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Abstr

M

Por s are ubiquitous in nature and have found a wide range of applications

owing to their unique absorption, optical, mechanical and catalytic properties. Large surface-

[;

area-to-volu atio is deemed a key factor contributing to their catalytic properties. Here we

O

show that ing tunable nanopores (50 — 700 nm) to organic semiconductor (OSC) thin

films enhdfices their reactivity with volatile organic compounds by up to an order of

I

magnitudgg whilegthe surface-area-to-volume ratio is almost unchanged. Mechanistic

¢

investigat rm that nanopores grant direct access to the highly reactive sites otherwise

buried in the conductive channel of the transistor. The high reactivity of nanoporous organic
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field-effect transistors leads to unprecedented ultrasensitive, ultrafast, selective chemical

sensing below 1 ppb level at hundred-millisecond time scale, enabling a wide range of health

{

crip

and enviro al applications. We further demonstrate flexible sensor chip for monitoring

breath am otential biomarker for chronic kidney disease.

1. Introducti

S

Organic semiconductors (OSC) have emerged as a new class of electronic materials

3

promising ange of applications from organic field-effect transistors (OFET), solar

cells, therfifoelectrics, electronic skins, chemical and mechanical sensors by virtue of their

n

chemical v ity, solution processability and mechanical flexibility.!''"! Controlled

a

fabricatio porous OSCs over large area can open up a new avenue to tune the

(opto)e ic properties, and may even lead to new functions not imagined before, given

M

the wi nanoporous materials for energy storage, chemical separation, catalysis,
drug delivery and beyond. Recent work by Cho and Oh et al. has elegantly demonstrated the
fabricatio -domain porous pentacene thin films by vapor deposition on a small
molecule @ Bl Follow-up works have also shown fabrication of porous OSC thin films
exhibitin d gas sensing performance.!'”' However, solution coated/printed
nanopog:li i has not been reported before. In addition, the methods demonstrated thus

far are nos”l-agnostic and do not offer wide tunability of pore sizes. Pore structure

Or
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tunability is particularly important for controlling the pore-imparted properties, such as

sensitivity and response time of OFET based chemical sensors.

In this e demonstrate a generic method to fabricate nanoporous thin films,
applicabl ymer and small molecule OSCs. We introduce nanopores with tunable
N

pore sizesgo — 700 nm) into the semiconductor thin film via simple solution processing
methods s@eniscus-guided coating/printing and spin-coating. We further fabricate
nanoporoug,O sensors for detection of volatile organic compounds (VOCs) such as
ammonia maldehyde. Sensitive and rapid VOC detection using printed low-cost
sensor chips has sytential applications in personalized health and environmental
monitorin owever, it remains a challenge for OFET-based sensors to attain the high
sensitivit‘gel), fast response (sub-second) and resilience to confounding factors
(moisture,@ture) required for these applications. We show that introducing nanopores
to OF nhanced the response at low concentration and reduced the response time
to VO§taining the resilience to confounding factors. Furthermore, thanks to

tunable pore dimensions, we are able to investigate pore-size dependent sensing performance

and establhction-diffusion model to elucidate nanopore-enhanced sensing mechanism.

Our propanism is against the conventional wisdom that attributes enhanced sensing
performan igh specific surface area and/or enhanced diffusion.” "> % The high
sensin:ce obtained using our method could further enable potential applications in
breath m environmental monitoring.

2. Resul:iscussion
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2.1. Templating nanoporous OSC thin films

We demo*trate isimple, additive approach to fabricate nanoporous semiconductor thin

films in so, rocessing. The solution processing methods we used include spin coating
and menisCus*® unidirectional coating; the latter shares the same fundamental physics
N

as large-s<s=e roll-to-roll printing (Figure 1a). The simplicity and generality of this approach

for fabricafthg ndmoporous thin films stand in contrast to the conventional subtractive

approachemn lithography and etching, which involve complex procedures and

corrosive wals. 2123

The ke

U

ethod is to direct the semiconductor deposition using a nanoporous

insulatingfldyer serving as the template, which can be fabricated over a large area via one-

i

step micropha paration during spin coating. The nanoporous template was prepared from

d

poly(4-vi 1) (PVP) /tetrahydrofuran (THF) solution with 4,4’-

(Hexa opropylidene)diphthalic anhydride (HDA) added as the cross-linking agent for

0]

PVP (Ki 1). Nanopores ranging from 50 nm to 700 nm in pore diameters were obtained

by systematically increasing the HDA:PVP ratio in the solution (Figure 1b-e and Figure

I

[24-25

S2a). Thr sen solubility parameter I calculations (Table S1), we infer that

addition o ecreases the miscibility of PVP with THF, which was experimentally

validated iscibility test (Figure S3). Furthermore, AFM characterizations revealed

that th extend through the entire thickness of the PVP:HDA film (Figure S2b).

th

Combinin jscibility test with morphology characterizations of the nanoporous thin

U

film, we ze that elevated HDA concentration induces microphase separation in-

A
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plane, between a continuous PVP-rich phase and a discrete THF-rich phase by the
mechanism of nucleation and growth. Subsequent THF evaporation leaves nanopores in the
film. W#ropose that increasing HDA concentration expedited THF domain
nucleatio olonging domain growth to result in larger pore formation

N
(Supplemgntary Note 1 and Figure S4).

