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Absorption in the infrared of surface electromagnetic waves
by adsorbed molecules on a copper surface”

K. Bhasin, D. Bryan, R. W. Alexander, and R. J. Bell

Physics Department and Graduate Center for Materials Research, University of Missouri-Rolla, Rolla,

Missouri 65401
{Received 11 February 1976)

Experimental observations have been made for the first time that surface electromagnetic wave (SEW)
spectroscopy can be used to measure the infrared spectra of adsorbed molecules and very thin films on

metal surfaces. Using a tunable CO, laser (9.2-10.8 pm wavelength), the 975 and the 1037 cm™

1

resonances of 5-25 A thick physisorbed benzene on copper were observed. Broadening of these resonances
for the thinnest layers of benzene was observed. Also SEW spectroscopy and ellipsometry were used to
study thin films of cellulose acetate (15-75 A) on copper. Further, it was shown that film thicknesses
determined by SEW spectroscopy are in agreement with the ellipsometric thicknesses and that the SEW

method is more sensitive for very thin (<25 A) films.

(. INTRODUCTION

Surface electromagnetic waves (SEW), sometimes
called surface polaritons or surface plasmons, have
been extensively studied theoretically and experimentally
in the last several years. The various properties of
these surface excitations are described in several re-
view papers.'~® Recently, theoretical calculations by
Bell ¢t al.,! have demonstrated the possibility of using
various properties of SEW to investigate adsorbed mole~
cules on metal surfaces. They suggested that SEW
spectroscopy could be used to obtain the infrared spec-
tra of adsorbed molecules on a metal surface.

In this paper, the first experimental studies of the
SEW spectra of attached molecules on a metal surface
are presented for physisorbed benzene and water on
copper surfaces at low temperatures as well as for
cellulose acetate on copper surfaces. By use of a tun-~
able CO, laser and the two-prism technique, = the 1037
and the 975 cm™ resonances of benzene for layers 5 to
25 A thick have been observed. The data indicate ben-
zene exists on the copper surface in the solid phase as
the observed 975 cm™ resonance does not appear in the
gas phase. The variation in the propagation distance
L, of the SEW on copper with a thin (15 to 75 A) cellu-
lose acetate film has been studied near its 1050 cm™
resonance.

Finally, a new technique for estimating the mean
thickness of very thin films on metals has been devel-
oped. If the index of refraction of the thin film is known
in a region where the absorption is small, the SEW
theory relates the film thickness to the propagation dis-
tance L, in a simple manner. For both cuprous oxide
films on copper® and cellulose acetate films on copper,
the film thicknesses as measured by SEW spectroscopy
and ellipsometry were in good agreement. This method
was used to estimate the mean thickness of adsorbed
benzene and water layers on copper and was found sen-
sitive to approximately a 5 A thick layer of benzene.

(. THEORY

The propagation distance L, is defined as the distance
for the intensity of the SEW to decay by a factor of 1/¢.
From the two-media dispersion relation of SEW,® L,,
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for a metal-air system is

Lo (w) = w3/21¢Pw, | (1)

where w, and w, are the plasma frequency and the elec-
tron scattering frequency, respectively. This relation
is obtained by assuming a Drude model for the complex
dielectric function €(«') so that

%

w? +iww,

) @)

e(w) = ¢'(w) +ie”(w) =

where for copper €,=1.

For explaining our experimental results, the three-
media system is defined as the metal substrate which
supports the SEW, an overlying film of material which
may or may not support SEW, and an air or vacuum
overlayer as shown in Fig. 1.

Bell et al.,' have applied various approximations to
the dispersion relations of SEW on three-media sys-
tems for which the layer between the metal and the air
is very thin film with 4 <A/ye;. Here, ¢, is the real
part of the dielectric constant of the film of thickness
4 and X is the vacuum wavelength of the incident radia-
tion. From Eq. (64) of Ref. 1, an approximate expres-
sion for the propagation distance in a metal-film-air
system is

L= Lo, (1 +2108,L)™" (3)

where L,, is the propagation distance of SEW on the
metal-air system of Eq. (1) and A, from Eq. (73) of
Ref. 1 is approximately

A= 4rwd [(4)® + (€)= €1 )€ /(=2€]) + €F (4)
V—e), (er+efel/2¢)? +(ef +¢5€7/2€) )2

Air es(w) Bl

Fifm ez(w)= €, {w) +ieé’(w) d

(w)~ 5 (w) + le”(w)

eicl
// VIO ID,

FIG. 1. Three-media system of metal, film of thickness d,
and vacuum,
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FIG. 2. Experimental arrangement for measuring the propa-
gation distance of SEW and SEW spectra on a metal with the
two-prism technique.

where € {w) and ¢,(w) are the dielectric constants of the
metal and film, respectively. Single primes designate
the real parts and double primes the imaginary parts.

