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ABSTRACT:	The	development	of	systems	capable	of	responding	to	environmental	changes	such	as	humidity	and	temperature	
requires	the	design	and	assembly	of	highly	sensitive	and	efficiently	transducing	elements.	Such	a	challenge	can	be	mastered	
only	by	disentangling	the	role	played	by	each	component	of	the	responsive	system,	thus	ultimately	achieving	high	perfor-
mance	 by	 optimizing	 the	 synergistic	 contribution	 of	 all	 functional	 elements.	Here,	we	 designed	 and	 synthesized	 a	 novel	
[1]benzothieno[3,2-b][1]benzothiophene	 derivative	 equipped	 with	 hydrophilic	 oligoethylene	 glycol	 lateral	 chains	 (OEG-
BTBT),	that	can	electrically	transduce	subtle	changes	in	ambient	humidity	with	high	current	ratios	(>104)	at	low	voltages	
(2V),	reaching	state-of-the-art	performance.	Multi-scale	structural,	spectroscopical,	and	electrical	characterizations	were	em-
ployed	to	elucidate	the	role	of	each	device	constituent	viz.	the	active	material’s	BTBT	core	and	OEG	side	chains,	and	the	device	
interfaces.	While	 the	BTBT	molecular	core	promotes	 the	self-assembly	of	 (semi)conducting	crystalline	 films,	 its	OEG	side	
chains	are	prone	to	adsorb	ambient	moisture.	These	chains	act	as	hotspots	for	hydrogen	bonding	with	atmospheric	water	
molecules	that	locally	dissociate	when	a	bias	voltage	is	applied,	resulting	in	a	mixed	electronic/protonic	long-range	conduc-
tion	throughout	the	film.	Due	to	the	OEG-BTBT	molecules	orientation	with	respect	to	the	surface	and	structural	defects	within	
the	film,	water	molecules	can	access	the	humidity-sensitive	sites	of	the	SiO2	substrate	surface,	whose	hydrophilicity	can	be	
tuned	for	an	improved	device	response.	The	synergistic	chemical	engineering	of	materials	and	interfaces	is	thus	key	for	de-
signing	highly	sensitive	humidity-responsive	electrical	devices	whose	mechanism	relies	on	the	interplay	of	electron	and	pro-
ton	transport.

INTRODUCTION:	 Achieving	 precise	 control	 over	 the	
chemistry	of	our	environment	is	key	for	well-being	and	for	
guaranteeing	high	standards	for	industrial	and	technologi-
cal	processes.1	Environmental	humidity	is	one	of	the	ambi-
ent	 parameters	 that	 can	 severely	 affect	 the	 shelf	 life	 of	
goods,	the	efficiency	of	 large-scale	industrial	systems,	e.g.,	
the	 correct	 functioning	 of	 machinery,	 and	 it	 needs	 to	 be	
finely	 controlled	 in	 surgery	 rooms	 in	 hospitals.	 Humidity	
can	also	unpredictably	influence	the	outcome	of	laboratory	
experiments	 as	 it	 modifies	 the	 reactivity	 and	 various	

properties	of	materials	at	the	nanoscale.	Too	high	or	too	low	
relative	 humidity	 (RH),	 its	 abrupt	 or	 slow	 fluctuations,	
broad	or	narrow	variations	can	also	significantly	affect	the	
performance	and	stability	of	electronic	devices,	 for	exam-
ple,	for	energy	production,	storage	and	conversion.2–4	Thus,	
the	 subtle	 control	 of	 the	 ambient	 humidity,	 especially	 its	
useful	and	rational	exploitation,	is	pivotal	for	modern	and	
sustainable	technologies	in	diverse	fields.		
The	development	of	humidity-responsive	materials	and	

technologies	has	accordingly	experienced	a	rapid	expansion	



 

over	 the	 past	 few	 years.5,6	 Applications	 typically	 include	
sensors	for	humidity	monitoring	and	humidity-driven	actu-
ators.5	Materials	and	systems	designed	to	smartly	respond	
to	humidity	changes	 frequently	undergo	a	modification	of	
their	 size	 (viz.	 swelling	 or	 shrinking)	 due	 to	 of	 chemi-
cal/physical	processes	triggered	by	water	uptake	or	release	
via	evaporation.5	Very	frequently	though,	electrical	control	
or	readout	are	extrinsic	elements	to	such	materials	and	sys-
tems,	 being	 implemented	 only	a	 posteriori.5	 On	 the	 other	
hand,	some	other	technologies	are	designed	to	display	high	
sensitivity	in	their	electrical	response	to	humidity	changes	
as	a	result	of	electrical	processes	(ionic	or	electronic).7	Im-
portantly,	 the	 direct	 electrical	 transduction	 enables	 facile	
device	integration	with	other	electronic	components	to	de-
velop	advanced	applications.6	
Humidity-responsive	materials	and	devices	must	be	 ra-

tionally	 designed	 both	 to	 maximize	 physical	 interactions	
with	atmospheric	water	molecules	and	to	efficiently	trans-
late	such	interactions	 into	useful	electrical	responses.	Hu-
midity-responsiveness	can	be	granted	to	organic,	inorganic,	
and	hybrid	materials	via	ad	hoc	synthesis	of	functional	sys-
tems	decorated	with	appropriate	 chemical	 groups.7	 Func-
tional	humidity-sensitive	moieties,	which	act	as	active	sites	
for	interactions	with	atmospheric	water	molecules,	include	
hydroxyl,	 carboxyl,	 and	 nitro	 groups,	 quaternary	 ammo-
nium,	sulfonate,	or	phosphonium	salts	as	well	as	vinyl	alco-
hol	and	ethylene	glycol	(EG)	units.8	Electrical	transduction	
occurs	by	exploiting	the	ability	of	such	functionalized	mate-
rials	to	transport	or	accumulate	charges,	electronic	or	ionic	
species,	whose	behavior	 is	 influenced	by	 their	 interaction	
with	atmospheric	water	molecules.	In	this	framework,	hu-
midity-responsive	materials	 and	 devices	 can	 be	 designed	
and	optimized	to	feature	high	performance	via	the	in-depth	
understanding	 of	 the	 influence	 of	 the	 adsorbed	water	 on	
such	electronic/ionic	conduction	processes.	
Here,	we	report	on	the	engineering	of	a	small	conjugated	

