 0 ] ,[5 .1 1 ] ,[5 .1 2 ] .  

F igure 5 .3  illustrates tw o o f  th ese . T h e  first uses a K D P  crystal w hich  is sw itched  

using an  am orph ou s se len iu m  p h otocon du ctor. W rite tim e is  lo w  (« 3 0  /is), but the  

im age m ust b e  erased  by reversing th e bias p oten tia l and flood in g  w ith  b lu e o r  U V  

light [5 .1 ];  th erefore  th is is n o t rea lly  a r e a l- t im e  d ev ice . R eso lu tion  is 75  

lin ep a irs/m m . T h e  d ev ice  is op erated  at - 5 0  *C to  redu ce its h a lf-w a v e  vo ltage to  

80V . T h e  d ev ice  in  figure 5 .3 (b ) u ses a B SO  ( B i12S iO 20 ) crystal, w hich  is both  

e lec tro o p tic  and p hotocon du ctin g . In order to  redu ce th e in flu en ce  o f  th e  read  

b eam  o n  th e  con d uctiv ity , its inten sity  m ust be lo w , and its w avelength  m ust lie  in  

a w eaker part o f  th e spectral respon se o f  th e p h otocon d u ctive  e ffe c t  than  th at o f  

th e w rite b eam . A  bias voltage o f  2  kV  is used . Spatial resolu tion  is ab ou t 50  

lin ep a irs/m m  for  50%  m od u lation , a lthough th is varies w ith  w rite in ten sity . V ery  

high  con trast (5000 :1 ) is possib le at low er reso lu tion , and p h ase fla tn ess b etter  than  

X/5 can  b e ach ieved .

M icroChannel SL M 's

T h e se  are actually  P ock el's  e ffe c t  d ev ices as w e ll, but th ey  use a  m icroch an n el 

p late as an  e lectron  am p lifier b etw een  th e p h otocon d u ctive  layer and  th e  

e lec tro o p tic  crystal [5 .1 3 ] ,[5 .1 4 ] . F igu re 5 .4  show s a typ ical con struction . T h e  read  

and w rite beam s are iso lated , so  dual w avelength  op eration  is  n o t n eed ed . V arious  

e lec troop tic  m aterials h ave b een  used in  th ese  d ev ices , includ ing D K D P , B S O  and  

lith ium  n iob ate  (L iN bO  3) , and various p hotocon du ctors ca n  b e  used  as w e ll, 

provid ing p ossib le w rite w avelengths ranging from  near IR  to  so ft x -r a y  reg ion s. 

M icroChannel SL M 's are com p lex  to  construct, and require high  vo ltage p ow er
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su p p lies, but th ey  provide very h igh  sensitiv ity  to  th e  w rite b eam  (2.2 n j / c m 2). 

T h e y  are a lso  reasonably  fast (40  fram es/sec at fu ll m od u lation ), but th e reso lu tion  

is  p oor (less than  10  linepairs/m m  at 5 0 %  m od u lation ). R esearch  in to  th ese  d ev ices  

seem s to  h ave d ecreased , as so lid  state tech n iq ues such  as th ose  referred  to  

previou sly  are d evelop ed  w hich  also provide a h igh  input sensitiv ity .

Vm n
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W RITE LIGHT
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4 -V b  Rb

.Window
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V 'S -M .C .R

Di

REAO LIGHT

Electrode
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Dielectric mirror 
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Transparent electrode 
Window

PROCESSED LIGHT

Figure 5 .4  C onstruction  o f  a m icroch ann el SLM  (from  [5 .1 3 ])

D eform ab le  SL M 's

T h ere  are a variety  o f  d ev ices , exh ib itin g  a variety  o f  qualities, w hich  

m od u late in c id en t light by th e  loca l m ech an ica l d eform ation  o f  a su rface. 

T herm op lastics are o n e  category  o f  th ese ; th ey  are d eform ed  a t h igh  tem perature  

by a charge variation  produced b y  sh in ing th e im age on to  an ad jacen t  

p h otocon d u ctive  layer. T h is m ethod  can  b e  used to  gen erate  a holograph ic m atch ed  

filter; resolu tion  is h igh  (2000 linepairs/m m ) but w riting is s lo w  and co m p lex . 

SL M 's have b een  d evelop ed  w hich  use a scanning e lectron  b eam  in  a vacuum  tube  

to  w rite patterns o n  o il f ilm s; th ese  d ev ices  have good  sp eed  and reso lu tion , and  

have b een  ex ten sive ly  used in  p rojection  te lev ision . O p tica lly  addressed d eform ab le  

o il film  SL M 's have also  b een  reported  [5 .1 5 ]. R ecen tly , an oth er op tica lly  addressed  

d ev ice  using a deform ab le gel h as b een  d evelop ed  [5 .1 6 ]. A  num ber o f  SLM  

tech n iq ues h ave b een  investigated  w hich  use th e loca l d eform ation  o f  a m em b ran e  

m irror to  prod uce phase variation in  th e reflected  b eam . O n e  recen tly  reported  

electrica lly  addressed  d ev ice  has a reflectin g  m em brane d ep osited  ov er  a s ilicon  