The two-prism technique is employed to measure L,
and L,. By fixing the distance x between the prisms
and measuring the SEW signals I(w, x) and (w, x), the
SEW transmission spectra for metal-overlayer—air
systems can be obtained from

T=Kw,x)/Iw, x) =exp[-x(1/L, ~1/Ly)] , (5)

where Ij(w, x) is the SEW intensity measured on the bare
metal surface, and I{w, x) is the intensity measured on
the metal surface with an overlayer. By substituting
Eq. (3) in Eq. (5), one has

T(w, x) = exp(- 2TWA 4%}, (6)

Hi. EXPERIMENTAL TECHNIQUE AND RESULTS
A. General

In the two-prism technique, the first prism is used
to excite SEW and the second prism is used to decouple
SEW (as shown in Fig. 2). Note that this measurement
integrates the absorption by molecules on the surface
between the prisms in a manner which is analogous to
bulk infrared transmission studies. In an ordinary re-
flection measurement, the radiation traverses the film
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in the direction perpendicular to the film.

For most metals, ¢ (w) is large and negative at in-
frared frequencies. This implies that &,, =~ w/c, where
Ry, is the real part of the x component of the SEW wave
vector. This means § (Fig. 2) is very close to the
critical angle g, of the prism. The efficient coupling
of SEW on metal surfaces without large recoupling back
to the prism requires a gap between the prism base and
the metal surface. We have experimentally determined
the gap heights for optimum coupling of SEW for var-
ious metals, and our values are roughly one-half of the
calculated field extension distance into the air above
the surface, ™8

A 20 W Molectron CO, laser, tunable from 9.2 to
9.7 um and from 10.2 to 10.8 um, was used as a
source. The radiation beam was mechanically chopped
at 100 Hz and then divided into two beams by a BaF,
crystal. The reflected beam was used as a reference,
and the transmitted beam was used to excite SEW. A
copper film (=1 pm thick) was deposited by evaporation
on a clean glass microscope slide in a vacuum (~ 10
Torr) after argon~ion sputtering. Oxygen-free, high
conductivity copper was used for deposition. Two
right-angle BaF, prisms were placed on the copper
film. The optimum gap height between the prism and
the metal surface was found to be 25 um. This gap
height was maintained by Mylar spacers and a spring
clamp holding the prism against the spacers.

The angle of incidence § inside the prism, was found
to vary from 45.0° at 1080 cm™ to 46.0° at 925 cm™
for optimum coupling and decoupling. These angles
coincided with the critical angle values for BaF, at
the respective frequencies., The optimum coupling of
SEW is sensitive to even a 0.1° change in the angle, so
a fine goniometer (0.1°) was used for this purpose.

For propagation distance measurements, the second
prism was moved from 0.7 to 3.0 cm in steps of 0.2

2.2 1 L ¥ 1 I

FIG. 3. Dashed lines are
experimental values of the
propagation distance L, for
Cu (curve A) and L for Cu
with 15 & thick cellulose ace-
tate (curve B). Solid curves
are corresponding theoreti-
cal fits,
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FIG. 4. Dashed lines are
experimental values of the
propagation distance L, for
Cu (curve A) and L, for Ca
with 75 A thick cellulose ace-
tate (curve B). Solid curves
are corresponding theoreti-
cal fits.
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cm using a fine micrometer attached to the prism. The
details of the mechanism used are described else-
where.® At each step, the relative intensity Kw, x) for
the separation distance between the prisms was re-
corded. From the slope of a semilogarithmic plot of
Kw, x) vs x, Lo, was determined for the Cu film. Lg,(w)
vs wavenumber w is plotted in Fig. 3 for film 1 and is
represented by the dashed line A. The same is plotted
in Fig. 4 for film 2. The two Cu films were deposited
at different times.

