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Abstract.

We have developed and utilized p-polarized backside reflection absorption infrared spectroscopy

(pb-RAIRS) to examine dielectrics between silicon substrates and metallic overlayers. The technique has been used to
investigate oxides, organic layers on oxides, and organic layers directly attached to silicon under Au, Al, and Ti.
Simultaneous electrical test structures were prepared using a capacitor mask. Little interaction of the metal with oxides
was observed in contrast to the observed interaction of the metal with the organic monolayers. The vibrational data were
correlated with the electrical data to establish a cohesive understanding of the buried interface.
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INTRODUCTION

The buried interface between metals and thin
dielectric films is critical to a diversity of technologies.
Because interactions between diclectric and metal
materials at this interface can lead to very different
device properties (i.e., fermi level pinning, work
function changes, etc.), a critical understanding of the
reactions occurring at this interface is desired. The
buried metal/dielectric interface is difficult to
characterize in-situ since metal films become opaque
to both optical and charge particle probes at
thicknesses on the order of 10 nm. Therefore, the bulk
of the interfacial analysis has been done either via the
use of semi-transparent metal layers or via destructive
analysis.

Due to the ability to prepare well-defined organic
surfaces, the interface between metals and self-
assembled monolayer (SAM) films has been
extensively studied as a model for more complex
interfaces.[1] More recently, the metal-monolayer-
substrate system has gained interest due to
opportunities in the molecular electronics arena. SAMs
also hold promise as replacement diffusion barriers
and dielectrics in conventional semiconductor device
architectures[2] and are being explored as active
components in molecular electronic schemes.[3] A key
component necessary for the development of this latter
application is the correlation of electrical performance

with molecular structure. A diversity of interesting
electrical behavior has been reported for molecular
devices. In some, it has become clear that the behavior
is universal; i.e., uncorrelated with the specifics of the
molecular film, but associated with the measurement
platform itself.[4,5]

We present the results of a straightforward optical
measurement, p-polarized  backside reflection
absorption infrared spectroscopy (pb-RAIRS), that is
applicable to any metal/dielectric/substrate system
which utilizes an IR transparent substrate as shown in
Figure 1. This method is advantageous since it is
nondestructive and utilizes thick metal encapsulating
the dielectric, which precludes sample degradation and
allows for simultaneous fabrication of electrical
devices. Special substrate shapes are not required, as
in attenuated total internal reflectance, enabling the
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FIGURE 1. Schematic of backside reflection absorption

infrared spectroscopy (bs-RAIRS) sample.
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extension to acquisition of vibrational spectra under
bias with optimized optics. We apply pb-RAIRS to
interface characterization between vapor deposited top
metal contacts (Al, Au, and Au with a Ti adhesion
layer) and dielectric layers consisting of silicon oxides
and alkane monolayers. The results are directly
correlated with electrical data obtained from capacitor
structures consisting of identically fabricated films.

EXPERIMENTAL

Two types of organic monolayers were studied:
monolayers attached to silicon oxide (native and
thermal) and monolayers attached directly to the
silicon surface. Organic monolayers were prepared on
double side polished Si(111) wafers (P doped, 8 Q cm
to 12 Q cm). Octadecanol (OA) was attached directly
to H-functionalized silicon[6] and octadecyltrichloro-
silane (OTS) was attached to silicon oxide[7] as
described previously. Briefly, Si-H substrates were
placed in a 10 mmol/L alcohol solution (CH,Cl,) in an
inert glove box and exposed to 254 nm irradiation to
form Si-O-(CH,),;CH; surfaces. OTS was grown on
oxide surfaces by 18 h immersion in 2 mmol/L
hexadecane solution followed by extensive sonication
and annealing to remove physisorbed material.
Spectroscopic  ellipsometry, contact angle, and
transmission FTIR (Fourier transform infrared
spectroscopy) were used to monitor the quality of the
organic monolayers formed. The ellipsometric
thickness indicates a slightly lower density for the
directly attached films, compared to silanization,
which has been attributed to packing constraints
imposed by the Si lattice.[6]

Three top metal layers were deposited from
physical evaporation sources: 200 nm of Al, 200 nm of
Au, and 9 nm of Ti followed by 200 nm Au (Ti:Au)
[8] as described elsewhere.[7] Blanket films were
deposited on (=15 mm x 15 mm) samples for FTIR
characterization, while arrays of 150 um diameter dots
were deposited via a shadow mask for electrical
characterization. Reference samples were created by
deposition of the metals directly on the thermal and
native oxide films and on H-Si. The alkane films and
metal depositions were performed via batch
processing, providing a high degree of reproducibility.