CioHz1
(rl\':mHﬂ
P S,

\ 4

0, 5 S, CeHyr
Ew A or
TN CgH,
Cm“ﬂz_/)
Croflg DPP2T-TT C4-BTET

a

Figure 1. @ us semiconductor thin film fabrication via simple solution processing. (a)
Schematic Gfypargporous semiconductor layer formation templated by a nanoporous PVP:HDA layer
ided coating and spin-coating. Also shown is the corresponding nanoporous field-
effect transgstor device with DPP2T-TT or Cg-BTBT as the active layer, SiO, as the dielectric layer
gate electrode. (b-e) Atomic Force Microscopy (AFM) height images of porous
PVP:HIMS, with average pore diameter of (b) 0 nm (c) 80 nm, (d) 360 nm, (e) 640 nm. The

scale bars in all images.
With the nangporous PVP:HDA template prepared, we next deposited organic

semicond n film on the template layer using either spin-coating or meniscus-guided
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coating (Figure 1a). We first deposited poly(diketopyrrolopyrrole-thiophene-
thieno[3,2,b]thiophene-thiophene) (DPP2T-TT), a recently reported high performance donor-
126-28] Before deposition, we grafted a monolayer of octadecyl

acceptor conjugated polymer.
tricholoroﬂ) on the template layer to passivate the charge traps.””) After DPP2T-

N . .
TT deposgn, we observed a faithful pattern transfer from the template layer (Figure 1b-¢) to

the semicmlayer (Figure 2a-c and Figure SSa-c) using both solution processing

methods. 2T-TT polymer formed a continuous thin film with isolated nanopores

decoratin endire surface. The continuity of the thin film is important for providing

S

percolation pa ys for the charge carriers in a transistor device. From AFM height images,

U

we measure he pore diameter and pore depth in the semiconductor layer remain almost

q

the same in the template layer, across the entire range of pore sizes tested (Table

S2). Fromflin ed pore depth, we infer that the template pore floors are coated with

a

DPP2T, same thickness as that on the top surface. The almost identical pore
diameter beft d after DPP2T-TT deposition indicates that the pore walls are not coated
by the polymer film, particularly considering that the DPP2T-TT film thickness is by no
means neg Eible (~23 nm). We later show that this morphology feature is important for

enhancin | response by exposing the conductive channel of the transistor device.

We furt acterized the molecular packing in the nanoporous semiconductor films by

hna

Grazin g=imei X-ray diffraction (GIXD) (Figure 2d-f, Figures S5 and S6). The detailed

{

molecular'packing analysis is summarized in Supplementary Table S3 and Table S4. Not

surprising esence of nanopores did not noticeably alter the molecular packing in the

3J

DPP2T- 1lm. Figure 2g shows the geometrically corrected orientation distribution of

A
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crystallites in coated DPP2T-TT films obtained from pole-figure analysis on the ©t-n stacking
ring.***¥ The anilysis unveiled a predominant edge-on orientation of the & stacks (Figure

2h) in all mregardless of the processing methods and the pore sizes. We expect this

preferred
N
the expos!e of the & orbitals of the conjugated core at the pore wall.

o promote the charge-transfer reaction with the analyte by maximizing

How d@anoporous template direct the semiconductor deposition process to yield
the observ. hology? First, we determined that the polymer ink solution is in the
Wenzel stm;l in contact with the nanoporous template (Figure S7), indicating that the
ink wets tlm contour of the template layer. Therefore, we expect the polymer deposition
on the ponﬂo occur in the same fashion as on the top surface, both driven by solvent
evaporation at thsitriple-phase contact line. When the meniscus sweeps over the vertical pore

wall, how osition does not have time to occur due to the constant meniscus speed

along t ing direction. The consistently low contact angle between the ink and the entire

porous ate may have also prevented contact line pinning and therefore no deposition
occurred at the pore wall (Figure S8). The same mechanism applies to the deposition of 2,7-

dioctyl [1hienoB,2-b]benzothiophene (Cs-BTBT), a small molecule semiconductor as

shown lat

O

Auth
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Figure 2. Morphology Characteristics of printed DPP2T-TT thin films. (a-c) AFM images and (d-f)

GIXD diffraction patterns of printed DPP2T-TT film on the PVP:HDA template layer with pore size

of (a, d) 0 nm, (b, €) 100 nm and (c, f) 400 nm. The scale bars are 1 x m in all AFM images. Films

were pr“nm/s from 3 mg/mL chloroform solution at room temperature. Arrows indicate
ion. GIXD was taken with the printing direction is parallel to the incident beam

@ | as perpendicular to the incident beam (Figure S6). The GIXD images are not

d to show the lamella peaks clearly. (g) Comparison of geometrically corrected

orlentatﬂnmmn for printed DPP2T-TT film with various pore sizes. The plot at polar angle y =

0° indicate -on orientation and y = 90° represents edge-on orientation. The normalized

diffraction infensities scale with the population of the crystallites with orientation characterized by the

polar anglﬂnor bars were standard errors of calculated (010) peaks areas from multipeak

fitting. (h) ic illustrating the cross-sectional morphology of porous DPP2T-TT film (blue)

printed on w s PVP:HDA template (green). The magnified image shows the edge-on molecular
P

packing in T-TT layer.

