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Abstract 

In	this	work	interfacial	interactions	of	MAlN(O)	(with	M	=	Ti,	Cr)	and	TiO2	with	small	

adsorbate‐molecules	 such	 as	 water,	 oxygen	 or	 carboxylic	 acids	 were	 studied.	 Here,	

especially	 the	 chemical	 surface	 composition	 of	 the	 substrates	 and	 its	 impact	 on	

physicochemical	 interactions,	 taking	 place	 at	 the	 surface	 or	 within	 the	 surface	 near	 near	

region,	were	of	interest.	

MAlN(O)	 phases	 deposited	 by	 means	 of	 high	 power	 pulsed	 magnetron	 sputtering	

(HPPMS)	are	of	valuable	 interest	as	hard	coatings	 for	 tool	steels	 that	are	employed	e.g.	 in	

polymer	processing.	The	MAlN(O)	materials	investigated	in	this	work	showed	a	significant	

enrichment	 of	 oxygen	 in	 the	 surface	 near	 region	 due	 to	 an	 oxidation	 reaction	 with	

environmental	 atmosphere.	 As	 these	 reaction	 layers	 determine	 the	 interaction	 with	 the	

polymer,	a	deeper	knowledge	of	 the	chemical	composition	of	 the	surface	near	region	 is	of	

crucial	 interest.	 All	 investigated	 MAlN(O)	 coatings	 exhibited	 an	 excess	 of	 anions	 in	 the	

surface	 near	 region	 that	 points	 to	 a	 metastable	 material	 phase	 that	 is	 stabilized	 by	 the	

formation	 of	 metal	 vacancy	 defects.	 Furthermore	 the	 impact	 of	 the	 HPPMS	 parameters	

during	the	deposition	of	the	coatings	was	investigated.	It	could	be	shown	that	the	tendency	

of	surface	oxidation	of	CrAlN	can	be	decreased	by	a	forced	incorporation	of	nitrogen	into	the	

material	 by	 setting	 short	 HPPMS	 pulse‐on‐times,	 which	 is	 an	 approach	 towards	 tailored	

surface	compositions	of	CrAlN.	

The	initial	chemisorption	of	oxygen	has	been	studied	on	TiAlN.	Via	experimental	and	

simulation	 work,	 it	 could	 be	 shown,	 that	 the	 reaction	 is	 determined	 by	 the	 formation	 of	

titanium	 oxide	 species	 and	 not	 by	 aluminum	 oxide	 which	 would	 be	 favored	 for	

thermodynamic	reasons.		

To	 study	 the	 adsorbate	 formation	 and	 interaction	with	water	 and	 carboxylic	 acids,	

atmospherically	prepared	TiO2	single	crystalline	surfaces	were	employed	as	a	model	system.	

The	 interaction	 of	 OH‐terminated	 TiO2	 substrates	 with	 nonadecanoic	 acid	 as	 a	 model	

adsorbate	is	weak	and	determined	by	physical	interactions	only.		

The	 adhesive	 interaction	 at	 TiO2	 –	 TiO2	 crystalline	 surfaces	 was	 investigated	 as	 a	

function	 of	 the	 surface	 defect	 density.	 The	 measured	 contact	 force	 correlates	 with	 the	

observed	 surface	 defect	 density	 and	 can	 be	 discussed	 based	 on	 the	 effective	 Hamaker	

constant	resulting	from	the	change	in	electronic	structure	of	the	surface	near	region	of	the	

TiO2	substrate.		

	  



viii	
	

Zusammenfassung 

In	dieser	Arbeit	wurden	Grenzflächen‐Reaktionen	von	MAlN(O)	(mit	M	=	Ti,	Cr)	und	

TiO2	mit	kleinen	Adsorbat‐Molekülen	wie	Wasser,	Sauerstoff	oder	Carbonsäuren	untersucht.	

Hierbei	waren	besonders	die	chemische	Oberflächenzusammensetzung	und	deren	Einfluss	

auf	 physikochemische	 Wechselwirkungen	 an	 der	 Oberfläche	 oder	 innerhalb	 des	

oberflächennahen	Bereichs	von	Interesse.	

MAlN(O)‐Phasen,	 die	 durch	 High	 Power	 Pulsed	 Magnetron	 Sputtering	 (HPPMS)	

abgeschieden	 werden,	 sind	 von	 besonderem	 Interesse	 als	 Hartstoffschichten	 für	

Werkzeugestähle,	die	beispielsweise	in	der	Kunststoff‐Verarbeitung	eingesetzt	werden.	Die	

in	 dieser	Arbeit	 untersuchten	MAlN(O)‐Materialien	 zeigten	 durch	 eine	Oxidationsreaktion	

mit	 Umgebungsatmosphäre	 eine	 signifikante	 Anreicherung	 von	 Sauerstoff	 im	

oberflächennahen	 Bereich.	 Da	 diese	 Reaktionsschichten	 die	 Wechselwirkung	 mit	 dem	

Polymer	 bestimmen,	 ist	 ein	 tieferer	 Einblick	 in	 die	 chemische	 Zusammensetzung	 des	

oberflächennahen	 Bereichs	 von	 entscheidender	 Bedeutung.	 Alle	 untersuchten	 MAlN(O)‐	

Schichten	wiesen	einen	Anionen‐Überschuss	im	oberflächennahen	Bereich	auf,	was	auf	eine	

metastabile	 Phase	 hindeutet,	 die	 durch	 Metall‐Leerstellen‐Defekte	 stabilisiert	 wird.	 Des	

Weiteren	 wurde	 der	 Einfluss	 der	 HPPMS‐Parameter	 während	 der	 Schichtabscheidung	

untersucht.	Hier	konnte	gezeigt	werden,	dass	durch	die	Wahl	kurzer	HPPMS‐Pulszeiten	die	

Tendenz	 zur	 Oberflächenoxidation	 von	 CrAlN	 durch	 eine	 forcierte	 Einlagerung	 von	

Stickstoff	 in	 das	 Material	 verringert	 werden	 kann,	 was	 einen	 Ansatz	 hin	 zu	

maßgeschneiderten	Oberflächenzusammensetzungen	von	CrAlN	darstellt.	

Die	 initiale	 Chemisorption	 von	 Sauerstoff	 wurde	 auf	 TiAlN	 untersucht.	 Es	 konnte	

durch	experimentelle	und	simulative	Arbeiten	gezeigt	werden,	dass	die	Reaktion	durch	die	

Bildung	 von	 Titanoxid	 und	 nicht	 durch	 Aluminiumoxid,	 das	 thermodynamisch	 begünstigt	

wäre,	bestimmt	wird.	

Um	 die	 Bildung	 von	 Adsorbaten	 und	 die	 Wechselwirkung	 mit	 Wasser	 und	

organischen	 Säuren	 zu	 untersuchen,	 wurden	 atmosphärisch	 präparierte	 TiO2‐Einkristall‐

Oberflächen	als	ein	Modellsystem	eingesetzt.	Die	Wechselwirkung	von	OH‐terminierten	TiO2	

Substraten	 mit	 Nonadecansäure	 als	 ein	 Modelladsorbat	 ist	 gering	 und	 wird	 nur	 durch	

physikalische	Wechselwirkungen	bestimmt.	

Die	 adhäsive	 Wechselwirkung	 an	 kristallinen	 TiO2	 –	 TiO2	 Grenzflächen	 wurde	 als	

Funktion	der	Oberflächen‐Defektdichte	 untersucht.	Die	 gemessene	Kontaktkraft	 korreliert	

mit	 der	 beobachteten	 Defektdichte	 und	 kann	 basierend	 auf	 der	 effektiven	 Hamaker‐

Konstante,	die	aus	der	Änderung	der	elektronischen	Struktur	im	oberflächennahen	Bereich	

des	TiO2‐Substrates	resultiert,	diskutiert	werden.	  	
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Preamble 

This	dissertation	is	organized	as	a	thesis	by	publication	and	divided	into	three	main	

parts.	 In	 the	 first	 chapter	 the	 introduction	 gives	 an	 overview	 of	 the	 motivation	 and	 the	

scientific	approach	of	this	work.	This	is	followed	by	a	review	of	relevant	literature	and	the	

current	 state	 of	 research.	 Advanced	 experimental	 approaches	 that	were	 employed	within	

this	 work	 are	 highlighted	 in	 the	 following	 chapter.	 In	 the	 third	 chapter	 six	 scientifically	

relevant	 publications,	 which	were	 prepared	 based	 on	 the	 scientific	work	 covered	 by	 this	

thesis,	 are	presented.	For	 each	publication	 the	author’s	 contributions	are	 specified.	 In	 the	

last	chapter	the	most	important	results	of	this	work	are	summarized,	followed	by	an	overall‐

conclusion	and	a	scientific	outlook.	

The	work	presented	here	was	performed	in	the	background	of	two	research	projects	

funded	by	the	Deutsche	Forschungsgemeinschaft	(DFG):		

(i) SFB‐TR	87	Gepulste	Hochleistungsplasmen	zur	Synthese	nanostrukturierter	

Funktionsschichten;	Teilprojekt	“Verständnis	der	molekularen	Adhäsion	an	

der	Grenzfläche	zwischen	polymerer	Schmelze	und	Plasmaschicht“			

(ii) SPP	1486	Partikel	im	Kontakt;	Teilprojekt	„Molekulare	UHV‐AFM	und	FTIR	

Untersuchungen	von	Adsorbat	belegten	TiO2‐Mikropartikel‐Oberflächen“	

	

	

Chapter	1	
	

1 Introduction 

1.1 Motivation and scientific approach 

The	 aim	 of	 this	 work	 is	 to	 investigate	 the	 interaction	 of	 small	 molecules,	 such	 as	

water	and	oxygen,	with	metal‐oxide	and	‐nitride	surfaces.		Especially	the	surface	chemistry	

and	correlated	surface	phenomena,	such	as	adhesion	and	the	formation	of	defects	within	the	

surface	 near	 region,	 are	 of	 important	 interest	 in	 this	 context.	 An	 understanding	 of	 these	
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phenomena	 not	 only	 gives	 an	 insight	 into	 processes	 on	 an	 atomistic	 scale,	 but	 is	 also	

relevant	for	technical	applications.	

The	field	of	surface	science	is	a	wide	spread,	interdisciplinary	research	topic	covering	

chemistry,	 physics	 and	 also	 engineering.	 A	 large	 variety	 of	 technical	 applications	 and	

processes,	 such	 as	 catalysis	 [1],	 corrosion	 [2],	 energy	 conversion	 [3],	 adhesives	 [4],	

semiconductors	[5],	medical	applications	[6],	data	storage	[7]	and	many	more,	are	driven	by	

interfacial	processes.	Only	a	 few	of	 these	processes	and	correlated	structures	are	yet	well	

understood,	although	they	are	present	in	our	everyday	life.	

Within	this	work	two	demonstrators	with	relevance	for	technical	applications	were	

investigated:	(i)	Metal	(oxy)nitrides	with	the	composition	MAlN(O)	with	M	=	Ti,	Cr	and	(ii)	

single	crystalline	TiO2	surfaces.		

The	here	presented	approach	focuses	on	the	investigation	of	interfacial	processes	on	

the	 earlier	 mentioned	 substrates.	 Therefore,	 ultrahigh	 vacuum	 (UHV)	 as	 well	 as	

environmental	 techniques	 were	 employed,	 which	 allows	 for	 bridging	 between	 an	

understanding	of	the	observed	processes	and	reactions	on	a	fundamental	level	–	as	obtained	

from	 UHV	 experiments	 –	 towards	 a	 macroscopic	 understanding	 at	 environmental	

conditions.	 Furthermore	 complementary	 ab	 initio	 molecular	 dynamics	 (MD)	 simulations	

were	performed	within	a	cooperation	in	the	workgroup	of	Prof.	Jochen	M.	Schneider,	Chair	

for	Materials	Chemistry	(MCh)	at	the	RWTH	Aachen	University.		

The	MAlN(O)	 samples	 investigated	 within	 this	 work	 were	 deposited	 in	 a	 physical	

vapor	 deposition	 (PVD)	 process	 by	 means	 of	 high	 power	 pulsed	 magnetron	 sputtering	

(HPPMS)	within	a	cooperation	at	the	MCh	and	at	the	workgroup	of	Prof.	Dr.	Kirsten	Bobzin,	

Surface	Engineering	Institute	(IOT),	 RWTH	Aachen	University.	 Especially	 the	 interaction	 of	

oxygen	 with	MAlN(O)	 surfaces	 has	 been	 studied	 within	 this	 work.	 For	 TiAlN	 the	 initial	

chemisorption	of	oxygen	was	studied	by	means	of	computational	simulations	at	the	MCh	and	

correlated	to	experimental	results	presented	within	this	work.	

Single	 crystalline	 rutile	 TiO2	 surfaces,	 prepared	 under	 ambient	 conditions,	 were	

employed	as	a	model	system	for	more	complex	TiO2	surfaces	(e.g.	TiO2	particles)	 to	study	

interactions	at	TiO2	surfaces	on	a	 fundamental	 level.	Within	 the	here	presented	approach,	

surface	 adsorbates	 were	 simulated	 by	 the	 adsorption	 of	 nonadecanoic	 acid	 (NDCA)	 onto	

TiO2(100)	surfaces,	which	allows	a	fundamental	understanding	of	particle‐wall	interactions	

under	ambient	conditions	in	the	presence	of	organic	adsorbates.	

Consequently,	 this	 approach	was	 followed	by	 the	 investigation	of	 contact	 forces	by	

means	of	atomic	force	microscopy	(AFM)	under	UHV	conditions.	The	contact	forces	between	

a	TiO2	coated	conical	AFM	tip	and	a	rutile	TiO2(110)	surface	were	investigated	under	UHV‐
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conditions	 to	 simulate	a	particle	–	wall	 contact.	The	analyzed	 interactions	under	different	

experimental	 conditions	 enabled	 the	 correlation	 of	 the	 observed	 adhesion	 forces	 and	 the	

chemical	composition	of	the	TiO2	surface	as	reflected	by	a	variation	of	the	defect	density,	the	

presence	of	water	and	the	role	of	organic	surface	layers.	

	

1.2 Metal nitride and oxide materials 

1.2.1 MAlN(O)  phases for hard coatings 

Hard	coatings	of	the	chemical	composition	MAlN(O)	with	M	=	Ti,	Cr	were	investigated	

within	this	work,	as	these	materials	are	a	promising	approach	to	decrease	wear	and	friction	

in	polymer	processing	such	as	extrusion	or	injection	molding.	All	investigated	coatings	were	

deposited	 at	 the	 RWTH	 Aachen	 University	 using	 an	 industrial	 coating	 unit	 CC‐800/9	

(CemeCon	AG,	Germany)	at	the	institute	for	Materials	Chemistry	(MCh)	 in	case	of		TiAlN(O)	

and	at	the	Surface	Engineering	Institute	(IOT)	in	case	of	CrAlN.		

TiAlN	 tool	 steel	 coatings	 are	 widely	 used	 as	 protective	 coatings	 for	 tools	 within	

mechanical	processing,	such	as	cutting	or	forming,	due	to	their	hardness	as	they	offer	a	good	

wear	 and	 oxidation	 resistance	 [8,	 9].	 Recent	 theoretical	 studies	 showed	 that	 the	work	 of	

separation	 between	 polypropylene	 and	 ideal	 M0.5Al0.5N	 could	 be	 lowered	 by	 additional	

incorporation	of	oxygen	leading	to	the	oxynitride	M0.5Al0.5NxOy	phase	[10].	It	is	also	reported	

that	 TiAlNO	 coatings	 show	 an	 increased	 performance	 in	 contact	 with	molten	 JIS	 ADC	 12	

aluminum	alloy	 [11]	and	 for	 the	processing	of	 transparent	polymers	 [12].	 In	 the	 injection	

molding	 process	 of	 polyolefins,	 the	 number	 of	 low	 quality	 products	 that	 showed	 an	

inhomogeneous		surface	quality	could	be	significantly	reduced	by	the	deposition	of	CrAlNO	

coatings	on	the	extruder	unit		[13].	

Often	the	deposition	of	such	coatings	 is	a	non‐equilibrium	process	 that	 is	governed	

by	 an	 interplay	 of	 thermodynamics	 and	 kinetics	 [14].	 A	 common	 synthesis	 method	 is	 a	

plasma	enhanced	physical	vapour	deposition	(PVD)	process	by	means	of	high	power	pulsed	

magnetron	sputtering	 (HPPMS)	which	 is	 schematically	presented	 in	Figure	1.1.	A	detailed	

review	of	the	HPPMS	technology	is	given	by	Sarakinos	et	al.	[15]	and	Lundin	et	al.	[16].	Due	

to	high‐energy	pulses	a	plasma	density	can	be	achieved	which	is	higher	by	three	orders	of	

magnitude	in	comparison	to	conventional	direct	current	(DC‐MS)	sputtering	[17],	leading	to	

highly	ionized	plasmas	with	an	increased	ion/atom	ratio	in	comparison	to	DC‐MS	[18,	19].	

For	 CrAlN	 hard	 coatings	 deposited	 by	 HPPMS	 improved	 mechanical	 properties	 for	
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aluminium	contents	below	30	at.‐%	could	be	shown.	An	 increased	hardness	of	27	GPa	 for	

coatings	deposited	by	HPPMS	in	comparison	to	22	GPa	for	coatings	deposited	in	the	DC‐MS	

process	 was	 found	 [20].	 Furthermore,	 a	 significantly	 different	 phase	 texturing	 that	

preferentially	shows	a	(200)	orientation	 in	case	of	HPPMS	and	(111)	 for	DC‐MS	deposited	

coatings	has	been	observed	[21].	

	

	
Figure	1.1:	Schematics	of	the	plasma	enhanced	PVD	process	including	the	qualitative	power/time	

curves	for	DC‐MS	and	HPPMS	processes.	

