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Abstract

We describe the development and applications of novel instrumentation for photoenmsstomssopy
of solid or liquid surfaces in the presence of gases under ambient conditions or @edsure
temperature. The new instrument overcomes the strong scattering ofrsl@ctgases by the use of an
aperture close to the surface followed by a differentially-pumped eletitdstes system. In addition
to the scattering problem, experiments in the presence of condensed water lajlotiserequire the
development of special sample holders to provide localized cooling. We discusg thefirs
generations of Ambient Pressure PhotoEmission Spectroscopy (APPESeras developed at
synchrotron light sources (ALS in Berkeley and BESSY in Berlin), with ap&mus on the Berkeley
instruments. Applications to environmental science and catalytic chensealch are illustrated in

two examples.
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Introduction

Chemical processes at vapor/solid and vapor/liquid interfaces play a major satsh diverse
fields as environmental and atmospheric science, heterogeneous sadagsribology. To advance
the science and develop applications in these fields it is important to obtaiileddetawledge of the
atomic scale geometrical and electronic structure of the interd&acelsse as possible to real operating
conditions of pressure and temperature. For example, the metal-oxygen phiasa diagell known
for bulk materials, but is not known at the surface. Strong interactions with the oxagandjalso with
impurity or contaminant gases can completely change the surfaceatoetty, even when the bulk
material is in a well defined phase. A host of phenomena including reactionsrogkatous catalysis
may depend on structures that are only stable in equilibrium with the high chemicailgbofereaction
gases, and this that cannot be duplicated by by cooling (to maintain a high surtzegeof
adsorbates) to low pressures. Another key difficulty is that the kinetaisde® equilibrium slow
down by orders of magnitude, often making it impossible to achieve the true therrmaciyna
equilibrium state. Thus the surface structure of materials over entioeseyg the P-T phase diagram
are missed when experiments are not performed in equilibrium at relevanegssres. As a figure of
merit, between I&and 100 Pa, the gas-phase chemical potentia} oh@nges by 0.30 eV/atom at 300
K, or 0.58 eV/atom at 600 K.

Over the past decades a number of surface-sensitive techniques have been ustelvatetbr
(>100 Pa) pressures, among them infrared spectrosgamym-frequency generation (SEGY®’ near
edge X-ray absorption fine structure (NEXAES)eutral-impact collision ion scattering spectroscopy
(NICISSY, meta-stable impact electron spectroscopy (MIES)scanning force microscofy**
scanning tunneling microscopy®and scanning electron microscopyOne of the most versatile
analytical techniques for probing the composition and electronic structuegades is X-ray
photoemission spectroscopy (PES). PES allows the quantitative analysiswfdbe somposition and
provides information about the chemical state of elements via the detectidrenfital shifts” in the
binding energy (BE) of the photoelectrons. The nm-scale mean free path arseudih kinetic
energies (KE) < 1500 eV in a solid or liquid makes PES a strongly surfaceveemsthod. The same
strong scattering of electrons by gas molecules, however, hinders thetappb€®#ES to
measurements under gas atmospheres at pressuré<”a,1dnd for that reason PES is conventionally

performed under high-vacuum conditions.



In order to perform PES experiments at pressures PH) the attenuation of the electrons due to
scattering by gas molecules has to be kept at a minimum by minimizipgtth&ength of the electrons
in the high-pressure region. This can be achieved by placing the sample irsadeanrchamber and
bringing the sample surface close to a differentially-pumped aperture, behotdtivnipressure drops
by several orders of magnitude. This basic concept has been used in all ambierd PESssetups
developed over the past forty years, starting with the designs by Kai Siegbalowankiecs in the late
1960’s, which were initially used gas phase experiméniuring the following years a number of new
APPES setups were developed by Hans & Kai Siegbahn and coworkers, in pddicthar
investigation of liquid/vapor interfacés. This poses additional challenges, because stable and clean
liquid surfaces need to be prepared inside a vacuum chamber. The Uppsala group ohesgaoiddm
by using wire&’, rotating trundles,?* and disk&*?*that continuously moved through a liquid reservoir
and were coated by a thin liquid layer that was then investigated using PES. ibnaltiqitid jet
sources were used. A number of other groups designed instruments in the 1970’s for the investigation
of liquids with low vapor pressures (< 50 Pa) using ultraviolet photoelectron speplyd&tPS), e.g.
Ballard et af®?” and Delahay et &*°*° Roberts et al', Grunze et at?, and Steinriick et &F.
developed APPES instruments of vapor/solid surfaces, in particular for thegatiestiof
heterogeneous catalytic reactions. All aforementioned instrumentgheseXeray cathodes or noble
gas discharge lamps as photon sources, and are able to operate at preaborgsup to 100 Pa by
using two or three differential pumping stages between the sample chamber aadttba ahalyzer.

A different approach for the investigation of liquids with high vapor pressureak@s by Winter
and Faubel et al., who perform PES on liquid microjets with jet diameters below ¥ utthe jets
were expanded into a measurement chamber with a working pressureRd, 20here the scattering of
electrons by gas phase molecules was negligible. The limitation @fhisach is that the liquid
surface is not in equilibrium with its vapor.

