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ABSTRACT	

The	 Thermal	 Boundary	 Conductance	 (TBC)	 of	 metal/dielectric	 couples	 was	

measured	 for	 a	 large	 variety	 of	metals	 on	 silicon,	 sapphire	 and	diamond	using	

Time	Domain	Thermoreflectance	and	compared	to	data	previously	obtained	on	

diamond.	In	the	case	of	silicon,	HF-cleaned	and	RF-etched	surfaces	were	tested.	

The	 detailed	 structure	 of	 these	 interfaces	 was	 studied,	 allowing	 distinction	 of	

two	different	cases	of	M/Si	couples:	i)	some	amount	of	interfacial	reaction	exists	

for	 both	 surface	 terminations,	 resulting	 in	 similar	 TBCs;	 and	 ii)	 chemically	

abrupt	interfaces	are	achieved,	resulting	in	TBC	values	that	are	always	lower	for	

RF-etched	 samples.	 The	 TBC	 values	 obtained	 on	 different	 substrates	 allowed	

identifying	a	tendency	of	the	TBC	to	scale	with	the	Maximum	Transmission	Limit	

(MTL).	A	possible	influence	of	the	substrate	was	evaluated	using	both	the	Diffuse	

Mismatch	Model	 (DMM),	which	predicts	 a	 strong	dependence	on	 the	 substrate	

properties	and	a	newly	developed	approach	based	on	the	metal	irradiance	(IM),	

which	 predicts	 no	 dependence	 on	 the	 substrate	 properties.	 The	 DMM	 was	

implemented	 using	 a	 Debye	model	 with	 either	 a	 linear	 (DMMLinear)	 or	 a	 Sine-

Type	(DMMSineType)	dispersion,	while	the	IM	was	implemented	using	a	Sine-Type	

(IMSineType)	 dispersion.	 The	DMMLinear	 and	 the	 IMSineType	were	 found	 to	 be	more	

suitable	 than	 the	 DMMSineType	 and	 to	 be	 equally	 precise	 in	 predicting	 TBC	 at	

metal/silicon	and	metal/sapphire	interfaces.	The	IMSineType	 is	found	to	be	better	

suited	 than	 both	 the	 DMMLinear	 and	 the	 DMMSineType	 to	 predict	 TBC	 at	

metal/diamond	interfaces.	IMSineType	being	the	only	model	tested	that	is	suitable	

for	 all	 three	 substrates,	 it	 appears	 to	 be	 the	 most	 appropriate	 choice.	 As	 a	

corollary	 we	 find	 that	 the	 TBC	 dependence	 on	 substrate	 properties	 is	 much	

weaker	than	predicted	by	the	DMM.		
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I. INTRODUCTION	

Downsizing	of	devices	to	the	nanoscale	raises	several	new	scientific	challenges.	

Amongst	 others,	 interfacial	 properties	 are	 of	 prime	 importance	 because	 they	

strongly	 influence	 the	 overall	 efficiency	 in	 many	 applications.	 In	 the	 field	 of	

thermal	 management,	 for	 example,	 resistance	 to	 heat	 flow	 at	 interfaces	 often	

exceeds	 the	 one	 in	 the	 small-scaled	 bulk	 forming	 the	 interface.	 This	 is	

particularly	true	at	metal-dielectric	interfaces	in	which	the	Kapitza	length,	i.e.	the	

equivalent	thickness	of	bulk	material	forming	the	same	resistance	to	heat	flow	as	

the	 interface,	at	ambient	can	be	as	 large	as	200	μm	(e.g.	at	Bi/H:diam	interface	

(1)).	A	variety	of	studies	investigated	the	mechanisms	involved	in	such	systems.	

Experimentally,	 the	effect	of	material	mismatch	 (1,2),	bond	 strength	 (3–5)	and	

interfacial	 roughness	 (6–9)	 on	 TBC	 were	 extensively	 explored.	 In	 parallel,	

significant	 efforts	 were	 dedicated	 to	 developping	 a	 model	 that	 accurately	

predicts	 the	TBC.	The	Diffuse	Mismatch	Model	 (DMM)	 (10)	 is	 the	most	widely	

used	 for	 metal/dielectric	 couples	 at	 room	 temperature.	 It	 relies	 on	 the	

importance	of	a	change	in	acoustic	properties	with	two	general	tendencies:	i)	the	

TBC	decreases	with	increasing	mismatch	in	phonon	density	of	states	(p-DOS)	on	

either	side	of	the	interface	and	ii)	the	TBC	is	strongly	sensitive	to	the	substrate	

properties.	The	 simplest	 form	of	 the	DMM	uses	 the	Debye	model	with	a	 linear	

dispersion	relation.	A	further	restriction	of	the	DMM	is	that	it	takes	only	elastic	

processes	 into	 account.	 These	 simplifications	 result	 in	 limited	 agreement	

between	experimental	and	 theoretical	values.	Many	adaptations	were	explored	

to	 refine	 the	 predictions.	 Amongst	 others,	 more	 realistic	 phonon	 dispersions	

relations	were	used	 (11),	while	modified	models	were	proposed	 that	 take	 into	

account	additional	 interfacial	states	(12)	or	possible	 inelastic	 interactions	(13),	

for	example.	None	of	these	were,	however,	able	to	capture	the	full	picture	of	the	

physics	 involved	but	 all	 of	 them	kept	 the	general	 trend	described	above.	More	

recently,	Monachon	et	al.	(14)	suggested	that	metal	irradiance	instead	of	p-DOS	

mismatch	 might	 be	 a	 suitable	 parameter	 to	 predict	 thermal	 transport	 at	

metal/dielectric	 interfaces.	 This	 approach	 entails	 that,	 unlike	 predicted	 by	 the	

