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Spectroscopy

Solutions for Materials Analysis

Applications of Infrared
Multiple Angle Incidence
Resolution Spectrometry

Multiple angle incidence resolution spectrometry (MAIRS) has proven useful for charac-
terization of thin films by revealing the in-plane (IP) and out of plane (OP) components of
molecular vibrations in the film on a solid substrate. The MAIRS technique computes the
IP and OP spectra by performing a regression analysis on a series of oblique-incidence
transmission spectra collected over a range of angles of a single thin-film sample mounted
on a transparent substrate. MAIRS replaces the more traditional technique of the col-
lection of a transmission spectrum of a thin film on a transparent substrate, followed by
collection of a reflection absorption (RA) spectrum of the same film on a metallic sub-
strate. Often times, preparation of the same thin film on different substrates with different
chemical and physical properties can be problematic. This article discusses details of the
electromagnetic theory of MAIRS with respect to multivariate analysis. We describe an
accessory and software that was developed exclusively for MAIRS and demonstrate its

use in producing the IP and OP spectra of thin film samples.
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dent on understanding the structure

of the film on a molecular level as it is
deposited on a surface. The performance
ofafilm in its desired application, whether
in electronics, optics, or chemical sensors,
is dependent on achieving a specific ori-
entation of the chemical groups relative
to the surface.

For example, poly(3-hexylthiophene)
(P3HT) is a well-known p-type semicon-
ductor polymer, and it can be used for
applications as an organic photovoltaic
(OPV), or as an organic field effect tran-
sistor (FET). P3HT must have a particular

Thin—film technology is highly depen-

orientation on the surface, however, for
use in these two types of devices. In an
OPV, two electrodes sandwich the semi-
conductor layer, and the electric current
flow is perpendicular to the electrode
surface. Because the electric current runs
across the molecular layers, the molecular
plane must be parallel to the device sur-
face, as shown in Figure la. This orienta-
tion is called face-on.

In an organic FET, on the other hand,
the current flows parallel to the gate sur-
face, as in Figure 1b, and the molecular
axis of the thiophene rings must be per-
pendicular to the surface in the edge-on
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Figure 1: P3HT must be oriented with the molecular axis of the thiophene ring

(a) parallel to the surface for uses as an
for use as an FET.

Table I: Positions of the symmetric
CH, stretch, antisymmetric CH,
stretching, and CH, bending

vibration bands for an ordered
and disordered stearic acid thin
film on silver. Positions are in
wavenumbers (cm™).

v_(CH,) 2850 2856

v.(CH,) 2916 2925
Doublet at Singlet at

B(CH) 1472 and 1462 1467

orientation. Therefore, the orientation of
the thiophene ring on the surface must be
controlled and accurately determined for
each application.

The orientation of the thiophene rings
of P3HT on the surface can be determined
by X-ray diffraction (XRD), but XRD re-
quires crystallinity of the film. High crys-
tallinity is not always achievable, however,
as the crystallinity can be influenced by
the film deposition parameters, such as
solvent, spin-coat speed, and tail length.
P3BT, with a shorter alkyl tail, exhibits a
diffraction peak in its XRD pattern (data
not shown), from which a layer spac-
ing can be determined, but P3HT does
not, which indicates that P3HT is de-
posited on the surface with no ordering

OPV and (b) perpendicular to the surface
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Figure 2: IR RA spectra of a nine-
molecular layer film of stearic acid on a
silver surface with elevated temperatures.

of the layers. Infrared (IR) spectroscopy,
however, can still be used to examine
the structure of the film on the surface
irrespective of crystallinity, and chemical
information of each functional group can
be obtained.
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Figure 3: The selectively observed component of a normal mode measured by the
electric-field oscillation of the incident IR ray to a film at normal angle of incidence in
transmission (top), and at grazing angle of incidence in RA measurements (bottom).
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Figure 4: Schematic diagram showing the electric field components at an oblique
angle of incidence. The measured spectrum contains components of both the IP and
OP spectra, as shown in equation 2.
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Figure 5: IP (green, bottom) and OP (blue,

top) spectra of a five-molecular-layer LB

film of CdSt on Ge collected and computed using the MAIRS accessory and software.
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Figure 6: The IR pMAIRS-IP and -OP spectra

The potential of IR spectroscopy for
thin-film analysis is briefly introduced
here. IR spectra of a nine-molecular-layer
(ML) Langmuir Blodgett (LB) film of
stearic acid deposited on silver is shown
in Figure 2 (1) as a function of temperature.

