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7. Es'ma'on	of	the	radius	of	the	thermal	contact	between	'p	and	surface	

8. FiWed	parameters	of	Eq.	3.	

1.	Sample	fabrica.on	

The	Si-n+(highly	doped	∼10-3	Ω.cm)/SiO2	substrate	(200		-	500	nm	of	thermal	SiO2)	

were	first	cleaned	 in	CH2Cl2	 (3mn,	sonicated),	 in	 IPA	(isopropyl	alcohol)	solu'on	

(3mn,	sonicated)	and	 then	submiWed	during	10	mn	to	UV-ozone	cleaning.	They	

were	used	immediately.	The	C8-BTBT-C8	and	BTBT	(scheme	1)	solu'ons	(5mg/mL	

in	 toluene	 for	BTBT	and	5	mg/mL	 in	 tetrahydrofuran	 for	C8-BTBT-C8)	were	 spin	

coated	at	1000	rpm	for	9s	followed	by	30	s	at	1500	rpm,	or	directly	at	4500	rpm	

for	 30	 s.	 We	 used	 two	 methods	 to	 deposit	 a	 drop	 of	 the	 solu'on	 onto	 the	

substrate:	we	dropped	the	solu'on	on	the	substrate	and	started	the	spin-coater	

(method	A)	or	we	dropped	the	solu'on	while	the	spin	coater	was	already	running	

(method	B).	Table	S1	summarizes	the	spin-coa'ng	condi'ons	for	the	9	samples.	

The	films	are	not	uniform	and	we	have	indicated	the	maximum	thickness	of	the	

films	as	measured	from	AFM	images	(see	Figs.	S1	and	S2).	

Table	S1.	Spin-coaHng	parameters	and	maximum	film	thickness	(rounded	to	the		

unit)	esHmated	from	AFM	measurements.	

C8-BTBT-C8 BTBT

#1 1000 rpm/9 s + 1500 rpm/30s 
(method A) 410 nm 4500 rpm/30s (method B) 360 nm

#2 1000 rpm/9 s + 1500 rpm/30s 
(method B) 160 nm 4500 rpm/30s (method A) 360 nm

#3 4500 rpm/30s (method A) 190 nm 4500 rpm/30s (method B) 320 nm

#4 4500 rpm/30s (method B) 90 nm 4500 rpm/30s (method A) 390 nm

#5 1000 rpm/9 s + 1500 rpm/30s 
(method B) 390 nm
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Scheme	S1.	Chemical	structures:	BTBT	(leV)	and	C8-BTBT-C8	(right),	Me=CH3.	

2.	SThM	measurements	

Topographic	 and	 thermal	 images.	 In	 the	 scanning	 mode,	 the	 topography	 and	

thermal	voltage	were	recorded	simultaneously.	We	used	both	the	DC	method	or	

the	3ω-SThM.	The	SThM	'p	is	a	lithographed	Pd	wire,	i.e.	resistance,	inserted	in	a	

Wheatstone	bridge,	which	is	supplied	by	a	DC	voltage,	VDC.	The	'p	is	used	to	heat	

the	 sample	 (the	 higher	 the	 DC	 voltage,	 the	 higher	 the	 heat	 flux	 and	 the	 'p	

temperature)	and	to	measure	the	'p/surface	temperature,	in	the	so-called	ac've	

mode.	The	'p	resistance	is	measured	by	the	Wheatstone	bridge	connected	to	a	

voltage	amplifier.	From	this	output	SThM	voltage,	we	deduced	the	'p	resistance,	

which	is	calibrated	versus	temperature.	Thus,	the	SThM	voltage	recorded	at	the	

amplifier	 output	 can	 be	 converted	 to	 'p/sample	 temperature.	 To	 minimize	

parasi'c	 contribu'ons	 (air	 conduc'on,	 radia'on)	 and	 thus	 increase	 the	

sensi'vity	of	the	'p/sample	contribu'on,	we	also	use	the	3ω-SThM	method,1,	2	in	

which	the	Wheatstone	bridge	is	supplied	by	an	AC	voltage	(0.2	V	 	at	1	kHz)	and	

we	measure	 the	 third	harmonic	 signal	at	 the	Wheatstone	bridge	output	with	a	

lock-in.	