DMM,	the	substrate	has	no	influence	on	the	TBC.	Instead,	solely	the	phonons	in	

the	metal	have	to	be	taken	into	account.	The	validity	of	this	model	was	discussed	
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based	on	a	number	of	values	obtained	both	from	authors’	earlier	works	and	from	

the	literature.	

The	endeavour	to	validate	models	by	experimental	data	is	rendered	difficult	by	

the	 fact	 that	 the	 specific	 setups,	 preparation	 techniques,	 characterization	

techniques,	 and	 data	 extraction	 models	 vary	 significantly	 amongst	 the	

contributing	groups,	blurring	the	big	picture	and	trends	in	TBC.	 	 In	the	present	

study	we	provide	systematic	measurements	of	TBC	of	a	wide	range	of	metals	on	

some	of	 the	most	 popular	 substrates,	 i.e.	 silicon,	 sapphire,	 and	diamond,	 using	

identical	 sample	preparation,	 characterization	methods,	 and	data	 analysis.	 The	

thus	 generated	 TBC	 values	 are	 complemented	 by	 measurements	 previously	

performed	on	diamond	(15),	obtained	on	a	very	similar	setup,	and	are	meant	to	

serve	as	a	database	that	allows	for	a	comprehensive	comparison	of	experimental	

data	 to	predictive	models.	 It	 is	 believed	 that	 analysing	 such	 a	 large	number	of	

data,	 coming	 from	 one	 single	 source,	 is	 a	 promising	 way	 to	 deepen	 our	

understanding	about	 the	mechanisms	that	are	 involved	 in	 thermal	 transport	at	

metal/dielectric	interfaces	and	their	relative	importance.	Since	metal	and	silicon	

are	 likely	 to	react	 together	and	to	 form	some	 interfacial	compounds,	a	detailed	

exploration	 of	 metal/silicon	 is	 further	 conducted	 for	 two	 different	 sample	

preparation	techniques.	This	complementary	information	is	believed	to	provide	

a	way	to	avoid	bias	related	to	uncontrolled	interfacial	properties.					

	

II. EXPERIMENTAL	METHOD	

a. Sample	preparation	and	characterization	

An	 Alliance-Concept	 DP	 650	 sputtering	 machine	 was	 used	 to	 deposit	 a	 wide	

variety	of	metals	(Ag,	Al,	Au,	Cr,	Cu,	Ir,	Mo,	Ni,	Pd,	Pt,	Ta,	Ti	and	W)	on	silicon	and	

on	sapphire	and	(Ag,	Au,	Cu,	Ir,	Ni,	Pd,	and	Ta)	on	diamond.	A	thin	Cr	cover-layer	

was	further	added	on	top	of	each	sample	to	act	as	a	transducer,	 i.e.	a	cap	 layer	

with	high	change	in	reflectance	with	temperature.	The	samples	were	kept	under	

vacuum	during	the	whole	stack	deposition	process.		

525	 μm-thick,	 boron-doped	 [100]	 Si	 wafers	 were	 used	 for	 all	 metal/silicon	

samples.	Their	surface	state	was	imposed	by	an	RCA	cleaning	step.	Right	before	
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deposition,	each	wafer	was	further	dipped	into	a	10%-HF	solution	during	1	min,	

providing	an	oxide-free,	H-terminated	surface	(16).	This	surface	state	could	then	

be	changed	into	a	Si-terminated	surface	by	performing	a	60s	RF-etch	(16)	within	

the	DP650	sputtering	machine.	These	two	different	surfaces	are	referred	as	“HF-

dipped”	(HF)	and	“RF-etched”	(RF)	respectively.	Ag,	Au,	Cu,	Cr,	Mo,	Ni,	Pd,	Pt	and	

Ta	were	deposited	on	both	HF	and	RF	surfaces.		

600	μm-thick	c-plane	[0001]	Al2O3	wafers	purchased	from	UniversityWafer	(Ref.	

2561)	were	used	for	all	metal/sapphire	samples.	Each	wafer	was	cut	into	2x1cm2	

pieces	 using	 a	 Disco	 DAD321	 dicing	 saw	 before	 being	 ultrasonically	 cleaned	

successively	in	acetone,	ethanol	and	isopropanol.	Possible	organic	contamination	

was	removed	with	a	2	min	Ar:O	plasma	treatment	using	a	Fischione	1020	with	a	

3:1	Ar:O2	gas	mixture.	

1	mm-thick	[001]	HPHT	diamond	stones	purchased	at	Element	6	(Shannon,	Co.	