molecule	capable	of	self-assemble	into	semiconducting	thin	
crystalline	 films	possessing	 controlled	 interfaces	with	 the	
environment	as	a	route	 to	maximize	physical	 interactions	
with	 atmospheric	water	 and	 leverage	 electrical	 transduc-
tion.	 Towards	 this	 end,	 a	 novel	 molecular	 building	 block	
was	designed	to	combine	two	key	characteristics	for	the	de-
velopment	of	highly	sensitive	and	reversible	humidity-re-
sponsive	 chemiresistors:	 i)	 a	 conjugated	benzothienoben-
zothiophene	(BTBT)	core,	and	ii)	methyl-terminated	dieth-
ylene	glycol	side	chains,	hereinafter	referred	to	as	oligoeth-
ylene	glycol	(OEG)	groups	(see	Figure	1a).	The	BTBT	cores	
self-assemble	 to	 form	crystalline	 films	displaying	a	highly	
delocalized	 electronic	 structure	 capable	 of	 efficient	 elec-
tronic	transport	at	long	distances.9,10	The	OEG	side	chains,	
in	turn,	introduce	hygroscopic	properties	to	the	host	semi-
conducting	core	enabling	a	fine	sensitivity	to	subtle	humid-
ity	 changes	 and	 a	mixed	 electron-ion	 transport.11	 Finally,	
the	use	of	SiO2	as	device	support	makes	it	possible	to	master	
the	 substrate	 surface	 properties.	 In	 conjunction	 with	 the	
proper	electrode	geometry,	these	properties	are	instrumen-
tal	in	leveraging	the	responsiveness	to	water	molecules	and	
transducing	effects.	
	

	

Figure	1.	(a)	Chemical	structure	of	OEG-BTBT	molecule	and	its	
interaction	with	atmospheric	water	molecules	via	H-bonding	
interactions.	(b)	Sketch	of	the	OEG-BTBT	humidity-responsive	
chemiresistor.	 The	 RH-sensitive	 device	 current	 I(RH)	 is	 rec-
orded	 upon	 application	 of	 a	 constant	 DC	 bias	 (V).	 (c)	 AFM	
height	image	of	the	spin-cast	OEG-BTBT	film	surface	deposited	
on	SiO2.	Z-scale:	380	nm,	RRMS:	67	nm.	

The	 fabricated	 OEG-BTBT	 chemiresistors	 displayed	 re-
versible	current	changes	up	to	a	factor	of	≈	2×104	within	the	
10−80%	RH	range	when	thin	films	of	optimized	thickness	



 

are	 deposited	 on	 hydrophilic	 SiO2	 substrates	 having	 top-
contact	electrode	configuration.	Such	humidity-dependent	
response	outperforms	that	presented	by	thin-film	devices	
based	on	 various	 functionalized	 small	 conjugated	organic	
molecules.12–17	The	device	response	 is	completely	reversi-
ble	upon	RH	increase	and	decrease,	exhibiting	far	improved	
stability	with	respect	to	its	PEG-based	counterpart.	
Multiscale	structural,	spectroscopical,	and	electrical	char-

acterizations	 allowed	 to	 shed	 light	 on	 the	 role	 played	 by	
each	responsive	part	of	the	device	(i.e.,	the	active	material’s	
BTBT	core	and	OEG	side	chains,	the	chemiresistor	top	and	
bottom	interfaces,	its	resistive	and	capacitive	contributions,	
and	electrode	configuration).	Our	results	reveal	that	OEG-
BTBT	 chemiresistor	 operation	 is	 based	 on	 mixed	 elec-
tronic/protonic	 (H+)	 accumulation	 and	 transport	 derived	
from	the	adsorbed	atmospheric	water,	which	is	synergisti-
cally	favored	by	employing	thin	films	deposited	on	hydro-
philic	 SiO2	 substrates.	 In	 stark	 contrast,	 hole-conducting	
BTBT	 cores	 decorated	 with	 alkyl	 side	 chains	 (C8-BTBT)	
show	no	significant	humidity	response,	which	endorses	the	
key	role	played	by	the	hygroscopic	OEG	moieties.	These	fun-
damental	insights	enable	the	optimal	design	of	highly	sensi-
tive	humidity-responsive	electrical	devices	via	 synergistic	
chemical	engineering	of	materials	and	interfaces	based	on	a	
combined	electronic	and	protonic	transport.		
	RESULTS	 AND	 DISCUSSION: The	 as-synthesized	 OEG-

BTBT	molecules	 (Figure	1a)	were	deposited	 as	 thin	 films	
onto	SiO2	test	patterns,	as	shown	in	Figure	1b.	Details	on	the	
OEG-BTBT	 synthesis,	 and	 characterization	 in	 the	 form	 of	
powder	and	solution	employing	XRD,	1H	and	13C	NMR,	UV-
Vis,	IR	and	mass	spectroscopy	are	reported	in	Figures	S1	to	
S7.	The	molecular	 film	 cast	onto	SiO2	 exhibits	 an	 average	
thickness	of	90	nm	(10	mg/mL	in	CHCl3	for	the	OEG-BTBT	
suspensions,	 see	 Figure	 S8).	 The	 surface	 topography	 of	
OEG-BTBT	 crystalline	 thin	 films	 is	 characterized	 by	 the	
presence	 of	 lamellar	 structures	 (regions	with	 heights	 ex-
ceeding	100	nm)	organized	in	multiple	small	domains	(Fig-
ure	1c).	This	peculiar	topography	is	typical	of	other	thieno-
acenes	thin	films.18	OEG-BTBT	films	exhibit	an	average	root-
mean-square	roughness	(RRMS)	of	50	±	20	nm	over	an	area	
of	25	µm	×	25	µm.	The	film	is	continuous	and	homogeneous	
both	on	the	test-pattern	SiO2	channel	and	on	top	of	the	Au	
electrode	(Figure	S9),	which	guarantees	a	responsive	 film	
with	the	same	morphological	characteristics	over	the	whole	
device	surface.	However,	since	the	moderate	roughness	of	
90-nm-thich	films	hinders	a	further	analysis	of	its	structural	
properties,	we	imaged	the	surface	topography	of	a	thinner	
film	 with	 a	 nominal	 thickness	 of	 6	 nm	 (see	 Figure	 S2b).	
Here,	we	note	that	the	interfacial	layer	is	characterized	by	
the	 platelet	 morphology	 that	 is	 commonly	 observed	 for	
BTBT	derivatives.		
The	 response	 of	 OEG-BTBT	 chemiresistors	 to	 humidity	

