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The siloxane film derived from the 30-carbon chain triacontyltrichlorosilane (TCTS) is studied as an
anti-relaxation coating for atomic vapor cells. The longitudinal spin relaxation lifetime of optically
pumped potassium atoms in the presence of TCTS is measured and the average number of non-
relaxing atom-wall collisions, or bounces, enabled by the coated surface is determined. X-ray photo-
electron spectroscopy (XPS) and atomic force microscopy (AFM) of TCTS were performed to inves-
tigate changes in chemical states and surface morphology of TCTS arising from K atom deposition
on the film surface. TCTS was found to give approximately 530 bounces. Following lifetime mea-
surements, K2p signals were clearly observed in XPS spectra. AFM images display non-preferential
K deposition on the TCTS surface, however additional AFM studies with a TCTS surface exposed
to Rb atoms show deposition occurs along surface defects. In agreement, Rb is found to preferen-
tially deposit along the step edges of an 18-carbon chain monolayer film derived from 1-Octadecene.
Finally, AFM indicates a much smoother surface for a tetracontane coating relative to TCTS. The im-
portance of siloxane surface morphology versus film thickness with respect to coating performance
is discussed. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761934]

INTRODUCTION

Siloxane films have long been examined for use as wall
coatings in atomic vapor cells to preserve spin orientation
of polarized alkali metal (AM) atoms.1–3 The silicon head
group binds covalently to glass surfaces via Si-O bonds,
thereby imparting thermal stability and making siloxanes use-
ful as coatings in high-temperature applications. For instance,
spin-exchange relaxation free magnetometers4, 5 and radio-
frequency magnetometers6, 7 both require elevated tempera-
tures (∼100–150 ◦C) to obtain the high alkali atom vapor
densities (1012–1014 cm−3) necessary to achieve extremely
sensitive magnetic field measurements. Siloxane films are at-
tractive alternatives to the traditionally used paraffin coat-
ings which melt and lose their effectiveness around ∼60–
80 ◦C. However, siloxanes are significantly worse at sup-
pressing spin relaxation than coatings prepared from paraf-
fin waxes8–10 and certain alkenes.11, 12 For example, minute-
long lifetimes (T2) are given by the best known alkene-based
coating, while siloxane lifetimes are typically on the order
of milliseconds (T1). The reasons why siloxanes have a lower
coating performance compared to paraffins is not immediately
clear considering that currently employed siloxane films have
a long hydrocarbon tail resulting in an outermost surface that
closely resembles the chemical structure of paraffins.

Seltzer et al. studied the antirelaxation properties of
silane-based coatings derived from butyltrichlorosilane
(BTS; CH3(CH2)3SiCl3), dodecyltrichlorosilane (DTS;
CH3(CH2)11SiCl3), and octadecyltrichlorosilane (OTS;
CH3(CH2)17SiCl3).13 Among monolayer BTS, DTS, and
OTS films, the two shorter-chain films gave slightly longer
potassium polarization lifetimes (T1 = 1.1 ms for BTS and
T1 = 2.3 ms for DTS at 10 Torr He buffer gas) than the
longer-chain OTS (T1 = 0.9 ms, 10 Torr He buffer gas).
Furthermore, a significant difference in relaxation lifetimes

was found between monolayer and bilayer OTS coatings,
with T1 = 0.9 ms for monolayer OTS and T1 = 5 ms for
bilayer OTS (each at 10 Torr He). These lifetimes correspond
to 25 and 450 bounces, or atom-coating collisions, for
mono- and bi-layer OTS, respectively. In a related study, a
multilayer, cross-linked OTS film was found to give around
2000 bounces; however, only a single cell produced this
value, with hundreds of bounces being the more typical
result.3 As highlighted by these examples, a wide range of
polarization lifetimes are observed among siloxane-coated
cells, even among cells prepared under purportedly identical
conditions.

