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Molecular of organic electronics has shown promise to sensitively modulate important device
metrics. O al challenge is the disruption of structure order upon doping of highly crystalline
organic ductors, which significantly reduces the charge carrier mobility. We demonstrate a
new metho ieve large modulation of charge carrier mobility via channel doping without
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disrupting the molecular ordering. Central to the method is the introduction of nanopores into the
organic semiconductor thin films via a simple and robust templated meniscus-guided coating method.
Using this method, we boost the charge carrier mobility of Cg-BTBT transistors by almost sevenfold.
We furtl“rate enhanced electron transport by close to an order of magnitude in a DPP-based

donor-acceptemmpelymer. Combining spectroscopic measurements, DFT calculations and electrical
characteridentify the doping mechanism as partial-charge-transfer induced trap filling.
The nanop S*ESEEE™S enhance the dopant/OSC charge transfer reaction by exposing the m-electrons
to the p@ic Sl

Keywordhology, organic field-effect transistor, doping, nanopore, solution coating

Doping thrically played a central role in modulating device performances of
conventio nglganic semiconductors. Over the past few years, molecular doping has

received inCreaSmg attention in the field of organic semiconductors (OSCs) for achieving

Uus

high performjnii electronic and optoelectronic devices."™ For organic transistors, doping

has been ieds to boost electrical conductivity and/or reduce contact resistance, when
mobile ci@-iers are introduced into the device via integer or partial charge transfer
betwee nt and the OSC host.!"" * 7 Increased conductivity often comes at the

expense of re d on/off ratio detrimental to electronic switching. In many cases, however,
dopant-induced charge carriers fill the trap states first, before mobile charge carriers can be

generated {Doping by the trap filling mechanism is proven useful for tuning threshold

voltage!'”! ving air stability!''? and enhancing charge carrier mobility!*"'* of the
transistor without compromising the on/off ratio.
On jor challenges in molecular doping lies in controlling the morphology of

M

doped thiﬁwhich is critical to maintaining high device performance.” ® Mixing of

dopant in e OSC matrix often disrupts the molecular packing to introduce structural
and en disorders, thereby lowering charge carrier mobility.!">"'® In addition, low
dopant-OSC ibility often results in large-scale phase separation and limits doping

efficiency.'* '"'® For these reasons, doping highly crystalline or semicrystalline transistor
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devices is far more challenging than amorphous ones such as organic light-emitting diodes."”!

On the other hand, many recent high performance OSCs are based on highly crystalline small
molecules, as [1]Benzothieno[3,2-b]benzothiophene (BTBT)!'”! and dinaphtho-[2,3-b:2
/ 3 / _ f]

 EE—
are rarely @eported, and most studies focused on contact doping to facilitate charge injection

Jthiophene (DNTT)®” derivatives. Channel doping of these materials

instead.> Q method to alleviate this issue is to deposit dopant as a separate layer on or

beneath the thin film, a.k.a. surface doping, or remote doping. However, surface doping

cannot di igfluence the buried conductive channel unless the film is very thin.'> %! A
few other sequeiial deposition methods have also been demonstrated recently to prevent

structural dion during doping, such as solid-state diffusion via vapor deposition or
; 8, 24]

solvent n. These methods have been successfully demonstrated for
semicrystmlymers; the dopant was found to reside in the solubilizing side chains
withou tydi mg the backbone packing. However, it remains a challenge to effectively dope

the conducti nnels of highly crystalline devices.

In this work, we demonstrate a new method to significantly enhance the doping effect

while mai& the OSC structural integrity for both highly crystalline small molecules

and semie polymers. The central concept of our approach is to introduce nanopores

into thﬂr using a simple and robust templated solution printing method prior to
dopant ei0s1 103 Introducing nanopores effectively exposes the OSC conjugated core to the

dopant, t:nhancing their charge transfer reaction via co-facial stacking.*” The

nanopore rant dopant molecules direct access to the conductive channel of the

transistg 4 ces. We first demonstrate this method using a highly crystalline small
molecule, 2,7-di0ctyl[ 1 ]benzothieno[3,2-b][ 1]benzothiophene (Cs-BTBT), and a commonly
employed p-dopant, 2,3,5,6-tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (F4~-TCNQ). The
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Cs-BTBT HOMO and the F4-TCNQ LUMO can hybridize to form charge transfer complex,
which was observed in their co-crystals.[! Surface doping of Cs-BTBT transistors by Fj-
TCNQ has reported before with the solvent immersion approach'™, but only threshold
voltage s erved via contact doping when the charge carrier mobility remained
almost unganged, indicating that channel doping was ineffective. This study again highlights
the challenge ofgghannel doping highly crystalline organic transistors. In this work, we show
that our do pproach not only reduces the threshold voltage of Cs-BTBT transistors by