changes	 was	 evaluated	 by	 applying	 a	 small	 2V	 bias	 step	
while	monitoring	the	device	current	I(RH)	for	an	interval	of	
10	s	at	different	RH	 levels	 (Figure	2a).	The	application	of	
short	 voltage	 steps	 allows	 diminishing	 current-drifting	
problems	observed	in	organic	electronic	devices	operating	
at	 prolonged	 constant	bias	 application,19	 especially	 in	 the	
presence	 of	 elevated	 humidity.20	 Alongside,	 pulsed	meas-
urements	are	more	technologically	relevant	for	sensing	as	
less	 power	 is	 consumed	 when	 compared	 to	 long-term	

continuous	operation.	In	our	case,	upon	a	2V	bias	step,	we	
observe	 a	 short	 initial	 capacitive	 transient	 current,21	 fol-
lowed	by	a	near	steady-state	response	at	different	RH	(Fig-
ure	2a).	Details	on	the	chemiresistor	transient	response	are	
shown	in	Figure	S10.		

	

Figure	2.	Electrical	performance	of	RH-responsive	chemiresis-
tors	(bottom-contact	configuration).	(a)	Voltage	bias	stimulus	
(top)	 and	 respective	 chronoamperometric	 response	 of	 OEG-
BTBT	devices	fabricated	onto	bare,	non-treated	SiO2	at	differ-
ent	RH	levels	(bottom).	The	current	detection	limit	(DL)	is	in-
dicated	with	a	dashed	black	line.	(b)	I–V	curves	of	OEG-BTBT	
onto	bare	 SiO2	measured	 at	 different	RH	at	 fast	 sweep	 rates	
(2410	mV/s).	Inset:	zoomed	hysteric	I–V	response	at	small	bi-
ases.	Device	channel	length:	L	=	5	µm.	

As	 displayed	 in	 Figure	 2a,	 the	 measured	 currents	 are	
noisy	for	RH	<	30%,	reaching	the	experimental	signal	detec-
tion	limit	(DL)	of	ca.	5	pA	at	RH	∽10%.	As	RH	increases,	the	
chemiresistor	steady-state	current	also	increases.	Upon	re-
verse	voltage	sweep	measurements	(Figure	2b)	the	device	
I–V	characteristics	within	a	±2V	window	exhibit	a	marked	
hysteresis	 as	 RH	 increases.	 This	 hysteresis	 increases	 in	
magnitude	while	increasing	the	voltage	scan	rate	(from	440	



 

to	2410	mV/s,	Figure	S11),	indicating	a	capacitive	contribu-
tion	 in	 the	 device	 response	 likely	 due	 to	 water-related	
charge	trapping	effects	at	the	proton	blocking	Au	electrodes	
or	at	the	dielectric	interface.22		

	

Figure	3.	(a)	Current	response	of	the	OEG-BTBT	devices	when	
exposed	to	a	train	of	short	(<	1	s)	humid	air	pulses	during	the	
application	of	a	2V	bias.	Inset:	magnification	of	a	pulse	profile	
illustrating	the	method	to	estimate	the	device	response	(τg)	and	
recovery	(τd)	times.	(b)	Current	response	to	a	single	long	(>	1	
s)	pulse	at	RH	≈	35%.	The	curves	obtained	by	fitting	of	the	I(t)	
data	during	the	growth	(red)	and	the	decay	(blue)	of	the	cur-
rent	are	reported	in	the	same	graph.	

Our	devices	have	also	shown	to	react	quickly	and	revers-
ibly	to	short	(Figure	3a)	and	long	(Figure	3b)	intermittent	
RH	changes.	We	found	response	(τg)	and	recovery	times	(τd)	
of	~100-500	ms,	 depending	 on	 the	 device	 geometry	 (see	
Section	 4	 of	 SI),	 which	 is	 fast	 enough	 for	 most	 humidity	
sensing	 applications.	 	 In	 addition,	 the	 exposure	 of	 our	
chemiresistors	to	vapors	of	different	solvents	(i.e.,	ethanol,	
methanol,	 ethyl	 ether)	only	produces	 a	minor	 current	 re-
sponse	 (Figure	 S12).	 This	 electrical	 behavior	 indicates	 a	
high	selectivity	for	water	molecules,	which	are	responsible	
for	 the	observed	current	 increase	with	 the	RH.	Finally,	 to	
avoid	slow	charge-trapping	phenomena	that	could	lead	to	
erroneous	 device	 metrics	 from	 I–V	 measurements	 per-
formed	with	insufficient	dwell	time,	we	quantified	the	OEG-
BTBT	response	by	measuring	I(RH)	at	a	constant	|2V|	bias	
and	at	sufficiently	long	times	(t	>	5	s,	I–t	curve	in	Figure	2a).		