The pressure limit in APPES is determined on one hand by the attenuation of fiomelegtgas
molecules, and on the other hand by the pressure differential between the semtlercand the
electron analyzer, which needs to be kept under high vacuum. As will be discussed belistaihe
upper pressure limit in APPES experiments can be increased by decrbasizg tof the first aperture,
which improves differential pumping as well as reducing the path length of tteekethrough the
high-pressure region. Furthermore, by focusing the electrons onto therdiéfiéyepumped apertures

using electrostatic lenses in the pumping stages, differential pumping seabtathout significant loss



of signal. This principle has been applied in a new generation of APPES instrumeats tiesed at

3 generation synchrotrons. A prototype instrument that was developed at the Advamt&bLige

in Berkeley in 1999 operates at the bending magnet beamline 9.3.2 at th& Alb®.next generation

of instruments was jointly developed a few years later by the FrideHastitute (Berlin) and Lawrence
Berkeley National Laboratory. These instruments, which use simildradttic lens systems, are
running currently at the ISISS beamline at BESSY in B¥lemd at beamline 11.0.2 at the ALS in
Berkeley®. The high brightness®generation synchrotrons provides tightly-focused, intense x-rays,
which makes possible the use of small front aperture diameters (i.e. improeeendi#fl pumping)
without loss of signal. The combination of a differentially-pumped electrotascsystem with a

synchrotron light source led to a significant increase of the pressuréliARPES.

Fundamentals of the operation of APPES

All modern instruments for electron spectroscopy are based on eleatres&tyy analyzers and
electron counting detectors operating in high vacuum. Short of a revolutionary advaetector
technology, such as the development of solid-state electron detectors wittesodltion, APPES will
be performed with vacuum spectrometers separated from the higherrergas environment sample
region by apertures. The diameteyd the primary aperture sets the fundamental scale for the
experiment. If the sample is too close to the aperture, the gas environtmensample surface is
strongly perturbed, while if the sample is too far the photoemission signal is sgtébyaelectron-
molecule scattering. In practice the optimum sample distance is ariew ). Since the electron mean
free pathhgas(~ 1 mm at 100 Pa and room temperature for water) is inversely proportional togress
the aperture size determines the maximum gas pressuevRich scales asD.

Reducing the aperture size increases the working pressure, but it als théyaeotoemission
signal as R’ ~ Do unless the incident x-ray flux can be increased in proportion. This may be possible
with a bright synchrotron source, but then radiation damage to the sample wilsma®F? unless
mitigated by translating or renewing the sample during the experilemy, is reduced, increased
precision is required to place the sample near the aperture and to align the mcaebéam. The gas
load on the differential pumping system scalesas B> ~ Pnax_, S0 reducing the aperture size to

achieve higher working pressures simplifies the design of the pumping system



The second-generation APPES-2 system at the Advanced Light Source (AL 8hediiscdetail
below, has been used with 30 or larger apertures to date, limiting the practical working pressure t
~ 1000 Pa. With only modest hardware changes the aperture size can be redudggo en the
order of the x-ray spot size that can be obtained at ALS beamline 11.0.2, which would itherease
working pressure to ~ 20 kPa (0.2 bar).

It is possible to imagine a third-generation nano-APPES-3 system uskmg@wln apertures that
could operate at pressures of several bar. Micro-fabricated aperturegsiireetesilicon nitride
pyramids of ~ 100 nm are commercially available for use in scanning nieboyigcal microscopy?
Scanning transmission x-ray microscdfémsed on zone plates have obtained spot sizes ~“t&neh
use vacuum-compatible nano-translation stages with few-nm positioning acduisszanning electron
microscope could be used to align the nano-APPES system under vacuum conditions bétorg adm
the reaction gasses. With a sub-micron aperture, the gas flow into the electtomsgtec would be

negligible, and a special differential pumping system would no longer be required.

Electron-Gas I nteractions

Photoelectrons can interact elastically or inelastically with gas mekedcElastic scattering changes

the direction but not the energy of photoelectrons. The _

effects of elastic scattering depend on the experimental
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will reduce the intensity of the experimental spectrum without modifyingrteegg distribution. The
elastic scattering distribution is peaked in the forward direction, so amgll-elastic events will have
little effect on the sample-spectrometer transmission, and the net efédasiod scattering may be
somewhat smaller than the integrated cross-section would suggest.

Inelastic scattering events include excitation of internal molecwdatrehic, vibrational, or
rotational states and ionization or fragmentation of the molecules. Inedaattering obscures the
sample photoemission spectrum. Figure 1 shows the evolution of a gas-phase APRES spaater



vapor with pressure. At low pressure, the photoemission peaks from the highest fewdocmipailar
orbitals and the Auger KLL peaks are clearly resolved. As pressuresasrehe original peaks are
attenuated and the inelastically scattered background increases aiglyific

Molecular ionization is the dominant energy-loss mechanism for electrdm&ingtic energy
greater than a few times the ionization threshold, which is typically ~ 10 e\¢tiaGaud coworkers
have studied electron-molecule scattering in great detail. Figure 8dueed from their work? shows
the experimental electron energy loss distribution for electrc 1000

impact scattering from gas-phasgCH The minimum energy
transfer is 6.2 eV, corresponding to a HOMO-LUMO
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play a useful role in compensating surface charging during APPESragpésion insulating samples.