After measuring L, the Cu films were dipped for
5 sec in a solution of cellulose acetate dissolved in ace-
tone, producing a layer of acetate after the acetone
evaporated. The thickness of the cellulose acetate on
the Cu was estimated by ellipsometry.!%!' The com-
puter program by McCrackin et al.,!? was used to de~
termine thickness from the ellipsometric data. Thick-
nesses of 15+10 A for film 1 and 75+ 15 A for film 2
were obtained.

The same procedure was used to measure L (w) for
the Cu-cellulose acetate—air system as was used for
Ly,. The results are plotted in Fig. 3 for film 1 and in
Fig. 4 for film 2, and are represented by the dashed

10 —T T T
"5
g 09 ]
) 1
_-r
= o8 _
2l
o
Cor ~
—
06 1 P ]
900 950 1000 1050 100
w (cm)

FIG. 5. Transmission T(v,x) for a 15 A thick cellulose ace-
tate film on Cu with x=3 cm,

1100

lines labeled B. By extrapolating the observed signal
to zero prism separation, it was found that the coupling
efficiency of SEW to the copper film was not changed by
the addition of the cellulose acetate layer.

Substituting the values of Ly (w) and L (w) of film 1
in Eq. (5), and plotting T(w, x) vs w for x=3.0 cm,
yield the SEW transmission spectra for the 15 A cellu-
lose acetate film on Cu shown in Fig, 5.

In order to compare our results with theory, the
optical constants for cellulose acetate were needed.
Infrared transmission spectra of cellulose acetate
films of various thicknesses were measured to obtain
the absorption coefficient « in a frequency range from
900 to 1200 cm™. This is plotted in Fig. 6. The re-
fractive index of »=1.4 was also estimated from the
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FIG. 6. Absorption coefficient o vs wavenumber w for cellu-
lose acetate.
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reflectivity. From « and #, we calculated the dielec-
tric constants for cellulose acetate.

B. Cellulose acetate films

Since the dielectric constant of thin copper films var-
ies from film to film, L, was measured for each film.
Substituting the measured values of Ly, in Eq. (1), we
obtained the ratio w?/w,. For bulk Cu, w,=6.5x10*
cm™ and w, =266 cm™! were obtained' from a Drude
model fit of available data.!® It has been observed that
w, may vary as much as 20% for thin metal films while
the variation in w, is small.%!* By fixing w, near
6.5x10* cm™, the corresponding values of w, for the
Cu films were obtained from the ratio w?/w,.

For film 1, the calculated values of Ly, from £q. (1)
are plotted in Fig. 3, represented by solid line A. Us~
ing w,=6.5%x10* cm™ and w, =385 cm™, the calculated

values of Ly, from Eq. (1) lie on the experimental curve.

Furthermore, A, as given in Eq. (4), was calculated
for the 25 A cellulose acetate film on Cu. Using these
calculated values of Ly, and 4, in Eq. (3), L, was ob-
tained and plotted in Fig. 3 {dashed curve B). Using
w,=6.0x10* cm™, w, =390 cm™, and d=150 A to ob-
tain L, for film 2, the same procedure was followed,
but the experimental values of L,, are used instead of
the theoretical values of L, to obtain L,. The results
are plotted in Fig. 4.

Our experimental values of L,, for different Cu films
lie within 20% of the calculated values of L, obtained
from the bulk dielectric constants of Cu.3

In comparing our experimental values of L, with
theory, 25 and 150 A film thicknesses were used for
cellulose acetate films 1 and 2, respectively. These
values of thickness are higher than those obtained by
ellipsometry. It has been observed before that ellipso-
metry measures thicknesses to be less than other tech-
niques, ¥ This discrepancy could be due to the fact that
in our technique, the results are integrated over a large
distance on Cu, whereas in ellipsometry, the beam is
incident on a small area. Therefore, the thickness
values obtained from SEW measurements are the mean
thicknesses of the cellulose acetate film on copper.