	

The	 surface	 near	 region	 of	 CrAlN	 and	 TiAlN	 is	 enriched	 with	 oxygen	 after	 the	

deposition	 process	which	 is	most	 likely	 due	 to	 a	 reaction	with	 atmospheric	 oxygen	 upon	

venting	 the	deposition	 chamber	 [22‐24].	 As	 the	 characteristics	 of	 the	 surface	 near	 region	

determine	the	interaction	of	the	hard	coating	with	the	polymer	melt,	an	exact	knowledge	of	

the	chemical	composition	of	the	surface	near	region	is	of	crucial	interest.	However,	the	exact	

mechanism	of	oxygen	incorporation	is	still	under	discussion	as	referred	in	chapter	1.3.3.		

In	order	to	predict	and	optimize	the	 interaction	between	the	polymer	and	the	hard	

coating,	 an	 exact	 knowledge	 of	 the	 oxide	 formation	 within	 the	 surface	 near	 region	 of	

MAlN(O)	materials	is	of	high	importance,	especially	when	a	targeted	surface	composition	is	

desired	for	tailored	materials	that	show	optimized	properties	in	terms	of	their	application,	

e.g.	a	minimized	interaction	with	the	polymer	in	technical	applications.		
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1.2.2 Surface chemistry of titanium dioxide 

Due	to	its	interesting	properties	titanium	dioxide	(TiO2)	has	been	extensively	studied	

within	 the	 last	decades.	Titanium	dioxide	offers	an	 interesting	potential	 for	photocatalytic	

applications	[25],	as	biomaterials	[26]	or	 in	dye	sensitized	solar	cells	[27]	which	is	mostly	

attributed	 to	 its	 optical	 properties	 offering	 a	 high	 refractive	 index	 and	 its	 electrical	

properties	of	semiconducting	characteristics.	

Three	modifications	of	TiO2	are	naturally	occurring:	Rutile	(as	shown	in	Figure	1.2)	

and	 anatase	 show	a	 tetragonal	 crystal	 structure,	while	 brookite	 exhibits	 an	 orthorhombic	

lattice.	The	following	Table	1.1	gives	an	overview	on	the	optical	and	electrical	properties	of	

titanium	 dioxide.	 Based	 on	 its	 optical	 characteristics,	 a	 main	 application	 of	 TiO2	 in	 the	

modifications	of	rutile	or	anatase	is	as	a	white	pigment	[28],	or	as	a	compound	in	food	and	

cosmetics	[29].		

	

	
Figure	1.2:	Bulk	structure	unit	cell	of	the	rutile	modification	of	TiO2,	consisting	of	O	anions	(red)	

and	Ti	cations	(blue).	The	lattice	parameters	are	a=b=4.584	Å,	and	c=2.953	Å	[30].		

	

Table	1.1:	Optical	and	electrical	properties	of	TiO2	

modification	 refractive	index	
at	589	nm	[31]	

band	gap [32]	

rutile n	=	2.90 3.02	eV

anatase	 n	=	2.48 3.23	eV

brookite	 n	=	2.59 3.14	eV

	

	

The	surface	structure	of	TiO2	has	been	mostly	studied	under	UHV	conditions,	e.g.	by	

Diebold	 et	 al.	 [30,	 33]	 and	 Henderson	 et	 al.	 [34],	 which	 is	 reflected	 by	 extensive	 studies	
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mainly	of	the	TiO2(110)	and	TiO2(100)	surface	orientations	and	their	most	common	(1×1)	

and	 (1×2)	 reconstructions.	 Therefore,	 at	 this	 point	 only	 very	 few	 examples	 shall	 be	

discussed.	Bennett	et	al	studied	the	formation	of	the	(1×2)	reconstruction	on	TiO2(110)	at	

elevated	temperatures	by	means	of	scanning	tunneling	microscopy	(STM)	[35].	They	found	

two	differently	ordered	surface	reconstructions	depending	on	the	stoichiometry	of	the	bulk	

crystal.	On	stoichiometric	surfaces	the	(1×2)	reconstruction	goes	along	with	the	formation	

of	 a	 Ti2O3	 type	 surface	 termination.	 For	 heavily	 reduced	 crystals	 a	 cross‐linked	 (1×2)	

reconstruction	is	formed	in	the	type	of	TiO2.	

The	interaction	of	small	molecules	such	as	water,	alcohols	or	organic	acids	at	the	TiO2	

surface	has	been	intensively	studied	under	UHV	conditions	within	the	last	years	[36‐39].	In	

contrast,	only	few	authors	studied	the	adsorption	of	larger	molecules	on	TiO2	surfaces	under	

ambient	conditions	[40,	41].	

Henderson	 reported	 a	 different	 behavior	 of	 water	 adsorption	 for	 different	 TiO2	

surface	 orientations,	 which	 is	 discussed	 based	 on	 temperature‐programmed	 desorption	

studies	 (TPD)	 [34].	 They	 observed	 monolayer	 desorption	 states	 for	 the	 (100)	 surface	

orientation	at	205	K,	250	K,	and	305	K,	while	only	one	desorption	state	was	observed	for	the	

(110)	surface	at	270	K.	This	behavior	of	water	ad‐	and	desorption	is	discussed	based	on	the	

different	mechanisms	 of	water	 dissociation	 on	 the	 (100)	 and	 the	 (110)	 surface	 involving	

different	 surface	 sites	 for	 hydroxide	 formation	 of	 terminal	 and	 bridging	 surface	 hydroxyl	

groups	as	shown	in	Figure	1.3	

	

	
Figure	1.3:	Schematics	of	terminal	and	bridging	hydroxyl	groups	on	TiO2(110)	and	TiO2(100)	

surfaces.	Figure	taken	from	[34].	
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TiO2	single	crystalline	substrates	that	were	prepared	under	ambient	conditions,	can	

be	 employed	 as	 a	model	 system	 to	 bridge	 towards	more	 complex	TiO2	particle	 interfaces,	

which	are	much	more	complicated	to	understand	regarding	their	morphology	and	chemical	

composition.	Nakamura	et	al.	and	Yamamoto	et	al.	showed	the	preparation	of	well‐defined,	

stepped	TiO2	single	crystalline	surfaces	via	a	procedure	of	wet	chemical	etching	followed	by	

an	annealing	step	in	air	[42‐44],		which	was	slightly	modified	in	this	work	[45].	

	Considering	 relevant	 processes	 in	 technical	 applications	 such	 as	 fluidization,	

agglomeration	and	sintering	[46],	adhesion	forces	between	micro‐	and	nanoparticles	play	an	

important	role.	Such	processes	are	utilized	in	a	wide	range	of	tasks,	including	the	production	

of	pharmaceutical	powders,	paints	and	solar	cells	[47,	48].	As	the	interactions	between	small	

particles	are	mostly	driven	by	van	der	Waals	forces,	hydrogen	bonding	and	capillary	forces,	

the	physical	and	chemical	structure	of	 the	particle	surface	 is	of	crucial	 importance.	Hence,	

the	well‐defined	surface	composition	with	atomically	flat	terraces	of	TiO2	single	crystalline	

substrates	is	most	suitable	to	study	those	interactions	on	a	fundamental	level.	As	mentioned	

above,	 capillarity	 forces	 also	 have	 to	 be	 considered	 when	 discussing	 force	 interactions	

between	 particles	 under	 ambient	 conditions	 [49,	 50].	 Farshchi‐Tabrizi	 et	 al.	 investigated	

capillarity	forces	between	particle	modified	AFM	tips	and	surfaces	of	different	roughness	as	

a	function	of	the	relative	humidity	and	reported	that	an	influence	on	the	adhesion	force	was	

only	detectable	for	hydrophilic	surfaces	[51].	Considering	photocatalytic	effects,	Wang	et	al.	

studied	 the	 influence	 of	 UV	 light	 irradiation	 on	 the	 wetting	 properties	 of	 TiO2	 single	

crystalline	surfaces	and	observed	a	reversible	surface	wettability	based	on	a	photo	induced	

transition	between	Ti4+	and	Ti3+	[52].	

For	surface	interactions	and	contact	forces	under	ambient	conditions,	native	surface	

contaminations,	which	originate	from	the	atmosphere,	have	to	be	taken	into	account	as	they	

also	have	a	significant	 impact	on	the	surface	chemistry.	Such	adsorbates	mainly	consist	of	

water,	 carbon	 dioxide	 and	 low	 weight	 (hydro)carbon	 species,	 such	 as	 carboxylic	 acids,	

esters	and	ethers.	These	side	effects	of	uncontrolled	adsorbate	formation	can	be	avoided	by	

very	controlled	experimental	conditions	such	as	UHV‐based	setups.	Up	to	now	only	few	AFM	

contact	force	experiments	under	UHV	conditions	have	been	reported	in	the	literature,	e.g.	by	

Tadepalli	et	al.,	who	studied	the	bond	formation	at	Cu	–	Cu	interfaces	[53]	and	Meine	et	al.,	

who	 investigated	 the	 influence	of	 the	surface	roughness	on	 the	 interaction	 force	based	on	

the	JKR	(Johnson,	Kendall	and	Roberts)	contact	model	[54].	

When	 discussing	 force	 interactions	 on	 a	 nanoscopic	 level,	 as	 measured	 by	 AFM,	

specific	 interactions	 directly	 located	 in	 the	 contact	 area	 as	 well	 as	 the	 sub‐surface	

composition	 and	 electronic	 properties	 have	 to	 be	 considered	 [55].	 The	 presence	 of	 local	
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dipoles	and	gradients	in	electron	density	of	the	interacting	materials	are	crucial	for	contact	

behavior	of	the	TiO2	–	TiO2	system,	as	they	contribute	to	the	van	der	Waals	interactions	[56,	

57].	 Furthermore,	 interfacial	 forces	 of	 oxides	 can	 be	 influenced	 by	 the	 adsorption	 of	 self‐

assembled	 monolayers	 such	 as	 organophosphonic	 acids	 which	 form	 2‐dimensional	

crystalline	 aliphatic	 films	 [58].	 This	 approach	offers	 to	 create	 a	model	 system	based	on	 a	

known	adsorbate	chemistry	as	already	discussed	above.	

1.3 Chemisorption of oxygen and oxide film growth 

Within	 this	 section	 the	 basic	 mechanisms	 leading	 to	 oxide	 film	 growth	 shall	 be	

reviewed.	The	word	“oxide	film”	is	found	in	literature	to	mean	layers	of	oxide	thickness	from	

a	single	monolayer	to	several	hundred	micrometers.	Here	the	formation	of	thin	oxide	films	

up	to	a	few	ten	nanometers	will	be	discussed.		

Generally,	 the	 formation	 of	 an	 oxide	 film	 is	 preceded	 by	 the	 adsorption	 of	 small	

molecules	 from	 the	 gas	 phase	 such	 as	 oxygen	 or	 water,	 followed	 by	 their	 dissociation,	

ionization	and	surface	diffusion.	These	processes	lead	to	the	formation	of	oxide	nuclei	and	

finally	 the	 lateral	growth	of	 the	nuclei	until	a	complete	 layer	of	oxide	 is	 formed.	Since	 the	

exact	 mechanisms	 of	 oxygen	 chemisorption	 are	 complex	 and	 vary	 for	 each	 material,	 the	

mechanism	 of	 oxygen	 chemisorption	 on	 titanium,	 chromium	 and	 aluminum	 shall	 be	

discussed	briefly	here,	as	examples.	However,	it	is	accepted	that	for	most	surfaces	the	initial	

physisorption	 of	 small	 molecules	 such	 as	 oxygen	 is	 followed	 by	 the	 dissociation	 of	 the	

molecule	as	the	first	step	of	the	chemisorption	process	[59‐62].		

1.3.1 Oxygen chemisorption on reactive metals: Ti, Cr, Al 

1.3.1.1 Titanium	

The	chemisorption	of	oxygen	on	Ti(0001)	has	been	 investigated	by	 Jonker	et	al.	by	

means	of	appearance	potential	spectroscopy	(APS),	Auger	electron	spectroscopy	(AES),	low‐

energy	electron	diffraction	(LEED),	and	work‐function	measurements	obtained	by	the	field‐

emission	retarding	potential	 technique	[63].	They	 found	an	 impact	of	adsorbed	oxygen	on	

the	local	density	of	states	which	increases	the	work	function	from	4.58	eV	(clean	surface)	to	

5.3	eV	(oxygen	saturated	surface).	On	the	bare	Ti(0001)	surface	a	strong	band	of	states	just	

above	the	Fermi	level	is	located	close	to	the	surface	which	is	suppressed	upon	exposure	to	

oxygen.	The	authors	 identified	 two	states	of	oxygen	chemisorption:	 (i)	A	 tightly	bound	 “α	

state”	 for	a	 low	oxygen	coverage	of	0.25	monolayers	(ML)	that	can	be	 identified	by	a	well	
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ordered	 p(2⨯2)	 LEED	 pattern,	 and	 (ii)	 	 a	 “β	 state”	 that	 is	 characterized	 by	 a	 disordered	

structure	and	an	increased	work	function.	

Complementary	ab	initio	 studies	on	 the	oxygen	adsorption	on	 the	Ti(0001)	 surface	

were	published	by	Liu	et	al.	[59].	They	could	show	that	the	top‐surface	face	centered	cubic	

Ti(0001)	sites	are	most	favorable	for	the	adsorption	of	oxygen	up	to	a	coverage	of	0.25	ML.	

For	a	system	with	a	higher	coverage	of	0.50	ML	additional	occupation	of	the	octahedral	sites	

between	 the	 second	and	 the	 third	Ti	 layer	 leads	 to	 the	most	 stable	 configuration.	At	even	

higher	coverage	of	1.0	ML	the	remaining	octahedral	sites	are	also	occupied,	which	leads	to	a	

further	stabilization	and	a	change	in	work	function	and	density	of	states	as	discussed	above.	

	

1.3.1.2 Chromium	

The	 adsorption	 of	 oxygen	 on	 Cr(110)	 surfaces	 was	 studied	 by	 Shinn	 et	 al.	 [64].	

According	 to	 their	 work,	 dissociative	 chemisorption	 leads	 to	 an	 ordered	 p(4×2)	 oxygen	

overlayer,	 which	 gives	 a	 model	 with	 atomic	 oxygen	 located	 in	 the	 two‐fold	 symmetric	

hollow	sites	as	presented	in	Figure	1.4.	

	

	
Figure	1.4:	Model	of	the	p(4x2)O	overlayer	on	Cr(110).	The	ideal	coverage	corresponds	to	1/8	

monolayer.	Red	circles	represent	O	atoms,	the	parallelogram	shows	the	c(4x2)	lattice.	Schematics	

according	to	[64].	

	

A	detailed	work	of	Sakisaka	et	al.	[65]	studied	the	oxygen	chemisorption	on	Cr(110)	

and	 its	 impact	 on	 the	 band	 structure	 and	work	 function.	 As	 investigated	 by	 electron	 loss	

spectroscopy	(ELS)	at	low	oxygen	exposures	up	to	2	L	(1	L	=	1	Torr	·	1	µs)	the	interaction	is	
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dominated	by	the	O	2p	→	Cr	3d	orbital	 transition	which	 is	accompanied	by	an	 increase	 in	

work	 function	 of	 +0.19	 eV.	 In	 the	 region	 of	 2	 –	 6	 L	 the	 electronic	 interaction	 has	 to	 be	

described	by	various	additional	transitions	such	as	d	→	d	ligand	field,	O	2p	→		Cr	4s,	Cr	3d	→		

4p	and	Cr	3d	→	 	4f	 transitions.	Above	10	L	 the	oxidized	surface	 is	dominated	by	Cr2O3.	 In	

summary	they	propose	an	oxidation	reaction	 in	 four	stages:	(i)	dissociative	chemisorption	

below	a	coverage	of	2	L,	(ii)	incorporation	of	oxygen	adatoms	into	the	Cr	selvedge	between	

2	–	6	L,	(iii)	between	6	–	15	L	rapid	oxidation	leading	to	the	formation	of	a	thin	Cr2O3	film	

and	finally	(iv)	slow	thickening	of	Cr2O3.	

Foord	et	al.	compared	the	behavior	of	oxygen	chemisorption	on	the	Cr(100)	and	the	

Cr(110)	orientation	[66]:	At	temperatures	of	300	K	on	both	surface	orientations	metastable	

oxygen	overlayers,	that	were	slowly	incorporated	into	the	underlying	metal,	were	observed.	

At	higher	oxygen	exposures	of	10	–	100	L	the	formation	of	Cr2O3	films	takes	place	leading	to	

an	oxide	film	thickness	of	0.4	to	1.3	nm	after	dosing	100	L.	On	the	Cr(100)	orientation	the	

oxide	 formed	 a	 well	 ordered	 c(2⨯2)	 LEED	 structure	 whereas	 Cr(110)	 exhibited	 oxygen‐

induced	faceting.	

	

1.3.1.3 Aluminum	

Gartland	 studied	 the	 chemisorption	 of	 oxygen	 on	 Al(100)	 and	 Al(111)	 by	 Auger	

electron	 spectroscopy	 (AES)	 and	 work	 function	 measurements	 [67].	 He	 reported	

significantly	different	results	for	the	two	surface	orientations.	The	sticking	coefficient	of	the	

Al(111)	 surface	 orientation	 drops	 significantly	 with	 the	 surface	 coverage,	 along	 with	 an	

slightly	increasing	work	function	by	0.1	eV	at	200	L.	In	contrast,	the	sticking	coefficient	on	

the	Al(100)	surface	orientation	exhibits	a	maximum,	whereas	the	work	function	decreases	

almost	 linearly	with	 coverage	 up	 to	 a	 total	 decrease	 of	 0.5	 –	 0.8	 eV	 at	 200	 L.	 A	 different	

adsorption	mechanism	could	be	observed	for	the	Al(111)	and	the	Al(100)	orientation.	While	

adsorbing	randomly	on	the	(111)	surface,	 the	oxygen	atoms	form	clustered	islands	of	thin	

oxide	on	 the	(100)	surface	which	 is	discussed	based	on	a	different	surface	mobility	of	 the	

oxygen	atoms.	This	finding	has	been	confirmed	by	Brune	et	al.	who	could	show	via	scanning	

tunneling	microscopy	(STM),	that	oxygen	adatoms	are	practically	immobile	on	the	Al(111)	

surface	at	300	K	and	low	coverage	[68].	