Clare,	Ireland,	Ref:	MWS	L25)	were	mechanically	polished	using	successively	6,	3	

and	 1	 μm	 diamond	 paste	 with	 olive	 oil	 as	 a	 lubricant.	 Fine	 polishing	 was	

performed	using	1	μm	diamond	paste	and	a	mixture	of	soap,	ethanol	and	water	

as	 a	 lubricant.	 Surface	 reactivity	 was	 induced	 with	 a	 15	 min	 Ar:O-plasma	

treatment	similar	to	the	one	described	above.	

The	 thickness	 of	 each	 layer	was	measured	 by	 X-Ray	 reflectivity	 (XRR)	 using	 a	

XRD	Empyrean	Diffractometer.	Fitting	of	the	curves	was	obtained	with	the	GenX	

software	(17).	Fitting	parameters	were	i)	the	thickness,	ii)	the	density	and	iii)	the	

roughness	of	the	layers	and	substrate	and	iv)	the	width	of	a	possible	intermixed	

zone	between	two	neighbouring	layers.		

In	the	case	of	metal/silicon	samples,	a	set	of	verification	samples	were	analysed	

by	 TEM.	 All	 samples	were	mechanically	 polished	 and	 ion	milled	 until	 electron	

transparency	was	achieved.	 Ion	milling	 temperature	and	beam	power	were	set	

to	-100°C	and	0.2	keV,	thus	avoiding	any	structural	change	of	the	interface	due	to	

sample	heating.	All	samples	were	observed	using	a	FEI-Tecnai	Osiris	microscope	

operating	at	200	kV.	
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b. Thermal	boundary	conductance	measurement	

The	Time	Domain	Thermo-Reflectance	 (TDTR)	 technique	was	used	 to	measure	

the	thermal	boundary	conductance	at	metal/dielectric	interfaces.	The	setup	used	

in	this	work	is	similar	to	the	one	described	previously	(15,18).	In	a	nutshell,	the	

laser	source	was	a	COHERENT	Mira	900	with	a	repetition	rate	of	76	MHz	and	an	

operation	wavelength	 of	 785	nm.	The	 initial	 beam	was	 separated	 into	 a	 pump	

and	 a	 probe.	 The	 pump	 was	 modulated	 at	 10.7	 MHz	 using	 an	 Electro-Optic	

Modulator	(EOM)	before	both	beams	were	focused	on	the	sample	surface.	There,	

the	pump	heats	 the	sample	surface,	while	 the	probe	monitors	 the	 temperature	

change	 through	 a	 variation	 of	 sample	 reflectivity.	 The	 signal	 obtained	 was	

collected	using	a	 fast	photodiode	 (Thorlabs	GmbH,	Ref:	DET10A),	before	being	

frequency	filtered	at	the	pump	modulation	frequency,	pre-amplified	and	fed	into	

a	ZI-HF2	digital	lock-in	amplifier	(Zurich	Instruments,	Zurich,	Switzerland).	Full	

cooling	curves	were	obtained	using	a	delay	stage	that	was	inserted	on	the	pump	

optical	 path	 and	 that	 allowed	 sweeping	 delay	 times	 ranging	 from	 0	 to	 4	 ns.	 A	

good	 signal-to-noise	 ratio	 was	 ensured	 by	 differentiating	 the	 pump	 and	 the	

probe	polarizations	and	wavelengths	using	a	so-called	“two-tint”	technique	(18),	

which	minimizes	the	noise	coming	from	the	pump.		

A	power	meter	and	a	CMOS	camera	were	used	to	measure	the	exact	fluence	and	

1/e2	 radius	 of	 each	 experiment	with	 target	 values	 being	 0.2	mJ/m2	 and	 4	 μm,	

respectively.	

Experimental	 curves	were	 analysed	by	 fitting	 the	X/Y	 ratio	 extracted	 from	 the	

lock-in	 signal	 to	 the	 model	 proposed	 by	 Cahill	 (19).	 TBC	 and	 substrate	

conductivity	were	used	as	fitting	parameters,	while	the	thermal	conductivity	and	

heat	capacity	of	the	metallic	layers	as	well	as	the	substrate’s	heat	capacity	were	

taken	 from	 the	 literature	 (20).	The	metallic	 layer	 thicknesses	were	 taken	 from	

XRR	measurements,	as	described	above.	The	exact	same	procedure	was	used	for	

the	intermixed	region	at	metal/Si	interfaces	(cf.	Section	IV.b).	As	shown	in	Fig.	1,	

a	 good	 signal-to-noise	 ratio	 as	well	 as	 a	 good	 fit	 quality	were	 obtained	 for	 all	

metals	on	all	substrates.		
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Figure	1:	TDTR	raw	signals	and	fitting	curves	obtained	for	
a)	Cr-Au/HF	Si	b)	Cr-Au/RF	Si	c)	Cr-Au/sapphire	and	d)	

Cr-Au/diam.	
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III. RESULT	

a. XRR	as	a	characterization	tool	to	explore	the	detailed	structure	of	
metal/silicon	interfaces	

XRR	 was	 found	 to	 be	 a	 suitable	 technique	 to	 detect	 the	 existence	 of	 possible	

intermixed	 regions	 at	metal/Si	 interfaces	with	 thicknesses	 ranging	 from	0.1	 to	

