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The determination of the thickness and dielectric constant of thin dielectric layers by means of surface plasmon resonance is 

discussed. It appears to be impossible to determine these parameters from one surface plasmon response experiment. This is 

illustrated theoretically. Variation of the refractive index of the solution in which surface plasmon experiments were performed 
allowed us to determine these parameters separately. 

1. Introduction 

Surface Plasmon Resonance (SPR) occurs when 
light is reflected at a specific angle O,, the plasmon 
angle, in a glass substrate onto which a thin metal 
layer has been evaporated. SPR is detected by the 
decrease in reflection coefticient which occurs at in- 
cidence angles close to 0, and by the minimum at 0, 
itself. The plasmon angle depends strongly on the 
thickness and dielectric constant of a dielectric layer 
present on top of the silver layer. Therefore SPR has 
become very important for applications in chemo- 
optical sensors [ 1,2], which are designed to detect 
variations in thickness or dielectric constant of thin 
dielectric layers. 

A SPR reflection curve can be described by three 
parameters: the position of the minimum, the min- 
imum reflection coefficient and the half-width. If no 
dielectric layer is present on top of the metal layer, 
two solutions for the thickness and complex dielec- 
tric constant of the metal layer are obtained from 
these three parameters [ 31. After performing one 
more experiment or by using additional information 
the correct solution can be determined. 

In the study of the properties of solid/liquid in- 
terfaces, at which monomolecular layers can be ad- 
sorbed, it would be very useful if the average thick- 
ness and dielectric constant of such a layer could be 
separately determined. Knowledge of these quan- 

tities provides more detailed information on the na- 

ture of the adsorbed state. 
Initially it was anticipated that a dielectric layer 

on top of the metal layer could be characterized in 
a similar way by its thickness and dielectric constant. 
It appeared, however, impossible to determine the 
thickness and dielectric constant of a thin nonab- 
sorbing layer separately. In this paper we discuss 
some alternative experimental procedures which 
make this determination possible. Experimental re- 
sults of one such procedure will be presented, to- 
gether with a discussion of the accuracy that can be 
obtained. 

2. Theory 

The layer system we want to describe is shown in 
fig. 1. The actual problem is how to calculate the av- 
erage thickness d3 and dielectric constant t3 from an 
experimental SPR curve. We define the character- 
istic parameters for the SPR curve in fig. 2, where 
the reflection coefficient R is depicted as a function 
of the wavevector component k, parallel to the 
interfaces. 

The value of the reflection coefficient of the layer 
system follows from the Fresnel equations for p-po- 
larized light, which can be written as 
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Fig. 1. Definition of the layer system. 

Fig. 2. Definition of the characteristics of the SPR reflection curve. 

r1234 = 
n234 + 2234 r c?’ exp ( 2ik2 d2 ) 

n234 +Z234h2ewWz2~2) r’2 ’ 
(1) 

with 

Ejkzi-Cikzj _ Z. 

ri’ = Ejkzi + Ei k, 
=A 

’ nij 

k,, is the wavevector component perpendicular to the 
interface in medium i. It is impossible to obtain an 
exact analytical expression for kin, Akl12 and Rmin 
as a function of d3 and c3. To circumvent this prob- 
lem we approximate eq. (1); first we define 
k,= kt + Ak,, where k: is a good approximation of 
the plasmon wave vector if no dielectric layer is pres- 

ent [3,41, 

k:= Wc)&,/k--4) . (2) 

Now we make the following approximations: 
- since we are only interested in thin dielectric lay- 
ers, kmin will not be very different from kt and we 
can write 

krj = J-x 

k: Ak, 
-p 

Ej(W/C)2-k22 ’ 

- As the imaginary part of e2 is small compared to 
the other dielectric constants and Ak, is small com- 
pared to the wavevector components, the terms ei Ak, 
are neglected. 
- From the fact that d3 is small, we derive that we 
may write exp( 2ikz3d3) m 1 - 2id3k,, and we can ne- 
glect Ak, in kr3. 
- z234 is so large (order of k: ) that the contribution 
of Ak, t0 $34 can be neglected. 

Using these approximations the Fresnel reflection 
coefficient r,234 from eq. ( 1) can be written in the 

form derived in appendix A and kmin can be deter- 
mined. For the shift in kmi, due to the presence of 
layer 3 one finds 

(3) 

The difference between this approximated Akm, and 
the exact Akm, for a protein layer is smaller than 
0.5%. The change in half-width appears to depend in 
a similar way on d3 and e3, implying that no extra 
information can be obtained from this change. The 
reflection minimum Rmin does not change for thin 
transparent dielectric layers. 