Null-point	SThM	method.	The	null-point	SThM3	was	used	at	 selected	points	on	

the	organic	films	(organic	domains)	and/or	the	uncovered	Si/SiO2	substrate.	From	

a	previously	 recorded	 topographic/thermal	 image	a	 zone	of	 interest	 is	 selected	

where	we	define	a	5x5	grid,	each	point	 spaced	by	10	nm.	At	each	point	of	 the	

grid,	 in	the	z-trace	mode	(approach	and	retract)	we	recorded	the	SThM	voltage	
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versus	distance	curve	(VSThM-z).	At	the	transi'on	from	a	non-contact	(NC,	'p	very	

near	 the	 surface)	 to	 a	 contact	 (C,	 'p	 on	 the	 surface)	 situa'on,	 we	 observe	 a	

temperature	 jump,	 TNC	 -	 TC,	 which	 is	 used	 to	 determine	 the	 sample	 thermal	

conduc'vity	according	to	the	protocol	described	in	Ref.	3.	The	temperature	jump	

is	 measured	 from	 the	 approach	 trace	 only	 (to	 avoid	 any	 ar'fact	 due	 to	 well-

known	 adhesion	 hysteresis	 of	 the	 retract	 curve)	 and	 averaged	 over	 the	 25	

recorded	 VSThM-z	 traces.	 This	 differen'al	 method	 is	 suitable	 to	 remove	 the	

parasi'c	contribu'ons	(air	conduc'on,	etc…):	at	the	contact	(C)	both	the	sample	

and	parasi'c	thermal	contribu'ons	govern	the	VSThM	signal,	whereas,	just	before	

physical	 'p	 contact	 (NC),	 only	 the	 parasi'c	 thermal	 contribu'ons	 are	 involved.	

The	 plot	 of	 the	 temperature	 jump,	 TNC	 -	 TC,	 versus	 the	 sample	 temperature	 at	

contact	 TC	 is	 linear	 and	 its	 slope	 is	 inversely	 propor'onal	 to	 the	 thermal	

conduc'vity.	The	'p-sample	temperature	TC	increases	with	the	supply	voltage	of	

the	Wheatstone	bridge	VDC	(typically	from	0.4	to	1	V).	

Thermal	flux.	The	determina'on	of	the	thermal	resistance	from	the	ra'o	of	the	

thermal	 voltage	measured	 on	 the	 organic	 domain	 versus	 over	 the	 substrate	 is	

valid	 under	 the	 hypothesis	 that	 all	 the	 electrical	 power	 delivered	 to	 the	 'p	 is	

dissipated	into	the	sample	and	the	thermal	flux	is	constant.4,	5	Albeit	not	strictly	

verified,	this	is	jus'fied,	in	first	approxima'on,	since	the	constric'on	resistances	

on	the	two	zones	are	quite	similar	around	107	K	W-1	(Rsub=1/4rκox	=	9x106	K	W-1,	

Rorg=1/4rκorg	=	2-5x107	K	W-1,	considering	the	values	of	κorg	determined	by	the	

NP-SThM).	However,	 in	addi'on	to	taking	 into	account	the	 interface	resistances	

(see	text),	a	more	precise	analysis	of	data	in	Fig.	3	implies	that	a	correc'on	factor	

should	 be	 applied	 to	 determine	 the	 ra'o	 � from	 the	 ra'o	 of	 the	 SThM	

voltages,	� .	Since	the	thermal	conduc'vity	

is	 lower	 for	C8-BTBT-C8	than	 for	BTBT,	 the	correc'on	factor	 � 	 should	be	

higher	for	C8-BTBT-C8.	