For	each	transient	I(RH)	response,	we	separated	the	re-
sistive	and	capacitive	contributions	(Figure	S10)	to	extract	
current	(I)	and	capacitance	(C)	values	at	different	RH	levels.	
Figure	4a	portrays	the	device	current	response	at	each	RH	
level	(black	curve)	and	the	response	of	bare	SiO2	test	pat-
terns	(gray	curve).	Each	point	in	Figure	4a	corresponds	to	
the	averaged	current	values	measured	during	a	time	inter-
val	 of	 4	 s	 (after	 stabilization,	 t	 >	 5	 s)	 for	 each	 I(t)	 curve	
shown	in	Figure	2a.	The	measured	current	(I)	was	normal-
ized	with	respect	to	the	device	initial	response	(I0),	i.e.	at	RH	
=	10%.	Such	a	curve	represents	the	chemiresistor	current	
variations	at	precise	RH	levels	quantified	with	a	commercial	
humidity	 sensor	 (Sensirion	 SHT31	 Smart	 Gadget).	 The	
change	of	the	surrounding	humidity	from	10%	to	80%	re-
sulted	in	a	reversible	current	modulation	in	OEG-BTBT	de-
vices	which	spanned	three	orders	of	magnitude	(I/I0	≈	103).	
Substantial	hysteresis	has	not	been	observed	for	such	de-
vices	(bottom-contact	(BC)	configuration	and	short	channel,	
L	=	5	µm)	operating	under	pulsed	bias,	as	the	current	at	a	
given	I(RH)	lays	within	the	mean	values	of	both	the	forward	
and	backward	curves.		
Our	 state-of-the-art	 humidity-sensitive	 2-terminal	 de-

vices	have	several	advantages	over	a	3-terminal	(transistor)	
configuration	ensuring	a	simple	 fabrication	process	and	a	
better	sensing	control/operation,	as	discussed	in	the	SI	(see	
Figure	S14	and	Section	5).	In	addition,	it	is	fair	to	note	that	
the	role	played	by	the	substrate/active	material	interface	is	
often	neglected	in	the	literature	when	investigating	the	per-
formance	 of	 new	materials	 for	 humidity	 sensing	 applica-
tions	(Table	S1).	Since	thin-film	devices	are	frequently	sup-
ported	on	SiO2	substrates,	which	possess	an	inherent	mois-
ture	sensitivity,23	we	have	investigated	its	role	via	surface	
modification	through	UV/ozone	exposure24	and	alkylsilane	
functionalization.25	This	 is	an	 important	measure	to	eluci-
date	mechanisms	 and	 to	 optimize	 applications.26	 In	 addi-
tion,	elucidating	the	role	of	the	substrate	avoids	critical	data	
misinterpretation,	 lack	 of	 understanding	 of	 the	 humidity-
response	mechanism,	or	even	the	overestimation	of	the	de-
vice	figures	of	merit.		
Bare	SiO2	 surfaces	 interact	effectively	with	atmospheric	

water	molecules27	(Figure	4b)	and	water	surface	condensa-
tion	is	known	to	strongly	influence	the	SiO2	electrical	prop-
erties.26,28	Here,	we	observed	that	bare	SiO2	substrates	re-
versibly	respond	to	RH	changes,	yet	with	a	response	being	
significantly	 inferior	 to	 that	 of	 OEG-BTBT	 chemiresistors,	
i.e.	I/I0	≤	10	in	the	10−80%	RH	range	(Figure	4a,	light	gray	
curves).	Additionally,	 the	 chemiresistors	 exhibit	 an	 excel-
lent	reversibility	when	various	bias	voltage	pulses	are	seri-
ally	applied,	as	shown	in	Figure	S13	by	the	I(RH)	transient	
curves	 consecutively	 collected	 at	 ±2	 V.	 Upon	 augmenting	
the	 hydrophilicity	 of	 the	 SiO2	 surface	 by	 means	 of	
UV/ozone-treatment	of	the	substrates,	we	observed	an	in-
crease	in	the	responsivity	of	both	the	bare	substrate	(due	to	
the	 increased	 number	 of	 exposed	water-sensitive	 surface	
groups)	and	the	OEG-BTBT	devices	(Figure	4c).	In	particu-
lar,	 when	 the	 substrate	 wettability	 is	 enhanced	 via	
UV/ozone	treatment	(water	contact	angle	(CA)	<	10°),	fol-
lowed	by	 the	OEG-BTBT	deposition,	 the	chemiresistor	 re-
sponse	 increases	by	a	 factor	of	ca.	5	compared	 to	devices	
fabricated	on	bare	SiO2	(CA	≈	55°).	OEG-BTBT	devices	fabri-
cated	 onto	 OH-rich	 SiO2	 surfaces	 attain	 I/I0	 >	 103	 for	 RH	



 

increasing	from	10%	to	80%	(Figure	4c).	Conversely,	the	oc-
tadecyltrichlorosilane	(ODTS)	treatment	of	SiO2	(CA	≈	110°)	
displays	 a	 significantly	 reduced	 response	 of	 both	 OEG-
BTBT-coated	and	uncoated	substrates,	as	water	molecules	
can	only	bind	to	the	surface	defects	remaining	on	the	sur-
face	of	ODTS-treated	SiO2.	In	both	cases,	detectable	current	
signals	are	recorded	only	above	RH	>	40%.	By	and	large,	the	
control	of	the	wettability	at	the	interface	between	the	sub-
strate	and	the	active	material	has	a	dramatic	 influence	on	
the	 overall	 performance	 of	 OEG-BTBT	 chemiresistors,	
demonstrating	the	major	benefits	brought	by	the	synergis-
tic	effect	of	a	hygroscopic	molecular	film	supported	on	a	hu-
midity	responsive	substrate.	
The	substrate	wettability	is	also	known	to	influence	the	

depth	 distribution	 of	 water	 adsorbed	 across	 hydrophilic	
thin	films.29	Thus,	to	further	evaluate	the	role	played	by	the	
SiO2/OEG-BTBT	interface,	sum-frequency	generation	(SFG)	
measurements	were	performed	at	variable	RH	on	 treated	
substrates.	SFG	is	a	non-linear	optical	 technique	that	pro-
vides	a	signal	only	 for	non-centrosymmetric	systems.30	At	
an	interface,	the	symmetry	is	naturally	broken,	making	the	
method	 interface-specific.	 Here,	 we	 monitored	 the	 water	
present	 at	 the	 interface	 between	 SiO2	 and	 the	OEG-BTBT	
film	by	measuring	the	integrated	SFG	signal	from	the	O−H	
stretching	mode	(≈	3300	cm-1)	as	a	function	of	RH	(Figure	

