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The light-induced desorption of Rb atoms from a paraffin coating is studied with depth-profiling

X-ray photoelectron spectroscopy (XPS) using tunable synchrotron radiation. Following Rb

exposure, shifts of the C1s signal to higher binding energies, as well as the appearance of lower

binding energy components in the O1s region, were observed. These effects were diminished after

irradiation with desorbing light. Additionally, following desorbing-light irradiation, changes in the

depth-dependent concentration of carbon were observed. These observations offer an insight into

the microscopic changes that occur during light-induced atomic desorption and demonstrate the

utility of XPS in understanding atom-coating interactions. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819235]

INTRODUCTION

Organic wall coatings have long been used in alkali

metal (AM) atomic vapor cells to preserve spin polarization

during surface collisions,1–3 which is crucial for a wide range

of applications including magnetometry, atomic clocks, quan-

tum memory, and slow light experiments.4–8 More recently,

attention has focused on another benefit of wall coatings:

through the light-induced atomic desorption (LIAD) effect,

they can be used to increase the alkali atom vapor density in

a cell without heating. It was initially discovered that siloxane

films, upon illumination by light not necessarily resonant

with any transitions of the AM atoms, are induced to eject

atoms into the volume of the cell.9–11 The first observation of

photodesorption and sorption of AM atoms from the surface

of a transparent solid insulator was reported in 1984.12 Light-

induced desorption has also been observed with paraffin13–15

and silane16,17 coatings, as well as for bare surfaces of

glass,18 quartz,19 and stainless steel.20 LIAD can be used to

dynamically change the vapor density much faster than with

thermal control,21 and it has been employed for loading of

chip-scale atom traps22,23 and Bose-Einstein condensates.24

The chemical and/or physical mechanisms of light-

induced desorption remain largely unknown. The yield of de-

sorbed atoms improves with increasing light frequency, and

it exhibits a threshold in the infrared (at least for siloxanes

and paraffin),13,25 suggesting that individual photons remove

absorbed atoms from interaction-potential wells within the

coating. Apparently, these potential wells are on the order of

1 eV deep, consistent with the measured wavelength thresh-

olds.26 It is commonly observed that newly made coated

cells require an initial “curing” phase before useful vapor

pressures can be maintained, during which time the coating

readily absorbs atoms until it reaches saturation. These

absorbed atoms likely serve as a reservoir for the LIAD

effect—incident light may weaken existing interactions and

stimulate diffusion of AM atoms from the bulk of the coating

toward the surface.

Current models describing LIAD differ in terms of the

mechanistic details chosen to explain the process. For exam-

ple, Atutov et al.26 present a one-dimensional model where

atom diffusion occurs perpendicular to the surface and is a

function of desorbing-light intensity. In contrast, Reabilas

and Kasprowicz27 propose a model that includes lateral dif-

fusion of atoms as a key parameter, with short characteristic

diffusion times (�10�3 s) compared to the necessarily long

diffusion times in the Atutov paper. Moreover, the authors of

the latter paper argue that light intensity-dependent diffusion

of atoms during LIAD is experimentally unjustified.

However, Alexandrov et al. have measured a decrease in

LIAD efficiency when pulsed rather than continuous wave

light was used (with the same average power) suggesting dif-

fusion may be dependent on irradiation.13 Alexandrov and

co-workers (and later Karaulanov et al.28) propose a third

LIAD model that uses a set of rate equations to describe the

time-dependent atomic density of AM atoms in three specific

regions of the atomic vapor cell (i.e., the stem, cell interior,

and coating).13 Despite their differences, all three models are

shown to fit experimental results. To aid the development of

a clear mechanistic picture of LIAD, a more detailed under-

standing of processes occurring on the microscopic level

during LIAD is needed.

In this study, we conduct X-ray photoelectron spectros-

copy (XPS) depth-profiling experiments to monitor changes

occurring in a paraffin wax coating before and after exposure

to rubidium, and subsequently, to desorbing light. Depth-
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profiling XPS is a useful surface science technique that can

identify the location and state of AM atoms in the coating,

giving insight into the processes involved in LIAD.

EXPERIMENTAL

X-ray photoelectron spectroscopy depth-profiling

experiments were performed at beamline 11.0.2 at the

Advanced Light Source at Lawrence Berkeley National

Laboratory.29 Depth-profiling XPS using synchrotron radia-

tion is accomplished by varying the incident X-ray energy.