The electron mean-free path in a gas atmosphetg.is, =Kz T/P* 6 yecron WhEr€Geiectronis the

electron-molecule scattering cross-section. Equating the mean-frewiffathe aperture diameter gives

an estimate for the maximum working pressByg, =k, -T/D, - o . Figure 3 shows published

electron

energy-dependent scattering cross-sections for two small molecules awdttoluene, and

experimental measurements made on our APPES
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above the molecular ionization threshold, with a broad
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the most interesting energy region for synchrotron
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APPES since this maximizes surface sensitivity.
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The experimental measurements shown figure 3 were made by placing aegitd@i?G) crystal
0.9 mm from the 30@m aperture of our APPES spectrometer. The C 1s peak area was measured as a
function of water vapor pressure between zero and 665 Pa for photoelectron kingtesdretiween
100 and 700 eV (incident x-ray energies between 390 and 990 eV). Water should not adsorb on the
hydrophobic HOPG surface, so the attenuation is due to electron-gas scattezi@j.sIpeak areas
decreased exponentially with gas pressure. The effective sagdteross-sections, shown by crosses,
are a good fit to the independently-measured vaifethe effective path length for the photoelectrons
is 1.1 mm, somewhat larger than the 0.9 mm sample-aperture separation.

Using the total scattering cross sections, with an aperiuoé 8D0 micrometers, R« for water is ~
220 Pa at 100 eV kinetic energy, or ~ 500 Pa at 500 eV. For toluene the limits would be ~ 40 Pa at 100
eV and ~ 95 Pa at 500 eV. These limits are not absolute — spectra can be obtaineccgeeal atres

Pmax but the signal to noise ratio is reduced and acquisition times are increased.

Photon-Gas Interactions

The scattering of x-ray photons by the reaction gases in APPES expisrismgenerally much
weaker than for electrons. The electron-gas cross sections shown in fige¥ena & , while the x-ray
scattering cross-sections for thelevels of light elements like C, N, O and H are about three orders of
magnitude smaller, as shown in figure 4. Even though the x-ray path length may bévameralers of
magnitude greater than the electron path length due to constraints of expargepemetry, gas-phase
x-ray attenuation is generally a secondary effect compared to photoelattenuation.

There is an exception in the case of
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NEXAFS spectra.

It is straightforward to obtain data on the gas-phase absorption directlyl®@n&PPES system is
also well-suited for gas-phase photoemission studies. As described below, the lpixatoaifable is ~
10* s at a resolution of 100 meV or better. So for an x-ray absorption cross section of3n5%14s
for O ~ 100 eV above its absorption edge, and an x-ray path length in front of the APRE® &xbe-
100 um, the rate of absorption is ~ 2-Pa's™. If the APPES analyzer accepts a half-angle of 0.1 (5.7°)
with a transmission of ~ 10%, this gives a count rate of ~ 206'PEhis sensitivity means that during
catalytic APPES experiments, the partial pressure of reactants andtpriodiuont of the sample can be
directly measured. For calibration purposes, the sample can be retrattad armay beam can be
placed very close to the APPES aperture to minimize electron-gasiagatigen pure gas-phase
spectra can be recorded as a function of pressure.

Gas phase x-ray absorption has another consequence; the ionization of gas motaadesar
local source of electrons for surface charge compensation during expermmémgsilating samples. In
the example above, the gas ionization current is ~ 100 W&nThis is fortunate since electron or ion
guns, which are typically used for charge compensation in XPS, are not piadheaAPPES
environment. At high gas pressures with strongly focused x-rays, gas molenaland radicals may

be generated in sufficient number to modify the surface chemistry.

Gas flow and differential pumping

Different regimes of gas flow are described by the ratio of the mrearpth for molecule-
molecule collisions)yas to the characteristic dimension of the systeginlhe case of APPES. When
this ratio, known as the Knudsen number, is large, molecule-molecule collisions can beedegled
gas dynamics are described as molecular flow, the typical case for bigimvawhen this ratio is
small, gas flows as a viscous fluid. In the intermediate or Knudsen regiatgi@al description is

difficult since the detailed properties of the system enclosing the gas beunporéant. The gas mean
free path isd =kg -T/«/?P-agaS whereogasis the cross section for molecule-molecule scattering,

which is approximately the 2/3 power of the molecular volume in its condensed liquid phtse. At
limits of APPES working pressure, whétgcion~ Do, the Knudsen number

Ky ® Agas [ Adectron = T etectron/ T gas - FOr WatEr 5gag~ 10 R, so for electrons at 100 eV, K 1 and at 1 keV,

K, ~ 6. Therefore molecular flow should give a good qualitative description of APPEBdnittative

predictions may off in the high pressure limit.