A recent report cited varying surface morphologies of
mono- and bi-layer OTS as a factor leading to the ob-
served differences in the antirelaxation effectiveness of these
coatings.14 Monolayer OTS is known to grow via island for-
mation, leaving behind approximately micrometer-wide grain
boundaries on the fully formed film, while bilayer OTS lacks
defined grain boundaries.15, 16 On a monolayer OTS film that
was exposed to Rb vapor, the Rb atoms were found to de-
posit along grain boundaries as suggested by atomic force
microscopy (AFM). In contrast, the AFM height image of bi-
layer OTS indicated that Rb deposited non-preferentially on
the surface, with large Rb clusters resulting. Thus, it may be
that relative to bilayer OTS, monolayer OTS has more nucle-
ation sites for Rb atoms where spin polarization may be lost.

An obvious question that arises is the role that film thick-
ness plays in the measured lifetimes. Paraffin’s effectiveness
is thought, in part, to be due to the thick barrier paraffin forms
between polarized AM atoms and the glass walls of atomic
vapor cells where there may be depolarizing effects present
(e.g., paramagnetic impurities). Based on this, thicker bilayer
and multilayer siloxane films are expected to be more effec-
tive than monolayer films. While this trend holds among OTS
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coatings, the aforementioned siloxane data show a negative
correlation going from DTS to OTS, with a drop in lifetimes
with the thicker OTS film.

To add to current understanding of siloxane films as an-
tirelaxation coatings, the 30-carbon alkyl chain film derived
from triacontyltrichlorosilane (TCTS; CH3(CH2)29SiCl3) was
investigated. Theoretically, an ordered monolayer of TCTS is
4.3 nm thick, nearly the same thickness as bilayer OTS at 4.9
nm,14 and approximately twice as thick as monolayer OTS
(theoretical thickness = 2.6 nm). In addition, TCTS grows by
island nucleation and growth, producing a surface morphol-
ogy that closely matches that of monolayer OTS when fully
formed.16 Based on these properties, TCTS presents a system
suitable for investigating the importance of coating thickness
versus surface morphology for siloxane coatings. To that end,
longitudinal spin relaxation lifetimes, T1, of optically pumped
K atoms in the presence of TCTS films were measured. In
order to monitor changes in chemical state of TCTS arising
from K deposition, X-ray photoelectron spectroscopy (XPS)
analysis of the coatings was performed before and after expo-
sure of the films to K vapor. AFM was employed to observe
sites on the TCTS surface where K deposits. Finally, to further
broaden understanding of how surface morphology impacts
atom-film interactions, and ultimately coating performance,
three additional films were examined with AFM. Monolayer
TCTS and a film derived from 1-Octadecene, C18, were ex-
posed to atomic Rb and imaged. With C18, the carbon chain
directly links to the silicon substrate and offers a system with-
out reactive head groups (Si-O-Si linkages) as found in silox-
ane coatings. Finally, the surface morphology of a paraffin
film prepared from tetracontane is compared to TCTS.

EXPERIMENTAL

Thin film preparation

Triacontyltrichlorosilane monolayers were formed on
Si(100)/SiO2 substrates (∼100 nm oxide; ∼1 in. × 7/8 in.,
1 mm thick) using a published method.16 Briefly, the sub-
strates were cleaned using “piranha” solution, a wet chem-
ical etch consisting of one part hydrogen peroxide to three
parts sulfuric acid (98% H2SO4/30% H2O2, 3:1 v/v). Cleaned
Si/SiO2 slides were added to the solution, which was then
heated (∼80 ◦C) for 1 hour. The slides were removed and
washed with copious amounts of Millipore (18 M�) DI water
then dried under a flow of N2 gas. Following cleaning, sub-
strates were immediately immersed in a solution of ∼1 mM
TCTS (Gelest Inc.; 80% C30 and higher, 20% C22-C28) in

FIG. 1. Glass manifold used for preparation of atomic vapor cells (a). The
assembly has four cylindrical cells in which the TCTS substrates are held in
parallel using a glass holder ((b) and (c)). Potassium metal is distilled into the
stem of each cell, with each cell containing He buffer gas.

FIG. 2. Laser system for spin polarization lifetime measurements of opti-
cally pumped K atoms in the presence of TCTS coated substrates. Adapted
from Seltzer et al.13

bicyclohexyl (Sigma-Aldrich; 99%). Sonication was needed
to completely dissolve the TCTS in solvent. After 3 hours at
room temperature, the coated substrates were removed, rinsed
with chloroform, stirred in a chloroform bath, wiped with a
clean cotton tip to remove excess adsorbed material, and fi-
nally dried with N2. It should be noted that all TCTS films
used for lifetime measurements were prepared in the same
batch and no significant variation has been observed with
AFM and XPS analysis. Therefore, we assume that the antire-
laxation quality of TCTS films should be consistent between
prepared vapor cells (vide infra).