VLSI structure, in  w hich  varying vo ltages o n  p ixel e lec trod es d eflec t th e  m em b ran e  

in to  etch ed  cav ities [5 .1 7 ]. Present m anufacturing tech n o logy  d o es n o t a llo w  p ixe ls  

sm aller than ab out 75 jun.
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M agn etic SL M 's

E lectr ica lly  addressed m a g n eto -o p tic  SL M 's can  b e m anufactured by ep itax ia lly  

d ep ositin g  a m agn etic  garnet film  on to  a n o n -m a g n etic  garnet substrate [5 .1 8 ]. T h is  

film  is  th en  etch ed  into  an  array o f  e lem en ts w ith  associated  drive lin e s , and th e  

m agn etic  p olarity  o f  th e e lem en ts is con tro lled  by row -ad d ressed  current sw itch in g . 

T h is is  in trinsically  a b inary tech n iq u e, so  it is  w ell su ited  to  d igital p rocessin g  

ap p lica tion s [5 .1 9 ], but n o t very  w ell to  an alog ap plication s. T h e  in c id en t light 

u n d ergoes a p olarization  rotation  due to  th e Faraday e f fe c t , th e rotation  d irection  

d ep en d in g  o n  th e  m agnetic polarity . T h is system  has so m e in h eren t storage ab ility , 

reason ab le  sp eed , and e lem en ts can  b e  as sm all as 10 pm .

O th er  SL M  T yp es

A  fe w  typ es o f  SLM  h ave b een  reported  w h ich  do n o t fit in to  th e  categories  

describ ed  ab o v e . O n e  is th e  photod ich roic SLM  [5 .2 0 ]. T h e se  d ev ices  u se  co lou r  

cen ter  d e fec ts  in  a lk a li-h a lid e  h ost m aterials. T h e  d efects  cau se spectra l absorbtion  

bands; by illum ination  at so m e w avelength , e lectron  transfer can  p rod uce variation  

in  th e  absorbtion  a t o th er w avelengths. B ecau se th e  m ech anism  is o n  th e  la ttice  

sca le , th e  reso lu tion  is very high  (d iffraction  lim ited ), but th e  sen sitiv ity  is very  low  

(150  m j /c m 2). W rite and read bands vary d ep en d in g  o n  th e  m aterial u sed ; so m e  

are w ritten  by visib le light and read in  th e infrared, o th ers w ritten  in  U V  and  

read at v isib le w avelengths.

In addition  to  th e P ock el's  e ffe c t  d ev ices, th ere are a lso  th ose that u se  th e  

seco n d  order e lec troop tic  e f fe c t , in  w hich  th e refractive in d ex  varies as th e  square  

o f  th e fie ld . A  recen tly  reported  d ev ice  uses P L Z T  as th e e lec tro o p tic  layer  

d ep osited  on  an  active  silicon  substrate [5 .2 1 ].

5 .3  A  Surface P lasm on Spatial L ight M odulator

E xp erim en ta l results o n  surface p lasm on m icroscop y  indicated  th at th e  

am p litud e o f  a collim ated  coh eren t beam  could  b e  sp atia lly  m od u lated , w ith  h igh  

con trast and reasonable reso lu tion , by sm all variations in  th e  op tica l p rop erties o f  a 

m eta l/d ie lec tr ic  in terface. It w as suggested  by R ichard S ym s [5 .2 2 ] that th is m igh t 

form  th e  basis o f  an  optical im age con vertor, and it was from  th is su ggestion  that 

th e  w ork o n  surface p lasm on SL M 's b egan . T h e  basic princip le can  b e stated  in  

sim p le  and gen eral term s: p lasm ons are generated  o n  so m e  planar structure by  

op tica l ex c ita tio n , using prism  or grating cou p lin g , and th e op tica l p rop erties o f  th e
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structure are spatia lly  varied so  as to  vary th e  SP R  resp on se. T h e  sp ecific  

con figu ration  that w as investigated  w as that o f  a K retschm ann g eo m etry  w ith  a 

m eta llic  f ilm  bounded  o n  o n e  side by th e cou p lin g  prism , and o n  th e  o th er  by  a 

d ie lectr ic  layer , th e refractive in d ex  o f  w h ich  can  b e loca lly  varied by an  ap plied  

e lec tr ic  fie ld . T h e  surface p lasm on  SL M  is n o t ju st a n ew  typ e o f  d ev ice  to  be  

added  to  th e  p resen t list; it  in troduces a n ew  physical m ech an ism  b y w h ich  th e  

goal o f  spatia l m odulation  o f  a light b eam  can  b e accom p lish ed . F or th is reason , 

m an y o f  th e  structures d escribed  in  sec tion  5 .2 ,  in  particular th e  liquid  crystal and  

e lec tro o p tic  d ev ices , cou ld  b e  m od ified  to  op era te  b y  surface p lasm on reson an ce .

