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The performance of many devices utilizing alkali metal (AM) atoms is dependent upon

properties of organic thin films used to line the inner walls of the glass vessel in which

the system is contained. In this study, two alkanethiolate self-assembled monolayers on Au,

1-dodecanethiolate and 1-octanethiolate, are employed as model systems to investigate alkali

metal atom-thin film interactions. Before and after Rb deposition, the alkanethiolate surface is

analyzed with x-ray photoelectron spectroscopy (XPS), including angle-resolved XPS and XPS

with an applied dc bias. Following Rb deposition, a shift of the C1s core-level to higher binding

energy was observed; additionally, with continued Rb deposition, the atomic percent of Rb on

the surface was found to saturate. The importance of these observations with regard to atomic

magnetometers and the light induced atomic desorption effect are discussed. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4739736]

INTRODUCTION

Due to the ease of manipulation of the single valence

electron, alkali metal (AM) atoms are used in numerous tech-

nological applications and tests of fundamental physics. For

example, spin polarized AM atoms are used in atomic magne-

tometers,1 atomic clocks,2 squeezed spin state experiments,3

and for quantum memory.4 The performance of devices utiliz-

ing AM atoms is often dictated by microscopic interactions

occurring between AM atoms and organic thin films used to

line the inner walls of the glass vessel (referred to as atomic

vapor cells) in which the system is contained. For example,

atomic magnetometers, devices used for sensitive measure-

ments of magnetic fields, typically use cell surfaces coated

with paraffin wax1,5,6 to preserve the orientation of spin-

polarized AM atoms; long spin polarization times are neces-

sary as these lifetimes govern the ultimate sensitivity and

precision of such devices.7 Due to a higher thermal stability

than paraffins,8,9 certain siloxane films have also been investi-

gated for use in atomic magnetometer vapor cells.10–13

In addition to suppressing spin relaxation, vapor cell or-

ganic wall coatings that are “cured” can be used as a source of

AM atoms for the loading of chip-scale atom traps14 and

Bose-Einstein condensates.15 A coated atomic vapor cell con-

taining an AM atom source (a solid droplet of the metal) that

is heated for an extended period of time reaches a cured state

as evaporated AM atoms are absorbed into the coating and

adsorb on the surface.8,16,17 Not until a cell is cured can stable

atomic vapor pressures within the cell be maintained. AM

atoms retained in/on the coating (typically paraffins or silox-

anes) may be desorbed and ejected into the cell interior using a

desorbing light source;7,18–23 this effect is referred to as light

induced atomic desorption (LIAD) and allows for rapid

increase in atomic vapor densities within the cell, greater than

can be achieved thermally.24 The effectiveness of atomic mag-

netometer coatings, as well as the efficiency of LIAD, is highly

dependent on thin film properties. For example, the two widely

used coatings, paraffin wax and octadecyltrichlorosilane

(OTS), lead to spin polarization lifetimes in atomic vapor

cells that differ by orders of magnitude.8,12,21,25,26 If it is the

surface structure that governs coating performance,8,27 the

variability between paraffin and OTS, both terminating as

long-chain hydrocarbons, is not easily understood. More-

over, even among cells coated with the same material and

produced under identical conditions, polarization lifetimes

are found to be non-reproducible.28,29 As another example,

among a collection of coated cells prepared for LIAD

efficiency measurements, variability was found despite the

fact that all coatings were long-chain hydrocarbons.30 The

physical and chemical interactions that occur between AM

atoms and coatings that suppress spin relaxation, lead to the

eventual loss of polarization, and take place during LIAD,

remain largely unknown. Additionally, the ability to ration-

alize observations of coating performance is hindered by a

lack of knowledge of the microscopic interactions occurring

between AM atoms and vapor cell coatings.

This study examines AM atom-organic thin film interac-

tions in order to broaden understanding of the microscopic

processes occurring in atomic vapor cells that may play a role

in spin relaxation and LIAD. Arguably, the poor molecular

ordering of commonly used coatings on cell walls inhibits

clear identification of critical film properties. Thus, in this

report, alkanethiolate monolayers on Au,31,32 a widely studied

class of self-assembled monolayers (SAMs), are employed as

model films. SAMs are nano-scaled films formed by the cova-

lent attachment of a headgroup to an underlying substrate; in

particular, alkylthiols (CH3(CH2)n–SH) anchor to Au sub-

strates through thiolate (R–S–Au) bonds in the formation of

alkanethiolate SAMs. SAMs are characterized as well-ordered

and densely packed structures,33 and as such, alkanethiolate

monolayers are expected to provide a controlled system in

which to probe the key interactions occurring between AM

atoms and organic wall coatings.