Atambient temperature, the symmetric
and antisymmetric CH, stretching vibra-
tion bands appear at 2850 and 2916 cm™?,
indicating the film is highly ordered, as
shown in Table I.

As the film is heated it becomes dis-
ordered, as evidenced by the peak shift
of the CH, stretching vibration bands
to 2856 and 2925 cm’, respectively.
Changes in the CH, bending vibra-

of a spin-coated film of P3HT on Si.

tion band are observed as well, from a
doublet at 1472 and 1462 cm™! for the
ordered conformation, to a singlet peak
at 1467 cm’™. Thus, IR spectroscopy can
be used to not only obtain the spectra of
disordered layers, but the peak positions
can also be used to determine crystal-
linity.

The determination of the molecular
structure of thin films on surfaces re-
quired the collection of two spectra of the
film: one in transmission on an IR trans-
parent substrate and one in reflection on
a metallic surface. This requirement has
been dictated by an electromagnectic
theory—that is, surface selection rules.
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Figure 7: IR ATR spectrum of a bulk sample of P3HT.
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Figure 8: (a) Revealed layer structure by IR pMAIRS of P3HT spin-coated on silicon for
the face-on orientation. (b) Summation of the tilt angles of the C=C stretching and
C-H out-of-plane bending vibrations modes becomes 90° for the face-on orientation.



For electromagnetic radiation incident to
afilm in transmission at the normal angle
of incidence, the electric field oscillation
is parallel to the surface, and only the
surface-parallel component of the normal
mode, the in-plane (IP) bands, are mea-
sured as presented in Figure 3. In the case
of IR light incident to a film on a metal
surface at grazing angles of incidence, the
electric field oscillation at the metal sur-
face is perpendicular to the surface, and
only the surface-normal component of
the normal modes, the out-of-plane (OP)
bands, are detected.

With the combination of the IP and
OP vibrational spectra, the orientation of
the normal mode of a functional group
relative to the surface normal can be cal-
culated by equation 1 via the ratio of the
measured intensities of the same mode of
the two spectra.

é=tan | 2Ae 1]
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To obtain both the IP and OP spectra
of a thin film, it has been necessary to
prepare the film on an IR-transparent
substrate for transmission measurements,
and on a metallic substrate for reflec-
tion—absorption measurements. In prac-
tice, however, preparation of an identical
thin film on two substrates with different
surface properties can be very difficult or
impossible to achieve. Therefore, a tech-
nique that simultaneously generates the
IP and OP spectra of a single thin film on
one substrate is highly desirable.

Multiple Angle Incidence Resolution
Spectrometry

Theory

A detailed description of the multiple angle
incidence resolution spectrometry (MAIRS)
theory has been previously published (2),
which is summarized here. With normal
incident light in transmission, the infra-
red spectrum of a thin film only measures

the IP component of the normal modes.
However, as the oblique angle of incidence

is increased, the spectrum contains an in-
creasing component of the OP spectrum, as

presented in Figure 4, where the recorded

single-beam (light intensity) spectrum in-
volves a linear combination of the IP and

OP spectra (S, and S, respectively), as

described in equation 2.

S, It Solot U [2]

ObS: SlP P OP" OP

The last term u is a collection of un-
modeled reflection factors. For a series
of spectra collected at different angles of
incidence, a collection of equations like
equation 2 can be written in a matrix
form.

For measurements on high refractive-
index substrates using unpolarized light,
matrix Ris

1+ cos? 0. + sin?6 tan? 6. tan? 0
4 2 J J J J

R=[2 . .

(77-) . (]

Equation 3 is a classical least squares
(CLS) regression model, and the optimal
solution is obtained as the least-squares
solution. CLS works well in this case
because the number of components can
be rigorously fixed to only two, S;;, and
Sop ).

(4]

pMAIRS

MAIRS using unpolarized light works well
on a thin film deposited on a high-refrac-
tive-index substrate. The use of high-index
substrates, such as germanium, limits the

optical throughput because of high reflec-
tion losses and limits the spectral range.
The MAIRS theory has been updated (3) to

allow the use of p-polarized light and low



index of refraction substrates, such as sur-
face-oxidized silicon and CaF,. Since only
the p-polarized component is used, the new
technique is called pMAIRS. The only dif-
ference in the theory between MAIRS and
PMAIRS is the expression of the R matrix,
where the new matrix for pMAIRS, R?, be-
comes:

cos? 0. + sin? 6. tan? 6. tan? 6.
Rp _ (A)Z J . J ] . J
™ L] L]

PMAIRS enables the use of a wider se-
lection of substrates and wavelength range,
making it the preferred technique.