F igu re 5 .5  Possible configurations for  
su rface p lasm on  reson an ce; a ) e lectrica lly  
C om p on en ts are as fo llow s:
1) in c id en t coh eren t 'read' b eam
2 ) re flected  m odulated  beam
3 )  cou p lin g  prism
4 ) silver film
5 ) a lign in g  layers
6) n em atic  liquid crystal ce ll

liquid crystal SL M 's op eratin g  by  
ad ressed , and b) o p tica lly  ad ressed .

7 )  e lec trod e  m atrix
8) light b locking layer
9 ) p hotocon d u ctin g  layer
10)  glass slide
11)  transparent e lec tro d e
12)  in c id en t 'w rite ' b eam

F igu re 5 .5  illustrates possib le con figurations for  e lec trica lly  an d  op tica lly  

addressed  S P R  liquid crystal S L M 's. A  n em atic  liquid crystal layer is  a ligned  

parallel to  a silver film , d ep osited  o n  h igh  in d ex  glass (n o t sh o w n ), b y  a th in  

align ing layer. Surface p lasm ons are gen erated  at th is in terface using a cou p lin g  

prism . A s m ost o f  th e p lasm on fie ld  has its E  vector  norm al to  th e su rface , th e  

effec tiv e  in d ex  o f  th e  LC layer is th e ordinary in d ex  (norm al to  th e lo n g  crystal 

ax is). I f a b ias poten tia l is ap p lied  across th e c e ll , th e  crystals w ill rotate tow ards
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th e  norm al d irection , increasing th e in d ex  in  th at d irection  tow ards th e  higher  

extraordinary in d ex  (parallel to  th e  lon g  ax is). T h is  w ill in crease th e  S P R  cou p lin g  

a n g le , causing m od u lation  o f  th e ouput. In th e  first configu ration  th is is 

accom p lish ed  by an  array o f  e lectrod es o n  th e  back  p la te , w h ile  in  th e  op tica lly  

addressed  con figu ration , a b ias poten tia l is sp lit b etw een  th e  LC c e ll and  a 

p h otocon d u ctin g  layer, as in  th e H ughes light va lv e , so  that an  im age in  th e  

'write* b eam  is reproduced  in  th e  LC orien tation  p attern , and con seq u en tly  in  the  

re flec ted  in ten sity  o f  th e  'read ' beam .

W h ile  spatial ligh t m odulation  using surface p lasm ons has n o t b een  p reviously  

rep orted , so m e work has b een  published o n  s in g le -c e ll  e lectr ica lly  con tro lled  SPR  

m odulators. P ock et's  e ffe c t  d ev ices have b een  p rop osed , in  w hich  th e  SP R  resp on se  

for a p rism /A g /e lec troop tic  crystal structure is m odulated  b y  an  ap plied  p oten tia l

across th e  crystal [5 .2 3 ] ,[5 .2 4 ] . O n e d ev ice  h as b een  constructed  in  w hich  a 

p iezo e lec tr ic  stack  is used to  vary th e th ickness o f  an  air gap  b etw een  a prism  and  

a silver layer (O tto  con figu ration ) [5 .2 5 ]. T h is  prim arily varies th e  cou p lin g  

b etw een  th e in c id en t beam  and th e p lasm on, and con seq u en tly  th e  d ep th  o f  the  

reson an t reflectiv ity  d ip . O n e  cou ld  con ce iv e  o f  a spatial light m odulator as sim p ly  

b ein g  an  array o f  th ese  individual m odulators; h ow ever , m ost current o r  en visaged  

SLM  ap plication s require spatial variation o f  th e m odulation  on  a very  sm all sca le , 

p referab ly  ap proach ing d iffraction  lim its. T o  e ffec tiv e ly  in vestigate th e  u se  o f

p lasm ons for  such application s requires an understanding o f  th e  physics involved  in  

th e  ex c ita tio n  o f  p lasm ons o n  n o n -u n ifo rm  p lanar structures, and a th eoretica l 

m od el b y  w hich  th e respon se o f  sp ecific  configu ration s can  b e p red icted . T h is  I 

b eliev e  is n ow  provided  b y  th e analysis d escribed  in ch ap ter 3 . T h e  m od el

d ev elo p ed  allow s th e pred iction  o f  th e d istortion o f  im age featu res as a fu n ction  o f  

s iz e , orien ta tion  and in ten sity . In th e case o f  p ixe lla ted  SL M 's, w here th e d ev ice  is 

d ivided  in to  a m atrix o f  individually addressed e lem en ts , th e m od el can  b e  used to  

in vestigate th e perform an ce o f  th e e lem en ts as a fu n ction  o f  s iz e , and  th e  

c r o ss-ta lk  b etw een  th em .

T h e re  are several p oten tia l advantages to  using S P R  for spatia l light

m od u lation . L et us first con sid er sensitivity. In th e liquid crystal and P o ck et's  e ffe c t  

d ev ices  described  in  sec tion  5 .2 ,  a h a lf w avelength  d ifferen ce b etw een  th e  op tica l 

path  len gth s o f  tw o p olarization  com p on en ts is n eed ed  to  ach iev e  fu ll m od u lation . 

