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The influence of the metal film thickness (i.e., the chromium adhe-
sion promoting film and the gold film) on the sensitivity of surface
plasmon resonance (SPR) signals (i.e., resonance angle shift and
reflectance change) towards the thickness variation of the nonab-
sorbing dielectric film is investigated. The sensitivity of reflectance
change decreases when a thick chromium film or a thin gold film
is employed. Its linear range becomes narrower as the thickness of
the metal films increases. The sensitivity and linear range of the
resonance angle shift are not affected by the thickness variation of
the metal films. The phenomena wer e theoretically explained based
on the attenuated total reflection (ATR) generated evanescent field
at the prism/metal interface and the SPR-generated evanescent field
at the metal/dielectric interface.

Index Headings: Surface plasmon resonance; SPR; Metal film; Sen-
sitivity; Evanescent field.

INTRODUCTION

Surface plasmon resonance (SPR) spectroscopy is a
powerful affinity biosensor for quantitative analysis of
interactions at the surface of the noble metal film. The
technique exploits the surface plasmon wave propagating
along the surface of the thin metal film for probing re-
fractive index and/or thickness variation of the thin di-
electric film attached to the metal surface.*= The highly
surface sensitive nature of the SPR-based biosensors is
derived from the unique characteristic of the SPR-gen-
erated evanescent field at the metal/dielectric interface
under the total internal reflection condition. The evanes-
cent field is strongest at the metal/dielectric interface due
to the resonance coupling between the incident radiation
and the surface plasmon wave. The evanescent field de-
cays exponentially into both the metal film and the di-
electric media. The rapid decay of the evanescent field
makes SPR-based biosensors very sensitive to thickness
and/or refractive index changes of the thin dielectric film
attached to the metal surface.*

Surface plasmon resonance is extensively employed as
a biosensor for monitoring specific interactions at inter-
faces (i.e., enzyme—substrate, antigen—antibody, receptor—
ligand, and drug—protein interactions) and as a highly
sensitive technique for monitoring physicochemical phe-
nomena (i.e., chemical reactions, absorption, degradation,
and protein hybridizations) associated with thin dielectric
films. The physicochemical phenomena at the metal sur-
face induce dielectric constant and/or thickness changes
of the functionalized dielectric film. The changes shift the
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resonance condition of the surface plasmon wave, which
can be observed experimentally as SPR curve shifts. The
linear relationship between the SPR signals (i.e., the re-
flectance at an angle dlightly lower than the resonance
angle™° or at the resonance angle'*-'%) and the refractive
index and/or thickness of the dielectric film enables SPR
spectroscopy for quantitative analysis of the interac-
tions.2®> By monitoring the SPR signals as a function of
time, the kinetics of the binding phenomena or progress
of the interactions can be studied in real time.”5

In the SPR biosensor chip fabrication, a thin film of a
transition metal (i.e., Cr, Ti, or W) is generally employed
as an adhesion promoter between the noble metal film
and the glass substrate. A thin adhesion promoting film
up to afew nanometers thick is normally coated onto the
glass substrate prior to the deposition of an ~50 nm thick
noble metal film.15-20 The thin transition metal film not
only improves the adhesion but also enhances the stabil-
ity of the noble metal film. The noble metal film without
a thin adhesion promoting layer cannot withstand harsh
chemical treatment (i.e., cleaning by a strong oxidizing
agent) or becomes unstable under potential cycling in
voltammetric experiments.®

This paper shows that the linear response and sensitiv-
ity of the SPR signals are governed by the SPR-generated
evanescent field at the metal/dielectric interface and the
attenuated total reflection (ATR) generated evanescent
field at the prism/metal interface. The influences of the
thickness of the chromium adhesion promoting film and
the gold film on the sensitivity and linearity of the SPR
signals will be theoretically explained based on the eva-
nescent field profile within the metal film.

