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Guided wave surface polaritons (GWSPs) propagating in a dielectric slab adjacent to a metal 
surface are investigated both theoretically and experimentally. It is shown that GWSPs can be 
used for high-resolution analysis of dielectric surfaces by means of the well-known attenuated 
total reflectance technique. From our experimental results we conclude that changes in the 
system equivalent to the adsorption of 1/30 of a monolayer can easily be resolved. A well- 
established surface characterization method, which had been restricted to few systems up to 
now, is thus immensely generalized. 

Optically excited surface plasrnons (SPs) have been 
used by many authors for metal surface characterization by 
means of the attenuated total reflectance (ATR) tech- 
nique.'-"nder certain conditions, the SPs at the metal sur- 
face under investigation can be excited: resonantly, which 
gives rise to a sharp dip of the reflected Iight intensity. T h e  
shape of the resonance curve carries information about the 
structure of the surface and its coverage with adsorbed films. 
For instance, a dielectric coverage results in a shift of the 
resonance angle 8, which i s  roughly given by 

A#, = b ( ~  - 1 )D, ( 1  1 
where D and E are the thickness and dielectric constant of the 
covering layer, respectively. and b is of the order of 0.1 
deg/nm.' On a silver surface, the SP resonance is exception- 
ally narrow, so the adsorption or desorption of a layer with 
thickness of the order of 1 A is we11 detectable.4n5 Besides its 
high sensitivity, this method has considerable advantages 
compared to other optical surface analysis techniques, e.g,, 
its stability against strain-induced birefkingence in the opti- 
cal apparatus and the simplicity of the setup. However, it 
lacks versatility, because the SP resonances are not equally 
sharp in all metals; in fact, by far, most of the work done in 
the field of SPs deals with noble metal surfaces for this m- 
son. Consequently the use of SPs for surface analysis has 
been restricted to few systems up to now, in fact, mainly to 
the silver surface. 

In this letter we propose an improved A m  technique, 
which involves so-called guided wave surface polaritons 
(GWSPs), and can be used to characterize the surfaces of a 
wide class of dielectric materials. In our type of setup, the 
dielectric, whose surface is to be investigated, forms afilm on 
a metal surface, thick enough for consideration as a bulk 
sample ( > 0.5prn). In the film, guided waves can propagate 
which couple to the free-electron plasma in the metal, fom- 
ing the GWSPs.' These can be excited optically in the same 
way as SPs using TM polarized Iight (see inset in Fig. I ) ,  
yielding similar dips in the refleeted light intensity when the 
resonance condition is satisfied. It is the aim of this letter to 

We have investigated numerically an ATR configura- 
tion, consisting of a glass prism ( E  = 2.2955),  a 53 nrn silver 
layer [ E  = - 18.35 + 0.55i (Ref. 73 1 ,  a dielectric overlayer 
[ E  = 2.179 correspnding to bulk polymetylmethacrylate 
(PMMA)], and an adjacent vacuum half-space. The: nd- 
sorption of dielectric material onto the PMMA overlayer 
was modeled by sIighrly changing the overlayer thickness. 
Calculations were carried out using the transfer matrix 

A divergence of the detecting 'FM laser beam 
(A = 632.8 nm) of 0.06' ( 1 rnrad) has been taken into 
account by convolution of the calculated reflectivity curve 
R (0) with a Gaussian profile. In Fig. 1 the calculated reflec- 
tivity of the layer system is plotted as a function of the angle 
of incidence for a thickness of the dielectric layer of D = 1.2 
pm. It shows four GWSPs; the SP resonance can no longer 
be excited at that thickness (cf. Fig. 2). 

The dependence of the number and the position 8, of the 
GWSP resonances on the thickness of the waveguide layer is 
illustrated in Fig. 2. Obviously, for every GWSP mode, its 
resonance position is most sensitive to changes of the thick- 
ness of the layer when 8, is smalI, i.e., in the vicinity of the 
total reflectance angle. We now defrne the sensitivity S of a 

show that the sensitivity of these GWSP modes to changes of 
FIG. 1. Calculated reffectivity [for TM polarized light) rs the angleof inci- the dielectric surface, e.g., the adsorption of an additional for the canfiguration the inset, four reSQnanccs 

dielectric layer, is comparable to that of the SPs at the metal the GWSPS with mode indica 4, 3. 2. and 1, fmm left to right. me 
surface. thickness of the PMMA layer is 1 . 2  prn. 
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FIG. 2. Dgendence o f  the rmnance angles Q,, of the SPs and the GWSPs 
on the thtcknessofthe wavtpuidelaycr ( I 'MMA)  Theanplenftotal reflec- 
tance is  marked by an arrow. The numbem denote the mDde ~ndices  for the 
first four GWSPv. 
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GWSP resonance by the product ofthe resonance angle shift 
and the second derivative of the reflectivity curve taken at 
the rmonance angle B,, (this is justified by the experimental 
procedure described below ) : 

This quantity describes the capability ofa GWSP to resolve a 
change in the waveguide thickness D and, consequently, a 
thin additional dielectric coverage. 