T h e re fo re , if  th e refractive in d ices a long tw o axes are altered  by ±Sn, th e  product 

o f  th e  in d ex  ch an ge and physical path len gth  L  w ill b e  g iven  by:



( 6n /n )L  =  X/4 (5 .3 .1 )

W e ca n  ca lcu la te an  equ ivalent param eter for  SP R  m od u lation . W e h ave seen  in  

ch ap ter  2 that th e  p lasm on propagation  vector 0  for a h igh  con d u ctiv ity  m eta l film  

is s ligh tly  greater than  n k Q, w here n  is th e in d ex  o f  a uniform  d ie lectric  layer in  

co n ta c t w ith th e  m eta l, and  that th e h a lf-w id th  o f  th e reson an ce  is  g iven  by Tt. 

T o  m od u late  th e  re flected  beam  b y 50%  w ill require sh ifting  th e  reson an ce  by its 

h a lf-w id th , so  that:

6n /n  =  ry/3 (5.3.2)

6n *  ryk0 (5.3.3)

S in ce  th e  Held d ecays exp on en tia lly , th e e f fe c t  o f  ind ex  variations o n  th e  SP R

resp on se w ill be greater c lo se  to  th e in terface. L et us assum e th at i f  th e in d ex  is 

n o t un iform  in  th e  $  d irection , w here x  is th e  d istance from  th e  m eta l su rface, 0  

w ill b e  d eterm ined  by an average ind ex  n , w eighted  accord in g  to  th e Held 

am p litu d e, i .e .:

00
n =  'y jn (x )e - 7 xdx  

0
(5 .3 .4 )

L et us n o w  u niform ly m odulate a layer o f  th ickness L  ad jacen t to  th e  m eta l, such  

that:

, N n n+ e  x  < L  n (x ) = o  * _ 
n 0 x  > L

Inserting th is d istribution in  (5 .3 .4 )  gives:

(5 .3 .5 )

n =  n Q +  e ( l - e " 7 L)

T o  get 50%  m odulation  w e n ow  n eed :

(5 .3 .6 )

5n « e ( l - e _7 L) = r/k0 (5 .3 .7 )

th e  active  layer is th in  com pared  to  th e fie ld  d ecay  len g th , i .e .  L ^ l /y ,  th en

pL. T h is g ives us an  ind ex  ch an ge -  path  length  prod uct o f :  

eL  =  r t/ 7 k 0 (5 .3 .8 )

F o r  a  w ell m atch ed  system , w e have seen  that r ts2 F j, w h ere Tj is  g iven  by th e  

im aginary part o f  (2 .4 .5 ) ,  so  w e get:

r « /k 0 «  t j t *

W e ca n  also  approxim ate 7 , for cx< e r, as:

(5 .3 .9 )

7  “  k 0/ e r i (5 .3 .1 0 )
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W e can  n ow  obtain  an  expression  for  eL  in  term s o f  th e m aterial param eters:

Xex
e L  *  ------------- (5 .3 .1 1 )

2 x e r 3 / 2

F or A g  at 633  n m  w e can  insert values o f  cx  and cr from  tab le 2 .1 ,  and obtain:

eL  «  X/800 (5 .3 .1 2 )

F or th e  polarization  rotation  d ev ices , th e  corresponding figure for 50%  m odulation  

w ill b e X/8 , so  th is ind icates a p oten tia l im p rovem en t in  sen sitiv ity  o f  tw o orders  

o f  m agnitude for S P R  d ev ices . A s d iscussed in  ch ap ter 3 , th is en h an ced  sensitiv ity  

is d ue to  th e resonan tly  am plified  field  in ten sity , and a sim ilar im p rovem en t could  

b e ob ta ined  using a F a b ry -P ero t resonant cavity . In th e p lasm on  ca se , h ow ever, 

th e  active  region  can  b e considerably less than  a w avelength  th ick .

A n oth er advantage o f  th e SP R  SLM  is th at because th e  'read' light d o es not 

prop agate through th e  active  layer, th ere is m uch less phase d istortion . In th e  bulk  

LC and P ock el's  d ev ices , all in terfaces en cou n tered  by th e read b eam  m ust b e flat 

and parallel com pared  to  th e w avelength  if  co h eren ce  is to  b e  m ain ta ined . T h e  

layers m ust a lso b e  h om ogen eou s so  th at th e  optical path len gth s h ave  n o  random  

variation . In th e SP R  d ev ice , th e active  layer d oes n ot n eed  to  b e  flat; o n ly  th e  

tw o  surfaces o f  th e silver n eed  to  b e p hase fla t. I f th e active  layer (e .g . th e liquid  

crystal) is not uniform  and h om ogen eou s, th is w ill on ly  a ffec t th e strength  o f  the  

sign a l, n o t th e ab solu te p hase. N o  liquid crystal SL M 's yet reported  h ave low  

en ou gh  p hase d istortion  to  b e o f  m uch use in  coh eren t signal p rocessin g  system s; 

w ith  an  SPR  d ev ice , th is should  be m uch easier  to  ach ieve.