Flodstöm	et	al.	observed	an	ordered	chemisorption	of	oxygen	on	Al(111)	in	the	initial	

formation	 of	 surface	 oxide	 and	 suggested	 a	 threefold,	 centered	bonding	 site	 [69].	 At	 high	

oxygen	 exposure	 or	 high	 temperature,	 this	 phase	 transforms	 irreversibly	 to	 a	 bulklike	

aluminum	oxide	film.	The	interaction	is	discussed	based	on	the	resonance	of	the	O	2p	orbital	
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with	the	valence	band	of	the	Al	surface	which	leads	to	a	decrease	in	the	distance	between	

the	oxygen	adatom	and	the	metal	surface	followed	by	Al–O	bond	formation	which	goes	along	

with	a	surface	reconstruction	that	allows	the	formation	of	Al2O3.	

1.3.2 Principal mechanisms of oxide film growth a high and low temperature 

Followed	by	the	initial	oxygen	chemisorption	as	discussed	above,	the	thickness	of	the	

oxide	films	grows,	which	can	be	described	up	to	a	thickness	of	less	than	1	µm	by	the	theory	

of	Cabrera	and	Mott	[70],	that	has	been	reviewed	by	Atkinson	[71]	amongst	others.	For	such	

thin	films	the	concept	of	electrical	neutrality	–	leading	to	an	equilibrium	growth	process	–	is	

unreliable,	especially	 for	a	 thickness	of	 less	 than	20	nm	 in	which	case	 the	Nernst‐Einstein	

relation	is	no	longer	applicable.	The	Nernst‐Einstein	relation	(1)	can	be	understood	in	terms	

of	 the	 Brownian	motion	 and	 gives	 a	 relation	 between	 the	 diffusion	 coefficient	D	 and	 the	

mobility	µ	of	the	charged	particles:	

q

Tµk
D B 	 	 	 	 	 	 (1)	

D:	 diffusion	coefficient	in	
s

m2

		

kB:		 Boltzmann	constant	in	
K

J
	

T:	 temperature	in	K 	

q:	 electrical	charge	in	 sA  	

µ:	 electrical	mobility	in	
sV

m



2

	

	

Theories	 of	 thin	 film	 growth	 rather	 have	 to	 consider	 ion	 jumps	 in	 the	 presence	 of	

large	 electric	 fields	 and	 the	 possibility	 of	 large	 space	 charges.	 Cabrera	 and	Mott	 assumed	

that	the	electrons	can	freely	pass	from	the	metal	to	 ionize	the	adsorbed	oxygen	species	so	

that	 the	Fermi	 level	 is	equal	 for	the	metal	and	the	adsorbed	 layer.	Thus	a	uniform	electric	

field	 is	 created	 by	 the	O2‐	 ions	 and	 the	 positive	 interface	 charge	 of	 the	metal.	Hence,	 this	

electric	 field	created	by	 the	electron	 transfer	drives	 the	 transport	of	 ions	across	 the	oxide	

film	 and	 causes	 it	 to	 thicken.	 The	 easiest	 surface	 reaction	 regarding	 the	 dissociation	 of	

oxygen	can	be	written	as:	 	

½	O2	(gas)	+	2	e	(metal)	→	O2‐	(surface)	 	 	 	 (2)	
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Reaction	 (2)	 is	 assumed	 to	 be	 in	 equilibrium.	Hence,	we	 can	write	 the	 equilibrium	

constant	K	as	a	function	of	the	chemical	activities	a:	

	

22/1
2

2

)()(

)(

eaOa

Oa
K



 	 	 	 	 	 	(3)	

	

Where	K	is	related	to	the	change	in	standard	free‐energy	ΔG0	of	equation	(3)	and	can	

be	described	by	the	Arrhenius	equation:	







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
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K

B

0

exp 	 	 	 	 	 (4)	

	

If	 the	 surface	 coverage	 of	 excess	 O2‐	 ions	 is	 low,	 it	 can	 be	 assumed	 that	

SNnOa /)( 0
2  where	n0	 is	the	number	of	excess	O2‐	 ions	and	Ns	is	 the	number	of	O2‐	 ions	

per	 unit	 area	 of	 the	 surface.	The	 activity	 of	 an	 electron	with	 respect	 to	 the	 Fermi	 level	 is	

equal	 to )/exp( Tke B ,	 where	 the	 difference	 in	 potential	  	is	 a	 positive	 value.	

Combining	this	with	equations	(3)	and	(4)	gives:	
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The	 surface	 charges	 can	 be	 regarded	 as	 a	 plate	 capacitor	 which	 leads	 to	 another	

expression	for	n0,	where	X	is	the	thickness	of	the	oxide	film:	

	

eX
n

2
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Solving	equations	(5)	and	(6)	for	  gives:	
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As	 usually	 1/  Tke B ,	 the	 second	 term	 on	 the	 left	 side	 of	 equation	 (7)	 can	 be	

neglected	which	leads	to:		
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Thus	according	to	equation	(8)	  	is	mainly	related	to	the	change	in	free	energy	of	

the	reaction	but	also	dependent	on	T	and,	more	weakly,	on	 )( 2Oa 	and	X.	

To	calculate	the	oxidation	rate,	it	has	been	assumed	that	the	rate	controlling	step	is	

either	(i)	the	formation	of	a	defect	in	the	oxide	film	at	the	oxide/metal	interface	as	presented	

in	Figure	1.5	a)	or	(ii)	the	formation	of	a	defect	at	the	oxide/gas	interface	shown	in	Figure	

1.5	b).	

	

	M M M2+ O2- M2+

M M O2- M2+ O2-

     

M M M2+ O2- M2+

M M O2- M2+ O2-

M M M2+ O2- M2+ 

M V O2- M2+ O2- 

  Mi
2+  

M M M2+ O2- M2+ 

M M O2- M2+ O2- 

Figure	1.5	a)	Formation	of	a	defect	at	the	metal/oxide	interface.	The	symbol	V	is	correlated	to	a	

vacancy,	Mi2+	stands	for	an	interstitial	metal	ion	(schematics	according	to	[71]).	

	

M2+ O2- M2+  

O2- M2+ O2-  

M2+ O2- M2+ O2-
(surface) 

O2- M2+ O2-  

M2+ O2- M2+  

O2- M2+ O2- M2+ 

M2+ O2- Vm
II
 O2- 

O2- M2+ O2-  

Figure	1.5	b)	Formation	of	a	defect	at	the	oxide/gas	interface	(schematics	according	to	[71]).	

	

According	 to	Figure	1.5	a)	 for	 the	chemical	 reaction	 in	 case	of	 (i)	we	can	write	 the	

following	equation:	

M(metal)	→	Mi2+(oxide)	+	2e(metal)	+V(metal)	 	 	 (9)	

	

Assuming	 that	 the	 activation	 energy	W	for	 the	 jump	 from	 the	metal	 into	 the	 oxide	

film	is	larger	than	the	activation	energy	for	its	subsequent	jumps	within	the	oxide	film, mH

means	that	 mHW  is	the	energy	of	the	incorporation	of	the	defect.	Under	influence	of	an	

electric	field	the	activation	energies	are	reduced	by	 Xqa 2/ .	The	interface	is	considered	
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to	be	far	from	equilibrium	because	the	electric	field	does	not	allow	the	reaction	to	take	place	

in	the	reverse	direction.	Within	this	so	called	“high‐field	limit”	the	growth	rate	is	given	by	
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where	 is	 the	 vibrational	 frequency	 of	 the	 atoms	 in	 the	 interface.	 Writing	

TkqaX B2/1  and	 )/exp(2 TkWaD Bi   equation	(10)	can	be	simplified	to:		
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According	 to	 equation	 (11)	 the	 oxidation	 rate	 decreases	 exponentially	 with	

increasing	 film	 thickness.	When	 X	<<	X1	 (X1	can	 be	 considered	 as	 the	 limit	 for	 which	 the	

assumptions	 made	 above	 are	 valid)	 equation	 (11)	 can	 be	 integrated	 to	 give	 the	 inverse	

logarithmic	law	









 2

11 ln
L

i

aX

tXD

X

X
	 	 	 	 	 (12)	

	

where	 XL	 is	 the	 limiting	 thickness	 above	 which	 further	 growth	 can	 be	 neglected.	

According	to	the	criterion	of	Cabrera	and	Mott	who	give	a	negligible	rate	of	10‐15	ms‐1,	XL	is	

given	by:	
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For	 the	 chemical	 reaction	 in	 case	 (ii)	 (defect	 formation	 at	 the	 oxide/gas	 interface	

according	to	Figure	1.5	b)	we	can	write	the	equation:	

	

M2+(oxide)	+	O2‐(surface)	→	VmII	+	MO	 	 	 	 (14)	

	

Basically	the	calculation	of	the	growth	rate	is	analog	to	the	considerations	presented	

above	with	 the	 difference	 that	 only	 those	metal	 ions	 that	 can	 reach	 a	 surface	 O2‐	directly	

from	the	metal/oxide	 interface	can	undergo	reaction	(14).	Thus	the	number	of	surface	O2‐	

ions	will	depend	on	the	geometrical	arrangement	of	the	surrounding	atoms	which	will	give	
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an	average	coordination	number	of	5	 for	a	 surface	 ion,	which	means	 that	 the	growth	rate	

depends	on	the	concentration	of	surface	O2‐	ions.	This	results	in	an	equation	analog	to	(10):	
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With	equation	(6)	for	n0	the	growth	rate	is	analog	to	equation	(11)	
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giving	 a	 slightly	 different	 kinetics	 compared	 to	 equation	 (11)	 because	 of	 the	

appearance	 of	 X	 in	 the	 denominator	 which	 leads	 to	 a	 smaller	 limiting	 thickness	 XL	 than	

predicted	for	the	defect	formation	at	the	oxide/metal	interface.		Analog	to	(13)	the	limiting	

thickness	is:		
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A	 slight	 modification	 to	 the	 model	 discussed	 above	 has	 to	 be	 made	 for	 low‐

temperature	 oxidation	 (LTO).	 LTO	 defines	 an	 oxidation	 reaction	 that	 takes	 place	 at	

temperatures	near	25	°C	or	below	in	which	an	oxide	layer	forms	with	a	very	small	or	even	

zero	 activation	 energy.	 Due	 to	 the	 assumptions	 made	 there,	 the	 Cabrera‐Mott	 theory	 as	

shown	above	has	to	be	modified	for	some	instances	as	discussed	by	Fehlner	and	Mott	[72].	

An	 important	difference	 is	 the	 fact	 that	LTO	 is	controlled	by	the	morphology	of	 the	

oxide	itself	where,	for	example,	the	migration	of	anions	through	the	oxide	film	also	has	to	be	

considered	 in	 contrast	 to	 solely	 cation	movement	 as	 described	 by	 Cabrera	 and	Mott.	 The	

initial	 chemisorption	 is	 followed	 by	 a	 fast	 oxidation	 process	 in	which	 anions	 and	 cations	

interchange	positions.	This	happens	when	the	energy,	due	to	the	electrostatic	image	force	of	

an	oxygen	 ion,	 is	greater	 than	 the	binding	energy	 that	holds	 the	 ion	 in	place.	Vice	versa	a	

stable	film	is	formed	when	the	binding	energy	is	larger	than	the	image	force,	which	leads	to	

the	 formation	of	oxygen	 ions	on	 the	surface	 that	build	up	a	potential	across	 the	 film.	This	

potential	 provides	 the	 driving	 force	 for	 the	 ongoing	 reaction	 of	 a	 slow,	 logarithmic	 oxide	

growth	according	to	Cabrera‐Mott.	Here	the	rate	of	the	ion	transfer	is	limiting	as	described	

by	the	Cabrera‐Mott	mechanism	for	the	cation	movement.	In	contrast,	for	anion	movement	
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the	 assumption	 that	 the	 structure	 changes	 with	 film	 thickness	 as	 proposed	 by	 Eley	 and	

Wilkinson	 [73]	 is	 necessary.	 If	 the	 oxide	 film	 re‐orders	 to	 form	 microcrystals,	 the	

logarithmic	 reaction	 rate	 can	 increase	 as	 in	 networks	 ions	 can	 easily	migrate	 along	 grain	

boundaries	to	form	domains.	Furthermore	the	logarithmic	growth	rate	can	be	increased	by	

the	 presence	 of	water	 vapor	 if	 the	water	 induces	 dangling	 bonds	 into	 the	 oxide	 network	

structure.		

To	 summarize,	 the	process	of	 low	 temperature	oxidation	 can	be	divided	 into	 three	

parts	that	smoothly	transform	into	the	following:		

(i)		 Fast	incorporation	of	oxygen	into	the	metal	surface	by	place	exchange;		

(ii)		 continued,	 slow	 logarithmic	 growth	 of	 the	 oxide	 film	 caused	 by	 the	 electric	

field	built	up	across	the	oxide	and		

(iii)		 accelerated	 logarithmic	growth	 that	 results	 from	 the	 re‐ordering	of	 the	 film	

with	crystallization	and	domain	growth.	

1.3.3 Oxygen chemisorption on metal nitride surfaces 

The	 TiAlN	 and	 CrAlN	 phases,	which	 are	 discussed	within	 this	work,	 exhibit	 a	 face	

centered	 cubic	 (fcc)	 NaCl	 structure	 (as	 presented	 in	 Figure	 1.6)	 with	 a	 transition	 to	 an	

amorphous	phase	for	TiAlNO	at	high	contents	of	oxygen	[23].		

	

	
Figure	1.6:	Structure	of	Ti0.5Al0.5N(001)	interacting	with	four	oxygen	molecules.	In	the	bulk	

structure	Ti	and	Al	are	statistically	distributed	in	the	fcc	lattice	on	the	cation	positions.	The	

chemisorption	of	oxygen	goes	along	with	the	displacement	of	Ti	atoms	from	the	surface	plane.	

Figure	taken	from	[74].		

	

Ti 

N 

Al 

O 
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Shaha	 et	 al.	 performed	 ab	 inito	 molecular	 dymanics	 simulations	 and	 proposed	 a	

mechanism	oxygen	incorporation	into	the	bulk	structure	of	V0.5Al0.5N1‐xOx	by	replacement	of	

nitrogen	 lattice	positions	by	oxygen	along	with	the	 formation	metal	vacancies	[75];	where	

the	mechanism	of	oxygen	incorporation	of	TiAlN	phases	is	a	topic	of	ongoing	research.		

Music	 et	 al.	 studied	 the	 interaction	 of	 the	 Ti0.5Al0.5N(001)	 surface	 with	 small	 gas	

phase	molecules	 such	 as	O2,	H2O	 and	CO2	 by	means	 of	ab	inito	molecular	 dynamics	 (MD)	

simulations	[76].	They	could	show	that	the	dissociative	adsorption	of	O2	occurs	at	Ti	surface	

sites	 and	 suggested	 that	 an	 increased	 Ti–O	 bond	 strength	 in	 comparison	 to	 Al–O	 is	 the	

electronic	origin	of	the	early	stages	of	TiO2	formation	on	Ti0.5Al0.5N(001).	They	also	observed	

the	displacement	of	Ti	from	the	Ti0.5Al0.5N(001)/O	interface	layer	which	generates	vacancies	

and	enables	the	mobility	at	the	interface.	

However,	 the	exact	mechanism	of	oxygen	adsorption	and	 following	dissociation	on	

TiAlN	 has	 not	 been	 investigated	 in	 detail,	 yet.	 The	 initial	 oxidation	 stages	 TiN(100)	were	

investigated	by	means	of	ab	initio	MD	by	Zimmermann	et	al.	in	[77].	As	presented	in	Figure	

1.7,	 they	 propose	 a	 mechanism	 of	 dissociative	 oxygen	 adsorption	 in	 which	 the	 oxygen	

	

	
Figure	1.7:	Snapshots	from	a	MD	simulation	of	the	dissociative	adsorption	of	an	oxygen	molecule	

on	the	TiN(100)	surface.	Green:	Ti;	blue:	N.	(a)	initial	configuration;		(b)	after	94	fs;	(c)	after	109	fs;	

(d)	after	131	fs;	(e)	after	145	fs;	(f)	final	configuration.	Figure	taken	from	[78].	
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molecule	hits	the	surface	and	initially	binds	to	a	Ti	atom,	as	described	more	detailed	in	[78].	

Subsequently,	 the	 oxygen	molecule	moves	 to	 a	 bridge	 position	 connecting	 two	 surface	 Ti	

atoms	 followed	 by	 the	 dissociation	 step	 in	 a	 so	 called	 “hot	 atom”	 mechanism	 [79].	 The	

electron	donation	occurs	from	the	metal	atoms	into	the	antibonding	orbitals	of	O2.	However,	

at	 this	 point	 it	 is	 not	 clear	whether	 this	mechanism	of	 oxygen	 adsorption	 can	 be	 directly	

transferred	 to	 Tail.	 In	 both	 cases	 at	 least	 the	 reaction	 of	 oxygen	 with	 titanium	 is	 the	

dominating	process.	

For	 technical	 processes	 further	 oxidation	 processes	 especially	 at	 elevated	

temperatures	are	of	high	relevance.	McIntyre	et	al.	studied	the	oxidation	of	TiAlN	at	elevated	

temperatures	 up	 to	 1173	K	 in	 pure	 oxygen	 at	 ambient	 pressure	 and	 identified	 aluminum	

and	 oxygen	 as	 the	 mobile	 species	 leading	 to	 the	 formation	 of	 an	 about	 100	 nm	 thick	

aluminum	oxide	layer	with	an	underlying	titanium	oxide	layer	of	comparable	thickness	[9].	

Tempez	 et	 at.	 studied	 the	 oxidation	 of	 TiAlN	 at	 temperatures	 of	 460	 °C	 and	 an	 oxygen	

pressure	 of	 10‐6	 Torr	 [79].	 By	 means	 of	 mass	 spectrometry	 and	 X‐ray	 photoelectron	

spectroscopy	(XPS)	they	could	identify	the	preferential	formation	of	TiO2	on	the	surface.			