Films derived from 1-Octadecene (C18) were prepared
using the methods of Zhong and Bernasek.17 Si(111) wafers
(p-type, 6–8 �cm; ITME, Poland) were diced into ∼1.2 cm
× 1.2 cm squares and cleaned by sonication in acetone, fol-
lowed by methanol and water (15 min each) to eliminate
grease and particles. Subsequently, the samples were im-
mersed in piranha solution at 90 ◦C for 30 min and then rinsed
with copious amounts of water to remove organic contamina-
tion. Etching of the silicon oxide layer was achieved by im-
mersion in an Ar-purged 40% NH4F solution for 6 min fol-
lowed by a quick rinse in Ar-purged water. The hydropho-
bic H-terminated samples were further dried under argon and
introduced into a sealed glass vessel with a quartz window
cap and Ar-purging line. Approximately 100 μl of Ar-purged
alkene was deposited neat on each sample via syringe, which
covered the entire sample surface with a ∼2 mm thick liq-
uid film. The glass vessel was purged with argon for at least
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FIG. 3. (a) Shown is the drop in probe beam transmission as spin-polarized potassium atoms relax during a relaxation-in-the-dark measurement (data taken for
15 Torr cell). A decaying exponential (pink) is fit to the signal. (b) Lifetime measurements of approximately 1.7, 2.6, and 8.6 ms were obtained for cells at 5.0,
7.0, and 15.0 Torr of He, respectively. Data were numerically fit to a mathematical model yielding ∼530 bounces.13

FIG. 4. Shown are XPS spectra of TCTS before (a) and after (b) exposure to potassium vapor. Following the lifetime measurements, and consequential exposure
to potassium, K2p signals clearly appear on the TCTS surface. (Please note the different ranges in the C1s and K2p regions between (a) and (b).) In addition, a
lower binding energy secondary component arising from potassium-bound oxygen is observed in the O1s region.
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FIG. 5. AFM height images, and corresponding height line profiles, of a monolayer TCTS film before* (left image) and after (right image) exposure to
potassium vapor. Potassium appears to be randomly distributed across the surface, with ∼20–40 nm high features, and diameters in the hundreds of nanometers
range. *TCTS film that was not exposed to K was not cured.

10 min, and a 254 nm ultraviolet lamp (model: UVG-11,
UVProducts) irradiated the sample for a fixed period of time.
After UV treatment, the functionalized samples were sequen-
tially rinsed by sonication in hexane, tetrahydrofuran, and
dichloromethane (15 min each). Finally, tetracontane (Sigma-
Aldrich; >98.5% purity) was coated onto Si(100)/SiO2 sub-
strates (∼100 nm oxide). The silica substrates were cleaned in
a piranha solution, rinsed with copious amounts of DI H2O,
and dried under a flow of N2. Once clean, the substrates were
immersed into melted tetracontane to give a coating on the
surface that was microns thick.

For Rb-AFM studies, Rb was deposited on TCTS and
C18 films using an AM atom dispenser (SAES Getters Group;
Italy). The Rb dispenser was connected to Cu feedthroughs on
a vacuum flange and positioned directly above the sample sur-
face plane. Deposition was carried out in a high vacuum envi-
ronment (P∼10−8 Torr) by resistive heating of the dispenser
(∼9 A; few min deposition time).