In the molecular flow limit, pressure is reduced in the vicinity of the apegroportional to the

solid angle subtended by the aperture, provided the thickness of the aperturédsmpated to R
Along the axis of the aperture, the effective press¥(® =P, (5 - z/,/ D’ +4-z*)where z is zero in the

aperture plane and positive on the vacuum ¥itfehe sample is placed close to the aperture, the
pressure at the sample surface will be less Byahut the effect of the aperture drops off rathdackjy.
To minimize sample perturbation by the aperture aperture-sample distance should be 3 ZDis is
particular important for equilibrium experiment$or ice near the freezing point, the residence trine
molecule on the surface is %, so even a slight reduction in the local presbyrie aperture cone
will quickly melt a hole in the sample surface. Exmentally, when the sample is too close to the
aperture, the gas flow is reduced, and the pressops in the first differential pumping stage. Bor

photoelectron traveling through a thin aperture,dffective path length for electron scattering is
Ly (2 :Pij P(x)dx. At 2 Dy, Let = 2.03 3, approximately the geometrical distance, while the

effective path length from the aperture plane iy &4%D,, so there is little to be gained by schemes to
separate the electron trajectory from the gasxéng the aperture. In the case of viscous fldve, t
aperture forms a supersonic jet, and the gas flohedfective path length depend on the internal
degrees of freedom of the gas molecules. In the chwater, the pressure in the aperture planedvoul
be 0.63 rather than 0.5, and the effective patytlefrom the aperture plane would be 0.51 rathan th
0.25 . * The experimental measurements for APPES-2 showigit found an effective path length
of 3.7+£0.3 [ for a geometrical separation of 3.00he excess path length of 0.7+0.gi®probably due
to the finite thickness of the aperture wall.

The flux through the differential pumping aperturenolecular flow is®,, :%DOZV- P, wherevis

the average molecular velocity. For water at roemgerature with a 300m aperture at a pressure of 1
kPa, this is 4.2mmol/s or 6.14 sccm. It is difficult to get an adtoanductance-limited pumping speed
larger than ~ 100 I/s in a typical UHV system, Isis produces a pressure of ~ 0.1 Pa'(®@) after the
aperture, so one or more differential pumping tageequired. (In contrast, for a sub-micron apert
with a 1 bar source pressure, the mass flow woeld BO0O times smaller, and pumping the input lens
of a conventional hemispherical analyzer shouldusécient.)

There are two contributions to the mass flow thiotige differential pumping system and into the

analyzer. The first is the ballistically transpairfeux of un-scattered moleculds P, - 737, where g, is



the half-angle of the differential pumping exit epee seen from the source aperture. The conktignt
for molecular flow, and 3.4, 2.2 or 1.7 for viscaugersonic flow with atomic, linear molecular @nn
linear molecular gases, respectively. The seconttibation, which can be made negligible in a well-
designed system, is from the background of scakttgas molecules that are not removed by differentia

pumping. This places a limit on the angular trarssion of the differential pumping system
P, - : .
a, < }T(—f; whereP; is the analyzer pressure aids the analyzer pumping speed. Takihg-
7Z'. . m

10° Pa and fos, ~ 50 I/s (since it is difficult to effectively pysra hemispherical analyzer), in the case

of water vapor given above, < 0.004 (0.22°).

Electron Optics for APPES
Reducingg, is required for differential pumping but also reds the electron flux. A typical
hemispherical analyzer input lens in small-spot encain accept a half-angig, ,of around 0.125

(8°)." A passive differential pumping system will redule photoemission signal by a factor of

Py

(-£2-)? or more than three orders of magnitude comparedvecuum analyzer. Therefore we

lens
introduced the active differentially-pumped elentimoput lens with cross-overs at the pumping
apertures® With this approach we are free to independenttintipe the pumping and electron optics,
thereby increasing APPES performance by at leasbtders of magnitude compared to passive
systems.
A conventional XPS energy analyzer consists ohautilens and a hemisphere. The energy

Vvin + Wexit 2

snee WhereR is the radius of the energy analyzer, the

resolution of the hemisphecheEE = +ia

here

w's are the widths of entrance and exit slits, aggl.is the half-angle of the analyzer, typically ~ 0.05

(3°). The job of the input lens is to define thalgsis area and angular acceptance at the samplg (

alens) @nd image this onto the entrance slits, andtalsiecelerate the electrons to the hemisphere pass

E
energy, subject to the conditian, g, < W, gpere K;MES .* At a working distance of 2 Dthe

maximum half-angle allowed by the APPES input aperts 0.24 (14°). Since the analysis argasD



usually small compared to the hemisphere entrditogidth, the APPES lens will benefit from a high

angular transmission.

APPES Instrumentation

Two systems for APPES have been constructed #ltBe A prototype system was built first at
bending magnet beamline 9.3.2 to prove the cormfepie differentially pumped electron letfdn this
system the APPES-1 module was inserted into atimgigacuum system and coupled to an unmodified
hemispherical energy analyzer through its inpus.|&is system demonstrated the utility of
synchrotron APPES on problems of environmental ¢beyit® and catalysi®, however experiments
were relatively difficult to perform due to the lited sample manipulation and lack of tools for seemp
transfer or in-situ preparation other than heaitingontrolled gas environments. A second-generation
APPES-2 system was constructed at the ALS undutetamline 11.0.2, the Molecular Environmental
Science beamliri& where the sample preparation, manipulation, xaray electron optics were
optimized. Later, the 9.3.2 system was upgradeld wiproved sample preparation and manipulation
capabilities.

Today, after successfully proving the usefulnesheftechnique, several synchrotron facilities are
incorporating APPES instrumentation to attend #pedly increasing number of users in the
environmental, catalysis and other areas. Comaderanufacturers are also working on the
development of stand alone APPES instruments \w#dfenergy x-ray sources. In this overview

however we focus only on the second generationumsnt, the APPES-2 in beamline 11.0.2.