Eq. (3) gives a set of possible solutions for com- 
binations of e3 and 4. For a silver layer with d2= 

53 nm, e2=-16.2+i 0.52, 1~632.8 nm, ~~~1.78 
(water) and Akm,=4.09 x lo4 m- ’ these solutions 
are shown in fig. 3. That it is not due to the ap- 
proximations that d3 and t3 cannot be determined 
separately is illustrated by the fact that the exact 
Fresnel equations yield only one SPR curve if four 
different e3, d3 pairs are chosen from the curve in fig. 
3. One therefore needs additional independent ex- 
perimental data to do a separate determination of e3 
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Fig. 3. Possible tj, Q values of a dielectric layer on top of a silver 
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Fig. 4. Layer structure with additional layer 2* with varying 
thickness to vary t,. 

and d3. Apart from + and d3 the change in kmi, de- 
pends on A, E, and t4 [ eq. (3 ) 1. One can therefore 
vary one of these parameters to obtain more than one 
line of solutions for d3, es. If these lines intersect, the 
true values of Ed and d3 follow from the intersection 
point. 

The following comments can be made: 
- Variation of A: A drawback is that fr and tJ will 
change as well and that dtJdL should be known to 
apply this method. 
- Variation of E,: This can be done by varying 1, by 
using different metals; or by depositing a dielectric 
layer 2* with varying thickness on top of the metal 
layer, as shown in fig. 4. If we represent layers 2 and 
2* as one effective layer with thickness de, and di- 
electric constant ceff, the real part of eeff changes with 
the thickness of layer 2*. den and c,~ can be deter- 
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Fig. 5. t,, d3 solutions for t.,= 1.78, 1.84 and 1.90 in the same 
situation as fig. 3. 

mined from a SPR curve in a similar way as d2 and 
t2 of the metal layer are determined, which is de- 
scribed in ref. [ 11. 
- Variation of e4: Eq. (3) can be rewritten in the form 

(4) 

This shows that varying t4 is a very effective method 
for determining d3 and e3 separately. As an example 
the calculated results for three values of C, are shown 
in fig. 5. It is clear that we obtain an intersection point 
from which the actual d3, tj value can easily be 
determined. 

3. Materials and methods 

For the experiments we used the setup shown in 
fig. 6. The laser is a polarized 10 mW HeNe laser 

Fig. 6. Experimental setup. The intensity of the HeNe laser ( 1) 
is measured with a beamsplitter (2) and a reference photodiode 
( 3 ) . The prism-cuvette system (4) can be rotated with steps of 
0.01”. The reflected intensity is measured with a second photo- 
diode (5). 
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(Spectra Physics) of wavelength 632.8 nm. With a 
beamsplitter and reference photodiode the laser in- 
tensity is measured and the signal is corrected for in- 
tensity fluctuations. A flow cell with BK7 prism and 
PIN photodiode are placed on a rotation table, which 
is driven by a stepping motor making steps of 0.0 1’. 
The temperature of the liquid in the flow cell is sta- 
bilized with an NTC resistor and a Peltier element 
(20.9 k 0.1 ‘C ). Signal handling and stepping motor 
control are done with a personal computer. The sil- 
ver layers of 53 nm were evaporated (25 A/s at 
1 x 10m6 mbar) on microscope glasses (Menzel 
GlBser ), which are subsequently coupled to the prism 
with a matching oil with n= 1.518 (Leitz). As a 
standard liquid (medium 4) a 0.1 M phosphate 
buffer (PB) pH 7.15 in deionized water is used with 
t= 1.78. For the media with higher dielectric con- 
stant we selected a liquid which mixes very well with 
water. Glycerol was chosen as it is unharmful for 
biomolecules/proteins. When the dielectric constant 
of the liquid becomes too high, the plasmon angle 19, 
is so large than it is no longer possible to reach sur- 
face plasmon resonance with the BK7 prism. There- 

fore we made solutions GL5 (0.1 M phosphate buffer 
pH 7.15 in deionized water:glycerin=5: 1; E= 1.84) 
and GL2.5 (0.1 M phosphate buffer pH 7.15 in 
deionized water:glycerin=2.5: 1; E= 1.88). 

The flow cell has a volume of 0.5 ml and the buffer 
was changed by flowing 5-7 ml of the new buffer 

through the cell. We checked this procedure by meas- 
uring the index of refraction of the bulk solution and 
the contents of the cell. 

The procedure for characterizing a layer on top of 
the silver layer was as follows: After a first mea- 
surement of the SPR curve for a bare silver layer in 
PB and rinsing the cell with GL5, the SPR curve in 
GL5 was determined. Then the same was done with 
GL2.5. This cycle was repeated three times. Subse- 
quently the whole procedure was followed for the sil- 
ver layer with the additional dielectric layer. 