Atomic vapor cell preparation

Permanently sealed glass vapor cells containing TCTS
on Si(100)/SiO2 slides were prepared as follows: (1) The

entire glass assembly (Figure 1(a)) is cleaned with hot hy-
drochloric acid, rinsed with copious amounts of DI-H2O
(18 M�), and dried with an acetone rinse and subsequently
in an oven overnight. (2) TCTS coated substrates, held in par-
allel (∼4.5 mm apart) with a slotted, glass holder, are loaded
into the cylindrical cells (one window is left off and then at-
tached by glass-blowing methods after sample loading). The
entire tube is attached to a vacuum system using an o-ring-
sealed fitting. (3) A glass ampoule containing potassium metal
(99.95%; Atlantic Metal & Alloys LLC) is broken open in air,
and immediately loaded into the retort, which is afterwards
quickly sealed shut with a hot flame. (4) To drive off impuri-
ties, the assembly is heated overnight (T∼85 ◦C; residual cell
P∼10−7-10−8 Torr) using heat tape wrapped around a series
of metal clamps around the cell body. The entire structure is
wrapped in Al foil to minimize heat dissipation. (5) Following
this heating period, a small droplet of alkali metal is distilled
into the narrow stem of each cell using a flame (O2; butane)
on the outside of the glass to move the metal through repeated
steps of evaporation and condensation. The alkali is collected
in the stem by spot cooling the cell using wet paper towels
wrapped on the outer surface of the glass. (6) In order to ob-
tain cells at varying pressures (needed to calculate bounces)
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FIG. 6. AFM height image, and corresponding height line profile, of a mono-
layer TCTS film exposed to Rb vapor. Grain boundaries (∼500-nm to 1-μm
wide), left behind from island-type growth, are easily observed on the surface.
Rubidium deposition occurs primarily along scratch marks that transverse the
surface and on top of islands.

the entire assembly is back-filled with He at a specific pres-
sure and a cell is detached above the site of alkali condensa-
tion in the stem using a hot flame (Figures 1(b) and 1(c)). This
step was repeated for different He pressures to obtain three
separate cells at He pressures of 5.0, 7.0, and 15.0 Torr (ad-
ditional cells were prepared at other He pressures, however,
only cells at the aforementioned pressures gave sufficient AM
atom densities for lifetime measurements).

Longitudinal spin lifetime measurements

Relaxation data were collected at 85 ◦C, with each cell
requiring a curing or ripening phase of approximately 1 day
(curing T = 85 ◦C). It was not until curing was complete that
fluorescent emission of laser excited K atoms (770 nm) was
observed, indicating sufficient K vapor density was in the cell.
Longitudinal lifetime measurements, T1, were performed us-
ing a relaxation-in-the-dark technique,18 and the experimen-
tal setup used was based on that of Seltzer et al.13 (Figure 2).
Briefly, a distributed feedback diode laser, tuned to the D1

resonance (2S1/2 → 2P1/2) of K atoms at 770 nm, was split
by a beam sampler to give pump and probe beams. The pump
beam was circularly polarized and expanded with a pair of
lenses to fill the space between coated substrates. The pump
beam was used to orient K spins along the ẑ axis, which is
defined by the magnetic field (few Gauss) and beam prop-
agation directions. An optical chopper is used to alternately
block and unblock the pump beam; during the blocked pe-
riod polarized K atoms lose their spin orientation through
wall-induced spin relaxation. The probe beam was aligned
to pass through a photoelastic modulator (PEM), the cen-
ter point between the slides, and then to be collected on the
other side of the oven with a photodiode. Probe beam trans-
mission is monitored with a lock-in amplifier referenced to
the 50 kHz switching frequency of the PEM. As the K atoms
lose their spin orientation, probe beam photons are absorbed
and a decrease in light transmission is captured as an oscil-
loscope trace. The probe beam signal is fit to a decaying ex-
ponential from which the time constant, T1, is obtained. A
measure of error in T1 is obtained by fitting the transmission
signal at later and later time points. As detailed in Seltzer
et al.,13 lifetimes as a function of buffer gas pressure are nu-
merically fit to a model to determine the characteristic num-
ber of bounces for polarized K atoms in the presence of a
coating.

Film characterization

Surface analysis, including XPS, AFM, and ellipsome-
try, was performed on the coated substrates. Following life-
time measurements, the cells were controllably opened by
creating a small semicircular score along the body and heat-
ing with a small, hot blue flame (O2-rich butane flame). XP
spectra were obtained with a VG Scientific ESCALAB2 com-
mercial instrument using Mg Kα radiation (hv = 1253.6 eV).
Curve fitting of the core-level XPS lines was carried out with
CASAXPS software using a nonlinear Shirley background sub-
traction and Gaussian–Lorentzian product function. All spec-
tra were calibrated using the Si2p signal of SiO2 at a bind-
ing energy of 103.3 eV. AFM images were acquired under
ambient conditions using a Digital Instruments Nanoscope
IIIa system (Veeco, USA) in tapping mode using phospho-
rous (n) doped Si probes (Model RTESP, Veeco Instruments,
USA). Images were processed using the NANOSCOPE soft-
ware. Finally, thickness measurements were obtained using a
single-wavelength Stokes Ellipsometer LSE (Gaertner Scien-
tific Corp., USA) with a He-Ne laser (633 nm) source at a
fixed angle of 70◦. A refractive index of 1.4 was used for the
organic layer.19