Two alkanethiolate films, derived from 1-octanethiol

(CH3(CH2)7–SH) (OT) and 1-dodecanethiol (CH3(CH2)11–SH)

(DT) were examined. The films were exposed to atomic Rb
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vapor and analyzed using x-ray photoelectron spectroscopy

(XPS) and angle-resolved XPS (AR-XPS) before and after Rb

deposition. In some cases, an external dc voltage bias was

applied to the sample during XPS analysis. XPS quantitatively

determines elemental compositions and identifies the chemical

states of species present in the sample. AR-XPS is used to map

out the location and state of elements as a function of depth.

Applying an external bias to the sample during XPS analysis

can detect differential charging and characterize electrical

properties of the film.34–36 Two films of varying chain length

were chosen to probe effects that may arise due to changes in

thickness; however, our experiments did not reveal any signifi-

cant differences in results between OT and DT.

EXPERIMENTAL METHODS

Preparation of alkanethiolate monolayers on Au

Alkanethiolate SAMs were prepared in a manner similar

to that published by Gorham et al.37 Gold substrates (either

gold foil or gold evaporated on a Cr/Si support) were diced

into �1 cm2 pieces and sonicated in ethanol (5 min), fol-

lowed by hexanes (5 min), and dried under a flow of N2. The

Au substrates were cleaned via sputtering with Arþ for

15 min in an ultra-high vacuum (UHV) chamber (base pres-

sure was �10�9 Torr). A PHI 04-303 ion gun was operated

with a 2 keV acceleration voltage, 15 mA emission current,

and 15 mPa Arþ pressure, with a rastering beam and target

current of 1.8 lA. Removal of all surface contamination was

verified with XPS. Following ion sputtering, the substrates

were removed from the UHV chamber and immediately

immersed in an alkylthiol in ethanol solution (�6–9 mM).

After treatment in the solution overnight, the coated sub-

strates were removed, rinsed sequentially with ethanol, hex-

anes, and Millipore DI H2O (18 MX), and dried under a flow

of Ar or N2. Immediately following, the samples were intro-

duced into the UHV chamber for XPS analysis and Rb

deposition.

Rb atoms were deposited on the monolayer surface

using a resistively heated AM atom dispenser (SAES Getters

Group; Italy). Rb deposition occurred free of contamination

as verified by the absence of impurity peaks in XPS wide-

range scans. The dispenser was positioned directly above

coated substrates in the XP spectrometer sample introduction

chamber. Valves and vacuum lines allowed the dispenser to

be isolated from samples and atmospheric contamination as

needed, and this arrangement was used to inhibit oxidation

of Rb after deposition on the sample surface. The dispenser

was typically run for a few minutes at �9 A for each deposi-

tion event. These settings resulted in significant Rb coverage

as indicated by calculated atomic percents (videas infra). It

should be noted that due to slight experimental variations

(e.g., electrical contacts, power fluctuations, dispenser life-

times, etc.) an absolute value of Rb coverage on the films

cannot be determined.

SAM characterization

Contact angle goniometry was carried out by placing a

sessile drop of H2O on the film surface and measuring the re-

sultant angle made between the surface and water drop with

a Theta Optical Tensiometer (KSV Instruments; Finland)

under ambient conditions. XPS spectra were collected on ei-

ther a VG Scientific ESCALAB2 commercial instrument

(Mg Ka radiation; ht¼ 1253.6 eV), or a high resolution

instrument employing monochromatic Al Ka radiation

(ht¼ 1486.7 eV) and a SPECS Phoibos 150 hemispherical

FIG. 1. Shown are survey spectra of 1-dodecanethiolate (DT) monolayers

on Au at three collection angles (30�—SS, 45�, and 60�—BS). As expected,

all signal intensities decrease and C1s core-level signals, relative to any one

of the Au signals, increase as the take-off angle is changed from more BS to

more SS. Sulfur peaks are not visible in the low resolution scans.