2.2. Nano olymer OFET for ammonia sensing

To characte e charge transport properties and sensing performance of the nanoporous
semicond films, we fabricated top contact bottom gate transistor devices and
perforrne al measurements under ambient conditions (Figure 3). Typical transfer
curves TT OFETs with and without pores are shown in Figure 3a. Both devices

exhibited pre ant hole transport with an on/off ratio of ~10°. The DPP2T-TT based
nanoporous s had comparable mobility (0.30£0.05 cm®V™'s™) but slightly lower on-
current comto the nonporous devices, due to a slight decrease in capacitance when the
nanostruc plate layer was introduced (Figure S9). This observation confirms that

introducing pores did not adversely influence the device performance. Notably, the

transistor gvices remained stable after repeated measurements in air, which is ideal for

sensingwls (Figure S10).

-
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Figure us OFET based ammonia sensor. (a) Comparison of transfer curves from porous
Vs. nonp FET. The devices were fabricated with a channel length of 65 1 m and width of 4500
um. (b) Cu ponses of DPP2T-TT based sensing device to a series of ammonia gas

concen nstant voltage (Vgs= -10V, Vps=-20V). The current response (Al/ly) is reflected
by the percent change in current Al with respect to the initial current I,. The devices were fabricated
with DPP2&-TT film without (w/0) or with (w/) pores (with a diameter of ~700 nm). (¢) Read-out
signals shoLCentage current change as a function of time responding to 1 ppb NH;. The red
lines show i lated response based on the reaction model. (d) Schematic diagram of the

reaction occt

nanoporou

pased ammonia sensor. The magnified cartoon illustrates the charge transport

at the conductive channel with ammonia. () Current response of DPP2T-TT
devices to with concentrations ranging from 1 ppb to 100 ppm. Dependence of Al/ly on pore
sizes is sho Dependence of Al/l on the area fraction of the exposed pore wall. A, is the total
surface areg of the gore wall calculated from the film thickness, pore diameter and pore area density.
A is theﬁe area of the semiconductor layer. Error bars were calculated from 6-8

measurem:4 independent samples at each condition.
We ne red the sensing performance of DPP2T-TT transistor to NHj3 in real time.
To this gas sensing experiments were performed in a PDMS microfluidic system that
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enclosed the transistor devices. When NH3 molecules are carried into the PDMS channel,
they diffuse into the conductive channel of the transistor device and donate electrons to
DPP2T-T | ﬁ charge transfer reaction, thereby reducing the hole concentration and

resulting 1 in the current. The device response to the analyte is presented as Al/ly=

I
(Ly-10)/ 1, gere Iy and I, denote the initial drain current and the current after exposure to the
analyte reggectiVly, and Al is the net current change. Figure 3b show the dynamic sensing
performance PP2T-TT based sensor for detecting NH3 ranging from 1 ppb to 100 ppm in
dry air. I y, at the low concentration of 1 ppb, the presence of 700 nm nanopores
enhanced ‘@ by up to 2.5 times to 27.8% and reduced the response time by an order of

magnitud;conds to hundred milli-second time scale (Figure 3¢ and Figure S11). In

comparis usly reported detection limit is frequently in the hundred ppb range with

response @16 order of seconds to minutes (Table S5).['% % 1%-34351 e note that the
lowest ration used in this study is not equivalent to the detection limit. The
detection Liga#®€an be extrapolated from the linear calibration curve when the signal equals

1.5¢7 The noise level in our

three times the root-mean-square (rms) deviation of the noise leve
system is M in terms of the rms deviation from the A//1, baseline, while the signal at 1

ppb gas cq @ ion is two orders of magnitude higher than the noise level. Therefore, the

detection lisai ur nanoporous sensors will be significantly lower than 1ppb. Our low

n

detecti sitive and ultrafast response are unprecedented among OFET-based NHj3

,t

sensors. The ultrasensitive and ultrafast sensing performance can enable even the most

L

demandin and environmental applications as demonstrated later.