10	 nm.	 In	 cases	where	 such	 a	 layer	 existed,	 ignoring	 it	 would	 prevent	 proper	

data	 fitting,	as	 shown	 in	Fig.	2a.	 Instead,	assuming	 the	presence	of	a	 layer	 that	

has	a	50:50	compositional	ratio	led	to	satisfactory	fits	(Fig.	2b.).	The	presence	of	

such	 intermixed	 layers	 was	 verified	 by	 performing	 TEM	 imaging	 on	 a	 set	 of	

control	 samples.	 Comparing	 the	 results	 obtained	 using	 both	 techniques,	 it	 is	

observed	 that	 the	 XRR	 is	 well	 suited	 to	 detect	 the	 existence	 of	 an	 intermixed	

layer.	However,	the	lack	of	information	on	the	detailed	composition	of	this	region	

led	 to	 considerable	 uncertainty	 in	 quantitative	 assessment	 its	 thickness.	 	 As	

shown	 in	 Table	 1,	 assuming	 a	 50:50	 compositional	 ratio	 can	 lead	 to	 thickness	

measurements	errors	larger	than	a	factor	of	2.			
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Figure	2:		X-Ray	Reflectivity	(XRR)	experimental	data	and	
fitting	curves	for	Cr-Au/RF-etched	Si	with	a)	fitting	
performed	without	taking	into	account	a	possible	
interfacial	reaction	between	Au	and	Si,	b)	fitting	

performed	taking	into	account	a	possible	interfacial	
reaction	between	Au	and	Si	
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Table	1:	 Comparison	between	 the	 intermixed	 region	 thicknesses	measured	using	both	 the	XRR	and	TEM	
imaging.	The	XRR	measurement	strongly	depends	on	the	intermixed	region	composition,	which	is	unknown.	
This	results	in	relatively	large	errors	in	the	values	found	for	intermixed	region	thicknesses.	

	

Couple	

XRR	interlayer	
thickness	

HF-dipped	

[nm]	

TEM	interlayer		
thickness	

HF-dipped	

[nm]	

XRR	interlayer		
thickness	

RF-etched	

[nm]	

TEM	interlayer		
thickness	

RF-etched	

[nm]	

Ag/Si	 2.1	 	 1.6	 	

Al/Si	 -	 	 -	 	

Au/Si	 2.2	 ~1.5	 5	 ~3.8	

Cr/Si	 -	 	 -	 	

Cu/Si	 -	 -	 -	 disordered	silicon	

Ir/Si	 1.4	 	 N.A.	 	

Mo/Si	 -	 	 -	 	

Ni/Si	 2.5	 	 2.6	 	

Pd/Si	 2.1	 	 5.4	 	

Pt/Si	 4.6	 ~6.5	 4.3	 ~10	

Ta/Si	 2	 	 2.2	 	

W/Si	 2.6	 	 N.A.	 	

	

b. Detailed	structure	of	metal/silicon	interfaces	and	its	influence	on	TBC		

As	 shown	 in	 Fig.	 3,	 the	 exploration	 of	 the	 detailed	 structure	 of	 metal/silicon	

interfaces	 allowed	 distinction	 of	 two	 cases:	 i)	 flat	 interfaces	 with	 some	

intermixing	 formed	 for	 both	 metal/HF-dipped	 Si	 and	 metal/RF-etched	 Si	

samples,	as	e.g.	 for	Au,	Ag,	Pd,	Pt,	Ni	and	Ta/Si	 interfaces;	 ii)	chemically	abrupt	

interfaces	with	no	intermixing,	found	in	Al,	Cr,	Cu	and	Mo/Si	couples.	In	the	latter	

case,	metal/HF-dipped	interfaces	are	observed	to	be	flat,	while	some	amount	of	

structural	disorder	is	observed	at	the	metal/RF-etched	Si	interface.		

Fig.	4	shows	the	results	obtained	for	these	various	interfaces	as	a	function	of	the	

Maximum	 Transmission	 Limit	 (MTL)	 of	 each	 metal.	 The	 MTL	 was	 chosen	

because	 it	gives	the	highest	physically	possible	TBC,	assuming	that	all	phonons	

coming	 from	 the	metal	are	 transmitted	 to	 the	dielectric	either	via	harmonic	or	

anharmonic	 interactions.	 This	 allows	 analysing	 TBC	 values	 by	 preventing	 any	

possible	influence	coming	from	the	assumptions	made	in	commonly	used	models	

such	 as	 AMM,	 DMM,	 RL,	 etc.	 The	 typical	 experimental	 variability	 of	 a	 set	 of	
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measurements	performed	on	the	same	sample	was	found	to	be	smaller	than	7%,	

while	 the	overall	precision	 is	evaluated	 to	be	±20%	and	 takes	 into	account	 the	

uncertainty	 on	 the	 layer	 thicknesses	 and	 thermal	 properties,	 on	 the	 laser	 spot	

size	and	on	the	beam	power.	