APPES2 at the ALS

The APPES-2 system has four major components:-thg gource, the differentially-pumped
electron spectrometer, the experimental vacuunesysind the sample manipulation system. ALS
beamline 11.0.2 is equipped with an ellipticallygszed undulator capable of producing x-rays
between 75 and 2400 eV. Above 160 eV the x-rayrfzataon can be fully controlled (linear or circdla
for structural or dichroism studies. The deflecteord focusing of the final Kirkpatrick—Baez mirqaatir
are computer controlled and can produce a spotsittee sample as small as 7xiifh. The focused
spot can be scanned over an area greater tharflwhiuth is quite important in aligning the

experiment, since the x-ray spot must illuminateghmple along the axis of the electron spectramete



When the sample-aperture separation is changeskfmrimental reasons, the x-ray source must be re-

aligned with a precision of a fraction of the apegtsize 3.
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The x-ray source is separated from the
APPES reaction chamber by a thin window,
typically 0.5 mm wide and 100 nm thick, of
low-stress SiN*’ The lateral size of the
window allows the x-ray source to be
scanned for alignment with the sample and
analyzer. The window is mounted on a small
metal tube in an UltraTorr fitting for quick
exchange. The window-sample separation is
typically 5 to 30 mm, with smaller distances
being selected for higher working pressures
to minimize gas-phase x-ray absorption. The
measured x-ray flux at the sample position is
> 10" photons/s from 200-400 eV, and >

10" photons/s from 400 to 800 eV, with energy resotubietter than 100 meV. Between 800 and 1400

eV the flux drops monotonically by a factor of ~ 40

The analyzer axis is 45° from the x-ray beam inhiyézontal plane, and raised by 35° above the
horizontal (fig 5). This means that the angle betwthe polarization of the incident x-rays andkhe
vector of the electrons is 54.7°, the “magic” andlee sample normal is typically the horizontalnga
but this geometry is compatible with a horizontahgle surface such as a free liquid film (the x-ray
beam descends by a 4° degree angle as it leavbsdhdine, the entire APPES system is tilted to

accommodate this). When the experimental systgtaced at the beamline, a manual strut system with

6 degrees of freedom is adjusted to position tladyaar aperture along the beam axis. The window

assembly position is then optimized using a maryatranslation stage, and the final alignmentasel

with the x-ray mirror.

The differentially-pumped electron spectrometertfe APPES-2 system uses a modified Specs

Phoibos 150 hemispherical energy analyzer withéhokltron detector§. The first stage of the input

lens of the spectrometer was replaced by a cuskectren optics system, which was designed in

collaboration with the Inorganic Chemistry Depantinef the Fritz Haber Institute. The detailed dasig



and performance of the input lens are describeshather publicatioi’ The Specs control electronics
and software were customized to control the lens.

The APPES-1 lens performance was limited by itk Eanagnetic shielding, and its small
dimensions, which resulted in high-voltage breaka®wn the lens when at high working pressures.
These problems were addressed in the APPES-2 d@sigrentrance aperture is a metal cone similar to
the skimmer nozzle used in molecular beam expetisnen

The first differential stage was pumped by a 768Q@ufbomolecular pump with a maximum gas
throughput > 0.36 Pa-is (200 sccm). The second stage and the hemispleeespumped 250 and 70
I/s turbo pump$® The turbo pumps were backed by a molecular dragpdollowed by a membrane
pump® The three-stage dry pumping system was capatiléddf performance and maintained a
reasonable compression ratio for hydrogen. Thengbddferential pumping stage was equipped with a
quadrupole mass spectrométehat could be inserted into the electron lensitercept the molecular
beam from the sample (which blocked the photoadesl; or retracted to monitor the reaction gases
without interfering with the spectrometer perforrm@anwith a 0.6 mm initial aperture, high vacuum
could be maintained in the electron energy analszerorking pressures up to 10 kPa (0.1 bar).

The vacuum system has a UHV sample preparation lobiaeguipped with a LEED/Auger optics
for surface analysis; a sputter ion gun for samsf@aning; an evaporator and quartz crystal momaor
metal deposition; a residual gas analyzer (RGAJHermal desorption spectroscopy; leak valves &sr g
introduction; and a plasma source for dosing timepda with gas ions or radicals. A magnetic transfer
rod can move samples from the preparation chanoldetanalysis chamber through a gate valve. A
second magnetic transfer rod can move samplesdraurbo-pumped airlock for sample introduction.
The airlock includes a mechanism for sample cleavAgeedle valve connects the analysis chamber to
the preparation chamber so the RGA can be usednitaon the analysis gas environment.

The analysis chamber has a volume of about 20d.dtuipped with a variety of gas sources
including electronically-controlled leak valves, ss&low controllers, and a pressure-controlled ek
flow source for water vapor and other condensagieds. A welded stainless-steel gas manifold and
gas cabinet maintains the purity of reaction ggasaas allows experiments with toxic gasses (NO,.CO)
Pressure is monitored by capacitance manontétans by an ion gauge for high vacuum. The chamber
is pumped by a turbomolecular pump, which is isuldiy a gate valve during high-pressure
experiments. The analysis chamber also has a puinp, and both chambers have a base pressure of

better than 2x18 Pa after bake-out. lon pumps were not used tadgwaiblems with “memory” effects,



where previously pumped gasses can be releasedlimpump during experiments. A variable bypass
valve lets the analysis chamber act as a flow oeartd gives a reasonable time constant for pressur
changes (~ 30 s). The system also has a video sompe to assist in positioning the sample near the
aperture, and an electron gun that can be usedhnvacuum for Auger spectroscopy and electron

optics testing when x-rays are not available framgynchrotron.