A
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2.3. Sensing mechanism and reaction model

What is tﬁ mecﬁnism by which nanopores promote sensitive response and shorten the

response tmpothesize that introducing through-pores in the thin film exposes the

highly rea
N
Their higtseactivity comes from two aspects: first, the DPP2T-TT molecules in the

riginally buried in the conducting channel to the pore wall (Figure 3d).

conducting’Chanfgl are positively charged serving as hole carriers; second, the backbone of

C

DPP2T-TT js quented edge-on with respect to the substrate (Figure 2h), thereby favorably

S

exposing the¥r-efcctrons to the pore wall. Both factors are expected to promote charge

transfer reactionslbetween NH3 and DPP2T-TT at the pore wall. To test our hypothesis, we

U

systemati ed the pore size and correspondingly the area fraction of the pore wall out
of the totg area (A4y/A;), and measured the pore-size dependent sensing performance
(Figure 3msewed that Al/Ij of the device was linearly proportional to the pore wall
area fr: oA, (Figure 3f). This observation is consistent with our hypothesis since the
area depsi ighly reactive sites scales with the area fraction of the conductive channel

exposed to the pore wall and therefore 4,/4;. We further verified that the sensing performance
was insenLthe through-pore thickness when varied between 50 nm to 12 nm (Figure
S12), but pducing the thickness to 8 nm started to decrease the response. This result

suggestsfg:nducting channel likely has a thickness between 8-12 nm within which the

highly

s reside.

{

To qua extent to which the charge transfer reaction rate is modulated by

U

nanopores, ablished a simple analytical model detailed in Supplementary Note 2 and

A
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Figure S13. One important assumption of the model is negligible diffusional resistance in a

low Damkdéhler number (D,) regime. This assumption is justified since the estimated

{

diffusion t1 ale is 10™ s in nanoscopic thin films, which is at least three orders of

magnitud n the response time. Therefore, the response time is determined by the

[
charge-tramsfer reaction alone. Considering a first-order charge-transfer reaction between the

hole carrieg(DRR2T-TT") and the analyte (NH3), as described by the following first-order

G

reaction:

k1

DPP2T —TT™ NH3 k:DPPZTTT -NHF
-1

US

we derived vice response follows the equation below:

n

Al/I, = — (1 — e((alung thos)t)y Equation 1
AnE

NH3

where Cy esents the concentration of NHj3, &; and £_; are the forward and backward

M

reactio ant respectively, and ¢ is the reaction time. It is evident that the sensing

performance is highly dependent on the reaction rate constants.

[

To com e reaction kinetics for sensors with and without nanopores, we fitted
Equation experimentally obtained dynamic monitoring curves and regressed the

forward afid backward reaction rate constants as a function of pore size and A,/4, (Figure 3f

g

and Ta found that k; was enhanced by an order of magnitude when the pore size

{

increased from 720 nm and correspondingly A,/4, increased from 0 to ~1.2%. On the

U

other hand, k- s not much affected, exhibiting a moderate two-fold increase. This result is

A
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consistent with our hypothesis that nanopores enhances the reactivity of the semiconductor
layer by exposing highly reactive sites to the pore wall, resulting in ultrasensitive and
ultrafast sensi erformance of nanoporous devices. (Figure 3d and Figure S13). It is worth
noting tha; ies on OFET gas sensors have reported improved current response by
decreas?n m thickness. The observed enhancement was frequently attributed to
lowered anglytaagiffusion barrier.""” *> "1 Our work indicates that enhanced reactivity is key
to attainin‘gve response for the device, not removing diffusion barriers in the case of
thin film w based gas sensors. We emphasize that introducing nanopores dramatically
enhanced reactivity with only negligible increase in the specific surface area. This
observation is in stark contrast to the mechanism proposed in previous studies on
nanostruc& ET sensors.!'> 72 We believe the highly anisotropic nature of the
transistor m in terms of both molecular orientations and electronic states is the

funda n why nanopores are so effective in enhancing the reactivity towards

analyte with bstantially increasing the specific surface area. We note that the devices
fabricated via meniscus-guided coating and spin coating methods yielded almost the same

sensing pégformance, showing the robustness of our nanoporous approach for attaining high

i

sensing pe@ce (Figure S14).
2.4. Nano mall molecule OFET for formaldehyde sensing
To de e generality of our approach, we fabricated nanoporous OFET sensors

{

using a s cule semiconductor Cz-BTBT via both meniscus-guided coating and spin

U

coating fo a similar procedure (see Experimental section). Strikingly, we obtained

A
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large yet nanoporous single-crystalline domains with well-defined terraces (Figure 4a). The
structural integrity of these large crystalline domains was not affected by introducing a high

sized nan aces of 2.6 nm~2.8 nm in height, indicating that the terraces are

area densilE:anopores. The high crystallinity is manifested in the formation of micron-
I (38] . o .

comprlse(if a single molecular layer of Cg-BTBT."”™ The high crystallinity is also evident

from the ane of high index peaks in the GIXD patterns (Figure S15). In addition,

only a few rods were observed due to the large size of crystalline domains well beyond

S

the X-ray dth, and therefore only very few grains were sampled by the X-ray.