A survey of  the calculated sensitivity of a large number 
of modes is given in Fig. 3. The angle of incidence was fixed 
to 43" in this case. On increasing the waveguide thickness, 
the GWSP resonances appear successively; their mode in- 
dices are given on top of the diagram. The vertical scale 
shows the quantity S. The two sets of data points show the 
effect of the laser h r n  divergence on S. This reflects the 
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FIG. 3. Log-log plot of the calculated wnsitivity Sof the GWSP nearmt to 
the total rcfltctance angle (at 43') vs the waveguide thickn-F Thc wm- 
spondtng m d c  indcx can lx taken horn the top scale. Note that not all 
modes arc shown. 

TABLE 3 .  D~e lec tnc  cnveraec q u ~ v a l e n t  to replacement of rurround~ng 
Ras 

Equivalent 
Coating matenal d coverage ( A  ) 

(waveguide) F (pm) Mode index For t = 2 

. . . . . . 0 SP 2.43 
PMMA 2.179" O h  2ndGWSP 2.04 

mica 2.34h 17.4 65thGWSP 2.0 
glasr 2.296 41.4 149th GWSP 2.1 

'Taken from bulk PMMA. 
' ~ v e r a ~ e d  n, = 1.527, n: = 1.556 (Ref. 1 1 ) .  

cxtrcmc sharpncssofthc higher order GWSP modes: the 5th 
and the ROth mode, for example, have a full width at half 
maximum of 0.06" and 0.0025", respective1 y (when the reso- 
nance angle is in the vicinity of 43'). The shift d#JdD tends 
to zero with increasing mode index, yielding a decrease of S. 
For low mode indices, however, the sensitivity S is compar- 
able to, or even exceeds, that of the surface plasma reso- 
nance. 

For an experimental test of the sensitivity of GWSPs on 
coverage of the dielectric surface, one would need an inde- 
pendent and reliable method to vary and control the cover- 
age of suitable adsorbates on a monolayer scale. Without 
such a technique presently at hand, we have chosen a simple 
alternative procedure: The air adjacent to the surface under 
investigation was replaced by hellurn gas, which changed the 
dielectric constant of the whole half-space from 
E = 1.090 276 to F = 1.000 035." As can be shown numeri- 
cally, this has just the opposite effect on the resonances as 
covering the waveguide layer with approximately 2 of a 
dielectric material with 6 = 2 (the exact value of the equiva- 
lent coverage depends on the mode numher and the dielec- 
tric constant of the waveguide layer; it can be taken from 
Table I I .  The experimental setup was a standard ATR con- 
figuration as desctilxd earlier (see for instance Ref. 12 }. A 
He-Ne laser (632.8 nm ) was used for the G WSP excitation. 
We detected the shift of the resonances by a lock-in tech- 
nique: the angle of incidence was modulated peEodically and 
the reflected intensity was Ted into a lock-in amplifier, yield- 
ing an output voltage proportional to the slope dR JdBof the 
reflectivity curve. A shift A8, of the resonance angle hence 
resulted in a signal proportional to A$, and to the quantity S 
defined in the previous section. Experiments were carried 
out with the three different dielectric coatings Iisaed in Table 
I . The PMMA film had been obtained by deposition from a 
solution of PMMA in acetone. The two other samples were 
prepared by evaporating the silver film onto the free-stand- 
ing dielectric slabs; the silver-coated side of the slab was then 
attached to the coupling glass prism with immersion fluid. 

Experimental tesults areshown in Fig. 4 for the GWSPs 
on the PMMA, mica, and glass waveguides and, for w m -  
parison, for the SPs on bare silver. The lock-in signal i s  plot- 
ted versus time. Obviously a GWSP resonance angle shift 
corresponding to the adsorption of about one monolayer 
onto a bulk dielectric surface can be detected with a sensitiv- 
ity comparable to that of the SP resonance. For example, in 
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FIG. 4. Lock-in signals obtained on replacing the air in the vicinity of the 
illuminated sample region by helium: Ia) SP on the bare silver surface; (b) 
2nd GWSP in 0.6 pm of PMMA; ( c )  65th GWSP in 17.4pm of m~ca;  ( d )  
149th GWSP in 41.4 pm of glass. The Iwk-in tlme constant was 1 s. The 
vert~cal scale i~ different for the Tour signals in order to show them all to- 
gether in one diagram. The arrows denote the replacement of air by helium 
( t ) and vice versa ( I ) .  The time scale IS  about 1 min for each trace. 

Fig. 4(b) the "noise" corresponds to about 1 J30 of a mono- 
layer. Furthermore, there is still appreciabIe sensitivity 
when the waveguide is Formed by a 0.04-mm-thick glass 
plate [Fig. 4(d ) 1. The general tendency of a decrease of 
sensitivity with increasing mode index, as suggested by the 
above theory, is confirmed by the experiment. 
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I n  conclusion, GWSPs can be used for extremely sensi- 
tive characterization of the surfaces of a wide class of bulk 
dielectric materials. Any dielectric which can be prepared as 
a film thicker than about half a micron (necessary far carry- 
ing guided waves) adjacent to a silver film can be investigat- 
ed. Our experiment suggests that the adsorption of small 
fractions of a monolayer onto the dielectric film can be de- 
tected, and further improvement appears to be possible (at 
least by reducing the divergence of the detecting laser 
beam). The resulting improved ATR technique proposed in 
this letter thus opens a wide fieId of application to a method 
which had been restricted to very few systems up to now. 
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