 

1.4 Surface and interface analysis 

In	 this	 section	 two	 important	 surface	 analysis	 techniques	 that	were	 applied	within	

this	 work,	 shall	 be	 illustrated	 briefly:	 (i)	 Atomic	 force	 microscopy	 (AFM)	 and	 (ii)	 X‐ray	

photoelectron	spectroscopy	(XPS).	As	both	techniques	are	well	established	and	available	in	

numerous	 commercial	 setups	 only	 the	 aspects	 that	 are	 important	 for	 this	 work	 shall	 be	

summarized	here.		

1.4.1 X‐ray photoelectron spectroscopy (XPS) 

X‐ray	photoelectron	spectroscopy	(XPS)	is	a	surface	sensitive	analysis	technique	that	

not	 only	offers	 the	 elemental	 composition,	 but	 also	 gives	 information	 about	 the	oxidation	

state	or	the	type	of	bonds	of	the	observed	elements	[80].	Usually,	the	information	depth	is	

limited	to	about	5	‐	10	nm	which	makes	XPS	an	outstanding	tool	to	investigate	the	surface	

near	region	of	a	material.		

Photoelectrons	 are	 excited	 via	 an	 X‐ray	 source	 typically	 with	 the	 energy	 of	

hν	=	1486.7	 eV	 (corresponding	 to	 Al‐kα	 originating	 from	 an	 aluminum	 anode)	 or	

hν	=	1253.7	eV	 in	 case	 of	 Mg‐kα.	 In	 the	 photoelectron	 process	 the	 incident	 X‐ray	 photon	
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ejects	an	electron	from	a	core	level;	the	kinetic	energy	KE	of	the	photoelectron	is	measured	

by	 an	 electron	 spectrometer.	 One	 is	 usually	 interested	 in	 the	 binding	 energy	 BE	of	 the	

orbital,	 the	 photoelectrons	 originate	 from,	 as	 this	 energy	 is	 characteristic	 for	 a	 certain	

element	with	a	certain	core	level	transition.	The	binding	energy	can	be	determined	by	

	

 KEhBE  	 	 	 	 	 (18)	

	

where is	 the	work	function	of	 the	spectrometer.	Hence,	all	electrons	with	a	 lower	

binding	energy	than	the	incident	photon	energy	hν	can	be	ejected	from	their	orbitals.	Each	

core	level	can	be	identified	by	the	following	quantum	numbers	as	shown	in	Figure	1.8.	

	

	
Figure	1.8:	Schematics	of	different	core	levels	and	their	corresponding	quantum	numbers	and	

labeling.	

	

n:		 principal	quantum	numbers	 (n	 =	 1,	 2,	 3,	 …)	 corresponding	 to	 the	 electron		

shells	K,	L,	M,	…	

l:	 azimuthal	quantum	number	(0	≤	l	≤	n‐1),	additionally	referred	as	

	 s	 for		 l	=	0	

	 p	 for		 l	=	1	

	 d		 for		 l	=	2	

	 f		 for		 l	=	3	

j:		 total	angular	momentum	quantum	number	|j|	=	l	+	s,	where	the	spin	quantum	

number	s	=		±1/2	
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For	all	 core	 levels	with	 l	≥	1	 the	spectrum	will	 split	 into	a	doublet	due	 to	 the	spin‐

orbit	 coupling.	 The	 relative	 population	 of	 the	 occupied	 states	 is	 given	 by	 (2j	 +	 1).	 For	

example,	this	results	for	a	2p	orbital	where	j	=	1/2	and	j	=	3/2	in	a	population	ratio	of	2	:	4	

which	is	directly	reflected	by	the	area	of	the	measured		2p	doublet	peaks.	

	

The	 information	 depth	 in	 XPS	 can	 be	 varied	 by	 the	 take‐off	 angle	 of	 the	

photoelectrons,	 which	 is	 referred	 as	 angle	 resolved	 XPS	 (AR‐XPS).	 Here	 the	 constraint	

should	be	kept	in	mind	that	the	roughness	of	the	sample	should	be	not	significantly	higher	

than	the	information	depth	of	XPS.	

	

	
Figure	1.9:	Scheme	of	the	geometrics	giving	the	information	depth	d	as	a	function	of	the	take‐off	

angle	Θ		

	

Figure	1.9	shows	some	simple	geometric	considerations,	where	d	 is	the	information	

depth,	λ	 is	 the	 attenuation	 length	 of	 the	photoelectrons	 and	Θ	 is	 the	 take‐off	 angle	 of	 the	

photoelectrons	with	respect	to	the	sample’s	surface	normal.	The	typical	attenuation	length		

λ	of	the	photo	electrons	in	a	solid	can	be	estimated	based	on	a	square	root	law	as	a	function	

of	the	kinetic	energy	[81].	Usually,	λ	is	between	λ	=	1.5	to	3.0	nm	in	the	energy	range	that	is	

typically	observed	in	a	XPS	spectrum	excited	with	an	Al‐Kα	X‐Ray	source	at	1486.7	eV.	The	

escape	 depth	 of	 the	 electrons	 is	 usually	 referred	 to	 3λ;	 as	 95	 %	 of	 the	 photoelectrons	

originate	 from	 a	 depth	 of	 3λ.	 As	 illustrated	 in	 Figure	 1.9	 the	 information	 depth	d	 can	 be	

calculated	as	a	cosine‐dependent	function	of	the	take‐off	angle	Θ	[80]:	

	

 cos3d 	 	 	 	 	 	 (19)	

	

These	considerations	lead	to	specific	information	depths	for	each	element	and	take‐

off	angle	of	the	photoelectrons	and	are	only	valid	under	the	assumption	of	a	homogeneous	

distribution	 of	 the	 elements	within	 the	 probed	 surface	 layer.	 As	 an	 example,	 the	 probing	
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depths	 for	 some	 selected	 elements	 are	 given	 for	 different	 take‐off	 angles	 of	 the	

photoelectrons	in	Table	1.2.		

	

Table	1.2:	Probing	depth	as	a	function	of	the	XPS	take‐off	angle	[81,	82]	

take‐off	angle	to	
surface	normal	Θ		/	
degrees	

	
Cr	2p	

d	/nm	
	
O	1s	

	
N	1s	

	
Al	2s	

30	 4.2 4.3 4.6 5.2	

60	 2.4 2.5 2.7 3.0	

80	 0.8 0.9 0.9 1.0	

 

1.4.2 UHV and ambient pressure atomic force microscopy 

The	invention	of	the	Scanning	Tunneling	Microscope	(STM)	by	Rohrer	and	Binnig	in	

the	 early	 1980s	 opened	 a	 new	door	 to	 ultrahigh	 resolution	microscopy	 and	was	 the	 first	

member	of	 the	scanning	probe	microscope	(SPM)	 family	 [83].	 In	1986	Binning,	Quate	and	

Gerber	 designed	 the	Atomic	 Force	Microscope	 (AFM)	 [84],	which	 offers	 various	powerful	

techniques	for	surface	and	interface	analysis	based	on	surface	 imaging	techniques,	surface	

manipulation	in	the	nanometer	scale	and	measuring	of	forces	in	the	pN	regime	[85].	A	huge	

advantage	of	 the	AFM	technique	 is	 its	high	versatility	providing	various	measuring	modes	

for	 different	 applications	 and	 environmental	 conditions	 such	 as	 air,	 liquid	 or	 ultrahigh	

vacuum.	Since	these	techniques	are	well	established	and	available	in	numerous	commercial	

setups	today,	place	only	a	very	short	overview	shall	be	given.	

	AFM	is	based	on	the	principle	that	a	sharp	probe	with	a	tip	diameter	of	typically	5	–	

10	nm	usually	made	of	Si	or	Si3N4,	is	attached	to	a	microfabricated	cantilever	beam.	The	AFM	

cantilever	can	be	positioned	via	a	piezo	system	in	all	three	room	axis	(x,	y	in	sample	plane,	z	

perpendicular	to	the	sample	plane)	with	accurateness	in	the	sub‐nanometer‐range.	The	AFM	

probe	 interacts	with	 the	sample	surface,	which	causes	 the	cantilever	beam	to	bend	due	to	

the	 occurring	 interaction	 force	 between	 AFM	 tip	 and	 the	 substrate.	 The	 cantilever	

displacement	 is	 measured	 by	 a	 laser‐optical	 detection	 system	 and	 represents	 the	 input‐

value	for	the	measurement	electronics.		
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1.4.2.1 AFM	imaging	

AFM	 imaging	 can	 be	 performed	 in	 various	 modes	 e.g.	 contact	mode,	 intermittent	

contact	mode	or	non‐contact	mode	 just	 to	mention	 the	most	 common	 ones.	 In	 all	 imaging	

modes	 the	 AFM	 tip	 is	 scanned	 line‐wise	 across	 the	 sample	 surface	 to	 acquire	 an	 image.	

Dependent	on	the	construction	type	of	the	AFM	scanner,	the	imaging	area	is	mostly	limited	

to	typically	100	x	100	µm²	or	even	smaller.	In	contact	mode	the	AFM	tip	is	“dragged”	along	

the	 sample	 surface,	 simultaneously	 the	 topography	 of	 the	 sample	 is	 reproduced	 by	 a	

feedback	control	that	keeps	the	cantilever	displacement	–	and	thus	the	force	applied	to	the	

surface	–	constant	by	moving	the	z‐piezo	perpendicular	to	the	sample	surface.	Although	the	

applied	force	is	quite	small	(usually	in	the	range	of	1	–	10	nN),	as	a	limitation	of	this	imaging	

mode,	rigid	samples	are	required	to	avoid	damage	of	the	sample	surface.		

When	“soft”	samples	such	as	polymers	or	even	living	cells	shall	be	investigated,	often	

the	so	called	 intermittent	contact	mode	 is	used	[86,	87].	In	this	mode	the	AFM	cantilever	is	

oscillated	 at	 an	 amplitude	 of	 a	 few	 tens	 of	 nanometers	 slightly	 below	 its	 resonance	

frequency.	The	resonance	frequency	of	the	cantilever	is	usually	in	the	range	of	20	‐	300	kHz	

dependent	on	the	mechanical	characteristics	of	the	cantilever	and	the	medium	(liquid	or	air	

environment)	in	which	it	is	operated.	An	advantage	of	this	mode	is	that	the	force	applied	to	

the	sample	can	be	controlled	very	carefully,	as	the	oscillation	amplitude	of	the	cantilever	is	

used	 as	 the	 lock‐in	 value	 for	 the	 z‐piezo	 feedback	 control.	 Typically	 the	 free	 oscillation	

amplitude	 is	 damped	 to	 values	 between	 98	%	 (low	 force)	 and	 40	%	 (high	 force)	 during	

imaging	in	contact	with	the	sample.	

Contact	mode	 and	 intermittent	 contact	mode	 are	 usually	 applied	 in	 air	 or	 liquid	

environments.	However,	ambient	AFM	experiments	come	along	with	the	limitation	that	the	

interaction	 between	 the	 tip	 and	 the	 sample	 is	 also	 influenced	 by	 the	 environment,	 like	

capillary	condensation	in	humid	atmosphere	[88].	Under	UHV	conditions	these	side‐effects	

can	 be	 avoided	which	 offers	 advanced	 imaging	 techniques	 to	 achieve	 ultimate	 resolution.	

Those	 experiments	 are	 usually	 performed	 in	noncontact	mode.	 Here	 the	 cantilever	 is	 also	

driven	at	its	resonance	frequency	and	the	measurement	is	solely	performed	in	the	regime	of	

attractive	 forces.	 As	 a	 lock‐in	 signal	 the	 frequency	 shift	 of	 the	 cantilever	 –	 caused	 by	 the	

force	interaction	with	the	sample	surface	–	is	analyzed,	which	makes	this	method	extremely	

sensitive	for	smallest	interactions	between	the	tip	and	the	sample.	By	means	of	noncontact	

AFM	Gross	et	al.	studied	the	electronic	structure	of	pentacene	by	using	a	single	CO	molecule	

adsorbed	on	an	AFM	tip	as	a	probe	[89].	Giessibl	et	al.	observed	subatomic	features	in	the	

Si(111)‐(7×7)	 structure	 [90],	 the	 chemical	 identification	 of	 single	 surface	 atoms	 is	 also	

possible	as	shown	by	Sugimoto	et	al.	[91].	
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1.4.2.2 AFM		force	distance	spectroscopy	

As	mentioned	above,	the	AFM	is	also	a	powerful	tool	for	measuring	forces	in	the	pN	

range.	 A	 common	method	 of	 AFM	 force	 measurements	 is	 the	 technique	 of	 force	distance	

spectroscopy,	that	has	also	been	extensively	applied	and	reviewed	within	the	last	years	[85,	

92].	 Via	 the	 chemical	 modification	 of	 the	 AFM	 tip	 and/or	 the	 substrate,	 the	 interaction	

between	single	molecules	or	within	biological	systems	can	also	be	probed	[93].	Within	this	

work,	 the	 contact	 force	 between	 an	 AFM	 tip	 and	 a	 sample	 has	 been	 studied	 under	 UHV	

conditions,	which	has	rarely	been	reported	in	the	literature	up	to	now,	e.g.	by	Tadepalli	et	al.	

[53],	Meine	et	al.	[54]	and	Ozkaya	et	al.	[94].	

The	 interactions	 between	 cantilever	 and	 sample	 can	 basically	 be	 described	 by	 the	

interplay	 of	 attractive	 van	 der	Waals	 forces	 and	 the	 repulsive	 forces	 caused	 by	 the	 Pauli	

exclusion	principle	which	 forbids	orbitals	with	 identical	 electron	 spin	 to	overlap	between	

AFM	 tip	 and	 sample.	The	overall	potential	 between	 the	AFM	 tip	 and	 the	 substrate	 can	be	

basically	 be	 described	 by	 the	 well‐known	 Lennard‐Jones	 potential	 [95]	 that	 is	 shown	 in	

Figure	1.10	and	gives	the	potential	W	as	a	function	of	the	distance	r	

	

6

11
~

rr
W

n
 	 	 with	n	>>	6	 	 	 	 (20)	

	

where	the	െ
ଵ

୰ల
	term	represents	the	longer	range	attractive	van	der	Waals	interactions	

and	 the	
ଵ

୰౤
	term	 the	 very	 short	 range	 repulsive	 forces	 as	 caused	by	 the	Pauli	 repulsion.	 In	

many	cases	n	 is	set	to	12	to	allow	easy	mathematical	handling	which	leads	to	the	so	called	

Lennard‐Jones‐(12,6)‐Potential.		

	

	
Figure	1.10:	Lennard	Jones	potential,	which	described	the	overall	interaction	based	on	longer	

range	attractive	forces	and	short	range	repulsion	
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In	AFM	force‐distance	experiments	the	AFM	tip	is	approached	from	a	certain	distance	

(e.g.	in	the	range	of	0.1	to	1	µm)	to	the	surface.	The	attractive	and	repulsive	interactions	as	

discussed	above	lead	to	an	ideal	AFM	force	curve	as	presented	in	Figure	1.11	which	shows	

the	force	F	that	is	applied	to	the	cantilever	as	a	function	of	the	z‐piezo	displacement	x.		

For	large	distances	between	the	AFM	tip	and	the	sample	the	resulting	force	is	close	to	

zero.	At	low	distances	of	several	nanometers	the	attractive	van	der	Waals	forces	cause	the	

cantilever	to	jump	to	the	surface	which	is	called	“snap	in”.	

	

	

	
Figure	1.11:	Idealized	force‐displacement	plot	for	approach	(red)	and	retraction	(blue).		When	the	

cantilever	is	retracted	from	the	surface,	the	adhesion	force	between	tip	and	surface	is	observed.	

	

Hooke’s	law	can	be	applied	for	small	deflections	of	the	cantilever	

	

cxkF  	 	 	 	 	 	 (21)	

	

	with		 F:		 applied	force	[nN]	

		 k:		 spring	constant	[nN/nm]	

		 Δxc:		 displacement	of	the	cantilever	[nm]	

	

When	the	cantilever	is	retracted	from	the	surface	usually	a	hysteresis	between	snap	

in	and	snap	off	is	detected,	that	is	caused	by	the	specific	adhesion	between	the	AFM	tip	and	

F 

x 

Hooke‘s region 

specific adhesion force 

“snap in“ 
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the	 sample	 in	 contact.	 This	 force	 can	 be	 correlated	 to	 adhesion	 phenomena	 which	 are	

determined	by	specific	chemical	binding	such	as	hydrogen	bonding,	coordinative	bonds	or	

ligand	–	receptor	interactions.	

	

1.4.2.3 AFM	force	calibration	

To	measure	 a	 force	 accurately	 in	 an	 AFM	 experiment,	 the	 force	 constant	 k	 of	 the	

cantilever	 has	 to	 be	 known	 as	 referred	 in	 equation	 (21).	 The	 force	 calibration	 is	 usually	

performed	in	a	two‐step	procedure:	

	

(i)	Determination	of	the	sensitivity	of	the	cantilever	

At	first	the	so	called	sensitivity	Ω	of	the	cantilever	is	determined	from	the	slope	of	the	

Hookian	part	of	the	force‐displacement	curve	in	which	the	photodetector	signal	I	is	given	as	

a	function	of	the	z‐piezo	displacement	x:	

	

I

x




 	 	 	 	 	 	 (22)	

	

The	 sensitivity	Ω	is	normally	discussed	 in	nm/V,	which	makes	 it	possible	 to	obtain	

the	deflection	of	the	cantilever	directly	in	nanometers	from	the	photodetector	signal	given	

in	volts.	