The three measurements of a SPR curve under 
identical conditions should yield identical results. 
Initially this was not the case in our experiments, 
which was due to problems with the stability of the 
silver layer. We optimized the procedure by letting 
the bare silver layer stabilize for l-2 days in PB be- 
fore starting the experiment. This led to a stability 
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of the minimum position of the SPR curve of about 
0.002’ /hr. 

We tested the method by determining d3 and ej of 
a sputtered PTFE layer; for reference purposes this 
layer covered only part of the silver film, so that on 
one and the same slide the SPR curves of the bare 
silver film and the coated film could be compared. 
This can only be done when the thickness of the sil- 
ver is constant over the whole layer area. With the 
optical system consisting of prism, matching oil and 
microscope slide the plasmon angle changed by 0.06- 
0.1 ‘/mm over the bare silver layer. We interpret this 
variation as being due to the curving of the slide and 
thickness variations of the oil layer. For a silver layer 
deposited directly on top of the prism the variation 
was O-O.O2”/mm. Therefore we used silver layers 
evaporated on the prism for these PTFE experi- 
ments. In addition to this layer system, which we shall 
denote by configuration I, another layer system, con- 
figuration II, was prepared; here the silver film was 
partly covered with a single and partly with a double 
PTFE layer. 

After this series of experiments intended to test the 
method, an adsorbed protein layer, consisting of the 
antibody anti Human Serum Albumine (aHSA) ob- 
tained from Sigma, was studied. First the measure- 
ments were performed by changing the buffer as de- 
scribed above for the bare silver layer. Then aHSA 
was adsorbed to the silver film from a 0.2 mg/ml 
aHSA solution in PB during one hour. After this ad- 
sorption the procedure for changing the buffer was 
repeated for the silver-protein configuration. 

4. Results 

4.1. PTFE experiments 

Two experiments were performed with configu- 
ration I. By characterizing a layer we characterize it 
including its interface with the solution. In order to 
see whether the interface region of PTFE makes a 
sizeable contribution to the average layer character- 
istics, we also did two experiments with configura- 
tion II. New the properties at the PTFE/solution in- 
terface a%ihe same for both the single and the double 
PTFE layer. The stabilizing period of one day in PB 
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takes care of the silver interface effects. During this 
period the drift curves of the silver layer with and 
without a PTFE layer are similar, so that also with 
PTFE layer the phosphate buffer reaches the silver 
interface. SPR curves were measured on both halves. 
From the SPR curve of the bare silver (in configu- 
ration I) we calculated the dielectric constant and 
thickness of the silver layer for the different bulk so- 
lutions with the method described in ref. [ 31. For 
configuration II the same was done for the combi- 
nation of the silver layer and the single PTFE layer. 

The thickness of the additional PTFE layer which 
was subsequently characterized, was also measured 
with a surface profiler (Dektak 3030) by comparing 
the thickness of the single coated silver layer with that 
of the double coated silver layer. The same was done 
for the non and single coated silver layers. The re- 
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sults of the SPR and surface profiler measurements 
are given in fig. 7 and table 1. The dielectric constant 
of samples 3 and 4 could be determined more ac- 
curately as the value is close to the dielectric con- 
stants of the buffer solutions used. The results show 

Table I 
Determination of the thickness and dielectric constant of the 

PTFE layers from fig. 7. 

Conf. SPR Dektak 

f&+20 (A) 

&(A) 63 

I sample I 63k6 2.14 f0.03 76 

I sample 2 55+7 2.06 f0.03 66 

II sample 3 4128 1.829f0.004 29 

II sample 4 20+1 1.829f0.004 16 
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Fig. 7. The dielectric constant and thickness of four PTFE layers with configuration I (samples 1 and 2, top left and right) and contigu- 

ration II (samples 3 and 4, bottom left and right). 
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Fig. 8. The dielectric constant and thickness of two aHSA layers (samples 5 and 6). 

that the dielectric constant of the top layer is differ- 
ent for configurations I and II and thus the nature of 
the interface can indeed contribute to the average di- 
electric constant. As it is beyond the scope. of the 
present paper we will not discuss this point further. 

4.2. aHSA 

We did two experiments with aHSA on top of a 
silver layer. With eq. (3) the e3, d3 pairs were cal- 
culated and the results are given in fig. 8 and table 
2. The thickness is small as only a small amount of 
aHSA was adsorbed to the silver. The dielectric con- 
stant is of the same order as the values given in ref. 
[ 51, but depends on the kind of metal used as a 

substrate. 

4.3. Accuracies 

The errors given in the above mentioned results 
were determined by averaging the three intersection 
points in figs. 7 and 8. It is better to determine the 
accuracy by looking at the influence which the ex- 
perimental errors have in the calculations. 

