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Abstract—Raman spectra of thin films of 7,7',8,8"-tetracyanoquinodimethane(TCNQ) evaporated in
vacuo on aluminum mirrors were measured with external reflection method. Raman intensity was
dependent on polarization of the incident laser beam, collection angle of the scattered light, and
molecular orientation of the surface species. The optimum conditions for observing Raman spectra of
a thin film on metal surface were discussed experimentally and theoretically.

From the collection angle dependence of Raman intensity, it is deduced that the aromatic ring of
TCNQ is oriented almost parallel to the metal surface.

1. INTRODUCTION

Raman spectroscopy has recently received atten-
tion as a method for in situ investigation of the
adsorbed molecules on electrodes [1-8] and thin
surface films [9-12]. GreenLER and SLAGER [9]
have shown theoretically that Raman intensity from
a thin film on a metal surface changes remarkably
with the incident angle and polarization state of the
incident laser beam, and with the collection (or
viewing) angle of Raman scattered light. They ver-
ified the high sensitivity at the optimum conditions
in obtaining Raman spectra of a thin film on a
metal surface. Their work was, however, confined
to films very thin compared to the wavelength of
the laser and Raman scattered lights.

Thicker films are often present, however, on
metal surfaces in laboratory and in practical use.
When film thickness increases, refraction and phase
shift of the lights by the film, which were neglected
in their theory, become important and the optimum
conditions for observing spectra may change with
film thickness. The sensitivity of Raman spectrum is
very low compared with u.v.~visible and i.r.
spectra, unless a resonance Raman condition is not
fulfilled, and observation of spectra of films of weak
scatterer is very difficult. It is important, therefore,
to determine the optimum conditions for observing
Raman spectra of the “thicker” films.

The objects of the present work are (a) to deduce
theoretically the optimum conditions for observing
Raman spectra of thin films and confirm it experi-
mentally and (b) to show that molecular orientation
in a film can be determined from the measurements
of angular dependence of Raman intensity.

It is known that 7,7',8,8'-tetracyanoquinodi-
methane (TCNQ), evaporated in vacuo on cleavage
surface of alkali halides, grows epitaxially and the
first monolayer adsorbed on the substrates deter-
mines the molecular orientation in the thin film
crystals [13]. TCNQ may form crystals preferen-
tially oriented also on a metal surface and informa-
tion about molecular orientation can be used to

deduce the metal-adsorbate interaction. For this
reason, TCNQ was used in the present paper.

2. EXPERIMENTAL PROCEDURES

Raman spectra were recorded on a Jasco R-300A
Raman spectrophotometer equipped with a Spectra—
Physics Model 164 Argon ion laser. The optics for the
measurements of Raman spectra of surface films is shown
in Fig. 1. A film of TCNQ on a sample mirror was excited
by the laser beam (A = 514.5 nm, 70 mW) polarized paral-
lel {|) or perpendicular (1) to the plane of incidence at
the incident angle (¢) of 70°. The collection angle of
Raman scattered light () was changed by rotating the
sample mirror. At the same time the reflection mirror and
prism in the figure were also rotated by the same angle so
that the incident plane of the laser coincided with the XZ
plane. The polarization of the incident laser beam was
adjusted by a half-wave plate. The spectrophotometer
was fitted with a polarization scrambler in order to com-
pensate a difference in sensitivity of the spectrometer to
the scattered light of different polarizations. Intensity data
were based on peak height measurements.

Infrared reflection spectra were recorded on a Jasco
IR-G i.r. spectrophotometer equipped with a Jasco PR-41
high sensitivity reflection accessary and a AgCl polarizer.

TCNQ was evaporated in vacuo (5x107°torr) on
aluminum mirrors. Film thickness (d) was estimated from
the evaporated quantity and the solid angle. Mirrors were
prepared by vacuum evaporation of aluminum on glass
plates.

3. RESULTS AND DISCUSSIONS
3.1. Raman spectra

Figure 2 shows the Raman spectra of TCNQ
films of 6, 15 and 50 nm in thickness obtained at
$=0° and 60° by using either |-polarized (solid
curves) or L -polarized (dashed curves) laser beam.
The films were stable against laser illumination
during the measurements of the spectra. Frequen-
cies of the bands were almost the same as those of
bulk crystal. As can be seen from this figure, band
intensities changed with the collection angle and
the polarization of the laser beam, and the op-
timum conditions for obtaining spectra differ from
each other depending upon film thickness. In the
next section the optimum conditions will be discus-
sed in two cases; (1) d«< X and (2) d=A.