In th e sp ec ific  case  o f  liquid crystal SL M 's, th e su rface p lasm on  tech niq ue  

o ffers  a considerab le sp eed  en h an cem en t. P revious work in  th is research  group has  

dem on strated  that sw itch ing tim es for  n em atic liquid crystal ce lls  are m u ch  low er  

near th e  surface reg ion s than  in th e  bulk o f  th e  ce ll [5 .2 6 ]. T h is  is b ecau se th e  

recovery  o f  th e c e ll w h en  th e  b ias is reduced  is d ue to  th e  su rface a lign ing fo rces, 

and th e  realign ing fo rce  o n ly  ex ten d s gradually in to  th e bulk as th e  crystals ro ta te , 

w ith a sp eed  lim ited  by their viscosity . T h e  results described  in  sec tion  5 .4  ind icate  

an  ord er o f  m agnitude increase in  sw itch ing sp eed  for  th e S P R  d ev ices .

P erhaps th e  m ost exc itin g  advantage o f  S P R  d evices is that b ecau se th ey  are  

b oth  h igh ly  sen sitive and ideally  su ited  to  th e use o f  very th in  active  layers, th ey
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m ay o p en  up  th e  p ossib ility  o f  using n ew  typ es o f  m aterials and e ffe c ts  for  

m od u lation  th at w ould  n o t b e  practical w ith  th e  bulk d ev ices. O n e  possib ility  is th e  

use o f  reversib le e lec troch em ica l or  p h otoch em ica l p h en om en a , w hich  w ould  ten d  to  

b e to o  slow , d ue to  d iffusion  tim es, in  anyth ing but very  th in  layers. A n oth er  

p ossib ility  is  th e  use o f  op tica lly  active m on olayers d ep osited  by th e

L an gm u ir-B lod gett tech n iq u e.

5 .4  E xp erim en ta l R esults

It was d ecid ed  to  use a liquid crystal structure to  in vestigate and d em on strate  

th e  u se  o f  S P R  for  spatial light m od u lation . T h is  w as prim arily  b ecau se  th e  

fac ilities and ex p er ie n c e  relevant to  LC fabrication  w ere availab le in  th e research  

grou p , d ue to  on go in g  work o n  LC disp lay d ev ices . T h e  con figu ration  con structed  is 

d ep ic ted  in  figure 5 .6 .  W hile LC m odulators using SPR  h ave n o t b een  previou sly  

reported , so m e w ork has b een  d on e at th e U n iversity  o f  E x eter  w h ere surface  

p lasm on excita tion  w as used to  investigate th e orien tation al d istribution in  liquid  

crystal ce lls  as a fu n ction  o f  applied  vo ltage, from  w hich  surface b ind ing forces  

cou ld  be d ed uced  [5 .2 7 ]. S om e o f  th e d ev ices described  in  th is sec tio n  w ere  

constructed  and tested  by  M artin C aldw ell.

high index 
glass plate"

Ag film-

mylar-
spacer

-glass plate

■nematic LC

• MgFj aligning 
layers

-electrode

Figure 5 .6  S ch em atic  o f  SL M 's constructed .

N em atic  liquid crystals o f  th e typ es K 15, E 7  and E 47 w ere u sed , a ll su p p lied  

by B D H  C h em ica ls. T h e se  have h igh  b irefringence and a  rela tively  lo w  ordinary  

in d ex  (* 1 .5 ) .  T h e  glass slide o n  w hich  th e silver E lm  is evaporated  has to  h ave  an  

in d ex  sign ificantly  h igh er than th is ordinary in d ex , so  that th e  cou p lin g  a n g le  w ill 

n ot b e to o  c lo se  to  grazing in  th e  unsw itched  sta te . G lass o f  in d ex  1 .8 0 5  w as used  

for th ese  front p lates and for th e cou p lin g  prism . T h e  com p leted  ce ll was a ttach ed  

to  th e prism  using a drop  o f  h igh  in d ex  cou p lin g  flu id .
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T h e  a lign ing layers used w ere M g F 2 d ep osited  by evap oration  at an  an g le  o f  

ab out 60* to  th e  n orm al d irection . T h is is a w e ll know n tech niq ue for parallel 

a lign m en t [5 .2 8 ]; essen tia lly , th e M g F 2 form s a series o f  parallel h ills , d u e to  

shadow in g produced  by  th e  in itial irregularities in  th e coatin g  th ick ness. T o ta l 

th ick nesses o f  about 200 angstrom s are used; th is appears to  provide adequate  

align in g  fo rce  and uniform ity , w ithout taking up to o  m uch  o f  th e  fie ld  en erg y  that 

w ould  o th erw ise b e in  th e active  reg ion . S P R  m easurem en ts w ere used to  calibrate  

th e  th ickness o f  th e  M gF 2 layers sim p ly  by m easuring th e  reson an ce  cu rve on  

coa ted  and u ncoated  parts o f  th e A g  film , and com paring th e  angular sh ift w ith  

that pred icted  by O P T O , using a refractive in d ex  for  M g F 2 film s o f  1 .3 8 . F igure

5 .7  sh ow s an  exam p le  o f  th ese  tw o m easured  curves; addition  o f  th e  M g F 2 cau ses  

so m e reson an ce b roaden ing d ue to  increased  surface roughness.