	

(ii)	Determination	of	the	force	constant	of	the	cantilever	

The	 force	 constant	 can	 be	 determined	 by	 the	 so	 called	 “thermal‐K	method”,	which	

uses	 thermally	 induced	 vibrations	 of	 the	 cantilever	 to	 calculate	 the	 force	 constant.	 The	

procedure	 is	 described	 in	 detail	 in	 the	 literature	 [96].	 The	 thermally	 induced	 vibrational	

noise	 is	 recorded	 and	 Fourier‐transformed	 in	 the	 time	 domain	 which	 leads	 to	 a	 power	

spectral	density	plot	as	a	function	of	the	frequency.	This	plot	can	be	fitted	and	correlated	to	

the	thermal	energy	kBT,	which	allows	the	calculation	of	the	spring	constant	k	in	N/m.	Within	

this	calibration	step	it	has	to	be	kept	in	mind	that	significant	errors	up	to	30	%	may	occur	

due	to	the	mathematical	modelling	of	the	oscillating	cantilever.	Thus	the	obtained	values	for	

the	force	constant	have	to	be	discussed	carefully.	
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Together	with	 the	 sensitivity	 as	 discussed	 in	 equation	 (22)	 and	 Hooke’s	 law	 (21),	

now	the	applied	force	F	can	be	calculated	directly	from	the	deflection	signal		I:	

	

		 kIF  	and		 



 

nm

nN

V

nm
VnN 	 	 	 	 (23)	

	

Although	 the	 force	 curve	 discussed	 in	 Figure	 1.11	 is	 strongly	 idealized,	 the	 force	

curves	that	were	observed	under	UHV	conditions	within	this	work	did	not	show	significant	

differences.	An	example	of	a	 force	curve	obtained	 for	a	TiO2	–	TiO2	nanocontact	 in	UHV	 is	

presented	in	Figure	1.12.		

	

	
Figure	1.12:	Exemplary	AFM	force	curve	obtained	for	a	TiO2	–	TiO2	nanocontact.	The	figure	is	also	

found	in	the	supplementary	material	of	[97].	

	

The	 shown	 force	 curve	 is	 characterized	 solely	 by	 short	 range	 van	 der	 Waals	

interactions	 in	the	approach	regime	and	a	strong	specific	 interaction	 in	the	retract	part.	 It	

has	to	be	noticed,	that	in	the	contact	regime	the	approach	and	retract	curve	are	not	fitting	

which	 is	 a	 common	problem	of	piezo	nonlinearities	 such	as	 creep	or	hysteresis.	However	

these	side	effects	can	be	neglected	as	they	do	not	affect	the	measurement.			
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2 Advanced experimental approaches 

2.1 Time resolved XPS studies of oxygen chemisorption 

Within	this	work	the	temporal	evolution	of	the	oxygen	chemisorption	was	studied	by	

means	of	time	resolved	XPS	spectroscopy	which	is	a	highly	interesting	tool	to	study	dynamic	

processes	in	the	time	range	from	a	few	seconds	to	several	minutes.	In	contrast	to	classical	

XPS	experiments,	in	which	the	observed	energy	has	to	be	scanned	over	the	energy	range	of	

interest	 (e.g.	 from	468	 eV	 to	 452	 eV	 binding	 energy	 for	 Ti	 2p),	within	 these	 experiments	

each	core	level	spectrum	could	observed	within	a	single	snapshot.	

During	 the	 XPS	measurement	 at	 each	moment	 electrons	 of	 all	 kinetic	 energies	 are	

excited	by	the	photoelectron	process	and	are	able	to	enter	the	spectrometer.	Dependent	on	

the	settings	of	the	electron	optics	and	the	setup	of	the	analyzer/detector	unit,	only	electrons	

of	a	small	energy	range	(typically	a	few	eV)	can	reach	the	detector	generating	the	measured	

signal.	 Within	 the	 analyzer,	 the	 electrons	 are	 forced	 to	 a	 circular	 path.	 Hence,	 the	 exact	

location	 where	 the	 electrons	 exit	 the	 analyzer	 sphere	 (and	 reach	 the	 detector)	 gives	

information	 on	 the	 energy	 dispersion	 of	 the	 measured	 signal.	 Conventional	 electron	

detectors	that	are	equipped	with	e.g.	seven	(or	nine)	channels	would	offer	seven	(or	nine)	

reading	points,	corresponding	to	the	number	of	channeltrons	available.	If	the	used	electron	

detector	 offers	 a	 high	 spatial	 resolution,	 a	 whole	 core	 level	 peak	 can	 be	 acquired	with	 a	

satisfying	energy	resolution	as	shown	in	Figure	2.1,	at	once.	Within	this	work	a	128	channel	

detector	(Argus,	Oxford	Instruments)	has	been	used.	

The	 width	 of	 the	 energy	 region	 that	 is	 observed	 by	 the	 electron	 spectrometer	 is	

dependent	on	the	pass	energy	of	the	photoelectrons	that	is	set	for	the	experiment.	The	pass	

energy	correlates	linearly	with	the	width	of	the	photoelectron	energy	range	that	is	observed	

by	the	spectrometer.	For	the	spectrometer	used	in	this	work,	the	observed	energy	range	is	

ΔE	=	14.3	eV	at	100	eV	pass	energy	and	ΔE	=	7.2	eV	at	50	eV	pass	energy.	

For	the	time	resolved	XPS	experiments	performed	within	this	work,	the	pass	energy	

was	set	to	100	eV	to	cover	the	whole	Ti	2p	core	level	peak.	XPS	spectra	of	the	O	1s,	Ti	2p,	

N	1s	 and	 Al	2p	 core	 level	 peaks	 were	 successively	 measured	 in	 the	 so	 called	 “snapshot	

mode”.	 The	 acquisition	 time	 per	 element	 spectrum	was	 set	 to	 four	 seconds	 to	 achieve	 a	

satisfying	signal	 to	noise	 ratio.	Hence,	 the	 time	resolution	of	 the	experiment	was	26	s	per	

loop	cycle,	that	resulted	from	4	s	each	per	core	level	spectrum	and	about	2.5	s	for	switching	
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the	 analyzer	 energy	 after	 each	 measurement.	 When	 using	 this	 mode	 it	 is	 important	 to	

calibrate	 the	 sensitivity	 of	 the	 128	 channels	 according	 to	 the	 proceedings	 given	 by	 the	

manufacturer	to	achieve	reliable	results.	

	

	
Figure	2.1:	Comparison	of	a	128	channel	detector	(left)	and	a	9	channel	detector	(right).	Due	to	the	

high	number	of	channels	die	whole	doublet	peak	can	be	resolved	sufficiently	(left)	which	is	not	

possible	for	the	conventional	detector	(right).	The	screenshots	were	taken	from	the	Omicron	

Oxford	photoelectron	spectroscopy	control	software.	

	

In	 order	 to	 create	 a	 bare	 TiAlN	 surface	 the	 native	 oxide	 layer	 of	 the	 sample	 was	

removed	by	Ar+	sputtering	with	2	keV	 for	300	s.	Afterwards	 the	re‐oxidation	of	 the	TiAlN	

surface	was	triggered	by	introducing	oxygen	into	the	XPS	chamber	via	the	leak	valve	of	the	

Ar+	 sputter	 source.	During	oxygen	dosing	 the	pressure	 in	 the	XPS	chamber	was	 increased	

from	 the	base	pressure	of	p	base	=	1·10‐9	mbar	 to	pdosing	=	1·10‐8	mbar,	which	resulted	 in	an	

oxygen	 partial	 pressure	 of	p	O2			=	0.9·10‐8	mbar	with	 simultaneous	 acquisition	 of	 snapshot	

mode	XPS	spectra	as	discussed	above.	

	

	
Figure	2.2:	Schematics	of	time	resolved	XPS	experiments	
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2.2 UHV‐AFM force distance measurements and combined surface analysis 

on single crystal oxides 

Within	this	work	subsequent	surface	preparation,	analysis	by	means	of	XPS	and	UPS	

(UV	photoelectron	spectroscopy)	and	UHV‐AFM	contact	force	experiments	were	performed	

within	the	same	UHV	analytical	setup	as	presented	in	Figure	2.3.	

	
Figure	2.3:	Illustration	of	the	UHV	analytical	setup	allowing	the	measurement	of	surface	chemistry	

and	contact	forces.	1)	preparation	chamber;	2)	analysis	chamber;	3)	AFM	chamber;	4)	gas	and	

water	dosing	system	

		

Prior	to	these	experiments,	both	TiO2	surfaces	–	the	TiO2(110)	substrate	and	the	TiO2	

coated	AFM	tip	–	were	cleaned	by	gentle	Ar+	sputtering	with	an	ion‐energy	of	200	eV,	which	

resulted	 in	 the	 complete	 removal	 of	 carbon	 contaminations	 after	 12	 minutes	 for	 the	

TiO2(110)	single	crystalline	substrate	and	15	minutes	for	the	TiO2	modified	AFM	tip.	Here	it	

has	 to	 be	 checked	 carefully	 that	 the	 AFM	 tip	 is	 mounted	 upside‐down	 on	 the	 sample	

manipulator	so	that	the	tip	apex	is	located	within	the	sputter	area	of	the	Ar+	source.	

UHV‐AFM	force	distance	curves	were	obtained	from	an	overlying	16	x	16	point	grid	

on	 a	 2	 x	 2	 µm²	 probing	 area.	 The	 approach	 and	 retract	 speed	 of	 the	 AFM	 tip	was	 set	 to	

1	µm/s,	 the	 overall	 distance	 of	 each	 force	 curve	was	 250	 nm.	 The	measured	 forces	were	

calibrated	based	on	the	sensitivity	of	 the	AFM	setup	derived	 from	the	 force	curve	and	the	

nominal	spring	constant	of	the	AFM	cantilever.		

The	obtained	force	curves	were	analyzed	for	the	lowest	value	of	the	retraction	curve	

which	 represents	 the	 contact	 force	 as	 shown	 in	 Figure	 1.12.	 To	 allow	 data	 analysis	 on	 a	
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statistical	basis,	 at	 least	330	 force	values	were	evaluated	 for	each	set	of	experiments.	The	

obtained	contact	force	values	were	displayed	in	histograms	(as	exemplary	shown	in	Figure	

2.4)	giving	the	number	of	observed	force	curves	as	a	function	of	the	contact	force.	The	width	

of	the	histogram	bins	showing	the	number	of	the	observed	contact	force	events	was	set	to	1	

nN.		

For	 water	 dosing	 within	 the	 AFM	 chamber	 a	 reservoir	 with	 ultrapure	 water	 was	

attached	 to	a	gas	dosing	 system	that	 featured	a	 capillary	with	a	distance	 to	 the	 sample	of	

about	10	mm	to	allow	targeted	water	dosing.	Via	a	leak	valve	system	water	was	dosed	until	

the	pressure	of	within	the	AFM	chamber	was	increased	from	p	base	=	1·10‐9	mbar	to	pdosing	=	

3·10‐8	mbar	for	30	minutes.	After	the	contact	force	mapping	the	sample	was	transferred	to	

the	analysis	chamber	 for	XPS	and	UPS	studies.	 In	 the	 following	step	the	TiO2(110)	sample	

was	transferred	back	to	the	SPM	chamber,	annealed	at	473	K	for	30	minutes	followed	again	

by	AFM	force	mapping	and	electron	spectroscopy	within	the	analysis	chamber.	

	

	
Figure	2.4:	Example	of	a	histogram	giving	the	event	frequency	as	a	function	of	the	observed	

adhesion	force.	The	overall	number	of	data	points	is	330.	
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3 Publications 

In	this	chapter	the	publications	that	were	generated	within	this	work	are	presented.	

Overall	six	publications,	where	four	publications	are	main	author	contributions	(*)	and	two	

publications	are	second	author	contributions	(**),	are	relevant	for	the	here	presented	thesis	

and	are	located	in	a	coherent	context.	The	following	publications	will	be	discussed:	

	

I**	 	C.	Gnoth,	C.	Kunze,	M.	Hans,	M.	to	Baben,	J.	Emmerlich,	J.M.	Schneider,	G.	Grundmeier	

Surface	chemistry	of	TiAlN	and	TiAlNO	coatings	deposited	by	means	of	high	power	

pulsed	magnetron	sputtering		

Journal	of	Physics	D‐Applied	Physics,	46	(2013),	084003.	

	

II*	 C.	Kunze,	R.	H.	Brugnara,	N.	Bagcivan,	K.	Bobzin,	G.	Grundmeier	

Surface	Chemistry	of	PVD	(Cr,Al)N	coatings	deposited	by	means	of	Direct	Current	and	

High	Power	Pulsed	Magnetron	Sputtering		

Surface	and	Interface	Analysis,	45	(2013),	1884‐1892.	

	

III**	 N.	Bagcivan,	K.	Bobzin,	G.	Grundmeier,	M.	Wiesing,	Ö.	Özcan,	C.	Kunze,	R.	H.	Brugnara	

Influence	of	HPPMS	Pulse	Length	and	Inert	Gas	mixture	on	the	Properties	of	(Cr,Al)N	

Coatings	

Thin	Solid	Films,	549	(2013),	192‐198.	

	

IV*	 C.	Kunze,	D.	Music,	M.	to	Baben,	J.M.	Schneider,	G.	Grundmeier	

Temporal	evolution	of	oxygen	chemisorption	on	TiAlN	

Applied	Surface	Science,	290	(2013),	504‐508.	

	

V*	 C.	Kunze,	B.	Torun,	I.	Giner,	G.	Grundmeier	

Surface	chemistry	and	nonadecanoic	acid	adsorbate	layers	on	TiO2(100)	surfaces	

prepared	at	ambient	conditions	

Surface	Science,	606	(2012),	1527‐1533.	

	

VI*	 C.	Kunze,	I.	Giner,	B.	Torun,	G.	Grundmeier	

Influence	of	the	surface	chemistry	on	TiO2	‐	TiO2	nanocontact	forces	as	measured	by	an	

UHV‐AFM	

Chemical	Physics	Letters,	597	(2014),	134‐138.	
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Within	publication	I	the	chemical	composition	of	the	surface	near	region	of	TiAlN(O)	

surfaces	 was	 investigated	 in	 detail	 for	 the	 first	 time	 by	 means	 of	 angle	 resolved	 XPS	

experiments.	It	could	be	shown	that	the	composition	of	the	surface	near	region	significantly	

differs	from	the	bulk	composition	of	the	coatings	which	had	not	been	taken	into	account	yet	

when	discussing	the	interaction	of	such	a	coating	with	a	polymer(melt).		

These	 results	 have	 been	 transferred	 to	 the	 related	 materials	 of	 the	 composition	

CrAlN	as	discussed	in	publication	II.	Within	this	work	–	based	on	the	previous	publication	–	

the	 influence	of	 the	HPPMS	sputter	process	parameters	have	also	been	 investigated	more	

detailed.	 It	 could	 be	 shown	 that	 the	 tendency	 of	 the	 surface	 near	 region	 to	 incorporate	

oxygen	can	be	influenced	by	the	choice	of	adequate	process	parameters.	

The	influence	of	the	process	parameters	during	the	deposition	of	CrAlN	not	only	on	

the	 surface	 composition	 but	 also	 on	 bulk	 properties	 (such	 as	 hardness	 and	morphology)	

have	been	investigated	in	III.	These	results	can	be	nicely	correlated	to	the	previous	work.	

As	the	question	of	oxygen	chemisorption	and	further	 incorporation	into	the	surface	

near	region	of	MAlN(O)	is	of	crucial	interest	towards	designing	tailored	materials,	the	initial	

chemisorption	 of	 oxygen	 on	 TiAlN	 was	 investigated	 in	 IV.	 Interestingly	 the	 oxygen	

chemisorption	 is	 determined	 by	 the	 reaction	 of	 titanium	 with	 oxygen	 along	 with	 the	

formation	of	titanium	vacancies	–	not	by	the	reaction	of	aluminum	with	oxygen	which	would	

the	favored	because	of	thermodynamic	reasons.		

The	interaction	of	titanium	oxide	surfaces	with	organic	molecules	was	studied	in	V.	

Here,	 atmospherically	 prepared	 TiO2	 single	 crystalline	 surfaces	were	 evolved	 as	 a	model	

system	to	study	the	interactions	on	a	fundamental	level.	

Based	on	the	employment	of	atmospherically	prepared	single	crystalline	surfaces	as	

discussed	previously	the	interaction	forces	in	TiO2	–	TiO2	nanocontacts	were	studied	under	

UHV	 conditions	 in	VI.	 	 It	 could	 be	 shown	 that	 the	 state	 of	 the	 surface	 in	 terms	 of	 defect	

density	is	of	crucial	importance	for	the	observed	contact	force.	As	the	formation	of	defects	is	

also	 important	 for	 the	 interactions	at	TiAlN	surfaces	as	discussed	 in	 IV,	 such	experiments	

might	offer	interesting	studies	for	future	work.	

	

	  



Chapter	3	–	Publications	

33	

3.1 Surface chemistry of TiAlN and TiAlNO coatings deposited by means of 

high power pulsed magnetron sputtering  

	

Christian	Gnoth,	Christian	Kunze,	Marcus	Hans,	Moritz	to	Baben,	Jens	Emmerlich,	

Jochen	M.	Schneider,	Guido	Grundmeier	

Journal	of	Physics	D	‐	Applied	Physics,	46,	2013,	084003.	

	

Reprinted	from	Journal	of	Physics	D	‐	Applied	Physics,	Volume	46,	Authors:	C.	Gnoth,	C.	

Kunze,	M.	Hans,	M.	to	Baben,	J.	Emmerlich,	J.M.	Schneider,	G.	Grundmeier,	084003,	

Copyright	(2013),	with	permission	from	IOP	Publishing.	

	

The	 scientific	work	 and	 discussion	was	 coordinated	 and	 consolidated	 by	 CK	under	

supervision	of	GG.	

The	 manuscript	 was	 prepared	 by	 CK	 based	 on	 preliminary	 work	 of	 CG;	 MtB	

contributed	to	the	introduction	of	the	manuscript.	

Hard	coatings	were	deposited	by	MH	and	MtB.	

EDX	measurements	and	data	evaluation	were	performed	by	MtB	and	JE.	

XRD	measurements	and	data	evaluation	were	performed	by	JE.	

XPS	measurements	and	data	evaluation	were	performed	by	CK	and	CG.	

The	manuscript	was	revised	by	GG	and	JMS.	

	

This	publication	 is	 in	context	of	the	master	thesis	of	C.	Gnoth	(“Surface	chemistry	and	

wetting	properties	of	TiAlON	and	CrAlON	plasma	layers”,	January	2012)	under	supervision	of	C.	

Kunze	at	the	chair	of	Technical	and	Macromolecular	Chemistry	of	Prof.	Dr.‐Ing.	G.	Grundmeier.	