389



390

COLLECTION
LENS

1/2 WAVE PLATE

LASER BEAM

Fig. 1. Optical arrangement used in this work.

3.2, Very thin films (d<A)

Figure 3 shows the collection angle dependence
of Raman intensity at 1454 cm ™' from a 6 nm thick
film for ||-polarized laser beam. Maximum intensity
was obtained at ¢ =60° as being calculated by
Greenper and Spacer. However the observed
angular dependence was slightly different from
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their calculation (broken line). They treated Raman
scattering as a radiation from an oscillating dipole
of a molecule on an oxide free metal surface in-
duced by the electric field of the laser beam. Ac-
cording to them, Raman scattering from dipoles
oscillating parallel to the surface is remarkably
small compared to that from a dipole oscillating
normal to the surface and Raman intensity from
the former dipoles can be neglected [9]. However
Raman intensity measured normal to the surface
(¢ =0°) was sizable as shown in this figure. This
discrepancy will be discussed below.

The following discussions are based on the
GRreeNLER and SLAGER’s treatments of the Raman
scattering [9] and the light emission [14] from a
thin film on metal surface. Here the Fresnel reflec-
tion and transmission coefficients of the interface
between two phase j and k are defined, respec-
tively [15]: for [|-polarization,

Hy - cOS ¢; — 1; - COS Py

Nijx = % - ,
fy, - cOS ¢; + H; - COs ¢y,
. 2; - cos ¢;
jk = A N
WK A -cos @+ A, - cos ¢y

and for 1 polarization,
fi; - c0s ¢; — A, - €OS P
fi; + COS @; + fiy - oS ¢y

ik

21i; - €OS ¢
" - )
fi; - cos @; + iy - cos &

Lk =

where ¢ is the angle of incidence or refraction and

(c¢)d=50nm
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Fig. 2. Raman spectra of TCNQ film evaporated on aluminum mirror obtained with 1 and || polarized
laser. (A =514.5nm, 70 mW); d, film thickness; i, collection angle of Raman scattered light. Slit
width; (a) 500 wm, (b) 350 um, (¢} 120 wm.
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Fig. 3. Collection angle dependence of Raman intensity

of the 1454 cm™! band from a TCNQ film in 6 nm thick-

ness. Broken line is calculated according to the GREENLER
and SLAGER’s theory [9].

A;(=n; —ik;) is the complex refractive index of the
jth phase.

In the classical picture, Raman scattering can be
treated in two processes. The first is the induction
of the oscillating dipole of surface species by an
excitation beam and the second is the radiation of
the energy from the dipole. Since the energy dissi-
pation and refraction of the light in a very thin and
non-absorbing film is very small, there is little
attenuation of the incident laser and Raman scat-
tered light within the film. An approximation, in
which the reflection and refraction of the light at
the medium—film interface are neglected, can apply
to an extremely thin film on metal surface.

'Induction process of the dipole is first consi-
dered. When laser beam is specularly reflected
from the metal surface, the incident and reflected
wave combine to form a standing wave electric field
in the incident phase. The electric field strength is
the vector sum of the incident and reflected wave
{15, 16]. Let us consider the L -polarized laser
beam of unity magnitude. The amplitude of the
combined wave at Z=2Z"is

E y=1+r -exp [—1417 (ZI) g,]

1/2

r, = -exp (i8,),
8, =arg(r,)=tan"' [Im(r,)/Re(r.)]

where

is the phase change on reflection at metal-film
interface, and &, = n,-cos ¢. The coordination sys-
tem is shown in Fig. 1. The first term shows the
contribution from the incident light and second
term that of the reflected light. The field strength is
expressed as

z'
[E.v(Z)=1+R, +2R}?: cos{éil 471'( )51]

For ||-polarized laser, similarly,
|Eyz (2
=sin’ ¢{ 1+ Ry+ 2R}’ cos [su 47

>|N

Jal}
()]}

|Eyx(Z1))?
= cos’ ¢{1 + Ry—2R|” cos [5"-417
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The induced Raman scattering by these electric
fields are expressed for ||-polarized laser beam

I\(I)X(Z’) = a?(x lEnx(z’)l2 + ag(z |EHZ(Z!)|2’
Il(I)Y(ZI) = a%{x lEnx(Z’)lz + a%{z lEuz(Z,)lz,
Il?z(zl) =akx IEnx(Z/)lz +akz |E||Z(Z')|2,
and for L -polarized laser beam
Ifx(zl)z a?(YIEJ_Y(Z,)Iz’
Ify(Z')=aiylEJ_Y(Z')|2,
I_[L)Z(Z’) = aéy |E_LY(Z’)127
where the subscripts of I, X, Y and Z, represent
the oscillating directions of a dipole and axy etc.
are the elements of the Raman tensor based on the
space-fixed axes.