Interestingly, codating on nanoporous templates resulted in narrower diffraction peaks

U

compared t se of nonporous substrate (Figure S15 and Table S7). Correspondingly,

1

we measu igher hole mobility in the nanoporous transistor devices (Table S8). The

mechanisill b ich nanopores improve molecular ordering in Cg-BTBT thin film is unclear.

d

Nonet charge carrier mobilities obtained verify the continuity and charge

percolation i anoporous thin films despite high pore densities.

Author M
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Figure 4. :us Cs-BTBT OFET sensor. (a) Schematic of the device configuration. The top-
contact, bo transistor device has a nanoporous semiconductor layer templated by the porous
PVP:HDAgyer, and covered by the PEI sensory layer. The AFM image and cross-sectional profile of
TBT semiconductor layer are shown. How formaldehyde molecules interact with
illustrated. (b) Current response of Cs-BTBT/PEI transistor device with (red) and
as compared to Cg-BTBT transistor device with (magenta) and without (black)
ange of formaldehyde gas concentration (Vgs= -40V, Vps= -40V). The inset shows
the ma t responses at 1 ppb formaldehyde concentration. The nanopore size was

the nanopo

approximate m on average.

We the sensing performance of Cg-BTBT OFET for trace formaldehyde
detection. Formaldehyde sensing is important and relevant for both environmental and health
monitoring. Formaldehyde is a common carcinogenic indoor air pollutant with a

recomme @ b-term exposure of only 16 ppb.**” In addition, formaldehyde in human
breath is er for breast cancer. A breath formaldehyde concentration exceeding 1.2
ppm is strr gly ﬁrrelated with the disease condition, compared to the healthy level of 0.3

ppm on a ] However, it remains challenging to detect formaldehyde (CH,O) at such

low conce due to its weak electron donating and withdrawing abilities and therefore

This article is protected by copyright. All rights reserved.
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[17, 42]

low reactivity with most organic semiconductors , including Cg-BTBT (squares in Figure

4b). Hence, we added a sensory layer to the Cg-BTBT OFET comprised of polyethyleneimine

(PEI) rich m amine groups to enhance reactivity with CH,O (Figure 4a). The

nanoporo was maintained after PEI coating atop the Cs-BTBT layer (Figure S16).

The as %ﬁsmnanoporous Cs-BTBT/PEI OFET exhibited excellent CH,O sensing
performangg infair reaching an unprecedented detection limit below 1 ppb. In particular,
introducingores increased the Al/Iy of nonporous devices by an order of magnitude
from 0.69 .8%. Without PEI, nanopores also enhanced the current change for device, but
toa lesser@ﬁgure 4b). From the opposite current responses of devices with vs. without
PEI, we iﬁing-dedoping sensing mechanism as the following (Supplementary Note 3

and Tabl iwrst, PEI acts as an electron donor doping the hole-conducting Cs-BTBT,
which brirease in current; when the carbonyl groups of CH,O reacts with the amine
groups Cs-BTBT layer is dedoped and the current rises back. The PEI layer
enhances th ivity with CH,O while nanopores expose the reactive conducting channel

originally buried in the Cs-BTBT layer. Both factors combined leads to the ultrasensitivity

and fast r&onse time for CH,O sensing (Figure S17). As far as we know, this is the best

sensing p@ce among OFET-based formaldehyde sensors reported so far. Previous
I

that th

studies typic eported detection limits between 1 ppm to 1000 ppm.!'”! We further show
ﬁ\s Cs-BTBT sensors exhibit good selectivity for CH,O among major

reactingure S18), enabling potential applications in ultrasensitive environmental

and health monitiing.

2.5. Flexi anoporous OFETs for breath sensing

This article is protected by copyright. All rights reserved.
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The ultralow detection limit and ultrafast response of nanoporous OFET sensors open
avenues for a wide range of applications in health and environmental monitoring. In

cost platfi onalized health monitoring and disease prevention by alerting

particularﬂncentraﬁon change of breath VOCs could serve as a powerful and low-
.. . . .. [43-44]
1nd1v1dualspotent1al onset of a disease condition at a very early stage. Here, we
demonstramoltage DPP2T-TT OFET sensor chip fabricated on flexible substrate and

its applicat sensing breath ammonia (Figure 5). Ammonia is a common volatile organic

S

compoun human breath, which was identified as a key biomarker for end-stage

renal failure. Préfgous studies observed significantly increased breath ammonia concentration

U

at the disea e, rising from hundred ppb (healthy) to ppm level (diseased) on average

1

(Table S1)kamss Elevated level of ammonia was also found in exhaled breath of patients

suffering ffo r failure and Alzheimer’s.['® *!

d

To flexible OFET sensor chip, we adopted high capacitance PVP:HDA as the

dielectric reduce the operation voltage, and the ITO-coated polyethylene

M

terephthalate (PET) as the flexible substrate in OFET fabrication (Figure 5a). The transistor