For the nonresonance part of the SEW spectra of the
absorbing film (that is, when ¢ =~0), it can be easily
shown from Egs. (3) and (5) that

2 ’
Y & _\f Lo 7
d 472w, w2y <e§-1) n(l : ™
This equation shows that the mean thickness of the
overlayer material on copper can be estimated if the
real part of the dielectric constant € and the percent

transmission at a nonresonance frequency for the over-
layer material are known,

C. Physisorbed benzene

For physisorption experiments, a vacuum chamber
with BaF, windows for incoming and outgoing infrared
beams was mounted on a goniometer accurate to 0.014°.
A small brass Dewar was placed below the Cu slide

Bhasin, Bryan, Alexander, and Bell: Adsorbed molecules on a copper surface

and a Chromel-Alumel thermocouple was attached to
the Cu slide. The distance between the Dewar and the
windows was kept large enough to avoid condensation on
the windows, Two BaF, prisms (x =3.0 cm) were
clamped down to a Cu film on 25 ym thick Mylar
spacers to maintain an optimum gap height. By rotat-
ing the entire chamber with the goniometer, the angle
of incidence of the incoming beam was adjusted to ex-
cite SEW on the Cu film.

On top of the vacuum chamber, a sealed stainless
steel tube of benzene was connected through a valve.
The chromatographic grade, thiophene-free benzene
was frozen by submerging the tube in liquid N, before
opening the valve to evacuate the tube. A vacuum of
the order of 10~* Torr was achieved, and the Cu slide
was cooled to 190 “K. The SEW intensity [j(w, x) was
then recorded.

The liquid N, Dewar was then moved away from the
tube containing the frozen benzene, and the benzene
was allowed to vaporize. When an observable decrease
in SEW intensity was measured, enough benzene had
been condensed on the Cu slide and the valve to the tube
containing the benzene was closed. After the system
had stabilized, the intensity /(w,x) was measured.

The SEW transmission T was obtained by the ratio
I/I,. In Fig. 17, the percent transmission T(w, x) is
plotted vs w for three different thicknesses of benzene
on copper, A similar procedure was used to study
physisorbed distilled water on copper. The percent
transmission T(w, x) for water is plotted vs w in Fig. 8.

From the refractive index values obtained by Ander-
son and Person'® for the 975 cm™ resonance of crystal
benzene and the experimental values of I,/I from Fig.
7, an estimate of thicknesses for physisorbed benzene
on Cu was made using Eq. (7). For spectra A, B, and
C in Fig. 7, the thicknesses of benzene were estimated
to be 25, 10, and 5 A, respectively. In the same way,
using €, ~1,49" for water, a thickness of 20 A was
estimated for Fig. 8.

Finally, a computer program for Eq. (6) was used to
calculate theoretical curves for the SEW spectra in
Figs. 7 and 8.

1V. DISCUSSION

An infrared spectrum of solid benzene measured by
Zwerdling ¢t al.,'® is given in Fig. 9 for comparison
with the SEW spectra of physisorbed benzene on copper
in Fig. 7. No observable shift was found in the 1037
or the 975 cm™ resonances of physisorbed benzene in
the SEW spectra compared to the infrared spectrum of
solid benzene. The observation of the 975 cm™ reso-
nance of physisorbed benzene in the SEW specira shows
that physisorbed benzene exists in asymmetric environ-
ment since that resonance is not observed in the gas
phase. The absorption intensity ratio of the 975 cm™?
resonance to the 1037 cm™! resonance of physisorbed
benzene in Fig. 7 is higher than that of solid benzene
in Fig. 9. The 975 cm™ resonance of the benzene is a
C—-H out-of-plane vibration and the 1037 cm™! resonance

J. Chem. Phys., Vol. 64, No. 12, 15 June 1976
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100 T T
90 - T FIG. 7. Percent transmis-
sion T(w, x) for physisorbed
benzene on Cu, Solid lines
o L. - are experimental values and
L dashed lines are calculated
"“. for 25 A in curve A, 10 Ain
3 B, and 5 A in C. Note dis-
= 80 1 e
continuity in the wavenumber
scale.
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0 sion T'(w, x) for physisorbed
% water on Cu. Dots represent
1% experimental data and the
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- [~ 4 20 & thick physisorbed water,
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100 T T ~T L T T T T
/‘/A
A/‘/B
90 r— .
- C
%, ‘,\/
<31 " | FIG. 10. Calculated SEW
N spectra of solid benzene on
o Cu for 15 & in curve A, 25 A
L in B, and 35 A in C.
280 .
n
'—.
70 ! 1 1 1 1 ! I 1
990 1010 1030 1050 1070
w en!)

is a C-H in-plane bending vibration.!® The theoretical
calculations have shown that the magnitude of the z
component is very large compared to the x component
of the SEW electric field.! If benzene molecules lie
flat on a perfectly plane copper surface, the in-plane
bending vibration should not be observed; but the ob-
servation of the 1037 cm™ resonance indicates that
benzene is randomly oriented with respect to the copper
surface or the surface roughness on an atomic scale is
important. Note that broadening of both resonances is
observed for a 5 A thick physisorbed benzene in Fig. 7.