All IR spectra were recorded with a commercial FT
instrument by using a liquid nitrogen cooled MCT
(mercury cadmium telluride) detector at 8 cm’
resolution. 512 scans were coadded for a total data
acquisition time of ~6.5 min. P-polarized Brewster
angle (=73.7°) transmission spectra were acquired with
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a custom-built sample holder. P-polarized, near-
Brewster angle, backside reflection spectra were
acquired with a commercial 80° reflection accessory.
The actual reflection angle was determined to be
~76.5°. For both measurements, wire grid polarizers,
on either ZnSe or BaF, substrates, were used to define
the polarization. Electrical capacitance-voltage (C-V)
and DC-current-voltage (I-V) data were collected on

samples directly after metallization using a
commercial probe station.
RESULTS AND DISCUSSION
Oxide Samples

Shown in Figure 2 are transmission spectra
acquired from a 3.5 nm thermal oxide and a 1.7 nm
native oxide sample.[9] The dominant features in the
oxide region are the Si-O-Si symmetric stretch (Vgym)
at =816 cm™ and the Si-O-Si asymmetric TO phonon
at 1066 cm” and LO phonon at 1262 cm’. The
negative dip at 1107 cm™ is an artifact due to miss-
cancellation of the Si-O-Si stretch of bulk O
impurities.[10]  Also shown in Figure 2 are the
reflection spectra obtained after Au, Al, and Ti:Au
were evaporated on the respective oxide samples. The
Si-O Vg, and TO phonon are suppressed in the
reflection spectrum compared to the transmission
spectrum. This is due to the surface selection rule for
the presence of the metal over layer causing the
reflection spectrum to be dominated by the zz element
of the film dielectric tensor. The transmission
spectrum, due to refraction, is a nearly equal mix of
the in-plane (xx, yy) and normal (zz) components.
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FIGURE 2. Transmission spectra (dotted line) obtained
from clean oxide substrates. Reflection spectra obtained
from Al, Au, and Ti deposited on the respective oxide. A
spectra obtained from AlO, on oxide is shown for
comparison.



Also shown in Figure 2 is a spectrum obtained
from a deliberately oxidized Al sample prepared by
exposure of 2.5 nm of the Al to ambient conditions for
~30 min prior to evaporation of 200 nm of Au.
Comparison of the spectra obtained from the silicon
oxide and AlO, samples indicates that there is no
observable metal oxide formation at this interface,
consistent with earlier work.[11]  Similar TiO,
samples were made with no observable TiO
vibrational stretches observed. Modeling and
literature spectra indicate that TiO, features will
initially appear at ~820 cm” and be difficult to
distinguish for thin layers. Overall, evaporation of Au,
Al, and Ti do not dramatically affect the vibrational
spectra obtained from native and thermal oxide
surfaces.

Organic Monolayers

Shown in Figure 3 are p-polarized Brewster angle
transmission spectra of the double side functionalized
alkane monolayers on oxides. The spectra are
referenced to a freshly prepared H-Si sample and agree
with previous reports.[12,13] The dominant features in
the CH stretch region are the methylene symmetric
stretch (d+ near 2850 cm™) and asymmetric stretch (d-
near 2920 cm™). These stretch frequencies can be used
to characterize the degree of order of the alkane
backbone.[14,15] The observed frequencies for OTS
are consistent with a nearly all-trans, crystalline film.