over 20 \wso increases the charge carrier mobility by close to sevenfold upto 18.2

em’V's! asmg the channel trap state density. We further demonstrate enhanced n-
doping of ambipolar conjugated polymer poly(diketopyrrolopyrrole-thiophene-
thieno[3, 2¢16ne-thiophene) (DPP2T-TT)"%*" using this approach.

(b ) F,-TCNQ Cg-BTBT

Figure IMus-guided coating of nanoporous Cg-BTBT thin films for doping. (a)
Molecular structures of the porous template PVP:HDA, the dopant F4-TCNQ, and the OSC,
chematic of meniscus-guided coating on porous template. (c-f) AFM images
) nonporous and (d, f) porous Cg-BTBT films (c, d) without (w/0) and (e, f)
with (w/) Fa- . F4~-TCNQ was deposited via spin-coating from 0.5 mg/mL water/acetone
solution. The insert arrows indicate the coating direction. The scale bars in all images are 2

pm.
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The nanoporous Cs-BTBT thin film was prepared by a simple and additive meniscus-
guided solution coating method (Figure la,b). The key to the method is to direct the
semiconduc eposition using a nanoporous insulating layer serving as the template, which
can be fa r a large area via one-step microphase separation during spin coating.
The simplagity and generality of this approach for fabricating nanoporous thin films stand in
contrast toghe @@nventional subtractive approaches based on lithography and etching, which

[28-30

involve co procedures and corrosive chemicals. ! In brief, the porous template

(Figure SWrst fabricated by spin coating poly(4-vinylphenol) (PVP)/tetrahydrofuran

(THF) solution With 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (HDA) added as

the cross-linking agent for PVP.**! We recently showed that the addition of HDA decreases
the misciﬁ PVP with THF, thereby inducing microphase separation between a
continuo ich phase and a discrete THF-rich phase. Subsequent THF evaporation
leaves in the film.”*® The porous structure of the PVP:HDA template was then

faithfully tra ed to the Cg-BTBT thin film during one-step solution coating to form pores
in the film. The typical film thickness and the pore depth are 20-30 nm. Doping was

performecsz spin-coating F4-TCNQ from its water/acetone solution on the nanoporous Cg-

BTBT thi e confirmed the formation and preservation of the Cg-BTBT nanoporous
structures b ping mode atomic force microscopy (AFM) before and after doping (Figure
1d, f, Fi S2 and Table S1), compared to nonporous thin films prepared using nonporous

PVP:HMtes (Figure 1c, e). It can be seen that the pore width and the pore depth
hardly changEfore and after Cg-BTBT deposition, across the entire range of pore sizes
studied (Fi and Table S1). The thickness of the Cg-BTBT film is slight thinner than
the dept e pores, which indicates that the BTBT films inside the pores are not
electrically connected with the rest of the films outside the pores. Interestingly, despite the

significant change in mesoscale morphology, the introduction of nanopores and dopant
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deposition did not alter the macroscopic thin film morphology; close to millimeter-sized

domains with well-defined terrace structures were obtained in all cases (Figure S3). We

further perfi d grazing-incidence X-ray diffraction (GIXD) to characterize the thin film
molecular&

igure S4 and S5). Not surprisingly, the F4~-TCNQ dopants didn’t alter
H . . . . .
the Cg-BTgT molecular stacking, confirming that the surface doping process did not disrupt
the host SQ using our method. In addition, GIXD informs edge-on stacking of Cs-
cs

BTBT for

'ds)
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Figure 2. knalysis of doping mechanism in nanoporous devices. (a) UV-Vis-NIR absorption

spectra of T4- Q film, nonporous and porous Cg-BTBT film before and after doping with
F4-TCNQ gspin-coated from 0.5 mg/mL water/acetone solution. The average pore diameter is
~400 nm. rgy level (E) diagram of Cg-BTBT, F4-TCNQ and their charge transfer
complex with DFT-calculated orbital isosurface plots of the supramolecular hybrid
orbital orresponding energy levels were calculated using DFT for Cg-BTBT and Fs-
TCNQ, an tical band gap for CPX was calculated using TDDFT. (c) Deconvoluted S

2p XPS spectra of pristine and F4~-TCNQ doped (0.5 mg/mL) porous Cg-BTBT films as
compared to doped nonporous ones. (d) Illustration of enhanced interactions between Cg-
BTBT and F4-TCNQ inside the nanopore (red) as compared to outside the nanopore (blue).
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The enhanced interaction in the pore is attributed to co-facial stacking across the pore wall
and direct access of dopant to the conductive channel.

