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ow-pressure chemical vapor depo-
sition (LPCVD) is widely used to
deposit thin film materials in the

microelectronics industry. In most of
the previous LPCVD modeling stud-
ies,1,2 temperature is assumed to be
continuous across the gas-surface
interface. However, at low pressure, a
temperature slip at the growth surface
can exist while continuum assump-
tion is still valid in the gas phase, and
the magnitude of temperature slip
increases as pressure decreases.

Some workers4,5 have measured
temperature slips that can be more
than 100 K under common conditions
in LPCVD systems. In our research
group, some previous modeling work
has been done computationally to
study the effects of temperature slip on
silicon, silicon carbide, and gallium
arsenide LPCVD systems.3 The prelim-
inary results show that, while a tem-
perature slip can in principle result in
measurable effects on the mole con-
centrations of species and the deposi-
tion rates, the magnitude of the effects
of temperature slip will be much more
sensitive in some systems than others.
The influencing factors include the
magnitude of the temperature slip, the
sticking coefficients of important gas-
surface reactions, the relative impor-
tance of gas-phase reactions and kinet-
ic energy dependent gas-surface reac-
tions, and so on. Hence, we perform a
theoretical study of the effects of tem-
perature slip, by using simple models,
to study the influences and relative
importance of these key parameters on
deposition rates.

Two approaches are used in this
theoretical study. In the first approach,
only a single surface reaction is con-
sidered. In LPCVD systems, one of the
surface reactions is often rate-deter-
mining,3 so this approach is useful in
at least a few important cases. The sim-
ple surface reaction is assumed to be in
the form of A→A(D) or AB→A(D)+B.
Gas-phase species (A or AB) impinging
onto the surface are deposited, or
decomposed and deposited on the sur-
face. This kind of surface reaction is
very common in LPCVD systems. In
this first approach, the effects of acti-
vation energy appearing in surface
reactions and temperature slip on
deposition rate are highlighted. 
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FIG. 1. Deposition rate as
a function of temperature
slip; deposition rates are

divided by the deposition
rate of the case with zero

temperature slip at 
corresponding  activation

energies.

FIG. 2. Deposition rate as
a function of temperature
slip; deposition rates are

divided by the deposition
rate of the case with zero

temperature slip at the
corresponding Z.

In the second approach, we add a
single gas-phase reaction in partial
chemical equilibrium. Thus, we consid-
er one gas reaction (AB↔A+B) and two
surface reactions (A→A(D) and
AB→A(D)+B). The equilibrium calcula-
tion can be first performed for gas-
phase mixture. Then, the deposition
rates are calculated from the tempera-
ture and gas-phase concentrations. In
the second approach, the factors that
affect the deposition rates in the cases
with temperature slip include the ratio
of sticking coefficients of the two sur-
face reactions, DG (the change of Gibbs
energy in the gas-phase reaction), the
activation energy of surface reactions,
and so on.

The results in Fig. 1 show the rela-
tionship between deposition rate and

temperature slip when choosing differ-
ent activation energies (first approach).
When activation energy is 30 kJ/mole, a
modest temperature slip of 100 K can
produce more than a 20 percent effect
on deposition rate compared with zero
temperature slip case. Also, a greater
effect of temperature slip on the deposi-
tion rate can be seen at larger activation
energies.

Fig. 2 shows the effects of the ratios
of sticking coefficients on deposition
rate in the second approach. In this
case, DG is fixed at 20 kcal/mole and
Z=γAB/γA represents the ratio of stick-
ing coefficients for the two surface reac-
tions. When Z is equal to 1, the influ-
encing factor mainly comes from acti-
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vation energy of surface reactions (fixed
at 30 kJ/mole in the second approach),
which is same as that shown in Fig. 1.
When the value of Z is far from unity,
the effects on deposition rates are very
different than the Z=1 case with small
values of Z inducing a significantly
greater sensitivity of deposition rate to
temperature slip.