Rorg
* Rsub

Rorg
* (t) Rsub = VSThm−org VSThM−sub( ) !Qsub !Qorg( )

!Qsub !Qorg

�4



3.	Theore.cal	methods	

Molecular	Dynamics.	A	wide	range	of	Molecular	Dynamics	(MD)	simula'ons	has	

been	 developed	 to	 assess	 the	 laqce	 thermal	 conduc'vity	 of	 a	 plethora	 of	

materials	 and	 complex	 nanostructures.6,	 7	 Among	 them,	 the	 Green-Kubo	 (GK)	

formalism8	based	on	the	fluctua'on-dissipa'on	theorem	provides	a	direct	access	

to	 the	 (off-)diagonal	 elements	 of	 the	 two-dimensional	 thermal	 conduc'vity	

tensor.	 Nevertheless,	 ensuring	 the	 proper	 convergence	 of	 the	 auto-	 and	 cross-

correla'on	func'ons	of	the	heat	current	may	be	a	non-trivial	task,	especially	for	

sos	molecular	systems.	A	second	class	of	techniques	built	on	a	Non-Equilibrium	

Molecular	 Dynamics	 (NEMD)	 scheme9	 requires	 important	 computa'onal	

resources	to	ar'ficially	maintain	the	system	out	of	equilibrium	while	es'ma'ng	

its	 thermal	 conduc'vity	 in	 a	 sta'onary	 state.	 The	 key	 steps	 of	 the	 AEMD	

methodology	are	the	following:	(i)	applying	a	perfectly	monitored	thermal	pulse	

on	a	simula'on	box;	(ii)	recovering	the	ini'al	thermodynamic	equilibrium	during	

a	 fast	 transient	 regime;	 (iii)	 fiqng	 the	 'me-decaying	 temperature	 difference	

between	the	right	and	les	parts	of	the	system	from	a	reliable	solu'on	of	the	one-

dimensional	heat	equa'on	� 	in	order	to	evaluate	the	thermal	diffusivity,	

D.10 This	alterna've	scheme	has	the	benefit	to	be	far	 less	'me-consuming	than	

the	 previously	 cited	 methods	 due	 to	 the	 rapid	 dissipa'on	 of	 the	 thermal	

gradient.	The	AEMD	approach	also	contrasts	with	both	the	Equilibrium	Molecular	

Dynamics	 (EMD)	 and	 the	 Non	 Equilibrium	 Molecular	 Dynamics	 (NEMD)	

techniques	 by	 es'ma'ng	 the	 phononic	 contribu'on	 to	 the	 thermal	 transport	

with	 no	 need	 for	 any	 instantaneous	 heat	 flux;	moreover,	 the	 defini'on	 of	 the	

heat	 flux	 in	 the	 LAMMPS	 sosware11	 has	 been	 recently	 iden'fied	 as	 physically	

inconsistent	 for	 the	 study	of	molecular	 systems.12,	13	With	 the	AEMD	approach,	

the	thermal	conduc'vity	κ=DρCP	is	finally	obtained,	provided	the	density,	ρ,	and	

the	 specific	 heat,	CP,	 of	 the	 system	 are	 known.10	 The	 parameter	CP	 is	 typically	

∂T
∂t

= D ∂2T
∂x2
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es'mated	to	be	3R	 (with	R	 the	 ideal	gas	constant),	as	predicted	by	the	Dulong-

Pe't	model.14	Note	that	no	quantum	correc'ons	are	taken	into	account	because	

MD	simula'ons	are	performed	at	300K	while	many	OSCs	are	characterized	by	a	

very	low	Debye	temperature	θD	15,	16	so	that	the	classical	approxima'on	used	in	

the	 Dulong-Pe't	 rela'onship	 is	 s'll	 valid.	 It	 is	 also	 of	 prime	 importance	 to	

account	 for	 the	 size-dependence	 of	 the	 laqce	 thermal	 conduc'vity	 deduced	

from	this	approach	since	phonons	having	a	mean	 free	path	 larger	 than	 the	cell	

dimension	do	not	effec'vely	contribute	to	κ.	An	extrapola'on	procedure	is	thus	
needed	to	get	rid	of	these	size	effects17	and	to	extract	a	quasi-length-free	laqce	

thermal	conduc'vity	from	the	linear	regression	of	1/κ	versus	1/L	(L	the	length	of	
the	 box	 size	 along	 the	 direc'on	 of	 heat	 propaga'on).	 We	 have	 carefully	

reparameterized	 the	 torsional	 poten'al	 terms	 against	 sophis'cated	 quantum-

