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Outline

What is Ambient pressure x-ray photoelectron spectroscopy?
Why Ambient pressure x-ray photoelectron spectroscopy?

How is Ambient pressure x-ray photoelectron spectroscopy
done?

Where can you do Ambient pressure x-ray photoelectron
spectroscopy?

Two examples for catalysis, surface science, and atomic layer
deposition:

(a) CO oxidation over Ir(111)

(b) "Live” monitoring of Atomic layer deposition: HfO,/InAs(
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What Is Ambient pressure x-ray
photoelectron spectroscopy?

It's XPS!

Photon in Electronout @
(Energy hv) (Energy Ekin)

Binding energy of electron
in sample:

Eg=hv-Ey, (- 9

Sample
» Information on electronic structure of occupied states
JLE
» UPS: valence states
» XPS: core states

" Evac (Ekin=0)

» XPS: elemental specificity +

chemical specificity from chemical shifts 7%

» Relationship between electronic and geometric structure

» Highly surface sensitive (~ nm) UHH&:L'.?&




What Is Ambient pressure x-ray
photoelectron spectroscopy?

High pressure x-ray photoelectron spectroscopy
Near-ambient pressure x-ray photoelectron spectroscopy
Ambient pressure x-ray photoelectron spectroscopy

XHV UHV HV 1 atm
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What Is Ambient pressure x-ray
photoelectron spectroscopy?

High pressure x-ray photoelectron spectroscopy
Near-ambient pressure x-ray photoelectron spectroscopy
Ambient pressure x-ray photoelectron spectroscopy

Conventional XPS
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What Is Ambient pressure x-ray
photoelectron spectroscopy?

High pressure x-ray photoelectron spectroscopy
Near-ambient pressure x-ray photoelectron spectroscopy
Ambient pressure x-ray photoelectron spectroscopy

Conventional XPS APXPS
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What Is Ambient pressure x-ray
photoelectron spectroscopy?

Ambient pressure x-ray photoelectron spectroscopy

Ambient pressure: f? Ambient pressure:
1 atm 5 10 20 mbar

§ 108
107
10°®
UHV Surface Science Studies
10 1 1 1 1 I 1 1 1

120 140 160 180 200 220 240 260 280 300
Temperature (K)

Conventional XPS APXPS
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Why Ambient pressure x-ray
photoelectron spectroscopy?

Pressures in conventional XPS
experiments:
1019 to 10 mbar

Pressure in a car catalyst:
~atm

Pressures in thin
film growth:
102 mbar and upwards

Rl * Sig
ARl

Pressures in typical catalytic
., reactors in the chemical industry:
@ 102 mbar to hundreds of bar

Ambient water pressure:
~20 mbar



Why Ambient pressure x-ray

photoelectron sepectroscopy?

Si (Al) 8 o
Al(MgFe) o
Si (Al) &
Cations H,O
Si (Al) 8 on
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Why Ambient pressure x-ray
photoelectron sepectroscopy?

» (Surface) Structures may differ from those observed in UHV
» Dynamic effects may play a significant, if not decisive, role
» Dynamic processes can be studied (chemical reactions)

» Materials with a high vapour pressure can be studied

Catalysis

Oxidiation & corrosion
Film growth
Electrochemistry
Liquids and solutions
Bio/geo samples

AN NN N N N

... but ... 99.9% of all XPS instruments require
high vacuum or ultrahigh vacuum UNIVERSITET




Why (ultrahigh) vacuum?

1. Control of surface state / cleanness

~—_Electron energy analyser

Kinetic gas theory:
Rate of molecules with mass M impinging on sample

1_ - surface with area A at pressure p and temperature T:
Vac_gum clj|1a1mber An — NA p
(10" to 107" Torr) A At 2 T[ M kB T

— at p = 10 Torr a metal surface (sticking coefficient 1)
Is completely covered by gas moleculesin~1s

— gas contaminations down to the ppm or even ppb level
(at atmospheric pressure) can lead to a "poisoning” of the
surface

At higher pressure extreme cleanliness
Is required if contamination by residual gases

2. Detector requires vacuum is to be avoided.

Microchannel plates in detector do not tolerate
moisture and other gases when operated (~10-° mbar .
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Why (ultrahigh) vacuum?

—~—_Electron energy analyser

3. Limited mean free path of low-energy
electrons in gases

Vacuum chamber Electron scattering by molecular hydrogen (1 mbar):

(10%t0 10" Torr) scattering cross section and mean free path
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from: A. Knop-Gericke et al., Adv. Catal. 54 (2009) 213
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How Is Ambient pressure x-ray
photoelectron sepectroscopy done?