In sum, we have shown that the
effects of temperature slip on deposi-
tion rates in LPCVD systems can be sen-
sitive to some important influencing
factors, such as the activation energies
of surface reactions, the ratios of stick-
ing coefficients, the magnitude of tem-
perature slip, and ∆G of a gas-phase
reaction.                                                       ■
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olymeric membrane ion-selective
electrodes (ISEs) are an important
class of chemical sensors that

have found widespread use in the
areas of clinical diagnostics and envi-
ronmental monitoring. Traditionally,
the sensing phase consists of a plasti-
cized polymer matrix (i.e., poly(vinyl
chloride) (PVC)) that is incorporated
with an ionophore, which selectively
binds the analyte of interest, and an
ion-exchanger that facilitates mass
transport of the primary ion from an
aqueous sample into a hydrophobic
sensing phase.1 The lipophilic
tetraphenylborate derivative, tetrakis
[3,5 – bis(trifluoromethyl) phenyl]-
borate (TFPB) has conventionally been
used as a cation exchanger. Under cer-
tain sample conditions, however, such
as in acidic media, TFPB exhibits less
than optimal behavior. It is well
known that TFPB undergoes acid
hydrolysis,2 thus ultimately contribut-
ing to the decreased lifetime of chemi-
cal sensors being employed under
these sample conditions. Toxic heavy
metals, such as Pb2+, are a class of ana-
lytes that require such acidic sample
conditions if one wants to measure
total free ion activities.

Very recently, we reported that an
undecabrominated closo-dodecacarbo-
rane anion (UBC) is a suitable alterna-
tive to TFPB, offering improved chem-
ical stability while retaining optimal
functional characteristics.3 The pre-
sent work compares several other halo-
genated carboranes, namely the hexa-
brominated (HBC), undecaiodinated
(UIC), and the undecachlorinated
(UCC) derivatives, with the behavior
of both UBC and TFPB. Specifically,
the chemical stability and/or
lipophilicity in acidic media was stud-
ied, as well as the unbiased selectivity
behavior of bis-2-ethylhexyl sebacate
(DOS)-plasticized PVC ISEs containing
the Pb2+-selective ionophore tert-
butylcal ix[4]arene-tetrakis(N,N-
dimethylthioacetamide) (Pb2+ IV).

The chemical stability/lipophilicity
of the ion-exchangers was evaluated
using bulk optode thin films as previ-
ously described.4,5 Films ~ 2 µm in
thickness were prepared using a spin-
coating device from membrane cock-
tails containing PVC, DOS, an ion-
exchanger, and a chromoionophore
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(ETH 5315). The ion-exchanger and the
chromoionophore were present in
equimolar amounts, such that any loss
of ion-exchanger from the film, either
due to decomposition or insufficient
lipophilicity, would result in deproto-
nation of the chromoionophore, which
could be measured spectroscopically.
Figure 1 shows the leaching behavior of
the ion-exchangers from films in con-
tact with 0.2 M acetic acid under flow-
ing conditions (1.2 mL/min). It is
apparent from the figure that TFPB
undergoes rapid hydrolysis and that
both UBC and UIC offer significantly
improved long-term stability.

Moreover, the best commercially avail-
able carborane, HBC, exhibited dramat-
ically poor retention. Interestingly, the
rate of leaching of UCC is quite compa-
rable to the rate of decomposition of
TFPB. In order to demonstrate func-
tionality, lead-selective ISEs containing
lead ionophore IV and a respective ion-
exchanger were evaluated in terms of
their unbiased selectivity behavior.
Unbiased selectivity coefficients are
obtained by conditioning the elec-
trodes in a discriminated ion, thus
allowing Nernstian response slopes to

FIG. 1. Leaching profiles of various
halogenated carboranes and TFPB

in the presence of 0.2 M acetic
acid under flowing conditions (1.2

mL/min). Absorbance readings
were collected in 60 s intervals

and the peak corresponding to the
fully protonated form of the chro-
moionophore (518 nm) was used

to determine the extent of ion-
exchanger leaching.

FIG. 2. Unbiased potentio-
metric selectivity coeffi-

cients, log Kpot
Pb,J, for

PVC-DOS ISEs containing
Pb2+ IV and a respective
ion-exchanger. Selectivity

coefficients were deter-
mined using the separate

solution method (SSM)
and are the mean of five

electrodes.
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nteresting structural organization
of organic semiconducting com-
pounds on metal electrodes could

influence the electrical properties of
new technologically significant devices.
We have been investigating the molec-
ular ordering of small molecule organ-
ics on Ag(111) and Au(111) films
deposited on mica substrates.1 These
metal substrates are prepared in ultra-
high vacuum (UHV) and used to simu-
late a contacting electrode. The metal
substrates were prepared with Ar ion
sputtering and annealed to produce
pristine, terraced surfaces. The molecu-
lar semiconductors pentacene and p-
sexiphenyl (p-6P) have been evaporated
onto the metal film in UHV then ana-
lyzed with a UHV scanning tunneling
microscope (STM), temperature pro-
grammed desorption (TPD) and pho-
toemission techniques.