*9.0 50.0

F igure 5 .7  S P R  resonan ce curves for p ortion s o f  a A g  film  (a) u n coated  and  
(b ) coated  w ith  ah  M g F 2 a ligning layer.

O n c e  th e  glass p lates have b een  clean ed  (as in  sec tion  4 .1 )  and co a ted  w ith  

th eir m eta l and a lign ing layers, th ey  are glued togeth er  w ith  ep o x y  using strips o f  

m ylar as sp acers. T h e  m ylar used  w as 6 pm  or 7 .5  pm  th ick . G ap s are le ft  at 

op p osite  en d s o f  th e  ce ll through w hich  th e liquid crystal can  b e inserted  by  

cap illary actio n , b efore  th e  ce ll is co m p lete ly  sea led . A ll th ese  steps w ere carried  

o u t in  a c lean  room  o f  ap proxim ately  class 1 0 0 0 . O n e  p rob lem  en cou n tered  was
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th at th e  h igh  in d ex  m atch ing flu id  tend ed  to  slow ly  seep  through th e  e p o x y , and  

th en  en ter  and  corrupt th e ce ll. L ess corrosive flu ids cou ld  n o t b e ob ta in ed  o f  

su ffic ien tly  h igh  in d ex , so  th is p rob lem  w as reduced  sim p ly  by using th e m in im um  

p ossib le am ou n t o f  flu id  and taking extra care in  handling and applying it , to  k eep  

it  aw ay from  th e  ep o x y  bonds.

T h e  first d ev ices  m ade had uniform  back e lec trod es, in  order to  d em on strate  

m od u lation  w ithout spatial variation . In gen era l, it  w as fou n d  th at th e  S P R  curves  

for  th e  fin ish ed  d ev ices  w ere p oorer than  th ose  o f  th e  bare A g  Aim s -  th ey  w ere  

broader, sh allow er, and less sm ooth . T h is w as probably d u e to  lack  o f  uniform ity  

in  th e  LC surface a lignm en t, w hich  caused  scattering lo sses. W ith  m ore carefu l 

con tro l o f  th e  d ep osition  and LC Ailing p rocedures, th is prob lem  w as red u ced , and  

d ev ices  w ere m anufactured  w ith b etter than  99%  extin ction  at reson an ce . F igu re 5 .8  

show s th e  resp on se o f  o n e  o f  th ese  d ev ices , w here th e an gle o f  in c id en ce  is  se t for  

m inim um  reflectan ce  at zero  b ias vo ltage; a contrast ratio  o f  about 120:1 was 

ob ta in ed . T h is  d ev ice  show s a vo ltage threshold  for sw itch ing o f  ab out 5  V  p - p ,  

w h ich  corresp on ds to  a bias am p litud e o f  2 .5  V . T h is is h igh er than th o se  o f  

typ ical con ven tion a l LC ce lls  (about 1 V ); th e  cau se o f  th is d ifferen ce  is unknow n. 

T h e  signal applied  w as a h igh  freq uency  square w ave (about 1 0  k H z) rather than  

D C , s in ce  D C  currents tend  to  red u ce th e lifetim e o f  LC d ev ices . F igure 5 .9  show s  

SP R  curves for  th e  sam e d ev ice , m easured at several values o f  b ias v o ltage . T h is  

in d icates that th e m ain  e ffec t is n o t a sh ift in  th e  reson an ce , but a redu ction  in  its 

d ep th . T h is  is probably due to  th e  com plicated  d irector p rofile  taken  up  by  th e LC  

c e ll in  th e  ap plied  fie ld , but a d eta iled  analysis o f  th is p o in t has n o t b een  carried  

ou t.

F igure 5 .8  R eflected  inten sity  for  a surface p lasm on LC light m od u lator, as a 
fu n ction  o f  bias vo ltage. T h e  reflection  co e ffic ien t a t zero  bias is 0 .0 0 5 .
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F igure 5 .9  SP R  curves for th e d ev ice  o f  figure 5 .8 , a t several va lues o f  bias 
p oten tia l as ind icated .

T h e  freq uency  response o f  o n e  o f  th e d ev ices m ade is sh ow n  in  figu re 5 .1 0 ;  

th is w as ob ta ined  by am plitude m odulating th e square w ave bias w ith a sinusoidal 

sign a l, and  m easuring th e m odulation  am plitude o f  th e  ou tp u t light in ten sity  as a 

fu n ction  o f  m odulation  frequency. T h e  frequency for  50%  redu ction  in  resp on se is 

about 7 0 0  H z , w hich  is about ten  tim es h igher than  for  a typ ica l n em atic  LC ce ll 

used in  a con ven tion a l m od e.