To chiacter:'ie the effectiveness of nanopores in facilitating dopant — OSC interactions,

we first p, d UV-Vis-NIR spectroscopy to analyze the electronic structures of Fy-
TCNQ dogT porous thin films (Figure 2a, Figure S6). The result was compared to
 EE—
several regence samples: neat F4~-TCNQ film, doped nonporous, pristine porous and pristine
nonporougfOSCHhin films. Only in the case of doped porous thin films did we observe a new
broad absorptiga band spanning from 870 to 1500 nm, peaked around 1000 nm (Figure 2a).
From 250 nm, no new absorption features were observed in all cases (Figure S6 and
Figure 2a). The igw absorption band could be attributed to either F4~-TCNQ anion as a result
of integer transfer, or Cg-BTBT/ F4-TCNQ complex due to partial charge transfer,
which areg primary molecular doping mechanisms reported so far.!"! The F4~TCNQ
anions haye b @ previously reported to exhibit sharp absorption peaks at around 767 nm and
869 n en the absence of these absorption features in our case, we attribute the
appearan ¢ broad absorption band to the formation of the Cs-BTBT/ F4-TCNQ charge
transfer complex (CPX). To validate this point, we further performed density functional
theory (DMulations and indeed obtained co-facially stacked CPX formed via frontier
molecularffo hybridization between the HOMO of Cg-BTBT and the LUMO of Fy4-

TCNQ t). Correspondingly, an optical gap of 1.20 eV appeared between a doubly

occupi and an unoccupied antibonding hybrid orbital calculated using time-
dependent®density functional theory (TDDFT). Our simulation result is consistent with the

previous r Cg-BTBT/F4~TCNQ co-crystals.[ The calculated CPX optical gap closely

matches e experimentally observed absorption at ~1000 nm, which we assign to
HOMO/LU nsition of the CPX.
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We further performed X-ray photoelectron spectroscopy (XPS) measurements to reveal
the atomic-level details of OSC-dopant interactions in the CPX. From the geometrically
optimized structure obtained from DFT (Figure 2b,c), we inferred that the chemical
environmﬁulfur atoms in the Cs-BTBT thiophene units and that of the fluorine
atoms ig TNQ may be sensitively modulated by the CPX formation. Figure 2¢ shows the
high-resolygonkgcans of the S 2p XPS spectra. In pristine Cg-BTBT, a double-peak was
observed m& binding energies at 164.9 and 163.8 eV, corresponding to S 2p;,,and S
2p3p respwm] Upon doping with F4~-TCNQ, a noticeable shift in the peak binding
energies a@s a change in the spectra shape was observed for the porous films. Peak
deconvoluti ealed the emergence of a new doublet with peak binding energies at 165.6
and 164.5ﬁectively, which we assigned to S 2p;»and S 2p;,; in the CPX. The 0.7 eV
increase Mnding energy indicates that the sulfur atoms in Cg-BTBT are partially
oxidiz ieat in electron density) in the CPX. At the same time, we observed a ~0.2 eV
decrease in t Is binding energy in doped samples, indicating that the fluorine atoms in
F4-TCNQ 1s partially reduced in the CPX (Figure S7a). This observation corroborates the
simulated €PX structure by DFT. In contrast to porous samples, the shape and peak positions
of S 2p s r nonporous films hardly changed upon doping, and peak deconvolution
uncovered gible CPX S 2p peaks correspondingly (Figure 2c¢). This result, together with
the UV-¥£EIR study (Figure 2a), provides strong evidence that the presence of nanopores
in Cg-BMantially enhanced its interaction with F4-TCNQ as to enable the formation

of their CPX.