SINX window

e, spectroscopy

100 nm thick *- e preparation

*p,= UHV=~ 10 Torr ﬂhﬂ""ber P
X—raﬁ ﬁ'D - " "
ALS BL 11.0 sputter gun
.2 A evaporator |
. ~ | sample temperature

electrostatic . 100~1000 K I

nad-lock

chamber

hemispherical analyzer
(Phaibos 150)

Figure 1. A schematic of the ambient pressure XPS spectrometer at
ALS beamline 11.0.2.

S. Yamamoto, H. Bluhm, K. Andersson, G. Ketteler,
H. Ogasawara, M. Salmeron, A. Nilsson,
J. Phys.: Condens. Matter 20 (2008) 180425

Pressure at sample:

1 mbar 1 mbar
Aperture size:
1mm 0.5 mm

Prelens pressure:

104 — 1023 mbar 10> — 104 mbar
15t stage pressure:

10% mbar 107 mbar

2nd stage pressure:

107 mbar 108 mbar
Detector pressure:

10-8 mbar 10-° mbar
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What Is Ambient pressure x-ray
photoelectron spectroscopy?

Conventional XPS APXPS

101210 100 109 10© 107 10° 105 104 10° 102 10" 10° 10" 10 10°

)

mbar ,‘«

UNIVERSITET



How Is Ambient pressure x-ray
photoelectron sepectroscopy done?

SINX window

T spectroscopy
100 nm thick chamber preparation
\p,= UHV~ 10 Torr chamber
X-ra 3 LEED, @
ALS sputter gun,
evaporator
amplé temperature
' 100~-1000 K
(b)
N
| load-lock
. chamber : .
n.':gl'
hemispherical analyzer =
(Phoibos 150)
()
Figure 1. A schematic of the ambient pressure XPS spectrometer at (

ALS beamline 11.0.2.

S. Yamamoto, H. Bluhm, K. Andersson, G. Ketteler, /aas\
H. Ogasawara, M. Salmeron, A. Nilsson, cf. D. E. Starr, Z. Liu, M. Havecker,
J. Phys.: Condens. Matter 20 (2008) 180425 A. Knop-Gericke, H. Bluhm,

B. Chem. Sov. Rev. 42 (2013)'5833



The Lund approach to APXPS:
Ambient pressure cells at the SPECIES beamline

First generation Ambient pressure cell

Working pressure: ~0.1 to 25 mbar

(pressure in analysis chamber during operation < 1
X 106 mbar)

Temperature range: -50 deg. C to 500 deg.

Sample can be moved during measurement (beam
damage!)
Developed by SPECS Surface Nano Analysis GmbH

based on the concepts and specifications developed at the LUKIDS
MAX IV Laboratory UNIVERSITET




The Lund approach to APXPS:
Ambient pressure cells at the SPECIES beamline

QMS signal [arb. units]

Shut off valve
MFC not UHV

tight when closed

PF not necessary for

commercial filters.
S PE

Filters may be mounted
before pumping point
with valve on outlet

10" .
gq
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-
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o ety e,
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01:27:30 01:28:30
2012-10-18

Date/Time

Valve is for service and cleanliness

Ideal system for fast
switching of gas-composition!

Heating

VCR here

EITu Spectrometer

Pumping rate gives o valve allowed before PC

Section

m
$ L HPC PC

Overpressure signal from PC.

LV should not be supplied from HPQ|
HPC should be available for service

when LV is operated
To main chamber

<€

MFC Mass Flow Controller

PC Pressure Controller

R Pressure regulator

PM Pumping Manifold

PG Wide Range Pressure Guage
PGFV Pressure Guage Fore Vakuum
TP Turbo Pump

GC Gas Cleaner

GV Gate Valve

CF Carbon Filter

LV Leak valve

PF Particle Filter

LN2 Liquid Nitrogen
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Where can you do Ambient pressure
X-ray photoeletron spectroscopy

Photon Factory

SPring.. 8
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(e.g. at Imperial College and Univ Manchester)™"™"
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FemtoMAX (2015)

Ultra-fast processes in materials

NanoMAX (2016) S

Imaging, spectroscopic & scattering with nanometer resolution

BALDER (2016)

X-ray absorption spectroscopy in-situ and time resolved

BioMAX (2016)

Highly automated macromolecular crystallography

VERITAS (2016)

RIXS with unique resolving power and momentum resolution

HIPPIE (2016)

High-pressure photoelectron spectroscopy

ARPES (2017)

Angle resolved photoelectron spectroscopy

FinEstBeaMS (2017)

Estonian-Finnish Beamline for Materials Science

o © AN o g9 & w o=

SPECIES (Transfer) (2017) 12. CoSAXS (2018) E

VUV High-pressure photoelectron spectroscopy and RIXS Small angle scattering

e
=, O

. FlexPES (Transfer) (2017) 13. SoftiMAX (2018)
. MAXPeem (Transfer) (2017) 14. DanMAX (2019)

Photoelectron Spectroscopy and NEXAFS Coherent Soft X-Ray Scattering, Holography...