The SEW spectra in Fig. 7 also show a high degree of
sensitivity at nonresonance frequencies to thickness
changes in the overlayer material. The ordinary in-
frared spectrum is only sensitive very close to reso-
nance frequencies. This nonresonant sensitivity of

SEW spectra has allowed us to estimate the mean thick-
ness of physisorbed benzene on copper down to 5 A.

In order to determine the accuracy of the thickness
measurements, an error analysis for Eq. (6) was car-
ried out. Our calculations show that a 10% error in w,
or a 20% error in w, will shift the percent transmission
T at all frequencies in an SEW spectrum by 2%. A 10%
change in the refractive index » of solid 25 A thick ben-
zene on copper will shift T by 2% also. A 10% change
in the extinction coefficient & of solid benzene does not
shift T at nonresonance frequencies but rather at near-
resonance frequencies and by approximately 2%. For
comparison, the SEW spectra of 15, 25, and 35 A thick
benzene on copper is given in Fig. 10. This demon-
strates that the SEW theory can be used to predict the
mean thicknesses of adsorbed molecules on metal sur-

100 T B LB 1 |

FIG. 11. Calculated SEW
spectra for Cu—CuyO—~CgHg—
air system (dashed curve)
with d=20 A for Cu,0 and
d=25 & for C4H,, and for
Cu—~CgHg—air system (solid
curve) with d=25 A for CgH,.
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faces if all the other parameters for the given system
are well known,

The Cu films used in these experiments were exposed
to air upon their removal from the evaporation cham-
ber. This causes about a 20 A thick Cu,0 layer to form
on the Cu film,%® To determine if the SEW spectra
were affected by Cu,O layers on the Cu substrate, a
Cu-Cu,0-CgHg—air system was assumed in which d =20
A for the Cu,O layers and d=25 A for the benzene. The
dielectric constants for Cu,O were obtained from Ref.
21. For this system, L (w) was calculated from a com-
puter program for four media. This program is based
on the equation for the multimedia dispersion relation®?
simplified to save computer time in a manner analogous
to the delta method used for three media.! The approxi-
mation requires that both overlayers be thin, Next,
the thickness of the benzene was set equal to zero and
Ly (w) was obtained. Substituting the calculated values
of Ly, and L, in Eq. (5), T(w, x) was determined for the
assumed four-layer system, plotted in Fig. 11. Itis
plotted along with the calculated T(w, x) for a Cu—CgHy—
air system in which 4=25 A for benzene. The differ-
ence of about 1% between the two curves is within the
experimental error,

By using macroscopic values of dielectric constants
of solid benzene'® in the SEW theory, the theoretical
SEW spectra for the 1037 cm™ resonance of physisorbed
benzene in Fig. 7 compares favorably to that of the ex-
perimental. It is suggested that the differences at fre-
quencies near resonance might be due to changes in the
dielectric constants of the thin layers of physisorbed
benzene on a copper surface. This may also account
for the broadening of the absorption lines in the thinnest
film.

V. CONCLUSIONS

It has been demonstrated that surface electromagnetic
wave spectroscopy can be used to measure resonance
and nonresonance absorption due to adsorbed molecules
and very thin films on metal surfaces in the infrared.
The experimental results compare quite well with the
previously developed continuum theory used to predict
absorption of SEW due to thin films.! It has been shown
that the theory can be used in conjunction with the ex-
perimental results to estimate the mean thicknesses of
very thin overlayer materials on metal surfaces.

This SEW technique can be successfully used to study
adsorbed molecules, such as benzene; oxides, such as
Cu,0 on copper; thin polymer films, such as cellulose
acetate films; and probably adhesives on metal surfaces.
Especially in the far infrared where SEW can propagate
very long distances on metal surfaces, surface electro-

5025

magnetic wave spectroscopy can be used to obtain vibra-
tional and hindered rotational spectra of adsorbed mole-
cules on metal surfaces. With tunable infrared lasers,
these studies will be extended into other ranges of the
infrared, 2324
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