We are now at the stage where the radiation
process is considered. The amplitude of a light
radiated in a ¢ direction directly from a dipole A°
oscillating along Z axis (Case 1 in Reference [14])
is A°sin 4. The amplitude of the light refiected

from the surface is A°rexp [—id4w(Z'/A"}¢,]). The
resultant amplitude after combination is

A, = A°sin dl{1+r"exp [—1477(2 )él]}

The observed intensity of the radiation of unity
magnitude is, therefore,

ey ()

Z’
=sin” -,0{1 + Ry+2R|"” cos [8“— 477(7) 51”.

Similarly the observed intensity of radiation from
dipoles oscillating along Y- and X-axis (Cases 2 and
3 in Reference [14]) can be described, respectively,

ex(Z') = (ﬁﬁ)
= cos’ 4;{1 +R;—2R|" cos [BF 4”(%)&]}’
ex(Z)) = (A")

=1+R,+2R*cos [a —477(2 ) §1]

The observed Raman intensity for || and L
polarized laser beam is, therefore,

ad
L= [ Ui 2)ex(Z)+ I}y (2)
X ey(Z)+ Inoz(Z)Ez(Z)] dZ,
I, = j x(2)ex(Z)+ 1]y (Z)

Xey(Z)+ Ifz(z)ﬁz(z)] dz,

respectively.
The next problem to be treated is the explicit
expression of the elements ay, etc. in terms of the



392 M. Onsawa, W. KUSAKARI and W. SUETAKA

elements a,, etc. which are based on the principle
polarizability axes of the molecule. We choose to
define the xz-plane as the aromatic ring and the
z-axis as coincident with the long axis of the
molecule. It is well known that TCNQ, evaporated
in vacuo on cleavage surface of alkali halides,
preferentially oriented so that the aromatic ring is
almost parallel to the surface [13]. The same
molecular orientation is expected also on the metal
surface. Let us assume, therefore, an orientation
model that the z-axis inclines  from the Z-axis
and the aromatic ring is parallel to the metal sur-
face (XY-plane), as shown in Fig. 4. The validity of
this model was verified by using i.r. reflection spec-
troscopy, as will be mentioned below. There exists
a relationship between the tensor components of
the above mentioned two coordination systems of
the form [17, 18],

OFp = Z gy Py @y,
g8’

in which g denotes x, y, z and F denotes X, Y, Z,
while &g, is the direction cosine connecting the
" various pairs of the axes. Since the molecule is
considered to be oriented in uniaxial symmetry
about Z-axis, az~ must be averaged over the
Eulerian angle ¢

2
app= (Z agg’cDFg(Df’g’) .
L4

The 1454 cm™' band of TCNQ is assigned to the
in-plane C=C stretching vibrational mode (A,)
[19]. The depolarization ratio of the band was ca.
1/3 in acetonitrile solution. This is an indication of
the fact that only one diagonal element of the
Raman tensor based on the molecule is exception-
ally large [20]. Since the C=C stretching mode
gives rise to the polarization along the z-axis, it can
be considered «,, » a,,, a,,. Consequently,

azxxz QZ}’Y=§5in4 e.aiz’
a?{yz aix=§5in4 G'afz,
Axz= 0y =ayz=azy=3sin’ 6-cos’ 6-a’,
arz=cos* 0 a’,.

Figure 5 represents the calculated angular depen-
dence of Raman scattering at 1454 cm™' from 6 nm

thick fitm for 8 =0, 45, 73 and 90° and the experi-
mental results. These curves were normalized with

v
Raman
- scattering

Metal

Fig. 4. Orientation model of TCNQ in evaporated film on
aluminum.
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Fig. 5. Calculated and experimental collection angle de-

pendence of Raman intensity of the 1454 cm ™! band from

a TCNQ film on aluminum in 6 nm thickness of different

molecular orientations. Raman intensities are normalized
by the maximum values (tabulated in the figure).

their maximum intensities. For the optical constants
of the evaporated aluminum mirror for the excita-
tion beam (A=514.5nm) and Raman scattered
light (A'=556nm) were used the values of
fi =0.75-5.1i and 0.90-5.5, respectively [21]. This
figure shows that the angular dependence of
Raman scattering changes with molecular orienta-
tion and that Raman scattering from a dipole oscil-
lating normal to the surface is observed ca. 600-
times stronger than that from a dipole oscillating
parallel to the surface.