Photoelectron microscopy LU N D S
UNIVERSITET



Exampel 1:
CO oxidation over Ir(111)
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Motivation

TABLE 1: Summary of the Oxidation Conditions and the
Resulting Phases on the Ir{l111) as Observed by SXRD

Basic question:

K F(Oz)/mbar haze . .
— £ What is the active phase
575 107°—107* che misorbed O . .
| 101 O—Tr—O trilager ] for CO-oxidation on
=100 multilayer oxide o)
T3 (875 1073 =102 che mizorbed O Ir(lll) )
1 O—Ir—0O trilayer
100 bulklike IrCy
(6x6) IrO,

>400%
+160%

He, Stierle, Over et al.,
J. Phys. Chem. C., 112, 11946 (2008)

" (7x7) Ir(111)
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Intensity (arb. units)
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CO oxidation over Ir(111) 2 5
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107" — (02
7:
01 s
25 el ss ¢ © & © o ©
' [J] 34| © no N~ o al n N~
*5 ™ oM< < < Lo Lo o Lo
s
T 20 Emm e’
s g1 -
£ 7
E Z
5_
15 N
3 M
2_
0] I | | |
| ' | ! | ! | ! . .
540eV 536 532 528 06:00 0700
BE [eV]
* CO poisoned surface (T < 450 — 475 K) Pt = 0.84 mbar
« CO and O, co-exist on the surface in the C0O(10%):0,(90%)
reactive phase (T = 500 K) 0.6 mL/min
e CO almost dissapeared (T > 550 K) 5.4 mL/min
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CO oxidation over Ir(111) 2 I 5
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CO oxidation over Ir(111)
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CO oxidation over Ir(111) 2 — 5
- — CO
10" — €02
O 1s —— 300K 6
— 475K 5]
44 X XY X N4 X X Y X
2.5 v 38 B B[R] 38 & B R
‘5 ™ o < < Lo Lo o Lo
s
T 2.0- £ 1072
s g -
£ 7
E z
5_
4_
1.5
34 M
2
-0 I | | |
! ' ! ' ! ' ! ' 06:00 09:00
540eV 536 532 528
BE [eV]
* CO poisoned surface (T < 450 — 475 K) Pt = 0.84 mbar
« CO and O, co-exist on the surface in the C0O(10%):0,(90%)
reactive phase (T = 500 K) 0.6 mL/min
e CO almost dissapeared (T > 550 K) 5.4 mL/min

LUNDS

UNIVERSITET

Mass transfer limit



CO oxidation over Ir(111)
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CO oxidation over Ir(111) 2 — 5
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CO oxidation over Ir(111) 2 — 5
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CO oxidation over Ir(111) — 5
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Intensity (arb. units)

Comparison with oxidation data

log sy by s by a by aa ly sy sty s liaaal
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The O 1s and Ir 4f spectra of the active phase are similar to the
spectra of a Ir(111) surface exposed to 100 L O, at room
temperature.
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CO oxidation over Ir(111): summary

Time 01:30 02:00 02:30 03:00 03:30 04:00 04:30 05:00
1 1 I I I 1 1

940 536 532 540 636 532

540 536 532

 APXPS in combination with mass spectrometry:
» Chemical reactions, surface species, and gas phase species can be observed
« Shift in gas phase peak mirrors (approximately) change of surface work

function

 Here performed for plain surface — can of course also be carried out for [

nanoparticles
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g 5 12 et 00,
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Exampel 2:
Atomic layer deposition
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Atomic layer deposition

(a) Ideal ALD Cycle (b) Realistic ALD Cycle
#‘ "f r T Stepwise a';{ L S :»
1 Y ox thermal AT A
':“ '\ﬁ e - ;ur?;i ‘: .# v 1 Role of second agent?
of méin \‘
o PO T I [
P ';, ‘." ‘; o e possibly
p Possible t Lt layered

u - redox of
metal
half-cyel e
bl * Overall unknown stoichiometry
* Deposition of impurities

Self'llmltlng gI‘OW'[h Of fl|mS by * Nucleation sites may dominate initial deposition

. + Possible CVD interference
alternating pressures of precursor
molecules F. Zaera, Coord. Chem. Rev. 257 (2013) 3177 — 3191.