	

	
Figure	3:	TEM	images	performed	on	a	set	of	control	samples,	confirming	that	XRR	is	a	suitable	method	to	

determine	whether	intermixing	occurred	at	metal/silicon	interfaces.	
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Figure	4:	TBC	measured	at	metal/silicon	interface	with	
HF-dipped	and	RF-etched	silicon	surface.	
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Depending	on	whether	the	metal/Si	interface	studied	is	according	to	the	first	or	

the	 second	 case,	 the	 TBC	 is	 seen	 to	 evolve	 differently.	 	 On	 the	 one	 hand,	 it	 is	

observed	 that	 for	 all	 metal/Si	 interfaces	 in	 which	 interfacial	 intermixing	 was	

present,	 the	TBC	does	not	depend	on	 the	silicon	surface	preparation	 technique	

prior	to	deposition.	On	the	other	hand,	for	all	metals	that	exhibited	a	chemically	

abrupt	 interface,	TBC	was	observed	 to	be	 larger	 for	HF-dipped	substrates	 than	

for	RF-etched	substrates,	with	the	TBC	of	the	HF-dipped	sample	being	typically	

1.5	to	2.5	times	larger	than	the	TBC	of	the	RF-etched	sample.	

c. TBC	dependence	on	substrate	

Fig.	5	summarizes	the	results	obtained	for	TBCs	measured	for	a	variety	of	metals	

on	 silicon,	 sapphire	 and	 diamond	 as	 a	 function	 of	 the	 MTL.	 As	 for	 the	 values	

presented	 in	 Section	 III.a,	 the	 typical	 experimental	 variability	 of	 a	 set	 of	

measurements	performed	on	the	same	sample	was	found	to	be	smaller	than	7%,	

while	 the	 overall	 precision	 is	 evaluated	 to	 ±20%.	 TBC	 values	 ranged	 roughly	

from	 50	 to	 500	 MW/m2K	 (specific	 numerical	 values	 can	 be	 found	 in	

Supplemental	Material	Table	2).	We	further	added	in	Fig.	5	the	data	measured	by	

our	 group	 on	 diamond	 reported	 previously	 (15),	 as	 well	 as	 values	 found	

elsewhere	 in	 the	 literature	 for	metal/silicon	 (21,22),	metal/sapphire	 (2,21,23–

25)	and	metal/diamond	(26)	couples.	Our	data	are	 found	to	be	overall	 in	good	

agreement	with	values	from	the	literature.		

Au Ag CrPt Cu
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Pd Ir

NiW Al
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Ta

Figure	5:	Compilation	of	TBC	values	measured	at	metal/silicon,	
metal/sapphire	and	metal/diamond	interfaces.	Dots	are	for	measurements	
performed	within	this	work	(silicon	and	sapphire)	or	taken	from	(15)	
(diamond)	and	triangles	are	values	taken	from	the	literature	(2,21–26).	
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For	all	substrates,	TBC	clearly	tends	to	increase	with	increasing	MTL.	Au	and	Cr,	

which	 have	 respectively	 the	 lowest	 and	 the	 highest	 MTL	 amongst	 the	 metals	

tested	(407	vs.	1359	MW/m2K),	accordingly	exhibit	the	smallest	and	the	largest	

TBC	values	with	TBC	at	Cr	interfaces	being	larger	by	a	factor	of	3.5	for	silicon	and	

by	a	factor	of	6	for	both	sapphire	and	diamond	substrates.			

No	clear	trend	in	the	influence	of	the	substrate	on	the	TBC	could	be	identified.	As	

an	example,	the	TBC	at	Au,	Al,	Cr,	Pt	and	W	interfaces	was	found	to	be	the	lowest	

when	 using	 a	 sapphire	 substrate,	 while	 a	 diamond	 substrate	was	 observed	 to	

lead	to	the	smallest	TBC	at	Ag,	Cu,	Ir,	Pd	and	Ta	interfaces.	

	

IV. DISCUSSION	

a. Occurrence	of	an	intermixed	region	at	metal/Si	interface	

Intermixing	 was	 observed	 at	 all	 metal/Si	 interfaces	 except	 for	 Al,	 Cu,	 Cr	 and	

Mo/Si	interfaces.	Interestingly	enough,	equilibrium	phase	diagrams	indicate	that	

Cu,	Mo	 and	 Cr	would	 be	 favourable	 to	 form	 silicides,	while	 at	 thermodynamic	

equilibrium	Ag,	Au	and	Al	would	not	be	expected	to	form	silicides.	Seemingly,	the	

sputtering	 conditions	used	within	 this	work	do	not	 reflect	 equilibrium.	Out-of-

equilibrium	 compounds	 are	 formed	 instead,	 whose	 properties	 are	 not	 known.	

The	 existence	 of	 such	 non-equilibrium	 compounds	 for	 the	 Au/Si	 and	 Ag/Si	

systems	have	been	observed	by	Klement	and	co-workers	(27,28)	at	high	cooling	

rates	 from	 the	 liquid.	 As	 will	 be	 detailed	 below,	 the	 combination	 of	 XRR	

measurements	 and	 TEM	 investigation	 still	 allowed	 extracting	 TBC	 values	 for	

those	 interfaces	despite	 the	 lack	 of	 precise	 thermophysical	 properties	 of	 those	

interphases.	

b. TDTR	measurement	sensitivity	to	an	intermixed	region	

XRR	measurements	 highlighted	 the	 existence	 of	 an	 intermixed	 region	 in	many	

metal/Si	 couples.	 However,	 neither	 the	 exact	 composition,	 nor	 the	 exact	

thickness	 of	 these	 layers	 is	 known,	 preventing	 precise	 determination	 of	 their	

thermal	 properties.	 Compounds	with	 various	metal:Si	 ratio	 are	 however	most	

likely	formed.	Based	on	literature	values	for	silicides,	they	are	expected	to	have	a	
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thermal	conductivity	of	about	20	W/mK	and	a	volumetric	heat	 capacity	on	 the	

same	order	as	the	pure	metal	(29–31).		