APPES-2 Sample manipulation

Sample manipulation, heating and cooling are alifiarts of the APPES experiment. Heating and
cooling are more challenging than in a high-vac{$ experiment. For experiments with condensable
gases near equilibrium, the sample must be theesofghrt of the system — if another part of thegam
manipulator is colder, gas will condense theireast Heat transfer between the sample and gas
molecules means that more heating and cooling pmsweguired than in a vacuum environment. The
APPES-2 system uses the commercial Thermionics Sis@&nt? The samples are mounted on a 40
mm diameter Molybdenum plate with four independsactrical leads. A magnetically coupled linear
translator* pushes the plate against the manipulator dockaaks or unlocks a bayonet connection
with a rotary motion. When the plate is lockedhe tlock, it is spring-loaded against the face of a
copper cylinder several mm thick (fig 6), whichpirt of a reservoir that can be cooled by flowiag g
or liquid, including liquid nitrogen. The indepemdelectrical contacts are used for thermocoupies o
other temperature sensors, and to provide elecfram@er for sample heating. The sample heater is
integrated into the plate, in direct contact with sample, and different types of plate/heatemaiskes
can be used depending on the requirements of fheriexent. One plate has a four-quadrant diodefor x
ray metrology” that is used to measure x-ray flux and beam il

The sample dock in the analysis chamber is mountesi 150 mm differentially-pumped rotary
flange, which allows 360° rotation with no relativ@tion of the electrical or cooling connections in
vacuum. This is supported by an xyz manipulatoh\i20 mm of vertical travel and £15 mm of lateral
motion. The sample face is on the manipulator iatadxis. All manipulator motions are driven by
stepper-motors controlled from a LabVi&program, which allows for compucentric rotatiorthus
sample in front of the input aperture and for awted sample scanning during APPES data acquisition
to mitigate radiation damage. The sample positgaiccuracy is better than 10 um. LabView programs

also control sample heating and gas flow in théyarsachamber. The preparation chamber has a simila



manipulator with the sample face offset from thiation axis by 60 mm. Rotary motion brings the
sample to the different analytical and sample piagpman instruments.

A sample plate with a ceramic “button heater” cégalb reaching 1000° C in oxygen or 1200° C in
vacuuni’ was used for metal single-crystal samples in gtaéxperiments® A thermocouple was
spot-welded to the sample to monitor temperatulne. Stray magnetic fields from the toroidally-wound
resistive element in the button heater have a gmoaltive or negative effect on signal intensity,
depending on the polarity of the heater currentn&especial precautions must be taken for high-
pressure catalytic experiments in oxidizing atmeses. Many refractory metals such as Ta and Mo
form relatively volatile oxides. Since the gas méa&e path is small compared to the sample
dimensions, metal oxides can diffuse to the sampteadsorb, contaminating the surfathi
contamination was also observed from heating tyghdfmocouples in oxygen. Therefore a heater with
a stainless steel plate was used for high temperatperiments, and a Mo plate was used for
experiments where cooling was critical due to @ Righer thermal conductivity.

Another plate used an electron-bombardment h&ater
which allowed for the fast annealing of samples at
temperatures in excess of 1400 K in UHV at a tylpica
sample bias of +700 V. Electron bombardment cabaot
done above ~ 1 Pa due to both oxidation of theniat and
arcing (plasma breakdown) due to the high voltaggdied
to the sample holder. However, the tungsten filantieat

was mounted ~0.5 mm behind the sample could befosed
radiative and convective heating of the sample edenate temperatures in non-oxidizing gas

environments.

Peltier sample holder

We constructed a novel sample holder based onradiedectric Peltier cooler for experiments in
condensing environments. Water-surface interacémesery important in environmental chemistry.
The maximum water partial pressure is the vapassune of water or ice at the coldest point in the
system. To avoid condensation on the chamber watlsother parts of the instrument, water pressure
should be below ~ 2 kPa corresponding to ~ 80 @tivel humidity at 20° C. This makes the traditional
“cold finger” approach to sample cooling impossitilece condensation will occur on the cooling



elements instead of the sample surface. The h@aenstructed on a STLC plate with an o-ring stale
compartment containing a two-stage Peltier coatilegnent® as seen in fig 6. A copper plug is set in a
vacuum compatible polymer (Vespel) for thermal lagan and sealed to the stainless steel froneplat
of the plate assembly. The sample is mounted tvecapper plug, completely covering it, by spring
clips or glue. Four small electrical feedthrougtg 7) supply current to the Pelter cooler and
connections for a thermocouple or thermistor irayrattached to the copper plug. The hot sidénef t

thermoelectric cooler is glued to the main

body of the plate. When the front plate is
screwed onto the plate base (fig 6), the
copper plug makes contact with the cold
side of the cooler. Indium foil shims are
used to make a good thermal contact
without applying excessive pressure to t
thermoelectric element. This same holde
can heat samples above ambient by
reversing the current flow. The upper temperatumé,l given by the melting temperature of the solde
used for the assembly of the Peltier element akasddy the epoxy used in construction, is abo0f 10
C. Using Peltier elements with high-temperatuldexoand high-temperature epoxies could increase
this limit to about 200° C.