THEORY

The SPR reflectance R(6) of a multilayer can be ex-
pressed in terms of the dielectric constants of the mate-
rials in the sensor architecture and the evanescent field
by21,22

R(O) = 1 — A(®6)

2\ 1 N 4t . 5
=1 - (T) ) ,:21 [L Im(g;}E2(0)) dz

where 6 is the angle of incidence, A(0) is the absor ptance,
\ is the wavelength of the coupled radiation, £ is the
complex dielectric constant of the jth layer, and (E2(6))
is the mean square evanescent field at a distance z from
the prism/metal interface. N is the number of layersin
the sensor architecture with the metal film next to the
prism as the first layer. k(0) is the z-component of the

1

APPLIED SPECTROSCOPY 661



wavevector in the prism. k,5(6) can be expressed in terms
of the x-component of the wavevector k(0) by

Kp(0) = [(2w/N)2ep — K25(0)]¥2  with
Ke(0) = (2m/\)[epSiN?0]V/2

ep IS the dielectric constant of the prism. The detailed
derivations of the reflectance and the evanescent field are
given elsewhere.?-23

For SPR of nonabsorbing di€electrics, the absorption of
the metal film is the only source for the attenuation of
the reflectance. If the metal film consists of two or more
layers (i.e., a chromium adhesion promoting film and a
gold film), the reflectance can be expressed in terms of
the optical constants of the metals by??

27 2 1
RO)=1- (T) ko (0)

X

der
f Im(c, )EZ(0)) dz

0

der+day
+ f Im(g,,)(EZ(0)) dz &)
d

Cr

where d., and &, respectively, are the thickness and
complex dielectric constant of the chromium film, while
d,, and g,, are those of the gold film.

Although the optical properties of the nonabsorbing
dielectrics do not appear in the equations, their influence
does exist in the observed SPR curves. The nonabsorbing
dielectric does not contribute to the reflection loss but
governs the resonance condition. The resonance angle in-
creases without a significant change of the reflectance
minimum as the thickness and/or refractive index of the
nonabsorbing dielectric film increases.?'??

EXPERIMENTAL

LaSFN9 glass wafers (20 X 20 X 2.5 mm, Schott Glas,
Germany) were cleaned and coated with an ~50 nm thick
gold film via a commercialy available thermal evapora-
tion instrument (Edwards FL400, England) at a deposi-
tion rate of 0.1 nm/s under an ultra-high-vacuum condi-
tion. One of the wafers was coated with an 0.5 nm thick
chromium film prior to the deposition of the gold film.
The self-assembled monolayer (SAM) was fabricated by
immersing the gold-coated wafers in athiol solution (500
wM of 11-mercaptoundecanole in absolute ethanol) over
night at room temperature. The prepared substrates were
rinsed thoroughly with absolute ethanol, blow-dried with
dry nitrogen, and kept under an argon environment until
being used. Conventional angle-scanned SPR experi-
ments with a right-angled prism were performed at room
temperature (21 = 2 °C) with water as a semi-infinitely
thick nonabsorbing dielectric substrate. Detailed descrip-
tions of the measurement procedure are given else-
where. 222