Photoelectron kinetic energies are given by the equation

Eke¼Eh��Ebe�u, where Eh� is the incident x-ray photon

energy, Ebe the electronic binding energy, and u the work

function. Thus, as the X-ray energy is increased, photoelec-

trons are ejected with higher kinetic energies for a given

core level. As Eke increases, photoelectrons travel with

greater inelastic mean free paths (IMFP) through a material,

corresponding to a larger probing depth, as given by a uni-

versal curve.30 XP core-level signals of Rb3d, C1s, O1s,

and Si2p were collected at multiple X-ray energies to

achieve approximate IMFPs of 8.1, 10.2, 12.8, 15.6, 17.3,

and 19.5 Å (corresponding to photoelectron kinetic energies

of 200, 290, 400, 520, 600, and 700 eV, respectively).30

The Si2p (SiO2 binding energy¼ 103.3 eV) signal was

used for binding-energy calibration. CASAXPS software31

was used for fitting of the core-level XPS peaks with a nonlin-

ear Shirley background subtraction and Gaussian-Lorentzian

product function.32 Integrated core-level peak areas were used

to calculate the relative local concentrations of all elements

present, which is equal to the integrated peak area normalized

by the sum of the integrated peak areas of all elements. For

this calculation, all spectra were corrected for X-ray energy-

dependent photoionization cross sections33 and photon fluxes.

Binding energy uncertainty is based on the energy resolution

of the instrument and is estimated to be �0.1 eV. Thus, bind-

ing energy shifts �0.1 eV are deemed insignificant.

Rb exposure and desorbing-light irradiation of a paraffin

coating on a silica substrate [Si(100)/SiO2 (�100 nm oxide)]

were carried out in situ. The coating, designated as pwMB,

is an effective anti-relaxation coating and has recently been

studied using surface science techniques to better understand

the coating properties that preserve spin polarization.34 The

preparation of pwMB coated cells has been described previ-

ously,13 and a variation of that procedure was employed

here to obtain pwMB-coated silica substrates. Briefly,

Russian polyethylene wax �� N 38302116-81 was fraction-

ally distilled (distillation fraction collected at: 200 �C < T

< 220 �C) to obtain pwMB. The silica substrates were

washed with 10% HCl, degassed under vacuum for 1 h

(P� 10�5 Torr, T¼ 420 �C), coated with pwMB, and sealed

in a glass vacuum cell in advance of the beamline experi-

ments. Thicknesses of the coatings were determined by

ellipsometry, and typically range between 1 and 10 nm. The

x-ray penetration depth is much greater than this thickness.

The depth profiling relies on the inelastic mean free path of

the escaping photoelectrons. The glass vacuum cells contain-

ing the coated substrates were broken in air and the samples

removed before being loaded into the ultrahigh vacuum

chamber of the beamline.

Rubidium atoms were deposited on the coated surface

in situ. An alkali atom metal dispenser (SAES Getter Group;

Italy), activated via resistive heating, was connected to cop-

per feedthroughs on an ultra-high vacuum flange of the

beamline XPS analysis chamber. In this setup, the dispenser

was positioned approximately 11.5 cm from the sample sur-

face. Estimates based on SAES provided yield curves sug-

gest that a 1 min deposition at a getter current of 4.5 A

results in about 0.12 mg/cm2 Rb deposited on the substrate,

which corresponds to the equivalent of hundreds of mono-

layers. An absolute measure of the amount of Rb deposited

cannot be done, but it is clear from the data in Figure 1 that

longer deposition times result in increased Rb XPS signal. It

should also be noted that these experiments did not include a

step to mimic the “curing” phase that is commonly required

in atomic vapor cells; rather, spectra were acquired during

and immediately after Rb exposure. Before and after Rb dep-

osition, survey scans at multiple areas on the sample surface

were taken to check for coating homogeneity and uniform

coverage of Rb. A blue diode laser (405 nm; �25 mW/cm2)

was used as the desorbing-light source, and shone through a

chamber window to irradiate the sample surface. The laser

beam spot size (�mm) was orders of magnitude larger than

the X-ray beam spot size (�lm) used for analysis.