FIG. 2. High-resolution scans of the C1s and S2p

regions for a 1-dodecanethiolate (DT) monolayer on

Au.
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energy analyzer. XPS survey scans were typically acquired

at a 1 eV step size, 100 eV pass energy, and 1 ms dwell time,

while higher resolution scans of the C1s, S2p, and Rb3d

regions used a 0.5 eV step size, 20 eV pass energy, and 1 ms

dwell time with 10–20 scans (>40 scans were required for

S2p signals). Curve fitting of the core-level XPS lines was

carried out with CASAXPS software using a nonlinear Shirley

background subtraction and Gaussian–Lorentzian product

function. The Au 4f7/2 signal at 84.0 eV was used for binding

energy calibrations, and integrated peak intensities were cor-

rected by element specific atomic sensitivity factors. Atomic

percents were calculated by division of the integrated peak

area of an element by the sum of the integrated peak areas of

carbon, sulfur, and rubidium.

AR-XPS depth-profiling and XPS dc bias studies were

performed in the SPECS system. Photoelectron take-off

angles of 30�, 45�, and 60� (as defined from the surface

plane), corresponding to surface sensitive (SS), average, and

bulk sensitive (BS) scans, respectively, were used to acquire

depth-dependent XP signals. An external bias was applied to

the sample surface during XPS data acquisition using a dc

power supply. These experiments were carried out at an

applied bias of 60.5, 1.0, 2.0, 5.0, and 15.0 V.

RESULTS AND DISCUSSION

The measured water contact angles of freshly prepared

OT and DT SAMs were found to be 104.2� and 109.2�,
respectively. These values are close to previously reported

values and indicate a complete and densely packed mono-

layer formation.38 XPS survey spectra of DT at three collec-

tion angles (30�—SS, 45�, and 60�—BS) are shown in

Figure 1 (OT survey scans are equivalent). As can be seen

by comparison of the spectra, as the surface sensitivity

increases, and less photoelectrons escape the film, all peak

intensities are attenuated. Close inspection indicates that the

ratio of intensities of the C1s signal to any one of the Au sig-

nals increases going from BS to SS, as expected. Note that

FIG. 3. Shown are the Rb3d, S2p, and C1s core-level signals of a dodecanethiolate (DT) monolayer on Au prior to Rb deposition (top panel), following a

2.5 min period of Rb deposition (middle panel), and after Rb oxidation (from exposure to air; bottom panel).

023110-3 Hibberd et al. J. Appl. Phys. 112, 023110 (2012)



S2p peaks are not visible in the low resolution survey scans.

High-resolution scans of the S2p and C1s regions for DT are

shown in Figure 2 (OT scans are equivalent).

Following deposition of Rb on the DT surface, the

atomic percent of Rb was found to be �15% in the SS, 45�,
and BS data sets. Similarly, the atomic percent of Rb in the

45� scan for OT was �15%. This indicates that Rb atoms are

able to intercalate into the film and that there is a fairly ho-

mogeneous distribution of Rb throughout the XPS sampling

depth. Given an intermolecular chain separation on the order

of �4.5–5.0 Å as seen for alkanethiolates on polycrystalline

Au,33 it is not surprising that Rb atoms are observed to pene-

trate into the film (the Rb metallic radius is 248 pm). Based

on this, and considering interchain distance in crystalline

paraffin is �4.7 Å,39 it is expected that Rb atoms (and the

smaller potassium) will easily diffuse into defects in poorly

ordered paraffin and siloxane films. With regard to atomic

magnetometers, this finding is significant as a polarized atom

will lose its coherence with the spin ensemble as it is lost to

the coating interior. This observation is also helpful in under-

standing the LIAD effect, as Rb distributed throughout the

organic film can serve as the source of Rb atoms that are de-

sorbed with light.