The interface between Au(111) and
pentacene has proved to be more inter-
esting than anticipated, exhibiting a
surprisingly large number of coverage
dependant ordered structures.2-4 Low
coverages produced 4 polymorphs,
while monolayer films produced 4 dif-
ferent row structures. Multilayer pen-
tacene films generated a unique widely
spaced periodic row structure, with a 61
± 5 Å spacing. Ultraviolet photoemis-
sion spectroscopy has also been used to
determine the energy level alignment
of the pentacene and Au(111) inter-
face.5 A large interface dipole barrier
(0.95 eV) was formed at this hetero-
junction interface. Two different bind-
ing environments for pentacene on
Au(111) have been determined utilizing
TPD. Monolayer or thinner films show
a strong interaction with the Au sub-
strate while thicker films have a smaller
binding energy as the pentacene inter-
actions are not dominated by the inter-
face with the Au(111).

Investigations of p-6P on Au(111)
have also provided useful insights into
the organic semiconductor/metal inter-
face. Similar to previous reports, pho-
toemission spectroscopy revealed that
the Au(111)/p-6p interface has a sub-
stantial (0.73 eV) interface dipole.6 TPD
of thick p-6P films (50 Å) revealed the
presence of at least two different bind-
ing environments. In Fig. 1, peak A and
B have desorption temperatures of
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FIG. 3. A proposed model of the p-6p film on
Au(111). The Au dark substrate atoms repre-

sent the 23 x √3 reconstruction. The dark p-6p
molecules signify molecules with their plane
parallel to the substrate while lighter mole-

cules represent tilted molecules.(continued on page 66)

FIG. 1. Temperature programmed desorption of
a 50Å p-sexiphenyl film on Au(111), heating

rate of 15°C/min. Peak A with a peak temper-
ature of 211.2°C (136.4 KJ/Mole) and peak B

with a peak temperature of 234.6°C (143.3
KJ/Mole).

FIG. 2. A 25.4 x 19.7 nm STM image of p-6p
on Au(111). The Au(111) reconstruction was

imaged through the p-6p film and three elevat-
ed unit cells can be observed in the image.
(-0.5 V sample bias, 0.1 nA, max z-height

0.105 nm)
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f central interest to electro-
chemists is understanding the
bonding of molecules to electrode

surfaces. A major experimental probe
for determining electrochemical
chemisorbate interactions, and their
dependence on the applied potential, is
vibrational spectroscopy. In situ Raman
and infrared spectroscopic measure-
ments are dramatically enhancing the
molecular-level understanding of elec-
trode–solution interfaces.1 From such
vibrational spectra, electrochemists can
obtain metal- and potential-dependent
information on chemisorbate bonding.
However, interpreting the vibrational
behavior in terms of fundamental
changes in bonding properties, such as
surface–chemisorbate bond energy,
geometry, or charge transfer, is often not
straightforward. Augmenting experi-
mental information with a quantum-
chemical description of the bonding
interaction is important to fully under-
stand these complex systems.

Density Functional Theory (DFT) cal-
culations of surface–chemisorbate sys-
tems reproduce binding energies and
vibrational frequencies comparable to
experiment,2 in addition to providing
orbital,3 density of state,4 and charge
polarization5-7 descriptions of surface
bonding. Modeling the electrode usual-
ly involves two strategies: finite cluster
and periodic-slab methods. The first is
discussed in detail in Ref. 6. The second,
utilized here, represents the electrode as
a two-dimensional array of metal atoms
oriented in a specific surface geometry,
such as (111).4 Chemisorbates are
bound in a repetitive fashion and exper-
imentally relevant, finite-coverage sys-
tems can be modeled. Since the period-
ic electron basis sets utilized in this
model more accurately describe metallic
band structure, it is the preferred model
of electrode–chemisorbate systems.