Cobi the spectroscopy with morphology characterizations, we propose a
morphology mo@el of doped porous thin films to elucidate the mechanism of nanopore-

induced CPX formation (Figure 2d). For Cg-BTBT films without pores, the post-deposited
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F4~-TCNQ molecules reside on the top surface of the film; dopant diffusion into the film is
unlikely given the dense molecular packing of highly crystalline Cs-BTBT. Further

considerirﬁstacking in the Cg-BTBT thin film (Figure S4), F4-TCNQ mainly ‘see’

the dense lkyl chains, while the conjugated cores are buried underneath. In this
I . .

case, CP)%annot form unless a small amount of F4~-TCNQ molecules find their way into the

grain boumln the case of the nanoporous thin film, F4~-TCNQ molecules deposited on

the pore w interact with the exposed conjugated cores of Cg-BTBT to form CPX. In

S

addition, opant has direct access to the originally buried conductive channel, further

enhancing the dOoging effect for transistor devices.

U

Author Man
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FigureMBT field-effect transistor device characteristics comparing porous Vvs.
nonporoui doBe' vs. pristine devices. (a) Apparent mobility in the saturation regime, (b)
threshold Woltage and (c) interfacial trap state density as a function of F4-TCNQ solution

concentramk for spin coating. (d, g) Transfer and (e, f, h, i) output curves of Cs-BTBT
e, ) s

OFET (d, -coated with water/acetone solvent and (g, h, 1) doped with F4-TCNQ spin-
coated from 0.5 _mg/mL water/acetone solution. The channel length and width are 70 and

4500 pum °ctively. Transfer curves were measured with Vpg= -100V. For porous Cs-
BTBT *‘T@ | the channel width was corrected by accounting for the film porosity, which is
0.375+0.005"08tained from image analysis. The apparent mobility was calculated as the slope
of the blue line shown in (d) and (g). Gate voltage dependent mobilities are shown in Figure
S11.
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To evaluate the effect of doping on transistor device performance, we fabricated top-

contact, bottom-gate organic field-effect transistors (OFET). Ag source-drain electrodes (35

nm) were lly evaporated onto the printed Cs-BTBT thin film to define a channel length
and widt and 4500 um, respectively. We also tried Au for electrodes, but found
N

signiﬁcangamage to the film during thermal evaporation, possibly due to higher deposition
temperatu@ than Ag. We first measured the device in the pristine state, and the same

device was sured again after surface doping so as to eliminate the effect of sample-to-

sample v Doping was performed by spin coating F4-TCNQ solution of 0 to 2.0

S

mg/mL on the §-BTBT transistor devices. The doped devices were stored under vacuum

u

overnight ve residual solvent. Figure 3a compares the doping effect on porous vs.

1

nonporou at various dopant concentrations. For porous devices, the apparent charge

carrier m@bil the saturation regime remained the same as nonporous devices for both

a

pristin d for those spin-coated with neat solvent (Table S2 and Figure S8). Note

that introdu nopores slightly decreased the on-current (Figure 3d and Figure S8a) due

M

to reduced effective channel width. After channel width correction accounting for film

1

porosity experimental section in SI), the extracted charge carrier mobility was found
unaffecte resence of nanopores of 400 nm. This result validates that our method of
printing nanoporous thin films preserves the molecular packing and charge percolation
pathw refore does not compromise the charge transport properties when the pore
sizes arMe note that we indeed observed a decrease of charge carrier mobility when
pore sizes excee;400 nm (Figure S9 and Table S3), which can be attributed to increased film
discontinui re S10) or higher defect/trap density in the OSC film as the pore size
increases 3). Nonetheless, a significant enhancement was obtained for doped porous

compared to pristine porous OFETs across the entire range of pore sizes investigated
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(0~850nm). Below, we focus on discussing results obtained at the optimal pore size of 400

nm shown in Figure 3.

With i

@ g dopant solution concentration from 0 to 0.5 mg/ml, the average apparent
mobilitz 0 nanoBorous devices increased by close to sevenfold from 2.8 to 18.2 cm*V's™,
while the M mobility of the nonporous devices only increased moderately from 2.7 to
4.9 cm2V®ble S2). Further increasing dopant solution concentration decreased the
mobility fi porous and nonporous devices. Figures 3g-i compare the representative
saturationmtransfer and output curves of porous and nonporous devices at 0.5 mg/ml

dopant concentrgfion. Introducing nanopores significantly improved the device on-current

J

while kee on/off ratio high at 10°. We note that the apparent mobilities calculated

§

within the range of gate voltage specified in Figures 3d-g may not represent the intrinsic

a

mobilities{du gate-voltage-dependent contact resistance and other non-idealities.”*"]
Nonet ¢ gate-voltage-dependent mobilities of doped porous devices remained
signifi 1gher than nonporous ones across the entire range of the gate voltage measured

(Figure S11). In addition to enhanced mobility, we also observed reduced threshold voltage
from -50 h V with the increase of dopant solution concentration for both porous and

NONporous @ 5 (Figure 3b). These results show that introducing nanopores markedly

enhanced nel doping effect, possibly by the mechanism of charge trap filling from
OSC—d#‘l charge transfer.> 7337 Previously work showed that two distinct doping
regimes exist: -filling and dopant saturation/reserve.”” *) When the number density of
dopant is at of charge traps, doping is under the trap-filling regime, which we believe
is the ¢ 1s study.