High-resolution XPS spectra of the Rb3d, S2p, and C1s

regions of the DT SAM before and after Rb deposition are

shown in Figure 3. Prior to Rb deposition, C1s and S2p core-

level signals appear at expected binding energies of 284.4 eV

and 161.8 eV, respectively. Following Rb deposition (deposi-

tion time �2.5 min), a shift of the carbon signal to higher

binding energy (286.0 eV) is observed; the sulfur signal also

shifts, but to a lesser extent (162.2 eV). Shifts of the C1s sig-

nal to higher binding energy following Rb deposition are

observed among all samples and at all collection angles. To

observe the effects of Rb oxidation, the sample was removed

from the vacuum chamber and exposed to ambient condi-

tions for �5 min. Following exposure to air, XPS analysis

shows that the Rb3d peaks narrow and move to a lower bind-

ing energy in accord with AM atom oxidation.40,41 Of note,

C1s and S2p signals return to, or close to, pre-Rb deposition

positions at 284.6 eV and 161.8 eV, respectively, after expo-

sure to air.

Similar to the DT sample, OT C1s core-level signals in

the OT sample shift to higher binding energy following Rb

deposition. Shown in Table I are C1s, S2p, and Rb3d binding

energies for the OT spectra before Rb deposition and after five

Rb deposition steps (for each step deposition time was 1 min).

The greatest change in C1s binding energy is observed after

the first 1-min Rb deposition step (284.0 eV! 285.7 eV;

DE¼ 1.7 eV); by the 4-min deposition time the binding energy

has reached a maximum value (286.1 eV) at 2.1 eV above the

initial position (284.0 eV). The S2p signal shifts, but again, to

a much lesser extent than the C1s signal, with the final position

only 0.1 eV higher than the initial, pre-Rb, peak position. The

Rb signal increases slightly during deposition until a maximum

value of �111.1 eV is reached. Alkali metal atom binding

energies are known to be coverage dependent,42–44 with shifts

to higher binding observed at greater than monolayer cover-

ages.45 A similar analysis of the DT C1s data is presented as a

plot of C1s binding energies vs. Rb deposition time (total dep-

osition time was 40 min) in Figure 4. Again, the C1s binding

energy rapidly increases at first and reaches a maximum posi-

tion (�286.1 eV) that stays constant over the remaining depo-

sition time.

The origin of the shift of the C1s signal to higher bind-

ing energy following exposure of the alkanethiolate SAMs to

atomic Rb is not immediately obvious. As the formation of

an electron-rich carbide species is known to result in a lower

binding energy signal,46–48 the chemical state of the carbon

atoms in the Rb-alkanethiolate samples requires an alternate

assignment. An important question that must be asked is

whether the observed shifts are the result of charging. Sur-

face charging can arise if the positive charge created by the

ionization of atoms during XPS is not sufficiently neutral-

ized; this can happen, for instance, if a sample is insulated.

In our case, it is unlikely that the shifts are caused by charg-

ing as the films are on conducting substrates and no unex-

pected chemical shifts were observed in the samples prior to

Rb deposition. Nevertheless, to verify that no charging was

taking place, and to characterize electrical properties of our

system, an external dc bias was applied to a Rb-DT sample

during XPS analysis.35,36 The data from the 65.0 V bias

study are presented in Figure 5. All potentials (60.5, 61.0,

62.0, and 615.0 V) gave analogous results. For all regions,

TABLE I. C1s, S2p, and Rb3d binding energies for a 1-octanethiolate (OT)

monolayer on Au before Rb deposition and after five 1 min Rb deposition

steps. Following Rb deposition, C1s signals shift to higher binding energy,

with an initially large increase that levels off at the 4-min deposition time.

S2p signals shift to a lesser extent, while Rb3d binding energies increase.

Rb deposition

time (min)

C(1s) binding

energy (eV)

S(2p) binding

energy (eV)

Rb(3d) binding

energy (eV)

0 284.0 162.1 …

1 285.7 161.9 110.6

2 285.9 161.9 110.8

3 286.0 162.2 111.0

4 286.1 162.3 111.1

5 286.1 162.2 111.1

FIG. 4. C1s binding energy (eV) vs. Rb deposition time (min) for a 1-

dodecanethiol (DT) monolayer on Au. The C1s position increases rapidly at

first and then reaches a maximum (�286.1 eV) and remains at this position

for the rest of the 40 min deposition time.
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an exactly 10.0 V peak separation is observed for Rb3d, S2p,

and C1s core-levels upon application of 65.0 V biases to the

sample. Additionally, no secondary components, which

would arise from unequal charge distributions throughout

the film, appeared with the applied positive/negative poten-

tials. These results indicate that all species within the film

are in unhindered electronic communication, and it can be

concluded that no surface charging is occurring with these

samples. Thus, we may attribute the observed binding energy

shifts as due to Rb interacting with the film. It should be

noted that the results of the present study are distinct from a

related study by Suzer et al.35 where small charging shifts

were observed for an OTS sample exposed to Rb vapor. In

our study, the Rb-DT sample was not exposed to ambient

conditions prior to analysis, whereas the Rb-OTS sample

was handled in air prior to XPS bias studies.