[

devices e xcellent transfer and output characteristics operating at low voltage

(Figure 54 @ ure S19). Moreover, the ammonia sensing performance of low-voltage

flexible dey igure 5c) was comparable to that of OFETs fabricated on SiO,/Si

h

substr. i 3e). To demonstrate a clear path towards practical application in breath

t

sensing, the effects of temperature and humidity fluctuations as well as mechanical bending

J

on device were further investigated. The porous DPP2T-TT devices exhibit

excellent ature stability within the range of breath temperature fluctuations (Figure

A
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S$20).°% The sensing performance is also stable against large fluctuations of environment

temperature between 20~50 °C (Figure S21). In terms of humidity effect, human breath

usually exhibiig>80% relative humidity (RH)"", which does significantly impact the device
performa S22a). However, such humidity effect can be fully compensated
N

following @n established procedure (Figure S22b and $22¢).°"! In other words, the current
change to Q and VOC is additive. Alternatively, the humidity effect can be eliminated
via sample deMumidification (Figure $23).°? For further discussions on the humidity effect,

see Suppl Note 4.

Us

We next invesigated the selectivity of the flexible OFETs. Shown in Figure 5d, the

nanoporog -TT sensors exhibited high selectivity for ammonia among several major
S

VOCs in ted at 1 ppm. On the other hand, we acknowledge that our selectivity test

levels.

is not cow@ve as the human breath contains thousands of VOCs, mostly present at ppb
>multiple VOCs are expected to vary in concentrations with the onset of a

disease urther complicates the selectivity evaluation of a single component. Towards
addressing this challenge, we performed preliminary studies on the impact of common

confoundihrs on selectivity towards ammonia, including multi-VOC background

(Table Sgure S24) and high sample humidity (Figure S24). We found that the
selectivity onia is not significantly altered by the presence of the VOC mixtures
studietsl high sample humidity within the range tested. We also studied the effect
of substra#ending on charge carrier mobility and Al/I shown in Supplementary Figure

o
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ensor chip. (a) Photograph of a flexible gas sensor. The devices were fabricate
with a structure /ITO/PVP:HDA/porous PVP:HDA/DPP2T-TT/electrodes. DPP2T-TT were

the porous -TT devices for NH;. The average pore diameter is 600 nm. (d) Current responses
of printed and spin-coated devices towards various VOCs at a concentration of 1 ppm. (e) Dynamic-
sensing reﬁnse curve of porous DPP2T-TT devices. Healthy breath sample (collected from a health
female) wa first. Subsequently, breath samples dosed with additional NH; at concentration
of 10 ppb, 1 ppm and 10 ppm was tested, to simulate the disease condition. (f) Comparison
of current g§ between healthy breath (without dosing NH;; green background) and simulated

breath gas with additional NH; dosed at various concentrations (pink background).

To testfeasibility for breath sensing, we collected breath samples from a healthy female
(age of Mulated disease conditions by adding ammonia at a series of concentrations
(10 ppb — ! EE pp5. In the case of renal failure, the breath ammonia concentration of an

individual incrgages by approximately 5-10 times relative to the healthy level; the extent of
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increase ranges from hundreds of ppb to several ppm, which varies from subject to subject
(Table S10). Accordingly, we designed our experiments to cover this entire range when
simulating monia concentration change in diseased patients. First, we established a
baseline uﬁbreath carrier gas. The exhaled breath sample contains a mixture of
water Vgpsmn oxide, oxygen and thousands of VOCs.!"®*-**! For the as-collected
breath samyple, the DPP2T-TT OFET sensors showed a positive response with an increase in
current (lm. Repeated tests over a period of two weeks (sample collected at the same
hour of th tablished a stable baseline and range of fluctuations of current responses to
healthy br@this individual (Figure 5f and Figure S26). We note that such stable
response is attributed to the excellent stability of the fabricated DPP2T-TT transistor devices.
For the siﬂisease condition with elevated ammonia concentrations, we observed

current relearly distinguishable from the baseline fluctuations, even when the

ation is increased by only 10 ppb (Figure 5e and Figure S27). Specifically,

when the am concentration increases by 1 ppm from the healthy level — a disease
relevant condition, we observed a ~50% current change compared to the healthy condition
(Figure 51! which was well beyond the baseline fluctuations (Figure S26). In addition, across

the wide r@:oncentrations tested, the magnitude of current response was fully

consistent e case when air was used as the carrier gas as opposed to the healthy breath

sample ‘Fgres S28 and S29).

We note hat to realize breath sensing based health diagnosis, generally it is necessary to
detect mu@)Cs in the presence of confounding factors using sensor arrays to yield a

“breath fi int”. Combined with powerful statistical analysis algorithms (e.g. principle
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component analysis, or PCA; discriminant factor analysis, or DFA), pattern recognition of the

breath fingerprint can be carried out to differentiate healthy from diseased states. This

approach ! n developed and elegantly demonstrated employing nanomaterials based
sensing pl s>V and comprehensively summarized in recent review papers.!>"®

6] C ) ] )
We ex;!ct that these methods for multi-VOC detection are transferrable to printed

electronicsgSernggr arrays have been extensively demonstrated using the printed electronics

platform®™ pared to nanomaterials based chemresistor sensors, OFET based sensors

have their antages, such as chemical versatility, material synthesis directly through

S

low-cost, high-thgoughput printing methods, diverse form factors and compatibility with the

U

human bod ell as the capability to achieve self-powered multi-purpose sensing

[

e, temperature, strain etc) on the same platform.