RESULTS AND DISCUSSION

Ellipsometry measurements of the TCTS films gave a
film thickness of ∼5.3 nm, in agreement with the reported
value for complete TCTS films at a tilt angle close to normal
from the surface.16 The value is slightly higher than the the-
oretical thickness of a TCTS monolayer at 4.3 nm, possibly
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FIG. 7. AFM height images of a C18 monolayer before (left image) and after (right image) Rb deposition. In the pre-Rb image the step edges of the film are
clearly seen. (The high features on the surface of the pre-Rb image are attributed to particulate impurities.) In the post-Rb image, Rb deposition mainly occurs
along the step edges.

indicating that a slight excess of adsorbed TCTS remains on
the surface.

A typical oscilloscope trace showing the decay in probe
beam transmission is given in Figure 3(a). As described
in the Experimental section, to determine T1, the transmis-
sion signal is fit to a decaying exponential. Longitudinal
spin-polarization lifetimes of approximately 1.7, 2.6, and 8.6
ms were obtained for cells at 5.0, 7.0, and 15.0 Torr He,
respectively.13 These lifetimes translate into approximately
530 bounces for potassium atoms in the presence of TCTS
(Figure 3(b)). This result closely agrees with the 450 bounces
given by bilayer OTS. Given the similar thicknesses of TCTS
and bilayer OTS, and the dissimilar surface morphologies14–16

as discussed in the introduction, this result implicates thick-
ness over surface morphology as a factor controlling coating
performance.

As mentioned previously, the main advantage of silox-
ane coatings over paraffin coatings is that siloxanes oper-
ate at higher temperatures. Thus, it is important to gain
some measure of the thermal stability of TCTS. To that
end, polarization lifetime measurements of the 15 Torr TCTS
cell were obtained at 102 ◦C, 130 ◦C, 170 ◦C, and 190 ◦C,

with observed lifetimes of: T1 = 12.6 ms, T1 = 8.5 ms,
T1 = 4.1 ms, and T1 = 3.4 ms, respectively. Thus, the lifetime
increases at 102 ◦C relative to 85 ◦C, but then proceeds to de-
crease at all higher temperatures. A temperature dependence
on coating efficiency was also found by Seltzer et al.,13 where
the polarization lifetime was found to decrease at an elevated
temperature (65 ◦C to 95 ◦C). Of note is the increase in life-
time for the measurement at 102 ◦C relative to that at 85 ◦C.
It is possible that a morphological or phase change occurs in
the material rendering TCTS a better antirelaxation coating
at T∼100 ◦C; however, further studies are necessary to under-
stand the temperature dependent behavior of this material. Im-
portantly, these data indicate that TCTS coating performance
does not degrade until some point above 130 ◦C, making it a
reasonable option for high temperature applications.

XPS spectra for TCTS before and after exposure to
potassium (during the lifetime measurements) are shown in
Figure 4. Shown are the Si2p, C1s, K2p, and O1s regions.
Following the lifetime measurements there is the clear appear-
ance of K2p XP signals (∼293.2 (p3/2) and 296.0 eV (p1/2)),
due to potassium deposition on the TCTS surface. While there
is little change in the C1s and Si2p regions, a lower binding
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FIG. 8. AFM height images of monolayer TCTS (left) and paraffin (tetracontane) coatings (right). As can be seen by comparison of the height line profiles,
TCTS has a greater height variation across the surface (∼1–2 nm) than paraffin which is very smooth (less than ∼0.1–0.2 nm).

energy secondary component appears in the O1s region
(∼530.8 eV), likely arising from potassium-bound oxygen
species.14 Potassium atoms will oxidize if they reach the un-
derlying substrate, either due to diffusion through the film or
at regions of film imperfections that leave the substrate ex-
posed. However, the samples were exposed to ambient condi-
tions for a brief time during transfer from the vapor cell into
the XPS chamber, thus, K oxidation may simply be due to
oxygen in the air.