The calculated curve for 6 =73° and || polarized
excitation is in complete agreement with the ex-
perimental results except at large collection angles.
This discrepancy is mainly because Raman scat-
tered light cannot be collected effectively due to the
optical arrangement, The calculated Raman inten-
sity for 1 polarized excitation is one order of
magnitude less than that for || polarized excitation.
In practice no Raman band was observed by using
1 polarized laser excitation.

Figure 6 shows the angular dependence of
Raman scattering at 1454cm™' from a film of
15 nm in thickness. The observed intensities were
normalized at ¢ = 50° for || polarized excitation. In
this case only slight angle dependence was found
except at large angles. The solid curves are calcula-
tions for 6 =73°. The calculated intensity for L
polarized laser excitation is one-third of the experi-
mental result. At the present, the reason for the
discrepancy is not clear. However, the presence of
a thin oxide layer on aluminum might give rise to
the increase in intensity. Since mirror metal
was deposited in a low vacuum and exposed to air
before film deposition, an oxide film of a few nm in
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Fig. 6. Collection angle dependence of Raman intensity

of the 1454cm™' band from a TCNQ film in 15nm

thickness for parallel (|) or perpendicular (1) polarized
laser. Solid curves are calculations for 8 =73°.

thickness was probably present on the metal sur-
face. Experimental errors in film thickness and
Raman intensity measurement might be sizable,
resulting in the discrepancy.

3.3. Thick films (d=2A)

Figure 7 shows the angular dependence of
Raman scattering at 1454 cm™' from a TCNQ film
of 50 nm thick. When film was fairly thick, the
optimum conditions for observing Raman spectra
were different from that in very thin film case.
Maximum intensity was brought about at ¢ = 0° by
using L polarized laser excitation in this case.

The collection angle and laser polarization de-
pendence of Raman intensity as shown in this
figure cannot be explained by the above mentioned
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Fig. 7. Collection angle dependence of Raman intensity

of the 1454cm™! band from a TCNQ film in 50 nm

thickness for parallel (|} or perpendicular (1) polarized
laser. Solid curves are calculations for = 80°.
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approximation. When film is thick, laser beam and
Raman scattered light are refracted by the film.
The problem must be treated with three-phase sys-
tem. The light in the film (phase 2) suffers multiple
reflection (Fig. 8) [15]. Upon each reflection at the
1-2 interface the amplitude and phase of the light
is changed by a factor ry; (=-ry). At the 2-3
interface the factor is r,;. The total beam at point
Z =Z' is the sum of all the lights. For L polarized
laser we have the electric field intensity as

E 2y(Z)={t,pexp[-iB(d —~ Z')]
— il eXp [—iB(3d ~ 2} +- - - }
Hi1ar2; exp [-iB(d + Z9)
—tiariarisexp [-iBBd+ 2]+ - - }

_ _tieexp[-if(d-Z")]
14 r,107555 exp (—2iBd)

i tiarisexp[—ipld +2")]
147 151,25 €xp (—2iBd)

=t exp[-iB(d - Z")]
% [1+rsexp (-2iBZ"))
1+ 1,127, 05 exp (-2iBdY

where B =2n,cos ¢,/A and ¢, is given by Snell’s
law. The terms in the former brace in this equation
represent the total lights in the +Z direction and
the latter in the —Z direction. Similarly for |
polarized laser have

Ep(Z)=

lj12 COS ¢, €Xp [—ip{d—Z"H][1- 23 €XP (—2iBZ")]
1+ ryyatyps exp (—2iBd)

5

E||2z (Z ’) =

Hiz * sin ¢, - exp [-ip(d - ZHj1- 23 €XP (—2ipZ")]
14 ryarpps exp (-2iBd) )

The solid curves in Fig. 9 show the calculated
intensity of the standing wave electric field in a
50 nm thick film of refractive index n,=1.45. The
broken curves in this figure show those on a film
free aluminum surface. The Z-component of the
electric field in the film is very small compared with
that in film-free system, owing to the field matching
conditions. On the other hand X- and Y- compo-
nents do not differ so much from each other in
these two systems. These results show that Raman
intensity from the dipole oscillating perpendicular
to the metal surface is not as strong in the d =\
case, which is different from the d « A case.
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Fig. 8. Multiple reflection of the incident laser beam: (a) Raman scattered light from a dipole
oscillating normal to the surface (Case 1, reference [14]; and (b) in a film on metal surface.