4d	 and	 inset).	 For	 this	 purpose,	 50	 nm-thick	 OEG-BTBT	
films	were	prepared	onto	quartz	substrates	of	optical	grade	
modified	by	either	UV/ozone	or	ODTS.	We	observed	that	the	
different	surface	wettability	 indeed	affects	the	quantity	of	
water	molecules	adsorbed	at	the	substrate/molecular	film	
interface,	as	shown	by	the	increased	SFG	signal	of	samples	
prepared	onto	hydrophilic	substrates	(Figure	4d	inset).	In	
addition,	the	integrated	SFG	signal	for	OEG-BTBT	films	(in	
blue)	 onto	 hydrophilic	 substrates	 increases	 substantially	
more	upon	RH	increase	compared	to	films	on	hydrophobic	
SiO2	 (in	green,	Figure	4d).	Water	molecules	are	known	to	
adsorb	at	the	SiO2	surface	silanol	sites,31	thereby	forming	a	
network	driven	by	H-bonding	only.32	This	process	results	in	
a	uniform	water	 layer	of	growing	 thickness	 (a	 few	mono-
layer-thick)	 at	 increasing	RH.33	 The	amount	of	water	 that	
reaches	such	interface	via	permeation	through	the	organic	
film	governs	 the	device	 I(RH)	 response	 (Figure	4a)	 likely	
due	to	a	larger	and	more	efficient	network	of	water	mole-
cules	for	the	percolation	of	H+	upon	the	voltage	bias.34	The	
formation	of	sites	for	proton	conduction	occurs	spontane-
ously	at	room	temperature,	as	water	is	partially	dissociated	
into	 chemisorbed	 H	 and	 OH	 on	 Si	 atoms	 at	 the	 SiO2	 and	
Si(100)	surfaces.35	This	explains	why	OEG-BTBT	films	de-
posited	onto	hydrophilic	SiO2	exhibit	better	humidity	sens-
ing	 performance	 than	 those	 based	 on	 hydrophobic	 sub-
strates.	

	

Figure	4.	(a)	Normalized	current	(I/I0)	response	as	a	function	of	RH	for	bottom-contact	OEG-BTBT	onto	SiO2	devices	(solid	line)	and	
bare	SiO2	(dotted	line)	samples.	The	arrows	illustrate	the	reversibility	of	the	chemiresistor	response	upon	the	RH	increase	and	fol-
lowing	decrease.	Dashed	and	dash-dotted	lines	indicate	values	obtained	while	decreasing	the	RH	(see	arrows	direction).	(b)	H-bond	
interactions	of	water	molecules	with	silanol	and	Si−O−Si	groups	of	the	SiO2	surface.	(c)	Current	response	of	OEG-BTBT	devices	fab-
ricated	on	treated	SiO2	(UV/ozone	and	ODTS,	solid	lines)	and	bare	substrates	(dotted	lines).	For	OEG-BTBT/ODTS-SiO2	and	ODTS-
SiO2	devices,	the	current	reaches	the	instrumental	DL	at	RH	≤	40%.	(d)	Sum	frequency	generation	(SFG)	integrated	intensity	of	the	
3300	cm-1	O−H	stretching	band	of	50-nm	OEG-BTBT	thin	films	on	UV-SiO2	and	ODTS-SiO2	substrates.	Inset:	SFG	spectrum	of	the	
OEG-BTBT/UV-SiO2	interface	at	low	(4%)	and	high	(82%)	RH.	Current	values	and	error	bars	in	(a)	and	(c)	correspond	to	the	average	



 

response	and	respective	standard	deviation	values	determined	from	n	≥	3	tested	chemiresistors.	Device	channel	length:	L	=	5	µm.	
RH	range:	10−80%.	Voltage	bias	applied:	2V.	

Electrical	 transduction	 of	 humidity	 changes	 is	 strongly	
dependent	on	the	nature	of	the	humidity-sensitive	material,	
which	 dictates	 the	 dominant	 electrical	 process	 (conduc-
tion/accumulation)	and	related	charged	species	(electronic	
or	ionic).6,7	OEG-BTBT	films	at	elevated	RH	display	a	mixed	
electronic/protonic	(H+)	conductivity	(Figure	S19).	Thus,	to	
cast	light	onto	the	dominant	electrical	processes	in	our	OEG-
BTBT	devices	(charge	transport	and/or	accumulation),	we	
also	evaluated	the	capacitive	contribution	contained	in	the	
transient	 I(RH)	 response	of	each	sample	 (Figure	2b).	The	
normalized	capacitance	(C/C0)	of	OEG-BTBT	films	and	non-
coated	substrates	as	a	function	of	RH	is	shown	in	Figure	5a.	
Each	point	of	the	curve	corresponds	to	C/C0,	where	C	is	cal-
culated	by	dividing	the	amount	of	charge	stored	(Q)	in	the	
sample	at	a	given	RH	by	the	applied	voltage	(see	Figure	S10	
for	details).	C0	is	determined	at	10%	RH.		
Figure	 5a	 reveals	 that	 the	 capacitive	 response	 of	 OEG-

BTBT	films	is	superior	to	that	of	bare	substrates	as	the	RH	
increases.	Such	a	capacitive	behavior	clearly	 indicates	 the	
H+	charge	storage	ability	of	OEG-BTBT	films,	which	agrees	
with	their	hysteric	I-V	characteristics	observed	at	elevated	
RH	(Figure	2b).	The	C/C0	ratio	for	OEG-BTBT	films	increases	
for	RH	>	20%,	reaching	approximately	3×102	at	maximum	
probed	humidity	(viz.	80%).	Remarkably,	the	C/C0	ratio	of	
OEG-BTBT	chemiresistors	exceeds	that	of	similar	capacitive	
thin-film	 devices	 based	 on	 small	 organic	molecules	 func-
tionalized	with	 OEG	 chains,15	 indicating	 a	 gain	 of	 perfor-
mance	in	our	devices	due	to	its	engineered	characteristics.	
By	 contrast,	 the	 response	 of	OEG-BTBT-free	 substrates	 is	
limited	to	C/C0	≤	20.	In	Figure	5a,	we	also	note	that	above	
60%	RH	the	OEG-BTBT	capacitive	response	is	almost	inde-
pendent	of	the	substrate	surface	characteristics.	This	sug-
gests	that	the	entrapment	of	atmospheric	water	molecules	
and	related	charge	storage	in	the	device	depends	primarily	
on	the	OEG-BTBT	film	properties,	while	charge	conduction	
is	interface-sensitive	(Figure	5c).	
When	self-assembled	molecular	materials	respond	to	hu-