Experimental

MAIRS

A clean germanium (Ge) substrate was

mounted in the sample holder of an au-
tomated MAIRS accessory (Thermo

Fisher Scientific) and mounted in the

sample compartment of a Thermo Scien-
tific™ Nicolet™ iS™50 FTIR spectrometer
configured with an MCT/A detector and

controlled by Thermo Scientific® OMNIC™
software. The automated MAIRS acces-
sory rotates the oblique angle of incidence

of the infrared light on the Ge substrate

with a motorized stage. The MAIRS acces-
sory was controlled by MAIRS software

(Thermo Fisher Scientific) in conjunction

with spectral collection by OMNIC.

A series of eight single-beam background
measurements was collected on the Ge sub-
strate between 10° and 45° oblique angle of
incidence, by coadding 2000 scans at4 cm'
resolution at each angle. A five-molecular-
layer Langmuir-Blodgett (LB) film of cad-
mium stearate (CdSt) on the Ge substrate
was prepared by using an LB trough, and a
series of single-beam spectra of the LB film
was collected as described above. When
the sample and background data collection
were completed, the IP and OP spectra of
the CdSt film were automatically computed
using equations 3 and 4 by MAIRS software.

The IP and OP spectra of the CdSt LB
film are shown in Figure 5. These spectra
perfectly correspond to the conventional
transmission and RA spectra collected
separately (2).

pMAIRS

A spin-coated film of P3HT on a silicon
(Si) substrate was prepared and analyzed
using the MAIRS accessory with a polar-
izer set to p-polarization. The IP and OP
spectra of the P3HT film were computed
with pMAIRS software (Thermo Fisher
Scientific) using equations 3 and 5, and are
presented in Figure 6 (3).

Results and Discussion

P3HT is a polythiophene with a hexyl chain
asatail. When the tail is a little shorter, such
as a butyl group in P3BT, the spin-coated
film exhibits crystallinity, while the spin-
coated P3HT exhibits minimal crystallinity.
XRD can give no insight into the structure
of P3HT on Si, but we can still discuss the
molecular structure in the film using the IR
PMAIRS spectra.

The key IR bands of interest of P3BHT
are shown in Figure 7 for a bulk sample
collected by the ATR technique. The bands
in the C-H stretching vibration region re-
spond to the molecular conformation by
band location. These bands are useful to
discuss the orientation of the hydrocarbon
tail. The C=C stretching vibration bands
near 1500 cm™! respond to the conjugation
length along the polymer chain, and they
are also useful to discuss the orientation
of the long axis of the thiophene ring. The
band at 820 cm! is the out-of-skeleton C-H
bending mode on the thiophene ring, which
can be used to determine the molecular ori-
entation of the z-axis of the thiophene ring.
Please note that this information is available
from the infrared spectrum irrespective of
crystallinity.

The most significant band in the OP
spectrum of P3HT (Figure 6) is the C-H



out-of-plane bending mode at 827 cm™,
while the same band is suppressed in the
IP spectrum. This straightforwardly indi-
cates that the z-axis of the thiophene ring is
oriented perpendicular to the surface, with
the tilt angle of this vibration computed to
be 28° from surface normal via equation
1. In a similar manner, the long axis of the
thiophene ring is computed to be 63° from
surface normal, using the IP and OP inten-
sities of the C=C stretching vibration band.
Asfound in the diagram in Figure 8b, when
the short axis of the thiophene ring is paral-
lel to the surface, the summation of angles of
the C-H out-of-plane bending and the C=C
stretching vibration modes is theoretically
expected to be 90°, which in this case is ex-
perimentally determined to be 91°.

From the combination of the analysis of
the infrared spectra, which provides insight
into the orientation of different functional
groups in the thin film, and the XRD pat-
tern, which shows a lack of crystallinity in
the film, we have obtained a picture that the
short axis of the thiophene ring is parallel to
the surface, whereas the long axis is nearly
disordered.

Conclusions

IR MAIRS and pMAIRS provide a power-
ful new tool to the surface scientist to de-
termine the molecular structure and orien-
tation in a thin film on an IR transparent

substrate. The MAIRS techniques replace

a tedious, and sometimes impossible, com-
bination of sample preparation and analy-
sis of identical films on both transparent

and reflective substrates. The process of
MAIRS data collection and processing has

been automated with a motorized accessory
installed in a Fourier transform (FT)-IR sys-
tem under control of software that collects

the IR spectra and performs chemometric

analysis to produce the IP and OP spectra of
a single film thin on one substrate.
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