A primary interest of the fellowship
work presented here is to demonstrate
how DFT can predict both chemisorbate
vibrational frequencies, ν , and the cor-
responding change in frequency with
applied potential (or field), i.e., the
Stark-tuning slope,5 dν/dF, as a function
of adsorbate coverage. This report
describes investigations of such behav-
ior for the archetypical system, atop-
bound carbon monoxide on Pt(111)
electrodes in comparison with experi-
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mental measurements in ultrahigh vacu-
um8 (UHV) and electrochemical9 (EC)
environments. Plotted in Fig. 1a are C-O
intramolecular vibrational frequency,
νCO , vs. CO coverage curves, calculated
from DFT using the DACAPO periodic
slab code10 (circles) and measured exper-
imentally in UHV8 (triangles). Although
the DFT-νCO magnitudes are approxi-
mately 40 cm-1 greater than the UHV val-
ues, both curves show the marked νCO
increase toward higher coverage, result-
ing from increased dipole-dipole cou-
pling. Plotted in Fig. 1b are correspond-

ing Stark-tuning slope values, calculated
from DFT (see Refs. 5-7 for details) (cir-
cles) and measured experimentally in
UHV8 (triangles) and EC9 environments
(squares). All three curves demonstrate a
decrease in the Stark-tuning slope toward
higher coverage (Fig. 1b), resulting from
a decrease in C-O bond distance-depen-
dent electron redistribution7 with
increasing chemisorbate concentration.

It is interesting that the Stark-tuning
slopes calculated by DFT match closely

FIG. 1. (a) Intramolecular vibrational frequency for atop-bound CO on Pt(111) versus fractional CO cover-
age, determined from DFT (circles) and experimentally measured in UHV (triangles). (UHV values extracted
from Ref. 8.); (b) Corresponding Stark-tuning slopes versus fractional CO coverage, determined from DFT (cir-
cles) and experimentally measured in ultrahigh vacuum (triangles) and electrochemical (squares) environ-
ments. (UHV and EC values extracted from Refs. 8 and 9, respectively.)

(continued on next page)
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(b)
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those from UHV, while the EC values are
about 2-3 times larger. This unexplained
experimental behavior illustrates a sig-
nificant difference in chemisorbate
bonding in EC versus UHV environ-
ments. Since the DFT calculations pre-
sented here do not include interfacial
solvent, chemisorbate solvation may
account for this difference. A future pro-
ject is to model the effect of solvation
on the C-O STS using DFT calculations
and the periodic-slab model.
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be obtained for all ions measured and
making it possible to calculate more
accurate selectivity coefficients.6

Potentiometric selectivity coefficients,
log K

pot
I,J are a measure of an

ionophores preference for a target ion,
I, over an interfering ion, J. The results
of the selectivity studies appear in Fig.
2. Interestingly, both UBC and UIC
show an improvement in the selectivity
over Cd2+ by at least a full order of mag-
nitude, meanwhile showing a
decreased discrimination of Cu2+. In
addition, UIC also shows a modest
improvement in the discrimination of
Ca2+. HBC, on the other hand, exhibits
poor selectivity in comparison to TFPB
most likely because of its poor retention
in the sensing membrane.

In summary, halogenated dode-
cacarborane derivatives have been
demonstrated to be suitable alterna-
tives to TFPB as cation-exchangers in
ISEs, with the undecaiodinated deriva-
tive being the most retained in leach-
ing studies and also offering in many
cases improved selectivity over com-
mon interfering ions. Therefore, with
new more robust ion-exchangers avail-
able further improvements in sensor
lifetime and miniaturization become
feasible.                                                       ■
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211°C and 234°C correlating to a bind-
ing energy of 126 and 143 KJ/mole
respectively. Scanning tunneling
microscopy of near monolayer shows a
herringbone structure that is similar to
the crystalline packing of this
material;7 see STM image in Fig. 2. The
Au 23 x √3 reconstruction is observed
through the p-6P film. A proposed
model of this organic film is depicted in
Fig. 3, where the Au substrate atoms are
represented as circles and the darker
colored atoms show the locations of the
elevated atoms in the Au reconstruc-
tion. Darker p-6P molecules represent
molecules lying with their plane paral-
lel with the substrate while lighter p-6P
molecules are tilted upright. The mea-
sured and model unit cell distances
agree within 1% deviation, 33.8 x 14.3
Å and 32.5 x 14.4 Å respectively.

In summary, the formation of a sub-
stantial interface dipole has been con-
firmed between Au(111) and p-6P. At
least two different binding environ-
ments have been determined to exist
utilizing TPD. Thin film investigations
using STM have shown an interesting
herringbone structure where each unit
cell has one p-6P molecule lining flat
on the Au(111) and another tilted on
edge. Edge-to-face interactions are max-
imized in this film structure and are
similar to bulk p-sexiphenyl.7 ■
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