Also shown in Figure 3 are the pb-RAIRS of the
metallized films. In the low wavenumber region, the
spectrum is dominated by the Si-O TO phonon. A
weak feature at ~930 cm™ is observed for aluminum
on OTS monolayers on both thermal and native oxide
substrates that is attributed to aluminum oxide (Figure
2). No additional oxide features were observed for
either the Au or Ti:Au films. In the CH stretch region,
the vibrational spectra of the Al and Au metallized
OTS films are very similar. The d- frequency shifts
slightly to the blue upon metal deposition, indicative
of slight disordering of the chains due to weak
interactions with the metal. There is the appearance of
a broad, weak feature in the Au spectrum at
~2825 cm™" attributed to a ‘soft’ methylene mode.[16]
These modes indicate direct interaction of the CH,
groups with the Au, suggestive of some metal
penetration of the film. In contrast to the Al and Au
results, the Ti:Au metallization causes significant
changes in the vibrational spectra. The intensities of all
CH bands are severely reduced, and the d- frequency
appears at 2928 cm’, characteristic of a disordered
liquid. The severe attenuation and disruption of the
film is consistent with earlier studies of Ti on

612

alkanes[17,18] and suggests chemical interaction,
probably due to Ti carbide formation.
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FIGURE 3. P-pol transmission and reflection IR spectra for
OTS films assembled on thermal oxides. Gray lines:
metal/oxide, Black lines: metal/OTS/oxide, broken lines:
model spectra with isotropic (dotted) and biaxial (dashed)
dielectric functions.

We have attempted to gain further insight into the
degree of interaction between the metal and the film
by quantitative modeling of the FTIR spectra. OTS
films are known to consist of dense, all-trans aliphatic
chains oriented near the surface normal.[19] This
results in a highly uniaxial dielectric function ¢ for the
alkane layer. We have developed a uniaxial model for
the OTS films, based on fitting the p-pol and s-pol
Brewster angle transmission spectra.[13] Shown in
Fig. 3b as a dashed line is the expected reflection
spectra if there is no perturbation of the film by the
metal. Note that the unperturbed model does not well
represent the observations. We have also simulated the
reflection spectra, assuming the film has an isotropic
dielectric function given by the average of the uniaxial
film &5,=(2¢ +¢,)/3. This is shown as the dotted line.
The integrated intensity of the isotropic model is in
fair agreement with the observed spectra.

In order to gain a further insight into devices, DC-
current voltage (I-V) measurements were acquired on
150 um capacitor structures as shown in Figure 4.
Controls of metal evaporated directly on the thermal
oxide and native oxide substrates were performed. For
both substrates, the presence of the OTS film
significantly improves the leakage current for
evaporated Al and Au, consistent with significant
blocking of metal penetration by the alkane. The Ti:Au
metalization results in less optimal behavior. While
the OTS functionalization still blocks metal



penetration of the oxide, there is low resistance,
suggestive of a thinner dielectric thickness. The
dielectric thickness of the alkane films was estimated
from the AC capacitance-voltage characteristics of the
devices.[20] For the Ti/OTS devices, an OTS
thickness of 0.7 nm was extracted. This is consistent
with the pb-RAIRS (integrated intensity of the d+ and
d- bands was 0.2 that of the isotropic reference
spectrum  implying ~0.5 nm of remaining
hydrocarbon) and supports the hypothesis of film
consumption due to carbide formation. For the Al and
Au devices, an OTS electrical thickness of 1.5 nm was
determined. In the pb-RAIRS, the integrated d+ and d-
intensities of the main features was = 0.7 that of the
isotropic reference (implying a thickness = 1.8 nm),
while the ratio of the soft d+ (2825 cm™) to the main
d+ (2852 cm™") was 0.2. The electrical and optical data
are most consistent with a thin (=0.5 nm) combination
region characterized by partial metal penetration into
the film.

Current (A)

Gate Bias (V)

FIGURE 4. 1-V characteristics for capacitors formed from
the various metals on thin oxides and films. Key: black-
metal/oxide, dashed-metal/molecule/oxide. Nat native
oxide and Thr = thermal oxide.