Taking	these	considerations	into	account,	TBC	values	were	extracted	from	TDTR	

curves	 with	 the	 intermixed	 region	 thermal	 properties	 being	 approximated	 as	

follows:	 i)	 its	 thermal	conductivity	was	set	 to	20	W/mK,	 ii)	 its	volumetric	heat	

capacity	 was	 assumed	 to	 be	 the	 same	 than	 its	 metal	 counterpart	 and	 iii)	 its	

thickness	 was	 set	 based	 on	 the	 values	 obtained	 by	 XRR.	 While	 these	

approximations	are	fairly	rough,	i.e.	the	uncertainty	in	thickness	can	easily	reach	

a	 factor	of	 2,	 cf.	 section	 III.2,	 and	 the	uncertainty	 in	heat	 capacity	 and	 thermal	

conductivity	might	be	of	the	same	order,	a	detailed	analysis	of	TDTR	sensitivity	

to	the	intermixed	layer	thermal	properties	was	carried	out.	The	sensitivity	S	to	a	

parameter	i	is	expressed	using	Eq.	1.		

	

𝑆"(𝑇) =
𝜕 ln *−𝑋(𝑡, 𝑇)𝑌(𝑡, 𝑇)0

𝜕 ln[𝑖(𝑇)] 						(1)	

	

The	sensitivity	to	parameter	i	is	low	for	S	values	close	to	zero	and	it	scales	with	

increasing	S	values.	A	low	sensitivity	to	parameter	i	means	that	large	errors	in	its	

determination	 will	 not	 significantly	 affect	 the	 end	 result.	 Similarly,	 a	 large	

sensitivity	to	parameter	i	means	that	even	small	errors	in	its	determination	can	

significantly	affect	the	end	result.		

In	 the	 case	of	metal/Si	 couples,	 it	was	highlighted	 that	none	of	 the	 intermixed	

region	 thermal	 properties	were	 critical	 in	 determining	 the	 final	 TBC	 value.	 As	

shown	 in	 Fig.	 6:	 S	 values	 fall	 close	 to	 zero	 for	 all	 three	 parameters	 in	 all	 the	

systems	 studied	 and	 for	 all	 delay	 times.	 Consequently,	 errors	 due	 to	 rough	

approximations	 for	 the	 intermixed	 region	 thermal	 properties	 do	 not	 affect	 the	

final	TBC	values	significantly.		
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c. Detailed	structure	of	metal/silicon	interfaces	and	its	influence	on	TBC		

The	dependence	of	 the	TBC	on	 the	detailed	 structure	 of	 the	metal/Si	 interface	

observed	in	Fig.	4	is	rationalized	as	follows.		

When	 an	 intermixed	 region	 exists	 for	 both	 the	 HF-dipped	 and	 the	 RF-etched	

samples,	the	metal/Si	interfaces	structure	does	not	depend	much	on	the	surface	

preparation	technique,	except	 for	 the	 thickness	 that	was	shown	to	change	by	a	

factor	 that	 can	 be	 as	 large	 as	 1.5	 (e.g.	 Pt/Si,	 see	 Fig.	 3).	 A	 possible	 change	 in	

composition	cannot	be	excluded	either.	None	of	these	parameters	was	however	

found	 to	 be	 critical	 enough	 to	 influence	 the	 TBC,	 resulting	 in	 values	 that	 are	

equal,	 within	 experimental	 errors,	 whatever	 surface	 termination	 is	 used.	 The	

same	kind	of	behaviour	was	already	observed	at	metal/diamond	interfaces	(32),	

in	which	TBC	was	observed	to	be	the	same	for	as-deposited	samples	and	after	a	

heat-treatment	 that	 enabled	 carbide	 formation.	 This	 was	 taken	 as	 a	 sign	 that	

interfacial	 carbides-like	 bonds	 controlling	 the	 TBC	 already	 exist	 in	 the	 as-
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Figure	6:	TDTR	measurements’	sensitivity	to	the	
intermixed	region	thermal	properties.	
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deposited	sample.	Similarly,	the	results	obtained	at	Au,	Ag,	Pd,	Pt,	Nb	and	Ni/Si	

suggest	that	the	nature	of	interfacial	bonds	that	controls	the	TBC	is	the	same	in	

both	cases.		