€0

(chemical

3. ConcluSio

In this we demonstrate, for the first time, tunable nanoporous organic semiconductor

M

thin fil ricated using simple solution processing methods applicable to both polymer

and small molecule semiconductors. Templated by the nanostructured PVP:HDA layer, the

I

pore sizes miconductor layer were widely tunable from 50 nm to 700 nm.

Introduci @ ores to DPP2T-TT based OFET sensors enhanced its reactivity towards

O

ammonia er of magnitude, revealed by the reaction model we established. As a

result, es enabled ultrasensitive, ultrafast response to ammonia below 1ppb at

th

hundred-ngiki d time scale, which is the best sensing performance reported so far.!'>**

U

Pl we fu dated the generality this strategy by fabricating nanoporous Cs-BTBT

A
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OFET for formaldehyde sensing — a far more challenging sensing target as compared to
ammonia due to its low reactivity. Again, we observed a 10-fold current-change enhancement
with unprec ted sensitive response to analyte concentration below 1 ppb, which is three
orders of improvement over the previously reported OFET formaldehyde
sensors.!”@'er the following features to be critical for enhanced signal response of

nanoporoﬁs: 1) the pores are through-pores to grant access to the highly reactive

conducting el at the semiconductor-dielectric interface; 2) the conjugated core of the
semicondWriented parallel to the pore wall to facilitate charge-transfer reaction with
the analyte. Enabled by ultrasensitive chemical sensing, we demonstrated solution-processed
flexible nz&s sensor chip for real-time monitoring of breath ammonia concentration

variations ellent performance, simple fabrication and diverse form-factors of

nanoporomtors may open up a wide range of applications in personalized health and

enviro itoring, frequently demanding sensitivity on the ppb level with fast

response. Ou oach of printing nanoporous thin films could be extended to other material
systems and various solution processing methods. Furthermore, the concept of nanoporous

organic el€tronics can bring novel properties beyond chemical sensitivity, such as enhanced

mechanic@ability, new optical properties, and even application in controlled drug

release.

4. Expgection

Nanoporo ige fabrication. Heavily doped silicon wafer (n-type) with a thermally grown
Si0, (300 re used as bottom-gate electrode and the dielectric layer, respectively. The

<
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substrates were rinsed with toluene, acetone, and isopropyl alcohol, and dried with nitrogen
before deposition of the organic materials. Poly-4-vinylphenol (PVP, M= 25000 mg/mL,
Sigma-mmﬁon was spin-coated on the substrate at a rotation speed of 7000 rpm for
fabricatina template. The solutions of PVP were prepared with 4,4’-
(hexaﬂ:orsTpropylidene)diphthalic anhydride (HDA, Sigma-Aldrich) in a series PVP:
HDA ratiogaf 10l to 1:1 by weight in tetrahydrofuran (THF, Sigma-Aldrich). The
concentra‘mQ PVP range from 2.5 mg/mL to 20 mg/mL. Prior to spin-coating, the
substrateswated with plasma (Plasma Etch Inc. PE-25) for 6 min at 150 W. In order to

obtain the porou§structure, the humidity needs to be kept at 50% during the preparing

U

process. S ntly, the modified layer was cured at 100 °C in air for 1 h. For the

N

nanoporo s fabrication, the templates were fabricated following the procedure above

with PVP @t entration of 5.5 mg/mL. After plasma treated for 12 s, the substrates were

cl

modifi cyltrichlorosilane (OTS, Sigma-Aldrich) assembly layer via vapor

method.['®

M

OSC layers were deposited via meniscus-guided printing and spin-coating. The printing

conditionh the following: a silicon wafer with 300 nm SiO, treated with a monolayer
of OTS ws the printing blade; the gap distance between the substrate and the blade
was set as ; the blade was titled by 7°; the substrate was kept at 25 °C. A 3 mg/mL
DPP2]$form solution was used to deposit OSC films on the OTS modified
template sﬁs, at printing speed of 0.5 mm/s. For Cg-BTBT, the thin film was deposited

on the PVRg template layer (without OTS) from 7.5 mg/mL chloroform solution at

printin f 1 mm/s. In the spin-coating process, a DPP2T-TT/chlorobenzene solution (5
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mg/mL) was dispensed on the substrate when the spin-coater motor was operating at a speed

of 4000 rpm.""® The resulting DPP2T-TT film thickness was ~23 nm. Cs-BTBT/o-

dichlorobmion (5 mg/mL) was utilized to fabricate thin films by an off-center spin-
1

coating m ein the substrate was offset from the center of the spin-coater.™

N
Finallysold source and drain electrodes (35 nm) were deposited on the DPP2T-TT thin

film by vaftium Syaporation through a shadow mask with a channel and width of 65 pm and
4500 pm mely, while silver (35 nm) were thermally evaporated on Cs-BTBT surface

as source afd dfdin electrodes with the same pattern structure. The deposition rate was 0.5