During experiments, the sample dock is maintairieda@nstant temperature above the dew point,
providing a sink for the heat rejected by the Bekiement. The dock temperature is controlled betw
—25° and +25° C by a recirculating chiller usirtgpeiol as a working flufd. At the maximum power of
4 W (0.9 A) in vacuum the sample can be cooled®bélbw the dock temperature, or more than 50° C
if an indium shim is present in the plate-dock eschtThe thermal time constant is about 60 s, atigw
for accurate temperature control. There is a somahge in sample temperature at constant curregn wh
gas is admitted to the analysis chamber. Adding&0f CQ at constant Peltier current raised the

sample temperature from —16° to —14° C in one test.



Experimental Methods and Constraintsfor Synchrotron based APPES

The role of the gas phase in APPES measurements

Since the incident x-rays do not only irradiate $henple surface, but also the gas phase in front of
the sample surface, gas phase peaks are also ethserthe PES spectra, usually at partial pressties
Pa. In most cases the core levels of the gas [gpesees are shifted by several eV to higher BE
compared to peaks from the condensed sp&casd therefore gas phase peaks usually do noferee
with the observation of the spectrum from the stgfaln cases were gas phase peaks overlap with the
signal of the surface the gas phase peaks canftedsiway from the surface peaks by applying a
negative bias to the sample, as described in Ref. 2

Gas phase peaks may be used to determine the gses gdmposition in, e.g., heterogeneous
catalytic experiments. This may provide more agimformation about the gas phase composition
than mass spectrometry, since APPES measuresshmhgsae right in front of the surface part that is
simultaneously measured in the spectra. Gas [gisals can also be used as intrinsic standardidor
relative sensitivity for different elements in PEBor instance the relative C/O sensitivity can be
determined from measurements of CO or,@8&s phase peaks. In experiments on insulatinglsam
the ionization of the gas phase by the inciderdysmproduces secondary electrons that reduce digargi
of the surface. This is in particular relevantcsithe use of “flood guns” for charge compensatioder

pressures over T0Pa is not possible.

Contaminations in APPES experiments

Conventional surface science experiments are peedrunder UHV conditions in part to avoid
unwanted sample contamination. In APPES experimaeiritis pressures many orders of magnitude
higher than UHV, contamination of the surface igendifficult to avoid. Contamination originatestbo
from impurities in the gas source, as well as reg@i@ent of contaminants from the walls of the
experimental chamber upon introduction of a gassufning that the concentration of the impurities in
the gas source is 1 ppm, the partial pressuresofdhtaminant at 100 Pa total pressure SR8, If the
sticking coefficient of the gas molecules on thes$tate is just 0.01, then a monolayer of contatiuna
will form on the substrate in 100 seconds. Thersfthe amount and type of contaminants, in pdercu
hydrocarbons, has to be monitored at all timesndulPPES experiments. This contamination problem
is less severe in APPES experiments on liquidsrevbenstantly refreshed sample surfaces can be

prepared in a variety of ways, as discussed imtineduction.



Applicationsto Catalysisand Environmental Chemistry

Catalysis and the environmental sciences are #iaasan benefit enormously from the application
of APPES, and were the direct motivation for thead@oment of APPES. We now illustrate its
capabilities with two recent examples, one in emvinental sciences and one in catalysis. Many more
examples can be found in recent revi&\¥3and in original papers from research groups thatthe
APPES instruments at the Af%and BESSY’ synchrotron facilities.

The first example concerns the growth of water gilom oxide surfaces. At a very basic level there
is the question of the thickness and chemistrefibterfacial water layers as a function of tHatree
humidity. Surprisingly enough this apparently sienguestion has been answered only in very few
instances. Part of the problem is the lack of specopic techniques to measure the thicknesseof th
water film in well-defined conditions and with assment of the possible presence of contaminant

material. XPS is naturally suited for this purpo3de photoelectrons emitted from the O 1s corellev
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can provide an absolute measure of the amountyafesxpresent, and thus water, even if other O-
containing species are also present. This is lsecdne chemical state of O determines the binding
energy of its core electrons, allowing us to digtiish in many cases between various chemical forms.
These include for example lattice O in the casexale substrates, hydroxyl (OH) groups, molecular

water, etc. This is illustrated in the spectréigidire 8 showing the Qregion, for a photon energy of



735 eV, of a CpO film grown on a copper foil at different relatitemiditie$®. Various species can be
easily distinguished in addition to the O in the@uattice . First hydroxyl groups form due to the
dissociation of water at defect sites. Once tlsées are saturated with OH the subsequent adsorpti
water is molecular.

The graph on the right shows the thickness of taeemlayer as a function of relative humidity. As
can be seen, at 45% RH the film is approximatelyndn thick, i.e. between two and three water layers
Similar experiments have been conducted in othigleosurfaces, including TigQ110), SiQ films on Si
wafers, AbOs oxide films, FeO; and MgO°®® Interestingly in all cases formation of hydroxybgps is
observed before the growth of molecular water filiftsis observation suggests that free H-bonds are
needed at the surface for efficient binding of &iddal water’® An important result is that the thickness
is found to depend only on the relative humiditg @t on the specific values of temperature aneémat
partial pressure. Both isobar (constant presshiamging temperature) and isotherm (constant
temperature, changing pressure) curves collapsaisingle curve when the x-axis is converted to
relative humidity. This is an important result besa it indicates that the measured water layeknleiss

corresponds to the equilibrium value with the vaploase.