midity	changes,	the	rationalization	of	the	response	mecha-
nisms	is	often	considered	from	a	structural	perspective.14,36	
To	gain	insight	into	a	potential	structural	change	resulting	
from	the	humidity	variation	at	the	supramolecular	level,	we	
performed	 grazing-incidence	 wide-angle	 X-ray	 scattering	
(GIWAXS)	 measurements.	 The	 results	 revealed	 that	 the	
OEG-BTBT	crystalline	structure	is	insensitive	to	the	changes	
of	humidity	level	(Figure	S15).	In	fact,	neither	the	in-plane	
nor	the	out-of-plane	GIWAXS	patterns	presented	apprecia-
ble	peak	shifts	as	a	function	of	RH,	suggesting	that	the	self-
assembling	BTBT	core	offers	major	crystallographic	stabil-
ity	upon	changing	the	surrounding	RH.	Therefore,	 the	ob-
served	humidity	responsiveness	of	OEG-BTBT	devices	can-
not	 be	 explained	 by	 the	 occurrence	 of	 structural	 changes	
that	would	cause	variations	of	the	π-π	stacking	distance	and	
related	current	changes.14,36	A	gradual	variation	of	surface	
hydrophilicity	was	carried	out	with	 the	aim	of	unraveling	
possible	modifications	 of	 the	OEG-BTBT	 crystal	 structure	
arising	from	the	substrate	treatment.	XRD	analysis	indicates	
an	 interlayer	spacing	(d)	of	ca.	18.72	Å	for	the	OEG-BTBT	
crystalline	regions	formed	on	hydrophobic	surfaces	(ODTS-	
and	 hexamethyldisilazane-	 (HMDS)	 functionalized	 SiO2)	

and	of	ca.	18.26	Å	onto	hydrophilic	UV/ozone-treated	sub-
strates	 (Figure	 5b).	 These	molecular	 height	 values	 at	 the	
solid	state	are	in	good	agreement	with	the	18.5	±	0.9	Å	step	
terrace	height	determined	from	the	AFM	topography	imag-
ing	of	a	6-nm-thick	 film	of	spin-casted	OEG-BTBT	on	SiO2	
(see	Figure	S2b).	
This	 accounts	 for	 only	 a	 2.5%	 reduction	 of	 d-spacing	

when	changing	from	hydrophobic	to	hydrophilic	substrate	
surfaces.	Such	a	minute	structural	difference	in	the	bulk	of	
OEG-BTBT	films	cannot	be	responsible	for	the	pronounced	
humidity	 response	 observed.	 No	 other	 substantial	 differ-
ences	are	found	in	the	XRD	spectra	upon	the	various	surface	
treatments.	 Finally,	 from	 the	 calculated	d-spacing,	 the	ex-
pected	OEG-BTBT	molecular	arrangement	on	the	surface	is	
concluded	to	be	the	vertical	standing	as	depicted	in	Figure	
5c.	Within	this	packing	motif,	some	humidity-sensitive	OEG	
chains	of	our	molecule	are	in	proximity	to	the	substrate	sur-
face,	 enhancing	 water	 interactions	 at	 such	 interface.	 The	
comparison	 of	 the	 thin-film	XRD	peaks	 in	 Figure	 5b	with	
those	of	the	powder	XRD	spectrum	in	Figure	S2,	highlights	
that	the	thin-film	exhibits	a	strong	preferential	orientation	
related	to	the	planes	corresponding	to	the	molecule	packed	
in	this	arrangement.	This	may	explain	the	intense	current	
and	 capacitance	 responses	 (especially	 for	 RH	 >	 50%)	 of	
OEG-BTBT	films	even	when	ODTS-treated	surfaces	are	em-
ployed	as	water	molecules	easily	permeate	the	polycrystal-
line	thin	film	through	grain	boundaries.	Water	entrapment	
at	 the	 substrate-semiconductor	 interface	may	 also	 be	 the	
reason	for	the	peculiar	curve	shape	and	marked	response	of	
OEG-BTBT	 with	 respect	 to	 that	 of	 the	 uncoated	 ODTS-
treated	substrates	(Figure	5c).		
The	chemiresistor	response	is	also	shown	to	depend	on	

the	electrode	geometry	(TC	vs	BC,	Figure	S17),	as	expected	
by	considering	the	current	distribution	across	thin-film	de-
vices.37	 Considering	 a	 H+	 transport	 contribution,	 the	 con-
ductivity	of	films	can	be	expected	to	scale	with	both	the	RH	
and	the	thickness	of	H+-conductive	film,	with	the	devices	in-
corporating	thicker	layers	showing	larger	conductivities.38	
By	optimizing	the	device	geometry	and	electrode	configura-
tion,	we	could	achieve	a	I/I0	ratio	around	2×104	by	employ-
ing	TC	OEG-BTBT	in	the	10−80%	RH	range.	The	responsiv-
ity	of	our	chemiresistors	outperforms	that	of	numerous	hu-
midity-sensitive	resistive	devices	based	on	a	variety	of	con-
jugated	small	molecules	(see	Table	S2).	Therefore,	high	per-
formance	 in	 humidity-responsive	 devices	 is	 achieved	 by	
synergistically	combining	a	material	(OEG-BTBT)	designed	
to	be	humidity	responsive	(via	a	mixed	electron/proton	ac-
cumulation	 and	 transport)	with	 functionalized	 substrates	
and	the	most	favorable	electrode	configuration.	



 

	

Figure	 5.	 (a)	 Normalized	 capacitance	 (C/C0)	 curves	 for	 BC	
OEG-BTBT/SiO2	devices	(solid	lines)	and	OEG-BTBT-free	sub-
strates	(dotted	lines).	Error	bars	correspond	to	standard	devi-
ation	values	acquired	for	n	≥	3	devices.	Device	channel	length:	
L	=	5	µm.	RH	range:	10−80%.	Voltage	bias	applied:	2V.	(b)	Out-
of-plane	XRD	spectra	collected	for	OEG-BTBT	thin	films	spin-
cast	on	modified	SiO2	(water	contact	angle	(CA)	values	denote	
wettability	 for	 the	 respective	 surface	 treatments).	 (c)	 OEG-
BTBT	molecular	structure	and	surface	arrangement	on	SiO2	in-
dicating	an	interlayer	spacing	(d)	of	18.72	Å	(for	crystalline	re-
gions	formed	on	hydrophobic	substrates),	calculated	from	XRD	
measurements	in	(b).	