The	work	of	the	master	thesis	has	been	performed	on	a	different	set	of	TiAlNO	coatings	that	

have	been	deposited	with	varying	parameters	as	discussed	in	the	publication	below.	

	

Within	this	paper	 the	chemistry	of	 the	surface	chemistry	of	TiAlN	and	TiAlNO	hard	

coatings	 has	 been	 investigated.	 It	 could	 be	 shown	 that	 the	 surface	 near	 region	 of	 the	

investigated	coatings	is	enriched	with	oxygen	in	comparison	to	the	bulk	composition.	As	this	

coating	system	is	used	during	cutting	and	polymer	forming	operations,	the	here	established	

difference	between	the	bulk	composition	of	the	coating	and	the	composition	of	the	surface	

near	 region	 of	 the	 coating	 is	 of	 great	 relevance	 for	 understanding	 interfacial	 dominated	

interactions.	
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3.2 Surface  Chemistry  of  PVD  (Cr,Al)N  coatings  deposited  by  means  of 

Direct Current and High Power Pulsed Magnetron Sputtering 

	

Christian	Kunze,	Ricardo	H.	Brugnara,	Nazlim	Bagcivan,	Kirsten	Bobzin,	Guido	

Grundmeier	

Surface	and	Interface	Analysis,	45,	2013,	1884‐1892.	

	

Reprinted	from	“Surface	and	Interface	Analysis”,	Volume	45,	Authors:	C.	Kunze,	R.	H.	

Brugnara,	N.	Bagcivan,	K.	Bobzin,	G.	Grundmeier,	1884‐1892,	Copyright	(2013),	with	

permission	from	Wiley	&	Sons,	Ltd.	

	

The	 scientific	work	 and	 discussion	was	 coordinated	 and	 consolidated	 by	 CK	under	

supervision	of	GG.	

The	 manuscript	 was	 prepared	 by	 CK;	 RHB	 contributed	 to	 the	 introduction	 of	 the	

manuscript.	

Hard	coatings	were	deposited	by	RHB.	

EDX	and	GDOES	measurements	and	data	evaluation	were	performed	by	RHB.	

XPS	and	AFM	measurements	and	data	evaluation	were	performed	by	CK.	

The	manuscript	was	revised	by	GG,	NB	and	KB.	

	

	

Within	this	paper	the	surface	chemistry	of	CrAlN	hard	coatings	has	been	investigated	

comparing	DC‐MS	and	HPPMS	deposition	processes.	It	could	be	shown	that	the	surface	near	

region	 of	 the	 investigated	 coatings	 is	 enriched	 with	 oxygen	 in	 comparison	 to	 the	 bulk	

composition	along	with	an	enrichment	of	aluminum	in	the	surface	near	region.	Both,	DC	and	

HPPMS	 coatings,	 showed	 a	 non‐stoichiometric	 chemical	 composition	 with	 a	 significant	

excess	of	cations	(chromium	and	aluminum)	in	the	bulk	structure.	The	variation	of	the	pulse	

length	 of	 the	 HPPMS	 process	 had	 a	 strong	 influence	 on	 the	 resulting	 composition	 of	 the	

surface	 near	 region	 mainly	 influencing	 the	 observed	 anion/cation	 stoichiometry.	 Here	 a	

significantly	increased	incorporation	of	nitrogen	could	be	observed	for	short	HPPMS	pulse	

lengths.	 Based	 on	 these	 results	 an	 increased	 knowledge	 towards	 tailored	 surface	

compositions	of	CrAlN	coatings	could	be	gained.	
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SEM cross section images 
Cross  section  samples were prepared by  scratching  the backside of  the  Si wafer  substrate with  a 
diamond  cutter  followed  by  breaking  the  sample.  The  coating  deposited  at  200  µs  exhibits  a 
distinctive columnar structure compared to the DC‐MS coating. As the pulse  length is reduced from 
200 to 80 and 40 µs, a change  in  the microstructure towards a  fine microcrystalline morphology  is 
observed. 
 

Figure 1: SEM cross‐sectional images of the investigated (Cr,Al)N coatings. a) sample 1 (t = 40 µs), b) 
sample 2 (t = 80 µs), c) sample 3 (t = 200 µs), c) sample 4 (DC). 

 
   

b) t = 80µsa) t = 40µs 

c) t = 200 µs d) DC
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Voltage and current waveforms during HPPMS discharge 
The recorded voltage and current waveforms during HPPMS discharge are demonstrated in Figure 2 
representative for a pulse length of 200 μs (left) and 40 μs (right) at constant mean power (5kW) and 
frequency (500 Hz). With reduced pulse duration the current and voltage  increase  in order to keep 
the same cathode mean power.  

 
Figure 2: Cathode voltage and current measured during HPPMS discharge at constant mean power of 
5 kW, frequency of 500 Hz and at a pulse duration of 200 μs (left) and 40 μs (right). 
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3.3 Influence  of  HPPMS  Pulse  Length  and  Inert  Gas  mixture  on  the 

Properties of (Cr,Al)N Coatings  

	

Nazlim	Bagcivan,	Kirsten	Bobzin,	Guido	Grundmeier,	Martin	Wiesing,	Özlem	Özcan,	

Christian	Kunze,	Ricardo	H.	Brugnara	

Thin	Solid	Films,	549,	2013,	192‐198.	

	

Reprinted	from	“Thin	Solid	Films”,	Volume	549,	Authors:	N.	Bagcivan,	K.	Bobzin,	G.	

Grundmeier,	M.	Wiesing,	Ö.	Özcan,	C.	Kunze,	R.	H.	Brugnara	,	192‐198,	Copyright	(2013),	

with	permission	from	Elsevier.	

	

The	scientific	work	and	discussion	was	coordinated	and	consolidated	by	RHB	and	CK	

under	supervision	of	GG	and	NB.	

The	manuscript	was	prepared	by	RHB	and	CK.	

Hard	coatings	were	deposited	by	RHB.	

SEM,	EDS,	XRD	and	mechanical	measurements	and	data	evaluation	were	performed	

by	RHB.	

XPS	measurements	and	data	evaluation	were	performed	by	CK.	

EIS	measurements	were	performed	by	MW	and	ÖÖ.	

The	manuscript	was	revised	by	GG,	NB	and	KB.	

	

	

Within	 this	paper	 the	 influence	of	different	deposition	parameters	on	 the	 chemical	

composition	of	the	surface	near	region	of	CrAlN	hard	coatings	has	been	investigated.	Short	

HPPMS	pulse	lengths	led	to	an	increased	hardness	of	the	deposited	coatings,	in	comparison	

a	coating	deposited	via	DC‐MS	exhibited	the	lowest	hardness.	The	use	of	krypton	as	an	inert	

gas	 in	 the	 sputter	 process	 increased	 the	 deposition	 rate	 marginally	 while	 no	 significant	

changes	 of	 the	 mechanical	 properties	 could	 be	 observed.	 Electrochemical	 impedance	

spectroscopy	 (EIS)	 experiments	 could	 prove	 a	 more	 dense	 morphology	 of	 the	 coatings	

deposited	 by	 means	 of	 HPPMS	 which	 is	 in	 good	 correlation	 to	 the	 observed	 mechanical	

properties.		
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3.4 Temporal evolution of oxygen chemisorption on TiAlN 

	

Christian	Kunze,	Denis	Music,	Moritz	to	Baben,	Jochen	M.	Schneider,	Guido.	

Grundmeier	

Applied	Surface	Science,	290,	2013,	504‐508.	

	

Reprinted	from	“Applied	Surface	Science”,	Volume	290,	Authors:	C.	Kunze,	D.	Music,	

M.	to	Baben,	J.M.	Schneider,	G.	Grundmeier,	504‐508,	Copyright	(2013),	with	permission	

from	Elsevier.	

	

The	 scientific	work	 and	 discussion	was	 coordinated	 and	 consolidated	 by	 CK	under	

supervision	of	GG.	

The	 manuscript	 was	 prepared	 by	 CK;	 DM	 contributed	 to	 the	 discussion	 of	 the	

molecular	dynamics	simulation	results.	

Hard	coatings	were	deposited	by	MtB.	

MD	simulations	and	data	evaluation	were	performed	by	DM.	

XPS	measurements	and	data	evaluation	were	performed	by	CK.	

The	manuscript	was	revised	by	GG	and	JMS.	

	

	

Within	this	paper	the	temporal	evolution	of	oxygen	chemisorption	on	TiAlN	surfaces	

has	 been	 studied	 by	 in‐situ	 XPS	 experiments	 and	 complementary	 ab	 initio	 molecular	

dynamics	(MD)	simulations.	It	could	be	shown	that	oxygen	preferentially	reacts	with	surface	

Ti	atoms	although	the	 formation	of	Al–O	bonds	would	be	expected	due	to	 thermodynamic	

reasons.	The	reaction	goes	along	with	the	displacement	of	Ti	from	the	surface	plane.	Within	

this	work	it	could	be	shown	experimentally	and	theoretically	that	Ti	and	not	Al	determines	

the	chemisorption	of	oxygen	on	TiAlN	for	the	first	time.	
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Temporal Evolution of Oxygen Chemisorption on TiAlN 
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Supplementary data 

 

 

Figure 1: Depth profile of the TiAlN coating used within this work during Ar sputtering with 2 keV. The sputter rate 
can be estimated based on a calibration on SiO2 to about 4 nm/minute. 
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3.5 Surface chemistry and nonadecanoic acid adsorbate layers on TiO2(100) 

surfaces prepared at ambient conditions 

	

Christian	Kunze,	Boray	Torun,	Ignacio	Giner,	Guido	Grundmeier	

Surface	Science,	606,	2012,	1527‐1533.	

	

Reprinted	from	“Surface	Science”,	Volume	606,	Authors:	C.	Kunze,	B.	Torun,	I.	Giner,	G.	

Grundmeier,	1527‐1533,	Copyright	(2012),	with	permission	from	Elsevier.	

	

The	 scientific	work	 and	 discussion	was	 coordinated	 and	 consolidated	 by	 CK	under	

supervision	of	GG.	

The	 manuscript	 was	 prepared	 by	 CK;	 IG	 contributed	 to	 the	 introduction	 of	 the	

manuscript.	

Graphics	within	the	manuscript	were	re‐worked	by	BT.	

TiO2	single	crystals	were	prepared	by	CK,	BT	and	IG.	

AFM	measurements	were	performed	by	CK.	

LEED	 measurements	 were	 performed	 by	 CK	 and	 IG,	 LEED	 data	 evaluation	 was	

performed	by	IG.	

XPS	measurements	and	data	evaluation	were	performed	by	CK.	

The	manuscript	was	revised	by	GG.	

	

	

Within	this	work	the	adsorption	of	carboxy‐functional	molecules	(nonadecanoic	acid)	

on	 atmospherically	 prepared	 TiO2(100)	 single	 crystalline	 surfaces	 has	 been	 investigated.	

The	 presented	 approach	 aims	 in	 a	 molecular	 understanding	 of	 adsorbate	 formation	 on	

titania	surfaces	by	applying	a	model	system	of	TiO2	single	crystal	surfaces	and	a	carboxylic	

acid	as	a	model	adsorbate.	It	could	be	shown	that	the	atmospherically	prepared	TiO2(100)	

substrates	 exhibit	 a	 well	 ordered	 structure	 that	 is	 characterized	 by	 an	 OH	 surface	

termination.	These	substrates	weakly	interact	with	carboxy‐functional	groups	leading	to	an	

unordered	monolayer	of	nonadecanoic	acid	which	replaces	the	native	carbon	contamination	

which	originates	from	molecules	that	are	present	in	the	ambient	atmosphere.	
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3.6 Influence of the surface chemistry on TiO2 ‐ TiO2 nanocontact forces as 

measured by an UHV‐AFM 

	

Christian	Kunze,	Ignacio	Giner,	Boray	Torun,	Guido	Grundmeier	

Chemical	Physics	Letters,	597,	2014,	134‐138.	

	

Reprinted	from	“Chemical	Physics	Letters”,	Volume	597,	Authors:	C.	Kunze,	I.	Giner,	

B.	Torun,	G.	Grundmeier,	134‐138,	Copyright	(2014),	with	permission	from	Elsevier.	

	

The	 scientific	work	 and	 discussion	was	 coordinated	 and	 consolidated	 by	 CK	under	

supervision	of	GG.	

The	manuscript	 was	 prepared	 by	 CK;	 IG	 contributed	 to	 the	 discussion	 of	 the	 UPS	

results.	

TiO2	single	crystalline	surfaces	were	prepared	by	CK	and	IG.		

TiO2	coated	AFM	tips	were	prepared	by	CK.	

XPS	 and	 UPS	 experiments	 were	 performed	 by	 CK	 and	 IG,	 data	 evaluation	 was	

performed	by	CK.	

UHV	AFM	experiments	were	performed	by	CK	and	IG,	data	evaluation	was	performed	

by	CK.	

The	manuscript	was	revised	by	GG.	

	

	

Within	this	work	the	interaction	forces	within	a	TiO2	–	TiO2	nanocontact	have	been	

investigated	by	means	of	UHV	AFM	force‐distance	spectroscopy,	which	is	a	novel	approach	

towards	 understanding	 contact	 forces	 on	 a	 fundamental	 level.	 Atmospherically	 prepared	

TiO2	single	 crystalline	 surfaces	 as	 introduced	 in	 the	 paper	 presented	 in	 section	 3.5,	 were	

employed	as	a	substrate	to	measure	interaction	forces.	Furthermore	a	defect	free	reference	

system	was	 prepared	 by	 adsorbing	 an	 octadecylphosphonic	 acid	 (ODPA)	monolayer	 on	 a	

TiO2	single	crystalline	surface.	It	could	be	shown	that	the	TiO2	surface	defect	density	plays	

an	important	role	that	determines	the	strength	of	 interaction.	The	observed	contact	forces	

could	be	correlated	to	the	surface	defect	density	and	were	discussed	based	on	the	change	in	

electronic	structure	induced	by	the	surface	defects	and	the	impact	on	the	Hamaker	constant.		
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Supplementary Material 

 

1. XPS C 1s and P 2p spectra of the ODPA covered  TiO2(110) substrate 

On the ODPA covered TiO2(110) surface showed a pronounced C 1s signal with a predominantly 

aliphatic contribution at 284.5 eV was found leading to an overall carbon concentration of 52%. 

Additionally the presence of phosphorous (~ 1 – 2 at.-%)  could be proven, indicating a successful 

adsorption of ODPA on the TiO2(110) surface. 

Figure 1: XPS C 1s and P 2p core level spectra of the ODPA coverd TiO2(110) surface 
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2. Tip shape analysis of the TiO2 coated AFM tip 

The tip shape of the TiO2 modified AFM tip was characterized by inverse AFM scanning with a spike 

grid type TGT1 (NT-MDT, Russia) under ambient conditions by means of a JPK Nanowizard II Ultra 

AFM (JPK Instruments, Germany). Based on the image presented in Figure 2 the radius of the TiO2 

coated tip is about 50 nm. 

 

 

 

Figure 2 a.b: a) AFM image of the TiO2 coated tip geometry obtained by inverse AFM scanning and b) by SEM 

imaging 

 

3. Crystallinity of the TiO2 AFM tip coating  

X-ray diffraction (GI-XRD) patterns were recorded in grazing incidence (with typical incidence angle 

ω = 1°) and parallel beam geometry with a Panalytical X’Pert Pro MRD diffractometer equipped with 

a pixel detector and a parabolic mirror in front of a Cu Kα X-ray source (1.5418 Å). The diffractogram 

presented in Figure 3 indicates the rutile TiO2 phase (JCPDS-079-5859). 
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Figure 3: GI-XRD diffractogram of the TiO2 coating. 

 

 

4. LEED analysis of the Ar+ cleaned TiO2(110) surface  

The LEED analysis was performed at a primary energy of the incident electrons of 100 eV. For the 

Ar+
 cleaned substrate a clear LEED diffraction pattern as presented in Figure 4 was observed, which is 

in accordance with LEED patterns reported for TiO2(110) surfaces in the literature (1,2). Thus we 

follow no significant sputtering effect during Ar+ cleaning that leads to a significant surface 

roughening and destruction of the surface crystallinity. 

 

 

Figure 4: LEED pattern of the TiO2(110) surface after Ar+ cleaning at an electron energy of 100 eV. 
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5. UHV-AFM analysis of the Ar+ cleaned TiO2(110) surface  

The AFM analysis (scan size 2 x 2 µm²) shows a well-defined and smooth surface without evidence 

for a surface destruction after Ar+ cleaning.  

Figure 5 a, b: a) Contact mode UHV-AFM image of the Ar+ cleaned TiO2(110) substrate. The scan size is 2 x 2 µm. b) 
Cross section of the marked line. 

 

6. XPS analysis of the TiO2 AFM tip coating 

The changes in surface chemistry of the TiO2 AFM tip coating are not significantly differing from the 

single crystalline TiO2(110) substrate. During the process of Ar+ cleaning also Ti3+ defects are created 

which lead to a defect density comparable to the TiO2(110) substrate. 

 

 

Figure 6: Ti 2p core level spectra of the TiO2 AFM tip coating before and after Ar+ cleaning 
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7. XPS O 1s spectra of the TiO2(110) substrate TiO2 AFM tip coating 

The O 1 s spectra as presented in Figure 7 did not show significant differences between the TiO2(110) 

substrate and the TiO2 AFM tip coating in surface chemistry after Ar+ cleaning. Apart from O2- at 

530.7 eV two additional oxygen species at 531.5 eV and 532.3 eV were identified, that Perron et al. 

assign to bride and top oxygen positions (3).   

Figure  7 a, b): O 1 s core level spectra of the TiO2(110) substrate (left) and the TiO2 AFM tip coating before and after 
Ar+ cleaning. 

 

8. Quantification of Ti 2p and O 1s contributions and evolution of the XPS O 1s spectra of the 

TiO2(110) substrate after water dosing and heating 

At this point we do not discuss the ODPA covered TiO2(110) substrate, as the oxygen contributions 

present in the ODPA phosphonic groups cannot be reliably distinguished from TiO2 oxygen. In the 

following table the detailed O 1s and Ti 2p contributions are presented. 