RESULTS AND DISCUSSION

Shown in Figure 1 are the Rb3d core-level signals, col-

lected at photoelectron kinetic energy of 200 eV, during Rb

deposition and subsequent desorbing-light irradiation of a

paraffin surface. With the dispenser on during data acquisi-

tion, a clear increase in the Rb3d signal intensity over time is

observed [Figure 1(a)]. Once the dispenser is shut off and the

desorbing light applied, the Rb3d signal intensity decreases

slightly over time with continuous irradiation [Figure 1(b)].

The decrease in Rb on the surface is consistent with the

documented alkali vapor density increases in vapor cells due

to LIAD.9–11,13–17 Based on the data in Tables III and IV,

and assuming approximately one mg of Rb on the surface

following a ten minute deposition, the 8% decrease in Rb

XPS signal following LIAD irradiation suggests desorption

of about 1� 1020 Rb atoms. Typical alkali atom density

increases following LIAD are seen to be in the range of 1010

atoms/cm3, depending on cell geometry. The desorption seen

here is consistent with these previously measured LIAD

atom density increases.13–17

To gain a better understanding of the depth-dependent

changes in chemical states and composition of a paraffin

coating that occur following the Rb and desorbing-light

exposures, XPS depth-profiling studies were performed. For

these experiments, data were collected after Rb deposition

(�10 min deposition time) and after irradiation with desorb-

ing light (�30 min irradiation time). XP spectra for the

Rb3d, C1s, O1s, and Si2p regions were collected at IMFPs

between approximately 8 and 20 Å. Oxygen and silicon are

not typically included in LIAD models, and while we expect

that oxygen and silicon should have little to do with Rb
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desorption from coating surfaces, the observed changes in

the O1s region may be informative, and thus are included in

this report. The fact that Si2p and O1s signals are present

even at the smallest IMFPs indicates that the paraffin may

not completely cover the surface, leaving areas of bare sub-

strate. Of course, it is also possible that minor oxygen con-

tamination resulted from the samples being exposed to

ambient conditions before introduction into the beamline

vacuum chamber.

Shown in Figure 2 are the core-level regions before Rb

exposure (initial), after Rb exposure, and after treatment

with desorbing light. Along with the clear appearance of

Rb3d signals in the spectrum of the surface exposed to Rb,

there is a nontrivial shift of the C1s signal to 0.4 eV higher

binding energy (284.6 eV ! 285.0 eV). This shift towards

higher binding energy likely results from charge transfer

from the Rb metal atoms to the hydrocarbon coating.35,36

Interestingly, in the post-LIAD spectrum, the C1s signal

FIG. 1. Rb3d core-level spectra show-

ing (a) the increase in peak intensity

with Rb dosing of a paraffin coating,

and (b) the decrease in peak intensity

with subsequent application of desorb-

ing light (405 nm). Scanning was con-

tinuous during dosing and then LIAD,

with each scan collected approxi-

mately 15 s apart. For clarity, the inset

in (b) shows an enlargement of the

region around the peak maximum. All

data were collected with a photoelec-

tron kinetic energy of 200 eV. The

Rb3d signal is split into d5/2 and d3/2

sublevels by the spin-orbit interaction

giving a two-peak structure.

FIG. 2. Shown are the Rb3d (right col-

umn), C1s (middle column), and O1s

(left column) core-level peaks of a par-

affin coating prior to Rb deposition

(initial; top row), after Rb exposure

(middle row), and after irradiation with

desorbing light (405 nm) (bottom row).

All data were collected with a photo-

electron kinetic energy of 700 eV.

After Rb exposure, the C1s signal shifts

to þ0.4 eV higher binding energy.

Application of desorbing light returns

the C1s signal to the initial, pre-Rb

deposition position. Lower binding-

energy components (�531.2 eV and

�529.3 eV) appear in the O1s region in

the spectrum of the surface exposed to

Rb. The intensity of these lower

binding-energy components decreases

following the desorbing-light step.
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shifts back to the pre-Rb position of 284.6 eV. The C1s shift

to higher binding energy followed by a shift back to lower

binding energy with Rb and desorbing-light exposure,

respectively, seems to occur at all IMFPs (Table I). It should

be noted that there are only insignificant shifts of the Rb3d

and O1s signals between the post Rb-deposition and post-

LIAD samples. It is unlikely that the return of the C1s signal

to its pre-Rb position results simply from desorption of Rb,

as even after LIAD there is still Rb throughout the coating

(see below). The behavior of the C1s signal suggests that the

desorbing light diminishes the C-Rb interactions, resulting in

a reduced rubidium-to-carbon charge transfer, and thus

decreased core-level shifts. Further experiments are needed

to better understand the physical origin and characteristics of

this observed behavior. For instance, it is unknown whether

the carbon signal will return to the higher energy position if

left unilluminated for some extended period of time follow-

ing the initial light irradiation. A study examining peak

behavior over time would be interesting.