chemical	 calcula'ons,	 with	 atomic	 charges	 calculated	 at	 the	 1.14*CM1A-LBCC	

level.18	The	implementa'on	of	the	force	field	was	insured	by	the	LigParGen	free	

server.19	Supercells	 ranging	 from	10	 to	52	units	cell	have	been	generated	along	

each	 direc'on	 of	 interest	 for	 heat	 transport	 and	 periodic	 boundary	 condi'ons	

were	applied	along	the	main	three	axes.	First,	atomic	posi'ons	were	op'mized	at	

0	K	while	keeping	fixed	the	cell	parameters	before	relaxing	the	whole	simula'on	

box	during	a	second	energy	minimiza'on.	Aserwards,	systems	have	been	aged	in	

the	canonical	NVT	ensemble	(mole	(N),	volume	(V)	and	temperature	(T))	and	 in	

the	 isothermal–isobaric	NPT	ensemble	 (mole	 (N),	pressure	 (P)	and	temperature	

(T))	 during	 1	 ns	 in	 ambient	 condi'ons,	 using	 a	 Nose-Hoover	 thermostat	 and	

barostat.	 Then,	 a	 step-like	 temperature	 profile	 was	 created	 by	 simultaneously	

“freezing”	 atomic	 mo'ons	 in	 one	 half	 of	 the	 simula'on	 box	 while	 hea'ng	 up	

[cooling	down,	respec'vely]	the	second	part	of	the	system	alterna'vely	at	<	T1	>	

=	362.5	K	(<	T2	>	=	237.5	K,	respec'vely)	via	NVT	simula'ons	(∼	250	ps).	Finally,	

an	NVE	(mole	(N),	volume	(V)	and	energy	(E))	simula'on	las'ng	up	to	∼	3	ns	was	

achieved	 to	 dissipate	 the	 ini'al	 125	 K	 thermal	 gradient.	 Throughout	 a	 post-
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processing	step,	the	monitored	temperature	offset	� 	was	fiWed	by	

a	 sum	 of	 exponen'als	 expressed	 as	 	 ,	 where	 Cn	 and	 αn	 are	

coefficients	depending	on	ini'al	condi'ons.	A	fiqng	func'on	based	on	five	terms	

is	 the	 best	 compromise	 between	 reasonable	 computa'onal	 'me	 and	 sufficient	

accuracy	for	the	es'ma'on	of	the	laqce	thermal	conduc'vity.	

Es?ma?on	 of	 the	 par?cipa?on	 ra?o.  In	 order	 to	 characterize	 the	 vibra'onal	

proper'es	 of	 both	 BTBT	 and	 C8-BTBT-C8,	 we	 performed	 the	 diagonaliza'on	 of	

the	corresponding	dynamical	matrix	given	by:	

� 	 	 	 	 	 	 	 	 (s1)	

where	mi	is	the	mass	of	the	ith	atom,	Fiα	is	the	force	on	the	ith	atom	along	the	α	

direc'on	due	to	a	displacement	of	atom	j	along	the	β	direc'on.	La'n	indices	are	

used	 for	 labelling	 atoms	 while	 Greek	 leWers	 indicate	 the	 (x,y,z)	 Cartesian	

components.	The	diagonaliza'on	of	the	dynamical	matrix	was	obtained	by	using	

the	 SLEPc	 library20	 in	 order	 to	 obtain	 the	 eigenvectors	 es	 and	 eigenvalues	 ω2s	

where	s	=	1,	.	.	.	,3N	counts	the	system	eigenmodes.	The	calcula'on	of	the	force	

first	 deriva'ves	 have	 been	 performed	 using	 a	 numerical	 finite	 difference	

procedure	by	considering	an	atomic	displacement	as	small	as	5	x	10-4	Å.	Once	the	

eigenvectors	have	been	calculated,	we	es'mated	the	par'cipa'on	ra'o	(PR)	as:21		

� 	 	 	 	 	 	 	 	 (s2)	

PR	yields	an	es'ma'on	of	the	contribu'on	of	a	subgroup	of	atoms	in	a	specific	

vibra'onal	 mode.	 The	 actual	 localized	 or	 extended	 character	 of	 that	 mode	 is	