RESULTS

For an SPR experiment under the Kretschmann-Raeth-
er ATR setup, the surface plasmon resonance phenome-
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non takes place under the total internal reflection condi-
tion where the angle of incidence is greater than the crit-
ical angle 6. According to the angle-scan SPR curvein
Fig. 1A, the onset of the total internal reflection phenom-
enon is indicated by the abrupt increment of the reflec-
tance at 47.37° while surface plasmon resonance is ob-
served at 56.70°. Due to the resonance coupling between
the incident radiation and the surface plasmon wave, the
evanescent field in the metal film has two origins: a weak
ATR-generated evanescent field at the prism/metal inter-
face and a strong SPR-generated evanescent field at the
metal/dielectric interface.??2 The evanescent field ampli-
tudes in Fig. 1C indicate that the SPR-generated evanes-
cent field governs the reflectance near the resonance an-
gle while the ATR-generated evanescent field governs
that far away from the resonance angle. At an angle
slightly above the critical angle, arelatively constant and
high reflectance is observed. The high reflectance in this
region is due to the small absorption of the gold film
associated with the weak ATR-generated evanescent
field. Asthe angle increases, an onset of the surface plas-
mon resonance is observed. The reflectance is attenuated
to a minimal value as the incident angle reaches the res-
onance angle. The small reflectance in this region is due
to the high absorption of the gold film associated with
the strong SPR-generated evanescent field. Although the
reflectance is directly related to the evanescent field, as
shown in Eg. 1, the resonance angle is slightly greater
than the angle with maximum evanescent field at the met-
al/dielectric interface (see Fig. 1). This difference is due
to the decay characteristic of the SPR-generated evanes-
cent field in the metal film where the field decays with
the angle of the field maximum tailing towards the great-
er angle.?

The shaded area in Fig. 1 indicates the angular region
with a relatively constant slope AR/Afe. Under the em-
ployed sensor architecture, the region covers approxi-
mately 0.9°. Beyond this region, a nonlinear relationship
between the reflectance and the incidence angle is ob-
served. Since the resonance condition is strongly depen-
dent on the optical property of the dielectric medium at-
tached to the gold film, the physicochemical phenomena
at the interface that induce the refractive index and/or
thickness variation thus shift the resonance angle. If the
dielectric media are not absorbing, the resonance angle
shifts without a significant change in the curve shape and
the reflectance minimum.?? As a result, by monitoring the
reflectance at an angle slightly smaller than the resonance
angle (i.e., 8egerve)’© Or by monitoring the resonance
angle shift,*-15 the physicochemical phenomena at the in-
terface can be followed in real time. According to Fig.
1, the angular region with the constant slope corresponds
to the region with the minimum ATR-generated evanes-
cent field. This implies that, within this angular region,
the metal film near the prism/metal interface has very
small contribution to the reflection loss of the SPR curve.

Figure 2 shows experimentally observed SPR curves
without and with a 0.5 nm thick chromium film. Al-
though the reflectance in the SPR-dominated regions of
both curvesis very similar, the presence of the thin chro-
mium film can be noticed from the ATR-dominated re-
gion.

It iswell known that the dielectric constant of the met-
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Fic. 1.

(A) SPR curve; (B) absorptance (solid line) and reflectance at the air/prism interface (broken line); and (C) the ATR-generated evanescent

field at the prism/metal interface on the metal side (at z = 0*) and SPR-generated evanescent field at the metal/dielectric interface on the metal
side (at z = dj,). The shaded area indicates the angular region with relatively constant slope AR/A6e. The simulation parameters are shown. The
reflectance and absorptance are corrected for the reflection at the air/prism interface.

al film changes with its thickness due to electron scatter-
ing at the film boundary. However, for simplicity of the
simulation and the evaluation of the influence of the film
thickness, the optical constant of the metal film is as-
sumed constant and is independent of the metal film
thickness. As shown in Fig. 3, reflectance in the ATR-

dominated region of the sensor chip without a chromium
film is relatively constant. The reflectance in the ATR-
dominated region of the sensor with chromium, on the
other hand, decreases as the thickness of the chromium
film increases. This is due to the absorption of the chro-
mium film associated with the ATR-generated evanescent
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FiG. 2.

Experimentally observed SPR curves from sensor chips without a chromium film (open circles) and with a 0.5 nm thick chromium film

(open sguares). The Fresnel fits are superimposed on the observed SPR curves. The simulation parameters with water as an ambient substrate (e
= 1.778) are shown. The complex dielectric constant of chromium is obtained from Ref. 26.
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FiG. 3.