Given	 the	 crucial	 role	 of	 the	 hydrophilic	 lateral	 chain	
groups,	we	compared	the	electrical	response	of	OEG-BTBT	
with	that	of	benchmark	semiconductor	alkyl-functionalized	
C8-BTBT.	 Ethylene	 glycol-functionalized	 polymers	 are	
known	to	present	mixed	ionic/electronic	conduction39	and	

electrochemical	 impedance	spectroscopy	(EIS)	at	high	RH	
(>	90%)	is	a	routine	technique	for	the	characterization	of	
these	mixed	conductors.40	Here,	we	observed	that	at	low	hu-
midity	 (RH	~10%)	OEG-BTBT	and	C8-BTBT	 films	behave	
similarly	(Figure	S19	and	Table	S3),	exhibiting	a	response	
predominantly	capacitive	with	a	high-resistance	contribu-
tion	(conductivity	σe	≈	10-5-10-6	S/cm).	As	RH	increases	to	
~97%,	the	behavior	of	the	two	devices	differs	significantly	
and	 the	 mixed	 ionic/electronic	 conduction	 properties	 of	
OEG-BTBT	films	manifest	(Figure	S19).	While	the	increase	
of	humidity	only	slightly	modifies	the	electronic	conduction	
properties	of	C8-BTBT	films	(σe	≈	1×10-4	S/cm),	 the	OEG-
BTBT	samples	exhibit	a	low-frequency	(<	kHz)	EIS	response	
characteristic	of	transport	of	heavy	species	(ions).40,41	
As	 this	 behavior	 is	 observed	 only	 in	 humid	 conditions	

(and	 not	 at	 RH~10%)	 and	 OEG-BTBT	 does	 not	 possess	
structural	ionic	groups,	we	attribute	such	ionic	conduction	
to	dissociated	H+	from	atmospheric	water	molecules	at	the	
ethylene	glycol	moieties	of	OEG-BTBT	that	are	transported	
upon	 the	effect	of	 the	voltage	bias.39,42	We	 found	an	 ionic	
conductivity	of	σi	≈	2×10-3	S/cm,	which	is	similar	to	the	val-
ues	reported	for	other	organic	H+	conductors.21	Further	DC	
experiments	on	such	samples	reveal	that	C8-BTBT	samples	
are	 significantly	 less	 sensitive	 to	 RH	 changes	 than	 OEG-
BTBT	 films	 (Figure	 S20).	 C8-BTBT	 devices	 exhibit	 a	 pre-
dominant	hole-transporting	characteristic	and	an	increase	
of	humidity	only	leads	to	instabilities	and	degradation	of	the	
carrier	mobility.43	The	observed	high-performance	humid-
ity	responsiveness	of	OEG-BTBT	can	therefore	be	intimately	
associated	with	the	mixed	electronic/protonic	conductivity	
that	governs	the	electrical	response	of	such	films.		
We	also	compared	the	response	of	our	synthesized	BTBT	

derivative	with	 that	of	 linear	PEG	thin	 films	(Figure	S21).	
PEG	is	known	to	exhibit	a	current	response	that	increases	in	
magnitude	upon	water	uptake,44	provided	that	a	proton/ion	
source	is	present	within	the	film.45	PEG	is	indeed	widely	em-
ployed	in	proton	exchange	membranes	as	it	facilitates	pro-
ton	conduction	in	humid	environments	by	providing	an	ion	
percolation	path.46,47	In	addition,	PEG’s	repeat	unit	is	chem-
ically	identical	to	OEG	side	groups	in	OEG-BTBT,	making	it	
the	 perfect	 prototypical	 system	 for	 comparative	 analysis.	
OEG-BTBT	and	PEG	were	spin-cast	on	UV/ozone-treated	BC	
IDEs	from	CHCl3	(10	mg/mL)	to	form	thin	films	with	an	av-
erage	thickness	of	80-90	nm.	Their	humidity	response	also	
shows	an	initial	capacitive	current	transient	followed	by	a	
near	steady-state	response	within	the	first	10	s	of	monitor-
ing	 (Figure	 S21).	 Although	 the	 two	 compounds	 display	 a	
similar	 overall	 current	 change	 within	 the	 considered	 RH	
range	(Figure	6),	their	behavior	differs	significantly	during	
such	a	variation	(Figure	S18).	The	I(RH)	curve	of	PEG/UV-
SiO2	shows	a	similar	trend	to	that	of	non-coated	UV-treated	
SiO2,	with	higher	absolute	current	values.	



 

	

Figure	6.	Absolute	current	curves	as	a	function	of	RH	for	OEG-
BTBT	 and	 PEG	 thin-film	BC	 devices	 on	UV-treated	 SiO2	 sub-
strates	(channel	L	=	5	µm).	The	electric	response	for	the	non-
coated	treated	substrate	is	also	reported.	The	dashed	line	indi-
cates	the	experimental	detection	limit.	Error	bars	correspond	
to	 the	 standard	 deviation	 acquired	 for	 n	 ≥	 3	 devices.	Device	
channel	length:	L	=	5	µm.	RH	range:	10−80%.	Voltage	bias	ap-
plied:	2V.		