In the O1s region, lower binding energy components at

approximately 531.2 eV and 529.3 eV appear after Rb depo-

sition. These lower binding energy peaks can be attributed to

Rb-bound oxygen species of the form Si-O-Rb.37,38 As can

be seen in Table II, the integrated areas of the lower binding

energy components decrease relative to the principal O1s

signal after the coating that had been exposed to Rb is illumi-

nated with desorbing light (with the exception of

KE¼ 600 eV). As we assign these lower binding energy

peaks to Si-O-Rb species, the relative decreases in intensity

may be correlated with a light-assisted release of oxygen-

bound rubidium and suggests that desorbing light supplies

sufficient energy to overcome the rubidium-oxygen bonding

interactions that may be present. This is a reasonable specu-

lation given our light source (405 nm; photon energy � 3 eV)

and using measured RbOH bond dissociation energies of

approximately 87 kcal/mol (�3.8 eV).39 Note that a slightly

lower bond dissociation energy would be expected for a Rb

atom bound to an O-Si moiety due to the electropositive na-

ture of Si relative to H. Though this is higher than measured

LIAD thresholds of �1 eV, it may be (and this study indi-

cates) that desorbing light disrupts a variety of AM atom-

coating interactions including those between rubidium and

carbon, and between rubidium and oxygen. Thus, the 1 eV

threshold may mark the energy needed to overcome the

weaker interactions. The reason(s) why some oxygen-bound

Rb remains is unclear, though a possible explanation could

be that as some Rb is released, “new” Rb diffuses into the

illuminated region and binds to oxygen.

The relative local concentrations of all elements moni-

tored after Rb dosing and desorbing-light irradiation are

tabulated in Tables III and IV. Inspection of the data leads to

a number of observations. Throughout the experiment, the

largest percentage of carbon is seen at the shallowest probing

depth with a consistent decline in concentration with increas-

ing depth as substrate signals increase in intensity. The rela-

tive amount of Rb is somewhat variable, but in general there

is an increase in the Rb concentration with increasing prob-

ing depth in both the post-Rb deposition and post-LIAD

measurements. This indicates that Rb intercalates into the

coating with an increasing Rb concentration toward the

coating-substrate interface. Significantly, these data indicate

that Rb is distributed throughout the coating, thereby validat-

ing the idea of the existence of a reservoir of absorbed atoms

in the coating bulk used in LIAD models.13,26,27 Finally,

TABLE I. Carbon 1s core-level binding energies post –Rb and –desorbing-

light exposure.a

Photoelectron

kinetic energy (eV)

IMFP

(A)

Binding energy

post Rb exposure (eV)

Binding energy

post LIAD (eV)

200 8.1 285.0 284.6

290 10.2 284.8 284.5

400 12.8 284.8 284.5

520 15.6 284.7 284.5

600 17.3 284.7 284.6

700 19.5 285.0 284.6

aTabulated are the C1s peak positions at all IMFPs following Rb exposure

and subsequent irradiation with desorbing light (405 nm) of a paraffin coat-

ing. The surface exposed to Rb exhibits a C1s shift to higher binding energy

from the initial position of 284.6 eV. Following application of desorbing

light, the C1s peak position returns to, or close to, the initial pre-Rb position.

TABLE II. Relative integrated areas of oxygen 1s core-level components.a

Photoelectron

kinetic energy (eV)

IMFP

(A)

Post Rb

exposure: Ratio of oxygen

components

Post LIAD: Ratio of

oxygen components

200 8.1 4.4 10.2

290 10.2 6.9 12.0

400 12.8 9.0 9.7

520 15.6 9.0 14.3

600 17.3 15.5 14.9

700 19.5 11.4 15.1

aTabulated are the ratios of the principal O1s component (532.6 eV) to the

lower binding energy components (�530.9 and �529.2 eV) following Rb

exposure and subsequent irradiation with desorbing light (405 nm) of a par-

affin coating (see Figure 2). The lower binding energy components are

assigned to Rb-bound oxygen species in the paraffin sample and decrease

(with the exception of 600 eV KE) relative to the principal O1s signal after

exposure of the hydrocarbon coating to desorbing light (405 nm).