(A) SPR curves; (B) absorptance of gold and chromium films; (C) the ATR-generated evanescent field (at z = 0*) and the SPR-generated

evanescent field (at z = d,); and (D) the A, /A,, ratio at chromium film thicknesses of 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 nm. The simulation

parameters are shown.

field. Although the ATR-generated evanescent field is
very weak and does not change significantly as the thick-
ness of the chromium film increases (Fig. 3C), absorption
of the chromium film can be noticed. Due to the high
absorption index of the chromium film, its presence can
be detected with a film only a few nanometers thick.?-2+27
Unlike the ATR-generated evanescent field, the SPR-gen-
erated evanescent field decreases substantially as the
thickness of the chromium film increases. According to
Fig. 3B, the absorption of the gold film decreases with a
dight decrease of the angle with absorption maximum
while the increased absorption of the chromium film
shifts the resonance angle to a greater value. Although
the increased absorption of the chromium film near the
resonance angle cannot compensate for the decreased ab-
sorption of the gold film (due to the decreased evanescent
field), it does increase the resonance angle. It should be
noted that the large decrement of the ATR-generated ev-
anescent field in Fig. 3C is associated with the change in
the sensor architecture (i.e., from prism/gold/dielectrics
to prism/chromium/gold/dielectrics).

Figure 4 shows SPR curves, the reflectance observed
at fegperves @nd the resonance angle as the thickness of
the dielectric film increases. The linear change of the re-
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flectance is observed when the thickness increment is not
too high. If the thickness increment is too high, the re-
flectance at 6eg,eve IS OUt Of the linear region (i.e., the
region within the shaded area in Figs. 1 and 3). With the
dielectric constant of the dielectric film ep;gectricrim = 2-25,
an onset of the deviation of the reflectance (at 6egpeve =
55.9°) from linearity is observed when the thickness in-
crement is greater than ~5 nm. The slope AR/Adp;qectricriim
of the R—dp;geuricriim POt €quals 0.049 RU/nm in the linear
region. For the sensor architecture with a 1 nm thick
chromium film, Fig. 4B, the reflectance is observed at
B€0perve = D6.0° (the slightly greater 6eg,e.. COMpensates
the increased resonance angle when the chromium film
is present). Although the onset of the nonlinearity of the
reflectance change is observed at approximately the same
thickness of the dielectric film as that of the system with-
out a chromium film, the slope of the R—dp;geqricriim PIOt
is smaler (AR/Adpigectriceim = 0.045 RU/nm). For the 3
nm chromium film, Fig. 4C, an onset of the nonlinearity
is observed at approximately the same dielectric film
thickness, ~5 nm at epigeatricrim = 2-25. However, the
slope of the R-Opgeciricriim POt is smaller (AR/Adpaericriim
= 0.040 RU/nm). The observed phenomena correspond
to the smaller slope AR/A6e within the angular region
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Fic. 4. The SPR curve, the resonance angle (dotted lines), and the reflectance monitored at €y, (SOlid lines) as the thickness of the nonabsorbing
dielectric film increases. Thickness of the chromium film: (A) 0 nm; (B) 1 nm; and (C) 3 nm. The simulation parameters are shown.

where the reflectance shift is monitored (see the shaded
area in Fig. 3A). This implies that sensitivity of the re-
flectance change monitored at 6€,.. decreases as the
thickness of the chromium film increases.

According to Fig. 3B, as the angle is decreased below
the resonance angle, the absorption of the chromium film
shows a U-shape variation. The contribution of the chro-
mium film is not constant over the angular region. The
influence of the chromium film becomes stronger as its
thickness increases. The U-shape contribution of the
chromium film results in the S-type curve shape in the
R-dpigecricrim PlOtS. Although the S-type curve shape is
not obvious in Fig. 4B due to the small absorption of the
thin chromium film, the influence of chromium absorp-
tion is obvious in the sensor chip with a thicker chro-
mium film.

In contrast to the R—dpqearicriim PIOt, the constant slope
of the 6espr—piaectricriim PlOtS (AB€spr/Adpigeciricriim = 0.186
degree/nm at epgecricrim = 2-25) indicates that the chro-
mium film does not have any influence on the sensitivity
of the resonance angle shifts.