When	a	chemically	abrupt	interface	is	obtained,	the	metal/Si	interface	structure	

depends	significantly	on	the	surface	preparation	technique.	HF-dipped	samples	

exhibit	flat	interfaces,	while	RF-etched	samples	display	a	much	rougher	interface	

in	which	some	amount	of	disordered	silicon	 is	 found	to	be	present,	most	 likely	

induced	by	the	Ar-ion	bombardment.	These	differences	result	in	TBC	values	that	

are	 always	 lower	 for	 RF-etched	 samples	 with	 a	 relative	 decrease	 that	 ranges	

from	a	factor	of	1.5	in	the	Cr/Si	system	to	a	factor	of	2.5	in	the	Al/Si	system.	TBC	

reductions	 related	 to	 disordered	 interfaces	 were	 already	 observed	 (6,9)	 and	

attributed	 to	a	 reduction	 in	 the	phonon	 transmission	probability,	which	 comes	

from	an	increase	in	phonons	scattering.	Based	on	these	observations,	HF-dipped	

samples	 were	 used	 as	 a	 reference	 for	 the	 comparison	with	 TBC	measured	 on	

other	substrates.	

b.	TBC	dependence	on	substrate	

In	an	attempt	to	deepen	our	understanding	on	the	role	of	the	substrate	on	TBC	at	

metal/dielectric	interfaces,	TBC	values	obtained	within	this	work	combined	with	

those	previously	obtained	by	our	group	on	diamond	(15)	were	compared	to	two	

different	models	 proposed	 in	 the	 literature.	 On	 the	 one	 hand,	 the	well-known	

DMM,	which	predicts	a	strong	dependence	of	TBC	on	the	relative	phonon	DOS	on	

either	side	of	 the	 interface.	This	model	was	 implemented	using	a	Debye	model	

with	either	a	linear	(DMMLinear)	(Eq.	2)	or	a	Sine-Type	(DMMSineType)	(33)	(Eq.	3)	

dispersion	relation.		

𝜔7"89:; = 𝑐𝐾				 → 						 𝐷7"89:;(𝜔) =
𝐿A𝜔B

2𝜋B𝑐A 								(2)	
	
with	ω	the	angular	frequency,	c	the	sound	velocity	and	K	the	wave	vector.	
	
	

𝜔E"89FGH9 = 𝜔I sin L
𝜋
2
𝐾
𝐾M
N					
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On	 the	 other	 hand,	 the	 approach	 proposed	 by	Monachon	 et	al.	(14),	 based	 on	

irradiance,	 which	 assumes	 that	 TBC	 depends	 on	 the	 phonons	 available	 in	 the	

metal	 only	 with	 no	 dependence	 on	 the	 substrate	 properties.	 This	 model	 was	

implemented	 using	 a	 Debye	 model	 with	 a	 Sine-Type	 dispersion	 relation	

(IMSineType)		

The	results	obtained	are	given	in	Fig.	7,	8	and	9	for	silicon,	sapphire	and	diamond	

respectively.	 In	 the	 case	 of	 silicon,	 the	 irradiance	 model	 is	 shown	 to	 lead	 to	

predictions	reasonably	close	to	the	experimental	values	for	all	the	metals	tested.	

The	 DMM	 implemented	 using	 a	 linear	 dispersion	 shows	 large	 deviation	 for	

metals	 with	 MTL	 smaller	 than	 800	 MW/m2K	 roughly,	 while	 reasonably	 good	

agreement	with	 experimental	 data	 is	 obtained	 for	MTL-values	 larger	 than	 800	

MW/m2K.	The	DMM	implemented	with	 the	Sine-type	dispersion	 is	observed	 to	

be	less	accurate	than	the	other	models	in	most	cases.		The	exact	same	tendency	is	

observed	 for	TBC	values	measured	at	metal/sapphire	 interfaces.	 In	 the	 case	of	

diamond,	however,	 the	situation	 is	significantly	different.	The	 irradiance	model	

is	 still	 observed	 to	 fit	 reasonably	 well	 the	 experimental	 data,	 while	 the	 DMM	

implemented	using	a	linear	dispersion	is	found	to	be	much	less	accurate	with	a	

precision	being	lower	than	a	factor	of	two	in	all	cases.	As	for	silicon	and	sapphire,	

the	DMM	implemented	using	a	Sine-type	dispersion	is	the	least	accurate	model.		

These	 trends	 are	 quantified	 by	 calculating	 the	 average	 of	 the	 logarithm	 of	 the	

ratio	 of	 the	 experimental	 values	 found	 for	 all	 metals	 on	 a	 given	 substrate	 as	

compared	to	the	values	predicted	by	one	of	the	tested	model.	Taking	the	average	

of	 the	 logarithm	 of	 the	 (TBCexp/TBCmodel)-ratios	 avoids	 any	 bias	 in	 favour	 of	

overestimated	 values.	 Averaging	 over	 the	 absolute	 values	 of	 the	 logarithm	 of	

these	ratios	avoids	compensation	of	positive	and	negative	values.	The	closer	this	

average	 is	 to	 0,	 the	 more	 predictive	 is	 the	 model,	 while	 taking	 the	 standard	

deviation	of	all	those	logs	gives	the	accuracy	of	the	prediction.	
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𝑚𝑜𝑑𝑒𝑙	𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛	𝑐𝑎𝑝𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = llog
𝑇𝐵𝐶9pH
𝑇𝐵𝐶qr

ssssssssssssss
l									(4)	

	