To understand whether the observed mobility enhancement is indeed a result of channel

charge-trap filling, we calculated the interfacial trap state density (Nj;) from the subthreshold
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swing following the equation Nj= Cox(Sxe/(kBTlnlo)-l)/ez, where e is the elementary

charge, S is the subthreshold swing, kp is the Boltzmann constant, C,, represents the

{

capacitanc nit area of the dielectric layer and 7 is the absolute temperature.**>*! For

nonporou it decreased only slightly from 8.9x10' eV cm™ to 8.2x10' eV cm™

[
with incre@sing dopant solution concentration (Figure 3c). In contrast to nonporous devices,

P

Ni: of nangfor devices reduced by more than twofold from 9.4x10"”% eV cm?in pristine

C

devices to 2 eV cm™ at the dopant concentration of 0.5 mg/mL. Remarkably, the

dependen rfacial trap density on dopant concentration is highly consistent with that

S

of the mobility both porous and nonporous devices (Figure 3a), which strongly supports

Ul

our hypot t the doping-induced mobility enhancement is a result of nanopore-enabled

I

interfacial ng.

To va

a

e proposed mechanism of nanopore-induced channel doping as opposed to
contac we intentionally applied contact doping at the Ag/Cg-BTBT interface with

MoO;. ected, porous devices did not exhibit improved mobility than nonporous ones

]

with contact doping alone (Figure S12a). When the devices were further spun-coated with Fs-

TCNQ, w*)bserved pronounced mobility enhancement from 2 to over 6 cm”V's™ for
porous dhereas the mobility hardly changed in the nonporous case (Figures S12a,
S13). Fu , the doping-concentration-dependent mobility and the threshold voltage
(Figur exhibited the same trends as those without MoO; contact doping (Figure

{

3a, b). Al consistently point to the same nanopore-enhanced doping mechanism as

U

channel d interfacial trap filling, as opposed to contact doping.

Bel hypothesize the mechanism of trap filling in the conductive channel via CPX

A

formation, illustrated in Figure 4. The Cs-BTBT/F4-TCNQ charge-transfer complexes, once

formed on the pore wall, replace F4,~-TCNQ to serve as the actual dopants.”> ' As the Fy-

This article is protected by copyright. All rights reserved.
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TCNQ concentration increases, CPX forms on the pore wall to increase dopant concentration.

With the decrease of Fermi level (Er), more CPXs become ionized (negatively charged). The

I

holes thus ated fill the traps in the circumjacent Cg-BTBT films leading to increased
mobility \ad Further increasing the F4~-TCNQ concentration consumes more Cg-

I I . . . . .
BTBT maqiecules during CPX formation, thereby reducing the effective channel width to

result in d@of mobility. The two competing effects lead to an optimum doping level.

A (1) (2)
LOMO:-{---- o ===
Pristine Trap filling
EF vnvsnnnnnnnnm
Er
HOMO ..4...... =TT

m
£ -

L~ “nf\lﬁl 1 A

Energy le 1agram for pristine porous Cg-BTBT film before doping. Exomo, ELumo and Er
are the UMO and Fermi energy level. Er denotes the energy level of deep trap
states. (2 i 'éharﬁ?transfer complex (CPX) formation at the pore wall upon doping. Ionization
of CPX oles to fill the trap states. Lcpx and Hepx denote the unoccupied antibonding
and doub13zd bonding hybrid orbitals of CPX respectively. The F4-TCNQ layer on the

Figure 4. ;ﬁffhesized mechanism of CPX induced trap-filling in porous OSC films. (1)

top of the OSC filim is omitted for clarity, due to minimal CPX formation.