ΔT = T1 − T2

Cne
−αn

2Dt

n=1
5∑

Diα , jβ =
−1
mimj

∂Fiα
∂rjβ

PR = 1
N

ei ,s
2

i=1

N

∑⎛
⎝⎜

⎞

⎠⎟

2

ei ,s
4

i=1

N

∑
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related	to	the	actual	PR	value:	PR	∼	1	in	the	case	of	extended	modes	while	PR	has	

a	smaller	value	for	localized	modes.	It	is	worth	no'cing	that,	according	to	its	very	

defini'on,	a	PR	exactly	equal	to	unity	is	obtained	solely	for	vibra'onal	modes	in	

ideally	 perfect	 crystalline	 systems,	 in	 which	 the	 atomic	 displacements	 are	

perfectly	 periodic	 within	 the	 sample.	 In	 general,	 the	 PR	 values	 for	 extended	

modes	in	non-crystalline	systems	lie	in	the	0.4-	0.6	interval.	
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4.	Addi.onal	SThM	images	

� 	

Figures	S1.	Typical	topographic	and	thermal	voltage	images	of	the	five	C8-

BTBT-C8	measured	by	3ω-SThM	(VAC	=	0.2	V,	1	kHz),	samples	#1-4,	and	by	DC-

SThM	(VDC	=	0.5V),	sample	#5.	
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Figure	S2.	Typical	topographic	and	thermal	voltage	images	of	the	BTBT	samples	

measured	by	3ω-SThM	(VAC	=	0.2	V,	1	kHz)	for	samples	#1	and	2	and	samples	#3,4	

by	DC-SThM	(VDC	=	0.6V).	

5.	NP-SThM	calibra.on.	

The	sample	temperature	is	calculated	from	the	measured	thermal	voltage	by	

� 	 	 	 (Eq.S1)	VSThM =GRtip Tsample( )=G Ramb +λ Tsample −Tamb( )⎡
⎣

⎤
⎦
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where	 G	 is	 the	 known	 transfer	 func'on	 of	 the	 Wheatstone	 bridge	 and	 the	

amplifier	gain	(1.08	x	VDC	V/Ω)	for	the	DC-SThM	methods,22	8.2x10-2	x	VAC	V/Ω	for	

the	3ω-SThM.	The	'p	resistance	R'p	varies	linearly	with	sample	temperature,	and	

has	been	calibrated	given	Ramb=	290.2	Ω	and	λ	=	0.27	Ω/°C.	

To	determine	the	thermal	conduc'vity	from	data	 in	Fig.	3	and	using	Eq.	 (2),	we	

calibrated	the	null-point	SThM	according	to	the	protocol	in	Ref.	3.	The	same	TC	vs.	

TNC-TC	 measurements	 were	 done	 on	 two	 materials	 with	 well-known	 thermal	

conduc'vity	 (below)	 :	 a	 glass	 slide	 (1.3	W/m.K)	 and	 a	 low	 doped	 silicon	wafer	

with	its	na've	oxide	(150	W/m.K).	From	a	linear	fit	on	the	data,	we	get	α	=	25.6	

W	m-1	K-1	and		β	=	21.6	K/K.	

� 	

Figure	S3.	TC	vs.	TNC	-	TC	plot	for	the	two	reference	materials.	Solid	lines	are	the	

linear	fits.	

6.	Es.ma.on	of	the	constric.on	thermal	resistance	of	the	Si/SiO2	substrate	

The	effec've	thermal	conduc'vity	measured	by	NP-SThM	is	the	one	of	the	bulk	

SiO2	(see	Fig.	6-b	in	Ref.	3	and	below)	if	the	SiO2	thickness	is	larger	than	∼	100	nm	

(here	200-500	nm).3	This	behavior	is	in	agreement	with	a	simple	analy'cal	model	

derived	 by	 Dryden23	 for	 film	 with	 t/r	 >	 2	 (r	 being	 the	 radius	 of	 the	 SThM	 'p	
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thermal	contact	(r	≈	20	nm,	see	below).	Thus,	we	used	for	the	Si/SiO2	substrate	

Rsub=1/4rκox	=	9x106	K	W-1	with	κox	the	"bulk"	SiO2	thermal	conduc'vity	(1.4	W	

m-1	K-1).	