The second example shows an application in the éekurface chemistry. The study addresses the
guestion of the chemical composition of Cu and@in the presence of G@nd HO, an interesting

tribochemical system that plays an important role i
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a polycrystalline foil that was cleaned in the @neggtion chamber described above. An evaporator in

that chamber allowed also for the deposition oflsaraounts of Zn, an important ingredient in catialy



systems and also used in the motor brushes ascistl element. The XPS data in the C and O 1s
regions of the clean and Zn covered (0.1 monolasar)ple are shown in figure 9. The spectra reveal
the presence of several chemical species thatdyestable in equilibrium with a 25 Pa of gas
containing equal amounts of G@d HO. In pure Cu the species found include chemigb@®, and
methoxy (CH-O-) as majority species, with smaller amounts Bif @ater, formate (COO-) and
carbonate (C®). While clean Cu is capable of activating CO2 égatively charged CO species,
which can further convert to carbonate ,CGproduced by the oxidation of the Cu foil in oxgggas,

was found to be inactive toward g@dsorption at room temperature. The carbonateespandergoes
further deoxygenation or reduction, yieldin§(&) and chemisorbed oxygen on the surface. The
presence of 0.1 ML Zn on Cu facilitates carbonatenition while depleting the concentration of £O
on the surface. In addition to the species obsearvedre CO2, methoxy and formate are formed when
H,O is coadsorbed, which then provides the hydrogeded for the reaction.

Conclusions

APPES instrumentation has been developed at theL L& is now implemented in two
Synchrotron Facilities, the ALS in Berkeley and 8es Berlin. The instrumentation is based on the
simple idea of extracting the electrons from the glavironment at a distance from the originating
surface that is comparable with the mean free p¥thile this idea was implemented from the very
beginning of photoemission spectroscopy by K. Saagland collaborators in Sweden, and later by
other groups around the world, what makes the cuABPES instruments unique is the combination of
the differential pumping methods with electrostéticusing at the apertures separating the various
chambers. We have described the basic physicenthagnce APPES, including electron- gas
interactions, electron optics and gas pumping caimés. Two examples were presented to illustitze
capabilities of the APPES in applications to enwm@ntal and surface chemistry sciences.
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Figure Captions

Fig 1. APPES spectra of water vapor at pressuoes 6.5 to 665 Pa at 569 eV incident photon
energy. The small peaks between 530 and 560 eVidkieeergy are photoemission from the water 2b
43, 1by, 3a and 1k molecular orbitals, and the larger peaks below@®d@re the Auger KLL
electrons from the relaxation of ionized O 1s dewels. The spectra are offset for visibility araza
been scaled by pressure, so in the absence ofcglenblecule scattering all would have the same
intensity. Inelastic scattering reduces the redagigak intensity while increasing the inelastic
background.

Fig 2. Experimental energy loss distribution fazattons scattering from gas-phasgHnolecules.
Reproduced from Garcia and Blanco €tal.

Fig 3. Total, elastic and inelastic scattering stssctions (A) for gas-phase toluene {ds) and
water (HO) as a function of energy. This figure was plofretn published data for waférand
toluené®. The black crosses show experimental measureroABPES signal attenuation with water
vapor pressure (see text).

Fig 4. Comparison of energy-dependent X-ray absmrpross-sectiodéfor light atoms (C, O)
found in gas molecules and for some transition hattans relevant to catalysis.

Fig 5. Schematic of the APPES-2 vacuum system sigpthie sample, x-ray source and entrance to
the APPES spectrometer.

Fig 6. CAD drawing of the copper sample dock, taseband the front face (exploded drawing) of
the Peltier-cooled sample plate. The bayonet maamdselectrical contacts can be seen on the sample
plate, the corresponding elements are not showhesample dock for clarity.

Fig 7. Peltier-cooled sample plate. The CAD skeaicleft shows the front face with electrical
feedthroughs and copper plug for sample mountihg. @hoto at right shows the plate in the APPES-2
system with a liquid water drop condensed on thepsa

Fig. 8. Adsorption of water on a € film with a thicknesg 1.5 nm, prepared by oxidation of a
Cu foil. O1s XPS spectra were acquired in vacuum (bottom),amacreasing relative humidity (RH)
values. For clarity only the spectra correspondingj and 35% RH are shown. The spectra reveal the
presence of various oxygen species, includingcatixygen of C4O, OH (adsorbed hydroxyl) and
molecular adsorbed D, on the surface. The peak at higher BE at ~53& eMe to gas phase®l.



The plot on the right shows the ratio of OH toitatoxygen and the thickness of the adsorbgd H

layer as a function of relative humidity obtaingdrbeasuring the areas under the corresponding peaks
Fig 9. Carbon and Oxygen 1s XPS spectra of (a) @urand (b) Zn/Cu (0.1 ML Zn) in the

presence of 13 Pa CO2 + 13 P#£ktht room temperature. Two carbonaceous speciesate and

methoxy are shown to form on both surfaces. ActiddQ and carbonate species present in pure CO2

remain visible on each surface. In addition, mdi@dty adsorbed H20O is also observed in both spectra

The presence of Zn makes carbonate the majorigiesgpen the surface.
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