Emission process can be treated similarly. Figure
8(b) shows a dipole oscillating along Z-axis (Case
1, reference [14]) for example and we have
Ax(Z) _

A

texp[—iB(d—Z)[1+r, ,;exp (-2iBZ")]
1+7r 15723 exp (—2iBd)

L]

Ay(Z)
A
cos ¥, * tpp1 exp [—iB(d — Z")][1 - rps exp (—2iBZ")]
1+ ruzrps exp (—2iBd)

5

Az(Z)

[&0
Sin , - tjz1 exp[~iB(d = Z))[1 + i exp (~2iBZ")]
1+ rjporps exp (—2iBd) .

The solid curves in Fig. 7 represent the calcu-
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Fig. 9. Electric field intensity on a film-free “surfage

(broken lines) and on a film-covered surface (solid lines):

The optical parameters are: ny{=10, n,=1.45,
fi;=0.74-5i; d =50 nm; A =514.5 nm; ¢ = 70°.

lated angular dependence of Raman intensity at
1454 cm™' for § = 80° in taking into account of the
refraction of the lights by the film. Since the optical
constant of the film is unknown, the value n,=
1.45, usual for organic crystals, was used in the
present calculation. The negative deviation of the
experimental results from the calculation at high
collection angles might be due to the experimental
difficulties of collecting Raman scattered light effec-
tively at these angles.

3.4. Infrared spectra of TCNQ films

Infrared reflection spectroscopy is one of the
useful methods to investigate the molecular orienta-
tion on metal surface. Figure 10 shows the spectra
of a TCNQ film in 300 nm thickness obtained by
using either of the i.r. radiation polarized parallel
() or perpendicular (1) to the plane of incidence at
the incident angle of 75°. Intensities of the 856 and
437cm™' band increased markedly in changing
polarization from L to ||, while those of the 1543
and 1352 cm™' bands are nearly the same in both
the spectra. The former bands are assigned to the
out-of-plane CH bending and C(CN), wagging vib-
rations and the latter to the in-plane ring and CH
stretching vibrations [19]. According to the theory
of reflection spectroscopy [22, 23], the dipole mo-
ments of the surface species oscillating normal to
the surface interact strongly with the || component
of the ir. radiation, on the other hand dipole
moments oscillating parallel to the surface with the
L component. It is concluded, therefore, that the
aromatic ring‘of TCNQ is nearly parallel to the
surface. This result is in agreement with that of
Raman studies. Unfortunately, i.r. spectra of films
of less than 100 nm in thickness was too poor to
provide any information about molecular orienta-
tion.
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Fig. 10. Infrared reflection spectra of a TCNQ film in 300 nm thickness obtained with parallel (||} or
perpendicular (1) polarized component of the i.r. radiation.

3.5. Raman spectra of adsorbed pyridine on silver

Extremely intense Raman scattering from
pyridine adsorbed on silver electrode has been
reported [1, 4-8]. This very intense Raman scatter-
ing has been considered to come from monolayer
or submonolayer adsorbed species. If this were
true, maximum intensity should be obtained at a
collection angle of ca. 60° by using || polarized
laser. In our experiments, however, maximum in-
tensity was obtained at a collection angle of 0° by
using 1 polarized laser and the angular depen-
dence of the Raman intensity was similar to that of
fairly thick TCNQ films. Based on the discussion
mentioned above, pyridine on silver electrode
seems to form a fairly thick layer. In addition our
modulation Raman spectroscopic experiments [8]
show that only a few tens % of Raman intensity
changes by electrode potential modulations. It may
be considered, therefore, that not only adsorbed
pyridine but also a condensed phase of pyridine are
present at the solution—electrode interface. The
details of the experiments will be reported shortly.

4. CONCLUSIONS

The optimum conditions for observing Raman
spectra of thin films on metal surface was investi-
gated experimentally and theoretically. Intensities
of Raman scattering from surface films varied with
the laser polarization states, collection angle of the
scattered light, and molecular orientations of sur-
face species. When film is very thin compared with
the wavelength of the laser (d « A), maximum sen-
sitivity was obtained by using parallel polarized
laser excitation and by collecting Raman scattering
at a collection angle of ca. 60°, as estimated by
Greenler and Slager. As film thickness in-
creased, the influence of the refraction and phase
change of the laser and Raman scattered lights by

the film becomes important, and the maximum
sensitivity was achieved by using perpendicular
polarized laser and by collecting Raman light nor-
mal to the surface.

By the analysis of the collection angle depen-
dence of Raman scattering, molecular orientation
of TCNQ in evaporated films on aluminum were
deduced.
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