Shown in Figure 5 is the p-pol transmission IR
spectrum for a C18 film directly attached to Si via UV
promotion of the addition of octadecyl alcohol to H-
terminated Si(111). Also shown in Fig. 5 are the pb-
RAIRS spectra following the deposition of Al, Au, and
Ti. In all three cases, there are no detectable
hydrocarbon features in the spectra. Simulated spectra
based on either a Bruggeman or Looyenya effective
medium approximation for a film with 50 % metal
fraction are shown in Fig. 5. Weak CH features are
still present. This strongly suggests that the metals
have displaced the OA derived films, severing the C-
0O-Si covalent linkage.
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The displacement of the molecular film is
consistent with the I-V characteristics, shown in Fig. 5.
Reference devices, formed by direct deposition of the
respective metal on the H-terminated surface, show the
expected metal/semiconductor (M/S) behavior with the
Au on n-type Si data exhibiting the most rectification
(due to the larger work function of Au compared to Al
and Ti). The changes in the I-V characteristics upon
introduction of the directly attached film are very
different than in the case of OTS/oxide. There is no
evidence for significant blocking behavior in the
presence of the molecular film. In fact, for Al and Ti,
there is an increase in the reverse bias leakage, while,
for Au, there is a slight decrease in the rectification
and a decrease in the forward bias current. We suspect
that the process by which the metal displaces the
molecular film creates a metal/semiconductor interface
that is less ideal than when the top metal is directly
deposited on the pristine H-terminated Si surface.
This causes a lowering of the Schottky barrier (with
respect to that at the ideal metal/H-Si interface) which
leads to the observed I-V curves having a greater
reverse current leakage. C—V measurements (not-
shown) are consistent with a direct M/Si interface and
have no evidence for a dielectric barrier.

The displacement of the directly attached films is
remarkable, when compared to the robust behavior of
the silane-derived films. The R-O-Si linkage is slightly
less stable than R-Si;[21] however, alcohol derived
films are moderately stable in air, and aldehyde
derived films are stable for 30 min in 60 °C water.[6]
The displacement of the films cannot be attributed
solely to film quality, as we have formed poor silane
derived films (ellipsometric thickness: 1.8 nm, d-:
2925 c¢cm™) and observed IR and I-V characteristics
similar to those reported in Figs. 3 and 4.
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FIGURE 5. a) P-pol IR spectra of OA films directly
attached to silicon. Broken lines are model spectra:
Bruggeman (dotted) Looyenya (dashed). b) I-V data from H-
Si (black) and OA-Si (dashed) capacitors.




Very little electrical characterization has been
performed on directly attached films. In an earlier
report, NIST presented C-V characterization of vapor
deposited Al top contact, octadecyl alcohol derived
films[22] The observed yield for blocking devices was
extremely low. This is consistent with displacement of
the molecules in the majority of the devices. C-V
measurements have also been reported for vapor
deposited Al on octadecene derived films,[23] and for
Hg drop electrodes on dodecene functionalized
surfaces.[24] The high surface tension of the Hg drop
likely inhibits the metal film interaction and
subsequent displacement. It is unclear the origin of the
widely disparate results for AI/OA reported here and
Al/octadecene reported in Ref 23. At a minimum, it
indicates that the performance of directly attached
films is highly variable.

CONCLUSIONS

Application of a novel backside infrared technique
to samples of interest for molecular electronics is
demonstrated. Vibrational spectra were obtained and
analyzed from organic monolayers and oxide surfaces
to investigate the buried interface between an organic
monolayer and an evaporated metal. The results
obtained from the vibrational spectroscopy were
correlated with the results obtained from electrical
measurements of the same samples. There was no
observable interaction between evaporated metal and
the native or thermal oxide surfaces. The interface for
the organic monolayers differed depending on the
substrate.  The monolayers on oxide had little
interaction with gold and aluminum while titanium
tended to digest the aliphatic chain. Conversely,
monolayers directly attached to silicon were displaced
by all of the metals in this study. Both techniques are
in good agreement and demonstrate the applicability of
infrared spectroscopy for investigation of buried
interfaces.
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