 

Table 1: Ti 2p and O 1s contributions for the TiO2(110) substrate in at.%, all values include an error of ±2% based on 
the XPS data. 

 Ti 2p O 1s 

 Ti(IV) Ti(III) O top O bridge O2- 

1. after Ar+ cleaning 23 6 4 16 51 

2. after water dosing 24 5 3 14 54 

3. after heating 26 3 4 12 55 

   

Within the O 1s core level spectra no significant changes could be observed after the steps of water 

dosing and heating as presented in Figure 8. 
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Figure 8: Evolution of the TiO2 O 1s peak after Ar+
 cleaning, water dosing and heating. 

 

9. Exemplary AFM force curve obtained in the contact force experiments 

The AFM force-displacement curve does not show any long range forces and is close to ideal. 

 

Figure 9: Exemplary AFM force curve obtained for the Ar+ cleaned TiO2(110) surface. 
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4 Conclusions and Outlook 

Discussing	 interactions	 at	 interfaces	 such	 as	 adhesion	 or	 chemical	 reactions,	 the	

chemical	 composition	 and	 morphology	 not	 only	 of	 the	 topmost	 surface,	 but	 also	 of	 the	

surface	 near	 region	 of	 the	 studied	 material	 is	 of	 crucial	 importance.	 Within	 this	 work	

interfacial	 reactions	 and	 interactions	 of	 two	 important	 materials	 were	 studied:	MAlN(O)	

with	M	 =	 Ti,	 Cr	 and	 TiO2.	 Although	 these	materials	may	 appear	 to	 have	 a	 quite	 different	

nature,	 the	 interfacial	 interactions	 observed	 within	 this	 work	 are	 significantly	 driven	 by	

material	defect	structures	and	non‐equilibrium	surface	states.	

TiAlN(O)	and	CrAlN	have	a	promising	potential	as	hard	coatings	for	tool	steels	within	

polymer	 processing	 such	 as	 extrusion	 and	 injection	molding.	 For	 all	 investigated	 coating	

systems	an	enrichment	of	oxygen	in	the	surface	near	region	was	observed	which	has	to	be	

considered	 carefully	when	 discussing	 the	 interaction	 to	 the	 polymer,	 as	 this	 surface	 near	

region	 –	 and	 not	 the	 bulk	 composition	 of	 the	 material	 –	 determines	 the	 interfacial	

interaction.	 The	 oxidation	 process	 occurs	most	 likely	 after	 the	 deposition	 of	 the	 coatings	

upon	 contact	 with	 the	 ambient	 atmosphere	 upon	 venting	 the	 deposition	 chamber,	 which	

does	not	allow	for	well	controlled	conditions.		

This	 work	 contributed	 to	 the	 better	 understanding	 of	 the	 oxide	 formation	 on	

TiAlN(O)	and	CrAlN	materials.	For	all	 investigated	TiAlN(O)	 coatings	a	non‐stoichiometric	

composition	with	 an	 excess	 of	 anions	was	 found,	which	 is	 even	 increased	 for	 the	 surface	

near	region	due	to	the	 incorporation	of	oxygen	 into	the	 lattice	structure.	A	different	trend	

has	been	observed	for	the	investigated	CrAlN	coatings:	Here	the	volume	structure	shows	a	

depletion	of	 anions	but	 also	an	 excess	of	 anions	 in	 the	 surface	near	 region.	This	 opposite	

trend	 was	 even	 stronger	 for	 coatings	 deposited	 at	 long	 HPPMS	 pulse	 durations,	 as	 this	

parameter	 influences	 the	 grade	 of	 ionization	 within	 the	 plasma.	 In	 this	 case,	 a	 lower	

incorporation	of	anions	into	the	volume	structure	of	the	coating	was	found.	The	investigated	

CrAlN	 coatings	 showed	 an	 almost	 stoichiometric	 composition	 of	 the	 surface	 near	 region	

with	a	marginal	excess	of	anions.	These	findings	show	that	the	incorporation	of	additional	

oxygen	 into	 TiAlN(O)	 and	 CrAlN	materials	 is	 favored	 because	 of	 thermodynamic	 reasons.	

These	 processes	 have	 to	 go	 along	with	 the	 formation	 of	metal	 vacancies	 that	 lead	 to	 the	

stabilization	of	the	atomic	structure.	Another	possible	explanation	is	the	oxidation	of	Ti(III)	

to	Ti(IV).	Within	the	bulk	phase	of	TiAlN	only	Ti(III)	is	present	which	leads	to	a	metastable	
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material	 phase,	 that	 is	 oxidized	up	 to	Ti(IV)	 in	 the	 surface	near	 region	upon	 contact	with	

oxygen		at	high	partial	pressures	to	reach	the	thermodynamic	equilibrium.	

As	 the	 exact	 mechanisms	 of	 these	 processes	 are	 hard	 to	 analyze	 and	 describe,	

additional	quantum	mechanical	simulations	are	a	very	promising	approach	to	take	a	deeper	

insight	 here.	 The	 here	 presented	 experimental	 and	 theoretical	 work	 on	 the	 initial	

chemisorption	of	oxygen	on	TiAlN	was	in	a	very	good	agreement.	It	could	be	shown	that	the	

reaction	is	driven	by	Ti–O	bonds	and	not	by	Al–O	bonding	although	the	formation	of	Al2O3	

would	 be	 thermodynamically	 favored	 over	 the	 formation	 of	 titanium	 oxide.	Within	 these	

experiments	at	low	oxygen	partial	pressures	of	10‐8	mbar	the	formation	of	Ti(III)	oxide	Ti2O3	

has	 been	 observed	 where	 no	 further	 oxidation	 to	 Ti(IV)	 took	 place.	 Hence,	 it	 can	 be	

concluded	that	high	partial	pressures	of	oxygen	and/or	the	presence	of	water	are	necessary	

to	create	a	fully	oxidized	surface	region.	

For	 CrAlN	 the	 bulk	 properties	 were	 also	 investigated	 as	 a	 function	 of	 the	 HPPMS	

parameters.	Here	 it	could	be	shown	that	 the	hardness	of	 the	coatings	can	be	 increased	by	

using	 short	 HPPMS	 pulse‐on‐times	 during	 the	 deposition	 process	 which	 also	 leads	 to	 a	

denser	morphology	 and	 increased	 barrier	 properties.	 These	 results	 are	mainly	 discussed	

based	on	a	higher	ionization	rate	within	the	plasma.	

In	summary	the	better	understanding	of	the	surface	oxidation	reaction	of	CrAlN	and	

TiAlN(O)	achieved	in	this	work	may	lead	to	new	approaches	for	tailored	bulk‐	and	surface	

compositions	of	 these	materials	 that	are	exactly	concerted	for	certain	applications	such	as	

polymer	processing.	The	 issue	of	uncontrolled	surface	oxidation	could	be	overcome	by	an	

optimized	deposition	process	that	includes	an	adequate	aftertreatment	of	the	coatings,	e.g.	

by	a	non‐depositing	plasma	that	only	triggers	a	desired	surface	chemistry.	

	

Comparable	factors	of	influence	have	to	be	considered	discussing	the	interactions	at	

TiO2	 interfaces.	Within	 this	work	 the	deployment	of	 atmospherically	prepared	TiO2	 single	

crystalline	surfaces	as	a	model	system	for	more	complex	titanium	dioxide	surfaces	has	to	be	

highlighted.	It	could	be	shown	that	such	a	defined	system	is	well	suited	to	study	interactions	

on	 a	 fundamental	 level.	 Also	 the	 presence	 of	 adsorbates	 on	 such	 TiO2	 surfaces	 is	 of	 high	

importance	when	discussing	interactions	like	adhesion	and	surface	wetting.	The	formation	

of	a	model	adsorbate	film	consisting	of	nonadecanoic	acid	on	TiO2(100)	was	studied	which	

showed	 a	 low	 interaction	 with	 the	 surface.	 Mainly	 physisorption	 takes	 place	 between	

carboxy‐functional	molecules	and	the	OH‐termiated	surface.		

Discussing	 the	 interaction	 at	 TiO2	 surfaces,	 the	 defect	 density	 of	 the	 surface	 and	

surface	 near	 region	 also	 plays	 an	 important	 role.	 Within	 this	 work	 the	 well‐established	
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technique	of	AFM	force‐distance	spectroscopy	has	been	applied	under	UHV	conditions.	This	

setup	 allows	 to	 investigate	 adhesion	 phenomena	 at	 surfaces	 under	 very	 controlled	

conditions	without	 environmental	 influences	 such	 as	 the	 presence	 of	water	 or	 oxygen.	 It	

could	be	shown	that	 the	adhesion	 force	 is	significantly	 influenced	by	 the	defect	density	of	

the	TiO2	surface.	The	bombardment	of	TiO2(110)	surfaces	with	Ar+	ions	of	200	eV	energy	led	

to	the	 formation	of	Ti3+	defects	 in	the	surface	near	region	of	 the	crystal.	 It	could	be	shown	

that	 the	 surface	 defect	 density	 could	 be	 decreased	 by	 dosing	 water	 at	 3·10‐8	 mbar	 and	

further	by	annealing	the	crystal	at	473	K.	The	defect	density	was	correlated	to	the	contact	

force	 that	was	measured	 by	means	 of	AFM	between	 the	TiO2(110)	 substrate	 and	 an	TiO2	

covered	AFM	tip.	As	a	defect	free	substrate,	a	TiO2	crystal	covered	with	octadecylphosphonic	

acid	was	 used	 as	 a	 reference.	 For	 all	 four	 surface	 states	 the	measured	 contact	 force	was	

correlated	to	the	surface	defect	density.	It	could	be	shown	that	a	higher	Ti3+	defect	density	

leads	to	increased	interaction	forces	that	are	discussed	based	on	Ti	3d1	states	that	have	two	

effects:	(i)	a	higher	donor	density	for	the	formation	of	additional	bonds	and	(ii)	a	change	in	

the	electronic	structure	of	the	valence	band	which	has	an	impact	on	the	effective	Hamaker	

constant.	

Although	these	investigations	were	performed	based	on	a	model	system	under	very	

controlled	 conditions,	 this	 approach	 might	 lead	 to	 an	 increased	 understanding	 of	 more	

complex	TiO2	 surfaces.	TiO2	particles	under	environmental	 conditions	exhibit	 a	way	more	

complicated	 surface	 structure	 in	 terms	 of	 crystallinity	 and	 morphology.	 Here	 also	

environmental	 influences	 such	 as	 water	 of	 adsorbates	 are	 present.	 Based	 on	 the	 results	

obtained	 within	 this	 work	 a	 transfer	 towards	 experiments	 that	 are	 performed	 under	

ambient	conditions	is	possible.	AFM	force‐distance	measurements	in	the	presence	of	water	

or	other	adsorbate	forming	molecules	may	give	a	deeper	insight	into	the	interaction	of	–	not	

only	 of	 TiO2	 –	 particles	 which	 are	 present	 in	 technical	 applications	 under	 ambient	

conditions.	
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XPS	 	 X‐ray	photoelectron	spectroscopy	
XRD	 	 X‐rax	diffraction



Chapter	7	–	Bibliography	

96	

7 Bibliography 
	

[1]	 G.	 Ertl,	 H.	 Knozinger,	 F.	 Schuth,	 J.	 Weitkamp:	 Handbook	 of	 heterogeneous	 catalysis,	
METODOLOGÍA	DOCENTE.	

[2]	 G.	 Grundmeier,	W.	 Schmidt,	M.	 Stratmann:	 Corrosion	 protection	 by	 organic	 coatings:	
electrochemical	 mechanism	 and	 novel	 methods	 of	 investigation,	 Electrochim.	 Acta	
(2000),	45,	2515.	

[3]	 L.	 Carrette,	 K.	 Friedrich,	 U.	 Stimming:	 Fuel	 cells–fundamentals	 and	 applications,	Fuel	
cells	(2001),	1,	5.	

[4]	 A.	J.	Kinloch,	Adhesion	and	adhesives:	science	and	technology,	Springer,	1987.	
[5]	 Y.	Nishi,	R.	Doering,	Handbook	of	semiconductor	manufacturing	technology,	 CRC	Press,	

2000.	
[6]	 R.	A.	Freitas,	Nanomedicine,	volume	I:	basic	capabilities,	Landes	Bioscience	Georgetown,	

TX,	1999.	
[7]	 C.	Mee,	E.	Daniel,	Magnetic	storage	handbook,	McGraw‐Hill,	Inc.,	1996.	
[8]	 W.	 D.	 Münz:	 Titanium	 aluminum	 nitride	 films:	 A	 new	 alternative	 to	 TiN	 coatings,	

Journal	of	Vacuum	Science	&amp;	Technology	A	(1986),	4,	2717.	
[9]	 D.	 McIntyre,	 J.	 E.	 Greene,	 G.	 Håkansson,	 J.	 E.	 Sundgren,	 W.	 D.	 Münz:	 Oxidation	 of	

metastable	single‐phase	polycrystalline	Ti0.5Al0.5N	films:	Kinetics	and	mechanisms,	J.	
Appl.	Phys.	(1990),	67,	1542.	

[10]	 D.	 Music,	 D.	 Lange,	 L.	 Raumann,	 M.	 t.	 Baben,	 F.	 von	 Fragstein,	 J.	 M.	 Schneider:	
Polypropylene–MAlN	(M	=	Ti,	Cr)	interface	interactions,	Surf.	Sci.	(2012),	606,	986.	

[11]	 K.	 Kawata,	 H.	 Sugimura,	 O.	 Takai:	 Characterization	 of	 multilayer	 films	 of	 Ti,Al,O,C,N	
system	prepared	by	pulsed	d.c.	plasma‐enhanced	chemical	vapor	deposition,	Thin	Solid	
Films	(2001),	390,	64.	

[12]	 K.	 Bobzin,	 R.	 Nickel,	 N.	 Bagcivan,	 F.	 D.	 Manz:	 PVD—Coatings	 in	 Injection	 Molding	
Machines	 for	 Processing	 Optical	 Polymers,	 Plasma	Processes	and	Polymers	(2007),	 4,	
S144.	

[13]	 W.	Michaeli,	K.	Bobzin,	S.	Hessner,	A.	Neuss,	F.	Manz:	PVD‐coated	Plastication	Screws,	
Kunststoffe	(2006),	8,	66.	

[14]	 I.	 Petrov,	 P.	 B.	 Barna,	 L.	 Hultman,	 J.	 E.	 Greene:	Microstructural	 evolution	 during	 film	
growth,	Journal	of	Vacuum	Science	&amp;	Technology	A	(2003),	21,	S117.	

[15]	 K.	 Sarakinos,	 J.	 Alami,	 S.	 Konstantinidis:	High	 power	 pulsed	magnetron	 sputtering:	 A	
review	on	 scientific	 and	 engineering	 state	 of	 the	 art,	Surf.	Coat.	Technol.	(2010),	204,	
1661.	

[16]	 D.	 Lundin,	 K.	 Sarakinos:	 An	 introduction	 to	 thin	 film	 processing	 using	 high‐power	
impulse	magnetron	sputtering,	J.	Mater.	Res.	(2012),	27,	780.	

[17]	 J.	Alami,	P.	O.	Å.	Persson,	D.	Music,	J.	T.	Gudmundsson,	J.	Bohlmark,	U.	Helmersson:	Ion‐
assisted	 physical	 vapor	 deposition	 for	 enhanced	 film	 properties	 on	 nonflat	 surfaces,	
Journal	of	Vacuum	Science	&amp;	Technology	A	(2005),	23,	278.	

[18]	 A.	 P.	 Ehiasarian,	 R.	 New,	 W.	 D.	 Münz,	 L.	 Hultman,	 U.	 Helmersson,	 V.	 Kouznetsov:	
Influence	 of	 high	 power	 densities	 on	 the	 composition	 of	 pulsed	magnetron	 plasmas,	
Vacuum	(2002),	65,	147.	

[19]	 A.	P.	Ehiasarian,	W.	D.	Münz,	L.	Hultman,	U.	Helmersson,	I.	Petrov:	High	power	pulsed	
magnetron	sputtered	CrNx	films,	Surf.	Coat.	Technol.	(2003),	163‐164,	267.	

[20]	 N.	Bagcivan,	K.	Bobzin,	S.	Theiss:	(Cr1‐xAlx)N:	A	comparison	of	direct	current,	middle	
frequency	pulsed	and	high	power	pulsed	magnetron	 sputtering	 for	 injection	molding	
components,	Thin	Solid	Films	(2013),	528,	180.	

[21]	 N.	Bagcivan,	K.	Bobzin,	S.	Theiss:	Comparison	of	(Cr0.75Al0.25)N	Coatings	Deposited	by	
Conventional	 and	 High	 Power	 Pulsed	Magnetron	 Sputtering,	 Contributions	to	Plasma	
Physics	(2012),	52,	601.	



Chapter	7	–	Bibliography	

97	

[22]	 N.	Bagcivan,	K.	Bobzin,	G.	Grundmeier,	M.	Wiesing,	O.	Ozcan,	C.	Kunze,	R.	H.	Brugnara:	
Influence	of	HPPMS	pulse	 length	 and	 inert	 gas	mixture	on	 the	properties	 of	 (Cr,Al)N	
coatings,	Thin	Solid	Films	(2013),	549,	192.	

[23]	 C.	Gnoth,	C.	Kunze,	M.	Hans,	M.	T.	Baben,	J.	Emmerlich,	J.	M.	Schneider,	G.	Grundmeier:	
Surface	 chemistry	 of	 TiAlN	 and	 TiAlNO	 coatings	 deposited	 by	 means	 of	 high	 power	
pulsed	magnetron	sputtering,	Journal	of	Physics	D‐Applied	Physics	(2013),	46.	

[24]	 C.	Kunze,	R.	H.	Brugnara,	N.	Bagcivan,	K.	Bobzin,	G.	Grundmeier:	Surface	chemistry	of	
PVD	 (Cr,Al)N	 coatings	 deposited	 by	means	 of	 direct	 current	 and	 high	 power	 pulsed	
magnetron	sputtering,	Surf.	Interface	Anal.	(2013),	45,	1884.	