AFM height images of TCTS before and after exposure
to potassium vapor (exposure occurred during lifetime mea-
surements) is shown in Figure 5. Following lifetime measure-
ments, ∼20–40 nm high features, with diameters in the hun-
dreds of nanometers range, are observed randomly scattered
across the surface. As the post-K AFM image was taken im-
mediately after opening the vapor cell, and the surface did not
come in contact with any other species, we may assign the
high features to clusters of potassium. The clusters appear to
be randomly distributed on the film, and there is no indication
that K atoms are nucleating along grain boundaries as in the
previously reported Rb-exposed OTS case.14

To further investigate AM atom deposition on surfaces,
three additional coatings were exposed to atomic Rb vapor

and imaged with AFM. The films include monolayer TCTS,
a film derived from 1-Octadecene (C18) on Si(111), and
the paraffin coating tetracontane on Si(100)/SiO2. The AFM
height image of TCTS after exposure to Rb is shown in
Figure 6. Here, the ∼500-nm to 1-μm wide islands and corre-
sponding grain boundaries can be clearly seen. Again, in con-
trast to previous findings, Rb does not preferentially deposit
along grain boundaries. Instead, Rb atoms are largely found
along scratch marks (scratches due to damaged Si substrates)
that run across the surface and in the center of islands. It may
be that the scratches are more favorable sites for AM atom
deposition, and that in the absence of them the preferred sites
would be at grain boundaries, however, further investigation
is necessary to confirm this.

AFM images of C18 before and after Rb deposition
are shown in Figure 7. In the pre-Rb image of C18, the
150–200-nm terraces with ∼3-nm step height of the Si(111)
surface are clearly seen, indicating a conforming and com-
pact C18 monolayer coverage. After deposition, Rb atoms are
observed to preferentially nucleate close to the step edges.
This observation is easily understood, as the most energeti-
cally favorable sites for deposition should be at step edges
where Rb atoms will be additionally stabilized by the edge.
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Furthermore, the film does not pack as closely at the step
edges, which potentially exposes the reactive silicon or oxi-
dized silicon of the substrate. This nucleation pattern is con-
sistent with the grain boundary nucleation reported for mono-
layer OTS films.14 In summary, the AFM results indicate that
AM atoms do, but do not exclusively, deposit at film grain
boundaries or step edges, however, the presence of other nu-
cleation sites, such as scratches on the surface, presents com-
peting sites for alkali deposition.

It is interesting to compare the AFM height images of
TCTS and a paraffin coating (neither coating was exposed to
AM atoms). As shown in Figure 8, relative to the TCTS, the
paraffin film is very smooth. That is, comparison of the height
profiles across the surface shows a greater variation for the
TCTS (∼1–2 nm) than the paraffin (less than ∼0.1–0.2 nm).
It is easy to imagine that a rougher coating would lead to a
greater loss of polarization at the surface due to the preva-
lence of “valleys” across the coating that possibly serve as
nucleation sites. This may help to explain the poorer perfor-
mances of siloxane coatings relative to paraffin coatings.

SUMMARY

In summary, the characteristic number of bounces ob-
served for a monolayer TCTS film was found to closely match
that seen for a coating of similar thickness, bilayer OTS. This
finding, coupled with the fact that the surface morphology of
TCTS is similar to monolayer OTS, and importantly, unlike
bilayer OTS, points to the importance of coating thickness
over surface morphology as a factor controlling the relaxation
lifetimes of polarized AM atoms. High temperature measure-
ments indicate that longitudinal spin polarization lifetimes of
optically pumped K atoms in the presence of TCTS do not
decrease until temperatures above 130 ◦C, making it a viable
option for high temperature applications. Based on the AFM
images presented here, it does not appear that AM atoms con-
sistently deposit along grain boundaries on coating surfaces.
A comparison between the paraffin wax, tetracontane, and
TCTS suggests surface roughness as a factor contributing to
coating performance.
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