A similar phenomenon is also observed when a gold
film of different thickness is considered. Under the em-
ployed complex dielectric constant (¢ = —12.70 + i1.40),
the optimal thickness of the gold film is 45.63 nm. As
shown in the shaded area of Fig. 5A, an SPR curve with
a steep slope together with the minimal reflectance min-
imum is observed when an optimally thick gold film is
employed. When a gold film with a thickness less than
the optimal value is employed, a broader SPR curve with
a greater reflectance minimum, a greater resonance angle,
and a less steep slope near the resonance angle are ob-

served. When a gold film with thickness greater than the
optimal value is employed, an SPR curve with a slightly
smaller resonance angle and a greater reflectance mini-
mum is observed. The SPR curve shape does not change
significantly from that with the optimal gold thickness
(Fig. 5A). These phenomena are attributed to the SPR-
generated evanescent field, see Fig. 5B. The field at the
metal/dielectric interface is greatest when the optimally
thick gold film is employed. The SPR-generated evanes-
cent field decreases when the gold film is thicker or thin-
ner than the optimal value. The slope within the shaded
region becomes less steep when the gold film is thinner
than the optimal thickness. The slope is slightly greater
as the thickness of the gold film is increased beyond the
optimal thickness. The angle with the field maximum is
dightly decreased as the thickness of the gold film in-
creases. Although the angle at the field minimum of the
ATR-generated evanescent field shifts slightly towards
the greater angle as the thickness of the gold film increas-
es, the field amplitude at the resonance angle does not
change significantly.

Due to the slightly increased slope AR/A6e within the
shaded angular region in Fig. 5A, a slightly greater sen-
sitivity of the reflectance change at 6eg,q. towards the
thickness variation of the dielectric film is expected when
a thick gold film is employed (see Fig. 6). The slope of
the R—dpigericrim PlOtS increases as the thickness of the
gold film increases (i.e., AR/Adpigectricriim 0.0319,
0.0464, 0.0478, and 0.0500 RU/nm, respectively, for d,,
= 40.63, 45.63, 50.63, and 55.63 nm). However, the lin-
ear range of the R—dp;yeuricriim PIOt 1S slightly decreased as
the thickness of the gold film is increased beyond the

APPLIED SPECTROSCOPY 665



O.BE A
8 0.6
c Y. -=.
© F l 5@‘\[ ’isaz.anm
U - -
0.4 . f';ss dAu (nm) GeSPR
PN -12.70 + i 1.40 :g':: ::'3:_::
| Lz L 50.63  56.69°
0.0 . . 55.63  56.64°
6 dAu (nm) fe(max) B
L 06 40.63  56.61°
- 45.63  56.53°
e by = 0. =0t 50.63 56.48°
4 @Z 0 55.63 56.46°
Tl =~
Tl 54
45 50 55 60 65

Measured incidence angle fe (degree)

Fic. 5. (A) The SPR curves and (B) the ATR-generated evanescent fields and the SPR-generated evanescent fields at various thicknesses of the
gold film (40.63, 45.63, 50.63, and 55.63 nm). The inserted tables show the corresponding resonance angle and the angle with the maximum SPR-
generated evanescent field. The arrows indicate the direction of the thickness increment. The simulation parameters are shown.

[ 59
I 0.8 — ] e opserve = 55.9° | A: d,, =40.63 nm _.~
So.6f il ' i
E ' aty A632.8 nm 8
0.4 é
% 3.4036
unm -12.70 + i 1.40
o 0.2f dAd nm 2.25 57
b . 1.778 (i . . I I il
0.8 -/' eopserve = 55.9° B: dAU =45.63 nm
10}
20.6f
E 58 g
o4} &
© d 2
@ 0.2¢ 0,2,4,6,8 10 nm 57%
0.0 i
0.8f s
U O T {‘D
il o
8 0.6} i
8 58
304} 3
"'q__) d
@ 0.2} 0,2 .4, 6,8, 10 nm 57
0.0
0.8f _ i
80 i
LCU i 58
§0.4-
= d
@ 0.2} 0,2,4,6810nm 57
_— 1
0.0 :