Experimental conditions

Nitrogen

Heated Substrates ALD:

e 1 — 200 mbar pressure
e 1-2 s exposure to gas
* Purge between precursors

M. Bosi et al. Crit. Rev. Solid State Mater. Sci. 38, 203-233 (2013).

Our experiment (APXPS): « No carrier gas
 Evacuate instead of purge
 Lower pressure (<0.01 mbar) — slower kinetics
e« Same temperatures as ALD

OXTL T
o Tehe_ZE
Oo51d
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Atomic layer deposition of HfO, on
INAs(001)

H3C\N/CH3
N cH
SR
_ N Hf et N _
Precursors:  H,0, w2\ Carried out at:
e ey ’ Beamline 1511
3 K]
tetrakis(dimethylamido) hafnium MAX IV Laboratory, Sweden
(TDMAH)
Substrate: INAs(001)

Pressure and temperature: ca. 102 mbar, 200 to 220 °C

Proposed mechanism:

first half-cycle:
X (-OH) + HIIN(CH;) 1,y 2 (-O-)HIN(CH;),l, ) + X HN(CH3)y ()

second half-cycle:
(-O-)HIN(CH3),l4x5) * (4-X) HyOy 2 (-O-)HI(OH)45) + (4-X) HN(CHy)y(



APXPS of HfO, ALD on InAs(001): real-time
monitoring by APXPS and mass spectrometry

[&)]

(a)

g As3d
g
S 3 :
< 5 E
52 Pt i
RE L-n-n
Version edited g 1 & o
for publicationon  w g 8
vacuum-uk.org S 3
S22
85
The full dataset 5 1 et
w alz !
presentedatvsS6 & 1.J: |
will be published 0 200 t_4°°[ Gf;O 800
. Ime [seC
during the next (©
couple
of months.

counts [x1000]

As 3d APXPS and mass spectrometer
signals during first half-cycle exposure to
TDMAH

46 44 42 40
binding energy (eV) UNIVERSITET

R. Timm, A. Head, S. Yngman, J. Schnadt, A. Mikkelsen et al.



Summary

Ambient pressure x-ray photoelectron spectroscopy: XPS at
pressures in the mbar regime

Maximum pressures (depend on instrument and system under
Investigation): ~0.1 mbar to 100 mbar

Modification of instrumentation: differential pumping needed,
but otherwise quite straightforward

Opens up for new insights into e.g. structures at realistic
pressures, kinetic and dynamic nature of surface processes,
"live” study of chemical processes and intermediate states, etc.

UNIVERSITET



Involved people

T w B

Niclas Johansson Jan Knudsen Ashley Head Sofie Yngman  Anders Mikkelsen Rainer Timm  Jesper Andersen
PhD student MAX IV Postdoc PhD student MAX IV
b
Martin Hjort Johan Knutsson Alif Arman .
PhD student PhD student PhD student .__ - ..‘
Yuji Monya Hiroshi Kondoh

Keio University, JP Keio University, JP

LUNDS

UNIVERSITET

\”

Funding: .

Vetenskapsridet



 Welcome to MAX I4(SPECIES, and

' abgur -unr ‘ / . oliif

A




	(Near-) Ambient pressure x-ray photoelectron spectroscopy
	Outline
	What is Ambient pressure x-ray photoelectron spectroscopy?
	What is Ambient pressure x-ray photoelectron spectroscopy?
	What is Ambient pressure x-ray photoelectron spectroscopy?
	What is Ambient pressure x-ray photoelectron spectroscopy?
	What is Ambient pressure x-ray photoelectron spectroscopy?
	Why Ambient pressure x-ray photoelectron spectroscopy?
	Why Ambient pressure x-ray photoelectron sepectroscopy?
	Why Ambient pressure x-ray photoelectron sepectroscopy?
	Why (ultrahigh) vacuum?
	Why (ultrahigh) vacuum?
	How is Ambient pressure x-ray photoelectron sepectroscopy done?
	What is Ambient pressure x-ray photoelectron spectroscopy?
	How is Ambient pressure x-ray photoelectron sepectroscopy done?
	The Lund approach to APXPS:�Ambient pressure cells at the SPECIES beamline
	The Lund approach to APXPS:�Ambient pressure cells at the SPECIES beamline
	Where can you do Ambient pressure x-ray photoeletron spectroscopy
	Slide Number 19
	Slide Number 20
	Exampel 1:�CO oxidation over Ir(111)
	Slide Number 22
	Oxidation of Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	CO oxidation over Ir(111)
	Comparison with oxidation data
	Slide Number 33
	����Exampel 2:�Atomic layer deposition �
	Atomic layer deposition
	Experimental conditions
	Atomic layer deposition of HfO2 on InAs(001)
	APXPS of HfO2 ALD on InAs(001): real-time monitoring by APXPS and mass spectrometry
	Summary
	Slide Number 40
	Welcome to MAX IV, SPECIES, and HIPPIE from autumn 2016/spring 2017!�www.maxiv.se