There are numerous reports in the literature of XPS core-

level shifts resulting from AM atoms interacting with various

films.49–52 The shifts arise from a transfer of electron density

from AM atoms to the surface; this charge transfer may result

in an energy increase of the highest energy molecular orbitals,

which effectively raises the binding energy.51,53 Likewise, the

higher binding energy shifts reported here are attributed to

charge transfer from Rb atoms to the alkanethiolate mono-

layers. It is concluded that charge transfer does not result in a

permanent bonding of Rb to carbon atoms in the SAM. First,

FIG. 5. XPS spectra of a 1-dodecanethiolate (DT) monolayer on Au that has been exposed to Rb vapor. Rb3d, S2p, and C1s spectra were acquired while

applying an external dc bias to the sample (65.0 V). An exactly 10.0 V separation is observed in all regions.
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in this case we would expect a lower binding energy carbide-

type C1s signal, which is not observed. Second, the C1s peak

shifts are essentially reversed and the Rb is oxidized following

exposure to air indicating that Rb is not irreversibly bound to

carbon. Finally, LIAD experiments have demonstrated the re-

versible release of AM atoms from hydrocarbon coatings, and

we expect alkanethiolates to behave similarly. Thus, an inter-

esting study would be to measure the Rb atomic percent

changes that occur with light (or heat); such a study is con-

ducted on a related coating and described in a manuscript to

be submitted.54 The reason why greater shifts are observed

(and in some cases are the only shifts observed) for C1s sig-

nals than S2p can in part be explained by the close-packing of

the films, which results in a higher concentration of Rb atoms

in proximity to the alkyl chains than the underlying sulfur

head group.

Perhaps the most interesting finding comes from exami-

nation of the atomic percent of Rb as Rb is deposited on the

film over time. As seen in Figure 6, the amount of Rb on the

OT and DT surfaces does not continually increase with

increasing deposition time, rather, the Rb concentration

increases rapidly at first and then saturates. That is, even with

continued exposure to atomic Rb vapor from the dispenser,

very little Rb deposits on the surface. This saturation behavior

is not altogether surprising considering that a decrease in Rb

sticking coefficient is expected with increasing coverage.55

Thus, once the Rb concentration on the surface reaches a

threshold amount, the probability of additional deposition

approaches zero. This behavior may have important conse-

quences for magnetometer coatings, as a minimization of

interactions between polarized AM atoms and the surface,

where depolarizing agents may be present,8 will suppress spin

relaxation. Thus, the high atomic percent of Rb in the SAMs

observed here is not expected to create additional relaxation

through Rb-Rb collisions, but rather reduce relaxation by pos-

sibly decreasing the residence time polarized atoms spend on

the AM atom-saturated film. A valuable study would be to

measure AM atom residence times as a function of Rb con-

centration within the film.8 With regard to LIAD, the curing

process may be understood as the time needed to reach the

AM atom saturation limit at which point stable vapor densities

within the cell are reached. The implications of AM atom sat-

uration on a surface, coupled with the effect of charge trans-

fer, are addressed in an ongoing study focused on currently

used atomic vapor cell coatings.56

CONCLUSIONS

Metallic Rb atoms were deposited on two alkanethiolate

SAMs on Au, DT, and OT. Using AR-XPS, Rb was found to

intercalate into the film indicating that in atomic vapor cells,

AM atoms likely diffuse into wall coatings. Following Rb

deposition, shifts of C1s core-level to higher binding ener-

gies was observed for all samples. The origin of the shift is

attributed to a transfer of electron density from Rb atoms to

the monolayer surface. Finally, the atomic percentages of Rb

on DT and OT were found to reach a saturation point beyond

which little to no additional Rb was deposited on the surface.

This behavior is important with regard to vapor cell wall

coatings as a Rb-saturated surface may minimize interactions

between polarized atoms and wall coatings, thereby preserv-

ing spin orientation.
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