F igure 5 .1 0  V ariation o f  re flectan ce m odulation  w ith  bias m odulation  
freq u en cy , for a fixed  b ias am plitude.
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In order to  sh ow  spatial variation o f  th e m od u lation , d ev ices  w ere m ad e in  

w h ich  th e  back  p lan e e lec trod es w ere in  a pattern o f  narrow  lin es , 4  fan  w id e and  

40  f i m  apart. It p roved  very  d ifficu lt to  obtain  uniform  a lignm en t o f  th e  liquid  

crystals in  th ese  d ev ices , so  that o n ly  patch es w ould  sh ow  a reasonab le p lasm on  

reson an ce and respond  to  th e  bias vo ltage. F igure 5 .11  show s a spatial p ro file  o f  

th e  ou tp ut in ten sity  across tw o Angers in  o n e  o f  th ese  p a tch es, w ith  th e  b ias 

p oten tia l o n  and o ff . T h e  spatial variation o f  th e fie ld  is  c lear ly  reso lved . T h is  

d ev ice  exh ib ited  on  and o ff  sw itch ing tim es o f  0 .5  m s and 2  m s resp ectively .

F igure 5 .11  Spatial variation o f  re flected  in ten sity  ov er  a p ortion  o f  a 
p lasm on  SLM  with d igitated back e lec trod es, for  bias on  and o ff;  in  th e  'on ' 
lin e  tw o digit e lec trod es are c learly  reso lved .
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C H A P T E R  6  

C O N C L U SIO N
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T h e  feasib ility  o f  using prism  cou p led  surface p lasm on  m easurem ents b o th  for  

m icroscop y  and for  spatial light m odulation  has b een  d em on strated , and a 

th eoretica l m o d el has b een  d evelop ed  by w hich  th e  exc ita tion  o f  surface p lasm ons  

o n  n o n -u n ifo r m  structures can  b e analyzed . F rom  th e  results p resen ted , a num ber  

o f  con clu sion s can  b e draw n, and a num ber o f  recom m en d ation s m ad e for  future  

w ork in  th is area .

T h e  m o d el p resented  in  sec tion  3 .3  has proved  very usefu l in  a llow in g  both  

num erica l an d  analytical p red iction  o f  th e in teraction  o f  surface p lasm ons w ith  

various typ es o f  features. S o m e exp erim en ta l ev id en ce  ex ists for  its va lid ity , as 

d iscussed  in  sec tio n  3 .4 ,  but it is very lim ited . It w ould  b e o f  con siderab le va lue to  

te st th e  accuracy  o f  th e m od el in  a p recise and rigorous w ay over  a w ide range o f  

featu re typ es and values o f  th e relevant param eters. In particular, th is w ould g ive  a 

b etter  idea o f  th e  circum stances in  w hich  scatterin g  in to  bulk  m od es in  th e  

d ie lectr ic , w hich  is n o t included  in  th e m od el, cau ses sign ificant error in  th e  

resu lts. E x ten sion  o f  th e analysis to  include th is scattering w ould o f  cou rse b e o f  

value.

T h e  analysis p resented  has all b een  based  on  a tw o -d im e n sio n a l

ap p rox im ation , th e  d irection  perpendicular to  th e p lan e  o f  in c id en ce b ein g  assum ed  

uniform  in  all respects. T h is m eans that th e  features an alyzed  h ave  b een  

o n e -d im e n sio n a l, w hen in  m ost practical situations th ey  w ill be tw o -d im e n sio n a l. T o  

so m e  ex ten t th is approxim ation  is legitim ate becau se th e im portant d im en sion  for  

th e  in teraction  o f  p lasm ons w ith  th e structure is in  their d irection  o f  prop agation; 

it  see m s reasonab le to  assum e that interaction  a lon g  th e  surface in  th e  orth ogon al 

d irection  w ill b e m ain ly  determ in ed  by con ven tion a l d iffraction  con sideration s. T h at  

is  to  say , b ecau se th e  resolu tion  lim it im posed  by th e  p lasm on propagation  len gth  

is  about an  order o f  m agnitude greater than th e w avelength , in  a first order  

ap proxim ation  w e can  n eg lec t con ven tion al d iffraction  p h enom en a and assu m e that 

th e  featu re w ill o n ly  be distorted  in  th e d irection  o f  p ropagation . H ow ever , rigorous  

analysis o f  th e  p o in t w ould b e  o f  considerab le b en efit.