Table 2 
Determination of the thickness and dielectric constant of the two 

aHSA layers from figure 8. 

d3 (A) e3 

sample 5 29?7 2.15kO.09 

sample 6 38?6 2.21 f0.07 
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Both SPR curves of bare 53 nm silver and of pro- 
tein coated (d3=27 A, ~~~2.14) silver were C&U- 

lated in PB, GL5 and GL2.5. We varied the different 
parameters with the measuring errors and did the 
calculations with eq. (3). The results are given in ta- 
ble 3. This gives an error of about 6 A in d3 and about 
0.05 in e3 for the ctHSA layers. 

The error is mainly determined by the error in 
Ae,i”. The errors compare well with the errors de- 
termined experimentally from the intersection points. 
The accuracy of the measurements can be improved 
when the stability is improved. Presently the limit- 
ing factor seems to be the stability of the silver layer. 
Therefore it may be important to find a protecting 
layer for the silver or to use a different metal layer. 

Another improvement can be made when the layer 
characteristics are approximately known before- 
hand, for example, after initial SPR experiments. 
From figs. 7 and 8 it can be seen that for very thin 
layers the error in e3 increases, whereas for thicker 
layers the error in d3 increases. To obtain the small- 
est errors in the layer characteristics, t, must be 

Table 3 
The errors in the thickness and dielectric constant due to the ex- 

perimental errors for a 27 A thick layer with t = 2.14. 

Variable Experimental Error 

error in d3 (A) 
Error 

in e3 

6, 0.1 0.7 0.009 

0.001 0.3 0.003 

0.02 5 0.036 



Volume 82, number 56 OPTICS COMMUNICATIONS 1 May 1991 

changed by changing wavelength or type of metal or 
by using adlayers, in order to obtain an optimum sit- 
uation for the experiments. Also the dielectric con- 
stants of the bulk solutions could be chosen optimal, 
but this may mean that one has to use a different 
prism as well, in order to be able to excite the plas- 
mon resonance. 

5. Conclusions 

We have presented a method for characterization 
of a thin dielectric layer on top of a silver layer by 
its thickness and dielectric constant. We use the SPR 
to do so and measure the shift in SPR parameters 
caused by the thin layer. 

From the different possibilities to overcome the 
fact that an infinite number of e3, d3 combinations 
can cause the same shift in plasmon resonance curve, 
we prefer to change the dielectric constant of the sur- 
rounding bulk medium. We do realize that this may 
cause problems if thin dielectric layers are used, 
whose optical properties may be affected by the 
properties of the bulk medium. In view of this the 
results obtained are encouraging and we expect that 
the method described here will be of use if knowl- 
edge of the fundamental properties of layers at a sur- 
face are required. 

An interesting point is that in experiments with 
PTFE layers we demonstrated that- the dielectric 
constant of the PTFE layer is influenced by the in- 
terface with the surrounding solutions. This has to 
be taken into account in general when describing thin 
layers at the interface with a solvent. 

Appendix A 

With the approximations given in the theoretical 
part r1234 can be written as 

k,-(P+ir’)-(r+-irrad) 
“234= k,_(~+i~i)_(r++i~“d) r’2’ 

R= lr123412 

4r’rad 
= ‘- (kx_~_-+)2+(~+rrad)2 

> 
lr12 I2 7 

with 

P=k:+C/D, r’=BID, 

T+=A Re(r12) exp(2ikz2d2)lD, 

Pd=A Im(r,2) exp(2ikz2d2)/D, 

A=2t4t6+(t,t6--t2t6+t&+tstg)d3kz3, 

B=t,&-t,t6-(tSt6+t,t8)d3kr3, 

C=(t,t6+t2t6+t4t8-t&)d3k,s, 

D=t2tg-t6t,3+(t3t6+t,t, 

+tzt,+t5t9-t4t9_tst,3)d3ks3, 

with 

tl =f3Ei(t,-CEq) J f3G--3t4--t,E4 9 

t2=2~~(~3tr-~3E4-E,E4), 

f3=26Jw4(G--tq) > 

t4 =2EfE, E3 cr - E3 t4 - E,E4 > 

t5=2ti~,(E,E3-_3Eq_Eqt,) 9 

t6=E:(t,t3--3~4--4t,) ) 

t7=4&4tG--4) 7 

t* =t3c: t36--3~4-t4% 9 

t9 =E3JcG?G=a J ~3%--3f4-t4% 7 

t13=2c3t, (E:/G)(G--E4) t3t,-eEjtq--EqE,. 

From the equation for R it can be seen that 

kmin =P+T+ 

=k:+C/D+ARe(r,,) exp(2ikzzd2)/D 

=kmin,bare silver 

+ 

431 



Volume 82, number 5,6 OPTICS COMMUNICATIONS lMay1991 

For Ed= 1 this is the same equation as found by 
Kretschmann [ 2 1. 
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