� 	

Figure	S4.	VariaHon	of	the	measured	thermal	conducHvity	of	a	silicon	substrate	

covered	by	a	film	of	SiO2	with	various	thickness	(Reprinted	with	permission	from	

Kim,	K.;	Chung,	J.;	Hwang,	G.;	Kwon,	O.;	Lee,	J.	S.	ACS	Nano	2011,	5,	8700–8709.	

Copyright	(2011)	American	Chemical	Society).	

7.	Es.ma.on	of	the	radius	of	the	thermal	contact	between	.p	and	surface.	

The	thermal	contact	radius	is	calculated	following	the	approach	reported	in	Ref.	

24	 taken	 into	 account	 the	mechanical	 'p	 radius	 r'p	 and	 the	 size	 of	 the	 water	

meniscus	at	the	'p/surface	interface.	The	thermal	radius	of	the	thermal	contact	

is	given	by	25	

� 	 	 	 	 	 	 	 	 (Eq.	S2)	rth =2.08
−rtip cosθ
lnϕ
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with	 r'p	 =	 100	 nm	 (data	 from	 Bruker),	 the	 rela've	 humidity	φ	 =	 0.35-0.4	 (air-

condi'oned	 laboratory,	 values	 checked	 during	 the	 measurements)	 and	 the	

contact	angle	of	the	concave	meniscus	between	the	'p	and	the	surface	θ	≈	30°	as	

measured	for	π-conjugated	molecular	crystals	 in	Ref.	26.	We	get	r	≈	20	nm.	The	

water	meniscus	contact	angle	depends	on	the	surface	energy	of	the	sample,	and	

thus	 should,	 in	 principle,	 not	 be	 the	 same	 on	 the	 organic	 domains	 and	 the	

uncovered	 SiO2	 surface,	 the	 later	 being	 more	 hydrophilic	 than	 the	 organic	

materials.	 However,	 we	 cannot	 perform	 standard	 water	 contact	 angle	

measurements	 inside	 the	micrometer	 size	 uncovered	 SiO2	 (see	 Fig.	 S1	 and	 S2),	

and	we	consider	the	same	value	of	30°	 in	both	cases.	Moreover,	 it	 is	 likely	that	

the	 SiO2	 surface	 is	 covered	 by	 organic	 contaminants	 from	 the	 spin-coa'ng	

deposi'on	technique.	

8.	FiNed	parameters	of	Eq.	3.	

Table	S2	gives	 the	values	of	 the	fiWed	parameters	 (κorg)	 for	 the	data	 shown	 in	
Fig.	4	(main	text).	

Table	S2.	Fit	parameters	(Fig.	4,	Eq.	3)	

We	get	the	average	values	κBTBT	=	1.37	±	0.01	W	m-1	K-1	and	κC8-BTBT-C8	=	1.35	±	
0.01	W	m-1	K-1.	We	note	that	a	values	of	r	=	80	nm	has	been	used	to	these	fits.	

Using	 r	 =	 20	 nm	 gave	 poor	 fits.	 The	 value	 r	 =	 80	 nm	 should	 indicate	 a	 more	

C8-BTBT-C8 BTBT

κorg	(W	m-1	K-1) κorg	(W	m-1	K-1)

sample	#1 1.348 1.371

sample	#2 1.352 1.373

sample	#3 1.359 1.366

sample	#4 1.355 1.372
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hydrophilic	surface	(Eq.	S2,	lower	θ,	but	Eq.	(S2)	has	a	limit	r	=	21.7	nm	for	θ=0°,	

thus	this	simple	model	is	inappropriate	in	the	case	of	highly	hydrophilic	surface).	

Nevertheless,	 this	 uncertainty	 in	 the	 determina'on	 of	 r	 does	 not	 change	 the	

conclusion	of	the	NP-SThM	measurements	that	the	thermal	conductance	of	BTBT	

is	higher	than	for	C8-BTBT-C8	(r	is	included	in	the	calibra'on	parameters).		
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