T h e  results o f  th e th eoretica l m od el essen tia lly  con firm  th e in itia l p red iction  

that reso lu tion  w ould b e lim ited  by  th e surface p lasm on  d ecay  len gth . T h e y  also  

sh ow  th e  nature o f  th e im age distortions caused  by th is lim ita tion , and h o w  th ese  

d istortions d ep en d  o n  th e am plitude (contrast) o f  th e featu res. T h is a lso  m ean s that 

o n e  cou ld  n o w  im agine d evelop in g  im age processing routines to  rem ove or d ecrease  

th e im age degrad ation , for in stance by som e form  o f  d econ vo lu tion . In cases w h ere
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th ere  is som e a  p r io r i  know ledge o f  th e nature o f  th e ob jects b e in g  exam in ed , 

im age restoring algorithm s m ight prove h ighly e ffec tiv e . A n oth er very  attractive  

p ossib ility  for  im proving th e  lateral resolution  is to  com b in e im ages o f  a structure  

tak en  a t several d irections o f  p lasm on propagation  a long th e sam e su rface, to  take  

advantage o f  th e  d irectional nature o f  th e m easu rem en t. F or any w ork th at m ay b e  

attem p ted  in  d evelop in g  im age p rocessing routines for  surface p lasm on  m icroscop y, 

th e  analysis p resented  ind icates that p lan e w ave im ages w ill b e ea s ier  to  analyze  

an d  in terp ret than scanned  im ages, and th at a  series o f  p lan e w ave (actually  

b ro a d -b ea m ) im ages is preferab le to  a co m p lete  set o f  reson an ce curves a t each  

sca n  p osition  for  th is reason .

T h e  poten tia l application  o f  surface p lasm on m icroscop y w ill b e prim arily  

lim ited  by its structural requirem ents. T h is is essen tia lly  a m eth od  o f  lookin g  at 

variations o f  th e op tica l p roperties o f  a p lanar in terface b etw een  a m eta l and a 

d ie lectr ic , w h ere o n e  o f  th ese  m aterials m ust b e o f  an  ap propriate th ickness to  

a llo w  exc ita tion  by prism  cou p lin g . T h is m eans it is w ell su ited  to  analysis o f  th e  

th in  film s th em se lves, and cou ld  be very usefu l for  exam in in g  th e  structure o f  

oth er  th in  film s w hich  can  b e d eposited  on  m eta ls. T h e  contrast m ech an ism  is 

d ifferen t from  o th er  types o f  m icroscop y, w hich  m ean s that n ew  in form ation  will 

b e ob ta ined  from  any system  exam in ed . A lso , th e  tech n iq ue is n o n -d e stru ctiv e , 

h igh ly  sen sitive , and can  p roduce im ages essentia lly  instantaneously , w h ich  suggests  

its use for  dynam ic exam in ation  o f  chem ical and b io log ica l th in  film  p rocesses.

T h e  tech niq ue p resented  w ill be restricted to  system s w hich  in c lu d e a m etal 

layer, and if  th is layer is n o t part o f  th e o b jec t it m ust b e part o f  th e  instrum ent, 

and brought in to  very c lo se  proxim ity  to  th e o b jec t. O n e  co u ld , fo r  in stan ce, 

c o n ce iv e  o f  an  instrum ent for  exam in in g  th e u n iform ity  o f  silicon  w afers, in  w hich  

a silver Him o n  a m icroscop e head  is brought to  w ith in  a h a lf m icron  o r  less o f  

th e  S i surface and th en  th e p lasm on im age ob ta in ed . H ow ever, th e  exam in ation  o f  

m eta l film  surfaces is certa in ly  o f  in terest in  itse lf; o n e  p ossib le  im m ed iate  

ap p lica tion  o f  surface p lasm on m icroscop y is th e  investigation  o f  ox id a tion  and  

an od ization  p rocesses o n  alum inium  film s.

T h e  use o f  surface p lasm ons for spatial light m odulation  is very  p rom ising. 

Im m ediate im provem en ts in  sen sitiv ity , sp eed  and phase uniform ity  are ind icated , 

and ex c itin g  p rospects ex ist for th e use o f  en tire ly  n ew  active  th in  Him tech niq ues  

to  w h ich  th e use o f  p lasm ons is idea lly  su ited . T h e  resolu tion  lim it im p osed  by th e  

d eca y  len g th  is accep tab le  ev e n  for silver, and cou ld  b e im proved  con sid erab ly  by
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use o f  a lossier m eta l, a lb e it w ith a corresponding reduction  in  sen sitiv ity . T h e  use  

o f  grating rather than  prism  coupling in  a p lasm on  SLM  also  warrants investigation , 

th is w ould lead  to  a p lanar geom etry  w hich  cou ld  b e m ore co n v en ien t for  so m e  

im p lem en tation s. W h ile  o n ly  liquid crystal d ev ices  have b een  constructed  to  d ate , 

im p lem en tation s usin g  active  sem icond u ctor structures are currently b e in g  con sid ered . 

If p lasm ons are gen erated  w ith  part o f  th e fie ld  in  a sem icond u ctor in  con tact w ith  

th e  m eta l, th en  flood in g  th is jun ction  region  w ith  carriers cou ld  a lter  th e  op tica l 

p rop erties o f  th e  sem icon d u ctor su fficien tly  to  m od u late th e p lasm on  resp on se . T h is  

flo o d in g  cou ld  b e con tro lled  in  an  op tica lly  addressed con figu ration  b y  p h oton  

gen eration  o f  carriers in  an oth er layer. D esig n s a long  th ese  lin es  are currently  

b ein g  investigated .
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