This	finding	suggests	that	more	water	molecules	can	be	
hosted	 within	 the	 PEG	 film	 than	 those	 that	 could	 be	 ad-
sorbed	onto	the	bare	SiO2	surface.	Figure	6	reveals	that	the	
OEG-BTBT/UV-SiO2	 and	 the	 PEG/UV-SiO2	 curves	 exhibit	
similar	current	values	at	very	low	(<	20%)	and	very	high	RH	
(80%),	 but	 a	 different	 behavior	 at	 intermediate	 RH	
(20−50%).	Within	this	range,	OEG-BTBT/UV-SiO2	samples	
display	 the	 largest	 sensitivity	 (compared	 to	 PEG/UV-SiO2	
and	bare	UV-SiO2),	which	can	be	ascribed	to	the	efficiently	
packed	OEG	groups	 in	OEG-BTBT	films.	 Indeed,	 thin	 films	
exhibiting	molecularly-oriented	structures	are	being	exten-
sively	studied	as	promising	candidates	for	improved	proton	
conduction.48	 Further	 evidence	 of	 the	 analogies	 in	 OEG-
BTBT	and	PEG	electrical	behavior	is	given	by	a	comparative	
study	among	these	compounds	and	C8-BTBT.	I–V	measure-
ments	of	BC	devices	(UV-SiO2	substrates)	with	comparable	
thin-film	thickness	(≈	100	nm)	were	collected	by	sweeping	
the	voltage	at	≈	2400	mV/s	within	a	±2	V	window	at	varied	
RH	(Figure	S18).	While	the	I-V	curves	of	OEG-BTBT	and	PEG	
devices	are	similar	in	shape	(and	in	intensity	at	very	high	
RH)	and	characterized	by	a	strong	capacitive	contribution,	
C8-BTBT	devices	exhibited	almost	negligible	hysteresis	as	
the	forward	and	backward	I–V	curves	cross	at	0	V.	Since	the	
charge	transport	in	C8-BTBT	is	expected	to	be	purely	elec-
tronic	while	for	PEG	it	is	purely	protonic	we	can	infer	that	
the	protonic	character	prevails	in	OEG-BTBT	devices.		
Finally,	 quantifying	 the	 chemiresistor	 sensitivity,	 i.e.,	

I(RH)	curve	slope,	is	challenging	as	OEG-BTBT	films	do	not	
exhibit	 a	 current	 response	with	a	well-defined	 trend	 (e.g.	
linear,	logarithmic,	exponential	etc.).	Previous	surface	con-
ductivity	measurements	on	bare	SiO2	 showing	a	response	
very	similar	to	that	of	our	SiO2	samples	have	revealed	three	
regimes	 corresponding	 to	 the	 structural	 evolution	 of	 the	
water	 layer	 condensing	 at	 different	 RH	 (namely,	 ice-like,	
transition	and	water-like	structures).26,33	The	same	ration-
alization,	 however,	 seems	 not	 to	 be	 applicable	 to	 the	 re-
sponse	of	OEG-BTBT	chemiresistors.	Additionally,	the	I(RH)	

data	for	PEG-based	devices	can	be	approximately	modelled	
by	 an	 exponential	 function	 within	 the	 studied	 RH	 range,	
closely	resembling	a	type-3	sorption	isotherm.44,49	This	sim-
plified	 scenario	 does	 not	 apply	 here	 for	 OEG-BTBT	 films,	
where	a	detailed	determination	of	how	water	interacts	with	
OEG-BTBT	and	the	derivation	of	a	simple	expression	for	the	
calibration	curve	using	such	devices	becomes	very	challeng-
ing.	Regarding	structural	stability,	PEG	thin	films	are	known	
to	undergo	a	phase	change	 into	gel-like	structure	at	RH	>	
80%,50	 thus	 suffering	 from	 a	 critical	 dewetting	 when	 ex-
posed	to	elevated	humidity	(Figure	S22a-d).44	On	the	other	
hand,	OEG-BTBT	displays	remarkable	stability	as	no	macro-
scopic	changes	are	detected	upon	exposure	to	high	RH	(Fig-
ure	S22e-h).	The	superior	robustness	of	OEG-BTBT	films	is	
further	corroborated	by	small	current	variations	observed	
when	the	samples	are	stored	at	elevated	RH	for	long	periods	
(>	20	h),	while	the	performance	of	PEG-based	devices	dete-
riorates	quickly	(Figure	S23).		
CONCLUSION:	Highly	 humidity-sensitive	 chemiresistors	

based	on	thin	 films	of	a	novel	hygroscopically-engineered	
conjugated	small	molecule	(OEG-BTBT)	have	been	devised.	
To	 combine	 enhanced	 humidity	 responsiveness	with	 effi-
cient	electrical	transduction,	we	have	designed	and	synthe-
sized	 a	 novel	 semiconducting	BTBT	molecule	with	mixed	
electron/proton-conducting	behavior.	Thanks	to	the	combi-
nation	 of	 EIS	measurements	 and	 the	 comparative	 studies	
performed	on	PEG	and	C8-BTBT,	clear	evidence	that	proton	
transport	dominates	the	response	of	OEG-BTBT	at	high	hu-
midity	 was	 provided.	 When	 OEG-BTBT	 is	 spin-cast	 onto	
SiO2	substrates	having	appropriate	electrode	configuration,	
it	results	in	self-assembled	semiconducting	molecular	films	
that	electrically	respond	to	variations	of	relative	humidity	
(RH)	outperforming	several	other	similar	devices.	The	con-
ductivity	of	our	chemiresistors	changes	up	to	a	factor	of	≈	
2×104	within	the	10−80%	RH	range	when	built	onto	hydro-
philic,	 UV/ozone-treated	 SiO2	 substrates	 in	 an	 optimized	
electrode	 configuration.	 The	 device	 response	 is	 fully	 re-
versible	 to	 increasing	 and	 decreasing	 ambient	 RH	 and	
shows	a	remarkable	stability	when	exposed	to	elevated	hu-
midity	 (>	 90%).	 A	 multi-scale	 structural,	 spectroscopical	
and	electrical	characterization	of	our	samples	allowed	us	to	
identify	that	such	a	performance	derives	from	a	synergistic	
combination	of	 the	material’s	properties	 (i.e.	 its	 semicon-
ducting	 core	 and	 hygroscopic	 functional	 side	 chains),	 the	
chemiresistor	interfaces	and	device	configuration	(position	
with	respect	to	the	film	surface,	channel	length	and	thin-film	
thickness).	This	synergy	allows	OEG-BTBT	thin-film	devices	
to	effectively	transduce	of	RH	changes	with	improved	sen-
sitivity,	thus	rendering	it	suitable	for	a	multitude	of	water-
responsive	electronic	applications.	
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