[25]	 A.	 L.	 Linsebigler,	 G.	 Q.	 Lu,	 J.	 T.	 Yates:	 PHOTOCATALYSIS	 ON	 TIO2	 SURFACES	 ‐	
PRINCIPLES,	MECHANISMS,	AND	SELECTED	RESULTS,	Chem.	Rev.	(1995),	95,	735.	

[26]	 K.	 C.	 Popat,	 L.	 Leoni,	 C.	 A.	 Grimes,	 T.	 A.	 Desai:	 Influence	 of	 engineered	 titania	
nanotubular	surfaces	on	bone	cells,	Biomaterials	(2007),	28,	3188.	

[27]	 B.	Oregan,	M.	Gratzel:	A	LOW‐COST,	HIGH‐EFFICIENCY	SOLAR‐CELL	BASED	ON	DYE‐
SENSITIZED	COLLOIDAL	TIO2	FILMS,	Nature	(1991),	353,	737.	

[28]	 J.	H.	Braun:	Titanium	dioxide	‐	A	review,	Journal	of	Coatings	Technology	(1997),	69,	59.	
[29]	 A.	 Weir,	 P.	 Westerhoff,	 L.	 Fabricius,	 K.	 Hristovski,	 N.	 von	 Goetz:	 Titanium	 Dioxide	

Nanoparticles	in	Food	and	Personal	Care	Products,	Environmental	Science	&	Technology	
(2012),	46,	2242.	

[30]	 U.	Diebold:	The	surface	science	of	titanium	dioxide,	Surf.	Sci.	Rep.	(2003),	48,	53.	
[31]	 T.	Radhakrishnan:	The	optical	properties	of	titanium	dioxide,	Proceedings	of	the	Indian	

Academy	of	Sciences	‐	Section	A	(1952),	35,	117.	
[32]	 M.	Gratzel,	 F.	 P.	 Rotzinger:	 THE	 INFLUENCE	OF	THE	CRYSTAL‐LATTICE	 STRUCTURE	

ON	THE	CONDUCTION‐BAND	ENERGY	OF	OXIDES	OF	TITANIUM(IV),	Chem.	Phys.	Lett.	
(1985),	118,	474.	

[33]	 U.	Diebold,	J.	Lehman,	T.	Mahmoud,	M.	Kuhn,	G.	Leonardelli,	W.	Hebenstreit,	M.	Schmid,	
P.	 Varga:	 Intrinsic	 defects	 on	 a	 TiO2(110)(1	 ×	 1)	 surface	 and	 their	 reaction	 with	
oxygen:	A	scanning	tunneling	microscopy	study,	Surf.	Sci.	(1998),	411,	137.	

[34]	 M.	 A.	 Henderson:	 Structural	 sensitivity	 in	 the	 dissociation	 of	 water	 on	 TiO2	 single‐
crystal	surfaces,	Langmuir	(1996),	12,	5093.	

[35]	 R.	 A.	 Bennett,	 P.	 Stone,	 N.	 J.	 Price,	 M.	 Bowker:	 Two	 Reconstructions	 of	 TiO2(110):	
Surface	Rearrangement	and	Reactivity	Studied	Using	Elevated	Temperature	Scanning	
Tunneling	Microscopy,	Phys.	Rev.	Lett.	(1999),	82,	3831.	

[36]	 A.	Linsebigler,	G.	Lu,	J.	T.	Yates	Jr:	CO	chemisorption	on	TiO2(110):	Oxygen	vacancy	site	
influence	on	CO	adsorption,	The	Journal	of	Chemical	Physics	(1995),	103,	9438.	

[37]	 M.	 A.	 Henderson:	 The	 influence	 of	 oxide	 surface	 structure	 on	 adsorbate	 chemistry:	
desorption	of	water	from	the	smooth,	the	microfaceted	and	the	ion	sputtered	surfaces	
of	TiO2(100),	Surf.	Sci.	(1994),	319,	315.	

[38]	 C.	 Zhang,	 P.	 J.	 D.	 Lindan:	 Multilayer	 water	 adsorption	 on	 rutile	 TiO2(110):	 A	 first‐
principles	study,	J.	Chem.	Phys.	(2003),	118,	4620.	

[39]	 E.	M.	J.	Johansson,	S.	Plogmaker,	L.	E.	Walle,	R.	Schölin,	A.	Borg,	A.	Sandell,	H.	Rensmo:	
Comparing	surface	binding	of	the	maleic	anhydride	anchor	group	on	single	crystalline	
anatase	Tio	2	(101),	 (100),	and	(001)	surfaces,	 Journal	of	Physical	Chemistry	C	(2010),	
114,	15015.	

[40]	 R.	 Tero,	 T.	 Ujihara,	 T.	 Urisu:	 Lipid	 bilayer	 membrane	 with	 atomic	 step	 structure:	
Supported	 bilayer	 on	 a	 step‐and‐terrace	 TiO2(100)	 surface,	 Langmuir	 (2008),	 24,	
11567.	

[41]	 J.	 B.	 Sambur,	 C.	 M.	 Averill,	 C.	 Bradley,	 J.	 Schuttlefield,	 S.	 H.	 Lee,	 J.	 R.	 Reynolds,	 K.	 S.	
Schanze,	 B.	 A.	 Parkinson:	 Interfacial	 morphology	 and	 photoelectrochemistry	 of	
conjugated	 polyelectrolytes	 adsorbed	 on	 single	 crystal	 TiO	 2,	 Langmuir	 (2011),	 27,	
11906.	

[42]	 R.	Nakamura,	N.	Ohashi,	A.	 Imanishi,	T.	Osawa,	Y.	Matsumoto,	H.	Koinuma,	Y.	Nakato:	
Crystal‐face	 dependences	 of	 surface	 band	 edges	 and	 hole	 reactivity,	 revealed	 by	



Chapter	7	–	Bibliography	

98	

preparation	of	essentially	atomically	smooth	and	stable	(110)	and	(100)	n‐TiO2	(rutile)	
surfaces,	Journal	of	Physical	Chemistry	B	(2005),	109,	1648.	

[43]	 Y.	 Yamamoto,	 K.	 Nakajima,	 T.	 Ohsawa,	 Y.	 Matsumoto,	 H.	 Konuma:	 Preparation	 of	
atomically	 smooth	 TiO2	 single	 crystal	 surfaces	 and	 their	 photochemical	 property,	
Japanese	Journal	of	Applied	Physics	Part	2‐Letters	&	Express	Letters	(2005),	44,	L511.	

[44]	 A.	 Imanishi,	 T.	 Okamura,	 N.	 Ohashi,	 R.	 Nakamura,	 Y.	 Nakato:	 Mechanism	 of	 water	
photooxidation	 reaction	 at	 atomically	 flat	 TiO2	 (rutile)	 (110)	 and	 (100)	 surfaces:	
Dependence	 on	 solution	 pH,	 Journal	 of	 the	 American	 Chemical	 Society	 (2007),	 129,	
11569.	

[45]	 C.	Kunze,	B.	Torun,	 I.	Giner,	G.	Grundmeier:	Surface	chemistry	and	nonadecanoic	acid	
adsorbate	 layers	 on	 TiO2(100)	 surfaces	 prepared	 at	 ambient	 conditions,	 Surf.	 Sci.	
(2012),	606,	1527.	

[46]	 S.	 Salameh,	 J.	 Schneider,	 J.	 Laube,	 A.	 Alessandrini,	 P.	 Facci,	 J.	W.	 Seo,	 L.	 C.	 Ciacchi,	 L.	
Mädler:	Adhesion	Mechanisms	of	the	Contact	Interface	of	TiO2	Nanoparticles	in	Films	
and	Aggregates,	Langmuir	(2012),	28,	11457.	

[47]	 H.	Weller:	QUANTIZED	SEMICONDUCTOR	PARTICLES	 ‐	A	NOVEL	STATE	OF	MATTER	
FOR	MATERIALS	SCIENCE,	Advanced	Materials	(1993),	5,	88.	

[48]	 N.	 G.	 Park,	 J.	 van	 de	 Lagemaat,	 A.	 J.	 Frank:	 Comparison	 of	 dye‐sensitized	 rutile‐	 and	
anatase‐based	TiO2	solar	cells,	Journal	of	Physical	Chemistry	B	(2000),	104,	8989.	

[49]	 P.	 A.	 Kralchevsky,	 K.	 Nagayama:	 CAPILLARY	 FORCES	 BETWEEN	 COLLOIDAL	
PARTICLES,	Langmuir	(1994),	10,	23.	

[50]	 X.	 D.	 Xiao,	 L.	M.	 Qian:	 Investigation	 of	 humidity‐dependent	 capillary	 force,	Langmuir	
(2000),	16,	8153.	

[51]	 M.	 Farshchi‐Tabrizi,	 M.	 Kappl,	 Y.	 J.	 Cheng,	 J.	 Gutmann,	 H.	 J.	 Butt:	 On	 the	 adhesion	
between	fine	particles	and	nanocontacts:	An	atomic	force	microscope	study,	Langmuir	
(2006),	22,	2171.	

[52]	 R.	 Wang,	 N.	 Sakai,	 A.	 Fujishima,	 T.	 Watanabe,	 K.	 Hashimoto:	 Studies	 of	 surface	
wettability	 conversion	 on	 TiO2	 single‐crystal	 surfaces,	 Journal	of	Physical	Chemistry	B	
(1999),	103,	2188.	

[53]	 R.	 Tadepalli,	 C.	 V.	 Thompson:	 Formation	 of	 Cu‐Cu	 interfaces	 with	 ideal	 adhesive	
strengths	via	room	temperature	pressure	bonding	in	ultrahigh	vacuum,	Applied	Physics	
Letters	(2007),	90.	

[54]	 K.	Meine,	K.	Kloß,	T.	Schneider,	D.	Spaltmann:	The	influence	of	surface	roughness	on	the	
adhesion	force,	Surf.	Interface	Anal.	(2004),	36,	694.	

[55]	 J.	N.	Israelachvili,	Intermolecular	and	Surface	Forces,	Elsevier	Science,	2010.	
[56]	 S.	 Chretien,	 H.	 Metiu:	 Electronic	 Structure	 of	 Partially	 Reduced	 Rutile	 TiO2(110)	

Surface:	Where	 Are	 the	 Unpaired	 Electrons	 Located?,	 Journal	of	Physical	Chemistry	C	
(2011),	115,	4696.	

[57]	 J.	Mahanty,	B.	W.	Ninham,	Dispersion	forces,	Academic	Press,	1976.	
[58]	 P.	 Thissen,	 M.	 Valtiner,	 G.	 Grundmeier:	 Stability	 of	 Phosphonic	 Acid	 Self‐Assembled	

Monolayers	 on	 Amorphous	 and	 Single‐Crystalline	 Aluminum	 Oxide	 Surfaces	 in	
Aqueous	Solution,	Langmuir	(2010),	26,	156.	

[59]	 S.‐Y.	Liu,	F.‐H.	Wang,	Y.‐S.	Zhou,	J.‐X.	Shang:	Ab	initio	study	of	oxygen	adsorption	on	the	
Ti(0001)	surface,	J.	Phys.:	Condens.	Matter	(2007),	19,	226004.	

[60]	 J.	 L.	 Gland:	 Molecular	 and	 atomic	 adsorption	 of	 oxygen	 on	 the	 Pt(111)	 and	 Pt(S)‐
12(111)	×	(111)	surfaces,	Surf.	Sci.	(1980),	93,	487.	

[61]	 H.	Steininger,	S.	Lehwald,	H.	 Ibach:	Adsorption	of	oxygen	on	Pt(111),	Surf.	Sci.	(1982),	
123,	1.	

[62]	 R.	 B.	 Getman,	 W.	 F.	 Schneider,	 A.	 D.	 Smeltz,	 W.	 N.	 Delgass,	 F.	 H.	 Ribeiro:	 Oxygen‐
Coverage	 Effects	 on	 Molecular	 Dissociations	 at	 a	 Pt	 Metal	 Surface,	 Phys.	 Rev.	 Lett.	
(2009),	102.	

[63]	 B.	 T.	 Jonker,	 J.	 F.	 Morar,	 R.	 L.	 Park:	 Surface	 states	 and	 oxygen	 chemisorption	 on	
Ti(0001),	Physical	Review	B	(1981),	24,	2951.	



Chapter	7	–	Bibliography	

99	

[64]	 N.	D.	Shinn,	T.	E.	Madey:	Oxygen	chemisorption	on	Cr(110):	I.	Dissociative	adsorption,	
Surf.	Sci.	(1986),	173,	379.	

[65]	 Y.	Sakisaka,	H.	Kato,	M.	Onchi:	Oxygen	chemisorption	and	initial	oxidation	of	Cr(110),	
Surf.	Sci.	(1982),	120,	150.	

[66]	 J.	S.	Foord,	R.	M.	Lambert:	Oxygen	chemisorption	and	corrosion	on	Cr(100)	and	Cr(110)	
single	crystal	surfaces,	Surf.	Sci.	(1985),	161,	513.	

[67]	 P.	O.	Gartland:	Adsorption	of	oxygen	on	clean	single	crystal	faces	of	aluminium,	Surf.	Sci.	
(1977),	62,	183.	

[68]	 H.	 Brune,	 J.	Wintterlin,	 R.	 J.	 Behm,	G.	 Ertl:	 Surface	migration	 of	 ‘‘hot’’	 adatoms	 in	 the	
course	of	dissociative	chemisorption	of	oxygen	on	Al(111),	Phys.	Rev.	Lett.	(1992),	68,	
624.	

[69]	 S.	 A.	 Flodström,	 C.	W.	 B.	 Martinsson,	 R.	 Z.	 Bachrach,	 S.	 B.	 M.	 Hagström,	 R.	 S.	 Bauer:	
Ordered	Oxygen	Overlayer	Associated	with	Chemisorption	State	on	Al(111),	Phys.	Rev.	
Lett.	(1978),	40,	907.	

[70]	 N.	 Cabrera,	N.	 F.	Mott:	 Theory	 of	 the	 oxidation	 of	metals,	Rep.	Prog.	Phys.	(1949),	12,	
163.	

[71]	 A.	 Atkinson:	 Transport	 processes	 during	 the	 growth	 of	 oxide	 films	 at	 elevated	
temperature,	Reviews	of	Modern	Physics	(1985),	57,	437.	

[72]	 F.	P.	Fehlner,	N.	F.	Mott:	Low‐temperature	oxidation,	Oxid.	Met.	(1970),	2,	59.	
[73]	 D.	 D.	 Eley,	 P.	 R.	 Wilkinson:	 Adsorption	 and	 Oxide	 Formation	 on	 Aluminium	 Films,	

Proceedings	of	the	Royal	Society	of	London.	Series	A.	Mathematical	and	Physical	Sciences	
(1960),	254,	327.	

[74]	 C.	Kunze,	D.	Music,	M.	T.	Baben,	J.	M.	Schneider,	G.	Grundmeier:	Temporal	evolution	of	
oxygen	chemisorption	on	TiAlN,	Appl.	Surf.	Sci.	(2014),	290,	504.	

[75]	 K.	 P.	 Shaha,	 H.	 Ruess,	 S.	 Rotert,	 M.	 T.	 Baben,	 D.	 Music,	 J.	 M.	 Schneider:	 Nonmetal	
sublattice	 population	 induced	 defect	 structure	 in	 transition	 metal	 aluminum	
oxynitrides,	Appl.	Phys.	Lett.	(2013),	103.	

[76]	 D.	 Music,	 J.	 M.	 Schneider:	 Ab	 initio	 study	 of	 Ti0.5Al0.5N(001)‐residual	 and	
environmental	gas	interactions,	New	Journal	of	Physics	(2013),	15.	

[77]	 J.	Zimmermann,	M.	W.	Finnis,	L.	C.	Ciacchi:	Vacancy	segregation	in	the	initial	oxidation	
stages	of	the	TiN(100)	surface,	The	Journal	of	Chemical	Physics	(2009),	130.	

[78]	 S.	Piscanec,	L.	Colombi	Ciacchi,	E.	Vesselli,	G.	Comelli,	O.	Sbaizero,	S.	Meriani,	A.	De	Vita:	
Bioactivity	of	TiN‐coated	titanium	implants,	Acta	Mater.	(2004),	52,	1237.	

[79]	 A.	Tempez,	A.	Bensaoula,	A.	Schultz:	Characterization	of	TiAlN	thin	film	annealed	under	
O2	 by	 in	 situ	 time	 of	 flight	 direct	 recoil	 spectroscopy/mass	 spectroscopy	 of	 recoiled	
ions	 and	 ex	 situ	 x‐ray	 photoelectron	 spectroscopy,	 Journal	of	Vacuum	Science	&amp;	
Technology	A	(2002),	20,	1320.	

[80]	 J.	F.	Watts,	 J.	Wolstenholme,	An	Introduction	to	Surface	Analysis	by	XPS	and	AES,	Wiley,	
2003.	

[81]	 M.	P.	Seah,	W.	A.	Dench:	Quantitative	electron	spectroscopy	of	surfaces:	A	standard	data	
base	 for	 electron	 inelastic	 mean	 free	 paths	 in	 solids,	 Surface	and	 Interface	Analysis	
(1979),	1,	2.	

[82]	 D.	 Briggs,	 P.	 Seah,	 Practical	 Surface	 Analysis:	 Auger	 and	 X‐ray	 photoelectron	
spectroscopy,	Wiley,	1990.	

[83]	 G.	Binning,	H.	Rohrer,	C.	Gerber,	E.	Weibel,	in	Scanning	Tunneling	Microscopy,	Springer,	
1993,	pp.	31.	

[84]	 G.	 Binnig,	 C.	 F.	Quate,	 C.	 Gerber:	Atomic	 force	microscope,	Phys.	Rev.	Lett.	(1986),	56,	
930.	

[85]	 H.	J.	Butt,	B.	Cappella,	M.	Kappl:	Force	measurements	with	the	atomic	force	microscope:	
Technique,	interpretation	and	applications,	Surf.	Sci.	Rep.	(2005),	59,	1.	
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