50 55 YA T TR T
Measured incidence angle &e (degree) Thickness d (nm)

Fic. 6. The SPR curve, the resonance angle (dotted lines), and the reflectance monitored at 6eg,e.. (SOlid lines) as the thickness of the nonabsorbing
dielectric film increases. Thickness of the gold film: (A) 40.63 nm; (B) 45.63 nm; (C) 50.63 nm; and (D) 55.63 nm. The simulation parameters
are shown.

666 Volume 59, Number 5, 2005



optimal thickness. This is due to the weaker SPR-gen-
erated evanescent field and the U-type curve shape of the
ATR-generated evanescent field (see Fig. 5B).

Although the resonance angle decreases as the thick-
ness of the gold film increases, the constant slope of the
0€spr—Upigectricriim PIOtS iN Fig. 6 (ABespr/Adpigeciicrim =
0.186 degree/nm at epgecricrim = 2-25) indicates that the
gold film does not have any influence on the sensitivity
of the resonance angle shifts.

DISCUSSION

The constant slope of 6egpr—Upigectricriim PIOtS in Figs.
4 and 6 is due to the independent nature of the evanes-
cent field maximum from the thickness of the metal film.
Under the employed conditions, the resonance angle in-
creases slightly as the thickness of the metal film in-
creases. The reflectance monitored at 6eg,e depends
strongly on the thickness of the metal film. The sensi-
tivity of the reflectance change (indicated by the slope
AR/Adp;gearicrim) towards the variation of the dielectric
film thickness decreases as the thickness of the chro-
mium film increases. The sensitivity also decreases as
the thickness of the gold film decreases. The decreased
sensitivity is associated with the weaker SPR-generated
evanescent field within the observed region (i.e., the
shaded areas in Figs. 3 and 5). The absorption with U-
type curve shape of the chromium film is responsible
for the narrower linear range of the R—dy;qectricrim PIOLS.
Although the slope of the SPR curve within the shaded
region does not change significantly, the decreased SPR-
generated evanescent field, as the thickness of the gold
film is increased beyond the optimal thickness, narrows
the linear range of the R—dp;gectricriim PIOLS.

Although the linear range of the 6espr—dpiaecricriim PIOt
is much greater than that of the R—dpiqyecticrim PlOt, the
experimental operation of the latter is inherently more
robust since it does not involve the angular scan (i.e.,
near the resonance angle). Thus, a system with fast
changes can be followed in real time by monitoring re-
flectance change at a fixed angle 6eg,ee- The narrow
linear range of the R—dp;qecricrim PIOt CaN be overcome by
changing the e, t0 a greater angle when nonlinearity
is reached. The linear range for the reflectance shift can
be estimated from the observed angle-scan SPR curve.
The modification of the 6ey.... Can be programmed and
executed as the defined reflectivity is reached.*? The lin-
earity of the R—dpjgericrim PIOt IS retained at the new
Beonerve SiNCE the SPR curve shifts without a significant
change of the curve shape and reflectance minimum as
the thickness of the nonabsorbing dielectric increases.

CONCLUSION

Although the ATR-generated evanescent field is very
small compared to the SPR-generated evanescent field,

the large imaginary part of the complex dielectric con-
stant of the thin chromium adhesion promoting metal film
makes its absorption significant. The progress of the in-
teraction monitored by the reflectance change, although
having advantages for following rapid phenomena, suf-
fers from the dependence of the reflectance on the metal
film thickness. The sensitivity and linear range of the
reflectance change depend strongly on the metal film
thickness. The sensitivity and linear range of the reso-
nance angle shift towards the thickness variation of the
nonabsorbing dielectric, on the other hand, are not af-
fected by the metal film thickness.
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