𝑚𝑜𝑑𝑒𝑙	𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝑠𝑡𝑑𝑒𝑣 llog
𝑇𝐵𝐶9pH
𝑇𝐵𝐶qr

ssssssssssssss
l								(5)	
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Figure	7:	Experimental	TBCs	for	metal/silicon	couples	
compared	to	predictions	obtained	using	the	IMSineType,	the	

DMMLinear	and	the	DMMSineType.	
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Figure	8:	Experimental	TBCs	for	metal/sapphire	couples	
compared	to	predictions	obtained	using	the	IMSineType,	the	

DMMLinear	and	the	DMMSineType.	
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As	shown	in	Fig.	10	and	as	expected	from	the	above	discussion,	the	IMSineType	and	

the	DMMLinear	 are	 in	average	equally	precise	 in	predicting	TBC	at	metal/silicon	

and	metal/sapphire	 interfaces,	 while	 the	 IMSineType	 is	 clearly	 the	most	 suitable	

model	to	predict	TBC	at	metal/diamond	interfaces.	The	average	precision	of	the	

model(s)	 that	 is	(are)	the	most	accurate	to	predict	 the	TBC	values	obtained	for	

each	substrate	is	observed	to	be	roughly	constant,	i.e	around	±35%.	

Based	on	these	observations,	the	following	general	tendencies	can	be	drawn.	The	

models	 currently	 available	 to	 predict	 the	 TBC	 reach	 an	 average	 precision	 of	

±35%	 at	 best.	 If	 DMMLinear	 seems	 to	 be	 a	 good	 option	 in	 predicting	 TBC	 at	

metal/silicon	and	metal/sapphire	interfaces,	IMSineType	is	observed	to	be	the	most	

appropriate	 choice	 if	 no	 restriction	 is	 set	 to	 the	 substrate	 since	 it	 keeps	 its	

predictive	 capacity	 also	 for	 metal/diamond.	 This	 suggests	 that	 substrate	

influence	if	not	being	zero	is	at	least	much	weaker	than	predicted	by	the	DMM.		

Au Ag Ni CrPt Al Cu

Mo
W

MTL [MW/m2K]

Diamond

Ta

Pd Ir

Figure	9:	Experimental	TBCs	for	metal/diamond	couples	
compared	to	predictions	obtained	using	the	IMSineType,	the	
DMMLinear	and	the	DMMSineType.	Data	for	Al,	Cr,	Mo,	Pt	and	W	

were	taken	from	Ref	(15).	
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V. CONCLUSION	

The	effect	of	surface	 termination	(HF-dipped	or	RF-etched)	on	TBC	at	metal/Si	

interfaces	was	studied	for	a	large	variety	of	metal/Si	couples.	An	exploration	of	

the	 detailed	 structure	 of	 these	 interfaces	 allowed	 identifying	 two	 different	

scenarios:	i)	Some	intermixing	exists	for	both	the	HF-dipped	and	the	RF-etched	

samples,	 which	 results	 in	 TBC	 values	 that	 are	 independent	 on	 surface	

termination.	 This	 suggests	 that	 interfacial	 bonding	 is	 the	 key	 parameter	

controlling	the	TBC	at	these	interfaces,	while	the	intermixed	region	composition	

and/or	 thickness	 has	 only	 little	 influence;	 ii)	 Chemically	 abrupt	 interfaces	 are	

obtained,	 resulting	 in	 strong	 differences	 between	 the	metal/HF-dipped	 Si	 and	

the	metal/RF-etched	Si	 interfaces	 structure.	The	 former	 is	 flat,	while	 the	 latter	

contains	some	amount	of	disordered	silicon,	which	results	in	TBC	values	that	are	

always	 lower	 for	 RF-etched	 samples.	 This	 suggests	 that	 disordered	 silicon	

strongly	 scatters	 phonons,	 resulting	 in	 a	 reduced	 phonon	 transmission	

probability.		

The	 effect	 of	 the	 substrate	 on	 TBC	 was	 further	 evaluated	 by	 comparing	 the	

results	obtained	at	metal/silicon,	metal/sapphire	and	metal/diamond	interfaces.	

A	comparison	of	the	experimental	data	to	the	DMM	and	to	an	approach	based	on	

silicon sapphire diamond

Figure	10:	Comparison	of	the	average	precision	and	its	
standard	deviation	of	each	model	as	compared	to	

experimental	data	using	silicon,	sapphire	and	diamond	
substrates.	
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the	metal	irradiance	allowed	concluding	that	the	DMMlinear	allows	predicting	TBC	

with	 a	 precision	 that	 is	 similar	 to	 the	 IMSineType	 for	 both	 metal/silicon	 and	

metal/sapphire	interfaces.	The	IMSineType	 is	however	significantly	more	accurate	

at	 metal/diamond	 interfaces.	 The	 DMMSineType	 has	 the	 poorest	 precision	 in	 all	

cases.	 These	 results	 suggest	 that	 the	 TBC	 dependence	 on	 substrate	 is	 much	

weaker	 than	predicted	by	 the	DMM.	Therefore,	 the	 IMSineType	 appears	 to	be	 the	

safest	choice	when	trying	to	predict	TBC	with	an	average	precision	that	reaches	

±35%.	
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