TABLE III. Relative local concentrations of a paraffin coating after expo-

sure to Rb.a

Photoelectron

kinetic

energy (eV)

IMFP

(A) Rb3d C1s O1s Si2p

200 8.1 6.0 � 10�3 9.5 � 10�1 2.7 � 10�3 4.5 � 10�2

290 10.2 5.7 � 10�3 7.7 � 10�1 1.7 � 10�1 5.9 � 10�2

400 12.8 9.3 � 10�3 7.3 � 10�1 1.6 � 10�1 1.0 � 10�1

520 15.6 9.8 � 10�3 7.0 � 10�1 2.1 � 10�1 8.3 � 10�2

600 17.3 8.4 � 10�3 6.0 � 10�1 2.6 � 10�1 1.4 � 10�1

700 19.5 9.0 � 10�3 6.0 � 10�1 2.5 � 10�1 1.4 � 10�1

aRelative local concentrations obtained for a paraffin coating on silica that

has been exposed to Rb. Carbon shows the largest concentration at the sur-

face, while the Rb concentrations are variable among the IMFPs. The sili-

con-to-oxygen ratio is roughly 1:2 throughout, with the exception of the data

at 200 eV with an anomalously low O1s signal.
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with one exception [i.e., the O1s signal at 8 Å following Rb

exposure was anomalously low], the silicon-oxygen ratio is

roughly 1:2 throughout, as would be expected for a SiO2

substrate.

Interestingly, comparison of the percentages of carbon

between Tables III and IV shows that, at all depths, the rela-

tive amount of carbon decreases after the coating is illumi-

nated with desorbing light. This decrease might be due to as

a light-assisted reorientation of the hydrocarbon coating. A

rough calculation of the change in overlayer thickness that

occurs after LIAD can be done using the attenuation of the

silicon peak intensities with changing IMFPs. That is, the

change in Si2p signal intensity, I, is

I ¼ ðKÞ•expð�d=kÞ; (1)

where k is a proportionality constant, d is the thickness of

the film covering the silicon/silica substrate, and k is the

IMFP of the ejected photoelectrons. A linear plot using Eq.

(1) and the values from Tables III and IV gives an approxi-

mately 4 Å decrease in overlayer thickness following LIAD.

While the decrease in Rb on the surface must contribute to

this value, given that the Rb decrease is small, it is likely

that the calculated overlayer thickness decrease arises pri-

marily from a thinning of the hydrocarbon coating itself.

Though prior reports state that LIAD is a non-thermal pro-

cess,13,40,41 this does not exclude the possibility that the blue

light may increase mobility of the hydrocarbon chains, effec-

tively causing a reorganization of the coating. This observed

change in the coating with desorbing light is significant as

models of the LIAD phenomenon typically consider dynam-

ics of the AM atoms without including structural changes of

the coating. The relevance of changes in coating structure

with respect to atom desorption is also supported by the ob-

servation of electric-field-induced changes in alkali-metal

vapor density possibly arising from a restructuring of a par-

affin coating.42

Finally, comparison of the relative amounts of rubidium

at the six IMFPs between the Rb- and light-exposure steps

shows that there is a large degree of fluctuation in the data.

Thus, it is difficult to confidently comment on differences

between the two data sets. It may, however, be concluded

that even after treatment with desorbing light, Rb remains

distributed throughout the paraffin coating.

CONCLUSIONS

The X-ray photoelectron depth-profiling studies reported

here show that Rb atoms diffuse into a paraffin wax coating

and interact with carbon and oxygen atoms present therein.

Application of desorbing light disrupts the apparent Rb-

coating interactions, including the extent of Rb-to-C charge

transfer and the concentration of Rb-bound oxygen species.

Additionally, following LIAD, the decrease in the relative

atomic ratio of carbon at all IMFPs may suggest a structural

reorganization of the coating. These results will inform future

models of the LIAD mechanism and demonstrate the useful-

ness of XPS as a tool to study atom-coating interactions.

Furthermore, application of this technique to more complex

antirelaxation coatings such as siloxanes and alkenes stands

to broaden understanding of the processes governing coating

properties.
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