To demo te the generality of our approach, we further fabricated nanoporous
conjug ers for enhancing n-channel doping of ambipolar transistor devices. So far,
there have been few reports on n-channel doping of OFETs.'" ' Naab and Bao et al.

reported n-doping of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) by
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solution shearing its blend with dopant 2-(2-methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-

benzoimidazol-3-ium (0-MeO-DMBI-I).!"*! Although the dopant was found to be largely

phase sepat from TIPS-pentacene, the authors attributed the effective doping to dopant

depositio in boundaries which passivated the electron traps. In this work, we
N . .

demonstras nanopore-enhanced n-doping of an ambipolar polymer DPP2T-TT doped by

polyethylcw (PED) (Figure S14a). PEI has been successfully applied as an effective n-

type dopan onvert ambipolar and p-type polymers to n-type polymers or to increase

conductiv ype polymers, for both field-effect transistors and photovoltaic devices.*"’
Using the temphated meniscus-guided coating method described earlier, we prepared
nanoporous T-TT thin films templated by PVP:HDA (Figure S14b,c). The details of
OFET deﬁcaﬁon are summarized in the supporting information. The pristine DPP2T-
TT devicemted predominant p-channel behavior, with hole mobility up to 0.32 cm*V™'s”
! on/o ig higher than 10°, and threshold voltage of -28 V (Figure S15 and S16a-b). We
note that no di comparison of device performance can be made with previous reports on
high performance DPP2T-TT OFETs due to the difference in side chain structures.[*”
Negligiblf&-channel performance was observed in these undoped devices possibility due to
presence n traps (oxygen, water) in the as fabricated films. Surface doping with PEI
at sufficien gh dopant concentration has significantly enhanced n-channel characteristics
while pasSiyated p-channel behavior (Figure S15, Figure S16c-d). Remarkably, the highest
electrmwachieved for doped porous OFETs is almost one order of magnitude higher
than the o@u‘[ pores (Figure S15). Regarding the doping mechanism, we speculate that
the lone-pai trons of the nitrogen atoms in PEI lead to hole trapping/electron trap
filling. he other hand, the reported electronic structure of PEI contradicts previous

and our results."!! The actual n-doping mechanism by PEI remains unclear and requires

further investigations. Nonetheless, this result indicates that our method of doping
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nanoporous thin films can be broadly applicable for tuning transistor device characteristics

including, but not limited to, charge carrier mobility and p/n channel behavior.

In coﬂ have demonstrated a new method to achieve large modulation of charge

carrier mobility via channel doping without disrupting the molecular ordering and thin film
[ &

morpholo ral to the method is the introduction of nanopores into the OSC thin films

1

via a sim@vbust templated meniscus-guided coating method, and subsequent solution

deposition@f pant layer atop the porous OSC film. Using this method, we successfully

doped higw;talline Cs-BTBT thin films with F4-TCNQ of low concentrations. The

apparent hole mgbility of Cg-BTBT increased by almost sevenfold to 18.2 cm®V™'s™, and the

threshold gdecreased by over 20 V, without compromising the high on/off ratio of 10°,
st, the m

In contra obility of nonporous Cs-BTBT hardly increased upon doping while the
threshold mﬁopped by the same extent. We attributed the mobility enhancement to trap
filling conductive channel, and showed that indeed, the interfacial trap state density
decrea more than twofold in doped porous devices while almost unchanged in
nonporous ones. We further analyzed the doping mechanism in depth combining UV-Vis-
NIR and %ctroscopy with DFT calculations. These studies revealed that doping of

porous O o the formation of charge-transfer complex (CPX) involving co-facially

stackemnd F4-TCNQ. Without nanopores, the CPX formation was negligible. We

attribu pore-induced CPX formation to enhanced co-facial interactions between
the OSC opant across the pore wall near the conductive channel. Our method is not
only appﬂo highly crystalline small molecule OSCs, but also to semicrystalline
conjug ymers. We demonstrated close to an order of magnitude enhancement in

electron mobilit$®f PEI doped DPP2T-TT transistors when nanopores were introduced. We

expect our method to significantly advance the field of molecular doping by enhancing the
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16



doping effect without causing structural and energetic disorders. Our approach is of broad

impact given its potential applicability to a wide range of systems and the importance of

doping in nﬁous device applications.
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Doplng of organic electronics without disrupting molecular packing is a critical challenge
preventing eff ive modulation of charge transport properties. We report on enhanced
charge- doping in crystalline small molecule and polymer transistors by introducing

nanopores in organic semiconductors via meniscus-guided coating. Nanopores led to
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dramatic increase in charge carrier mobility by promoting charge transfer reaction across the

pore wall.
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