AJs. For formaldS:yde sensor, polyethyleneimine (PEI)/water solution (Sigma-Aldrich, 0.2

mg/mL) vgoated on the top of Cg-BTBT devices when the spin coater was rotated at a
5 m

speed of

Fabricatiomo ible devices. For flexible-sensor fabrication, the indium tin oxide (ITO)
coated p ene terephthalate (PET) substrate (0.127 mm in thickness, Sigma-Aldrich)
was cl ithtoluene, acetone and isopropyl alcohol. The substrate was treated with

plasma for 6 min at 150 W, and the PVP:HDA solution (with a weight ratio of 10:1 in
propylene glycol monomethyl ether acetate) was then utilized to fabricate the dielectric layer

as previo @ 2d.°? Following heat treatment at 100 °C for 1 h on the hot plate in air, the

porous PVRP: template layer was spin-coated as described above. After the deposition of
an OTS E'nolaw, DPP2T-TT (5 mg/mL, chloroform) solution was then printed onto the

substrate m of 0.5 mm/s. The patterned Au source-drain electrodes were finally

thermally d onto the film with a thickness of 35 nm.
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Film characterizations. The surface morphology and thickness of the modified layer and

semiconducting layer were characterized with Asylum Research Cypher (Asylum Research)

Ot

under the ta mode. Synchrotron-based Grazing-incidence X-ray diffraction (GIXD)
were perft small-wide-angle X-ray scattering beamline 8ID-E at the Argonne

[ |
National Iggboratory. For GIXD measurement, DPP2T-TT and Cs-BTBT were deposited on

[

the pre-coaged RYP:HDA template layer (with and without pores) via spin-coating and

G

printing me > The substrate used for the samples was silicon wafers with 300 nm SiO,.

S

During th surement, the samples were placed in a helium chamber. The sample to the

Pilatus 1M detectpr distance was 208 mm, and the incidence angle was 0.2°. The X-ray beam

u

energy wa V, corresponding to a wavelength of 1.6868 A. Integration of the

1

diffractio eas was performed with the software GIXSGUI. To analyze the domain

orientatiofll p gures were constructed by extracting (010) n-n stacking peak intensities as

d

ole angle x, which are shown in Figure 2g and Figure S7g. The y range

° segments between 12.5° and 87.5°. To remove the strong background

scattering from the underlying template layer, we performed careful peak deconvolution to

extract thhcking peak intensity. Multipeak fitting was performed on intensity vs. q

curve of eents to deconvolute the n-n stacking peak from the amorphous ring and
the backg;:ttering. The peak area was further normalized by film thickness and
exposu . normalized intensity was further geometrically corrected to plot Figure
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Electrical characterization of transistor devices. The OFET measurements were carried out

in ambient air using an Keysight B1500A semiconductor parameter analyzer (Keysight

Technologi room temperature. The mobilities were calculated from the equation /ps=

(uWCey/2 & where Ips represent the source-drain current, zis the mobility, W and L
N — . . .

are the ch@mnel width and length, C., is the capacitance per unit area of the substrate, Vs and

Vr are the glte ¥ltage and threshold voltage, respectively. In order to measure C.,, a metal-
dielectric layet=metal structure devices were constructed. The Keysight B1500A was used to

carry out i-Static Capacitance Voltage (QSCV) measurement.

A polydimetthiloxane (PDMS) micro-flow cell was laminated on the surface of the

OFET to g gas chamber above the channel region of the device with a size of

1.5x1.5%2 . A two-syringe push-pull syringe pump was connected to the flow cell with
inlet and dutl ytetrafluoroethylene tubing. The sensing performance was monitored with
the air ytes (by controlling volume ratio) at a constant flow rate of 5 mL/min. The
dynami g curves were collected using Keysight BIS00A in real time. In the

experiment, the humidity was controlled by humidifier and measured with a commercial

humidity hwith an accuracy of 0.1%. We note that the sensor response time does not

take into e vapor delivery time.
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Supplementary iSOrmation is available from the Wiley Online Library or from the author.
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Solutiod Nanoporous Organic Semiconductor Thin Films:

Towasdssllealth and Environmental Monitoring of Volatile Markers
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We demonstrate a generic method to solution process nanoporous thin films with pore

sizes tunable frogd 50 to 700 nm for both polymer and small molecule semiconductors. The

9

nanoporo 1stor devices fabricated exhibit more sensitive and rapid detection of volatile

A
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organic compounds below 1ppb at hundred-milisecond time scale. The nanopores function by

exposing reactive sites in the conductive channel to the analytes.
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