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Highly Stable Contact Doping in Organic Field Effect 
Transistors by Dopant-Blockade Method
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In organic device applications, a high contact resistance between metal 
electrodes and organic semiconductors prevents an efficient charge injection 
and extraction, which fundamentally limits the device performance. Recently, 
various contact doping methods have been reported as an effective way to 
resolve the contact resistance problem. However, the contact doping has not 
been explored extensively in organic field effect transistors (OFETs) due to 
dopant diffusion problem, which significantly degrades the device stability by 
damaging the ON/OFF switching performance. Here, the stability of a con-
tact doping method is improved by incorporating “dopant-blockade mole-
cules” in the poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) 
(PBTTT) film in order to suppress the diffusion of the dopant molecules. By 
carefully selecting the dopant-blockade molecules for effectively blocking the 
dopant diffusion paths, the ON/OFF ratio of PBTTT OFETs can be main-
tained over 2 months. This work will maximize the potential of OFETs by 
employing the contact doping method as a promising route toward resolving 
the contact resistance problem.
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mechanical flexibility, and bio-compati-
bility, for realizing practical organic opto-
electronic device applications.[1–14] One 
of the main challenges remaining for 
utilizing OFETs is a high contact resist-
ance originating from an injection bar-
rier at the OSC–metal interface.[1–14] An 
inefficient charge injection across such 
non-ohmic contacts not only lowers the 
effective mobility of OFETs but limits 
the range of operation voltage due to a 
highly non-linear (S-shaped) output char-
acteristic curve at low bias voltage,[15,16] 
which is not desirable for analog circuit 
applications.[17,18]

To overcome the contact resistance 
problem in OFETs, there have been a 
diverse range of approaches for lowering 
of injection barrier height between metal 
electrodes and transport level of OSCs 
such as work function modification of 
metal electrodes by self-assembled mono-

layer (SAM) treatment[19–25] and insertion of charge injection 
layer that bridges the energy gap between metal electrodes 
and OSCs.[26–29] In addition, contact doping (i.e., introduction 
of external dopant molecules near contact regions) has been 
studied as an effective method for improving contact proper-
ties.[15,30–35] An ideal contact doping technique in OFETs would 
meet two criteria; first, a high maximum doping level for 
enhancing charge injection and second, a spatial confinement 
of dopants for device stability. However, these two requirements 
cannot often be simultaneously achieved since achieving a 
high doping level requires a large dopant density, which leads 
to a faster diffusion of dopant molecules within the host semi-
conductor. This dopant diffusion problem results in a rise of 
the OFF current due to an unintentional doping of the active 
channel. Confining the dopant molecules within the selective 
regions near the contacts is especially challenging in the case 
of bulk-doping since a large concentration gradient of dopant 
density at the edges of the doped regions accelerates the dopant 
diffusion. The dopants from the contact regions diffuse toward 
the active channel region, which should remain undoped in 
order to maintain a sharp ON/OFF switching characteristic in 
OFET. Therefore, the dopant diffusion has limited the contact 
doping techniques to be employed extensively in OFETs.

Despite a significant level of attention given in the dopant dif-
fusion problem in organic solar cells and organic light emitting 

1. Introduction

Developing high-performance organic field effect transis-
tors (OFETs) has been a bottleneck in exploiting the merits of 
organic semiconductors (OSCs) such as solution-processability, 
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diodes,[36–43] there have been relatively few studies which have 
focused on OFETs. Recently, we have developed a surface 
etching treatment for suppressing the dopant diffusion in 
doped-contact poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT) OFETs.[44] This system exploited a facile 
and efficient bulk-doping of PBTTT via solid-state diffusion of 
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) 
which resulted in high-conductivity and high carrier-concen-
tration regions in spatially selected regions in OFETs.[45] This 
doping method effectively reduced the contact resistance (by 
a factor of 5) and showed its potential by demonstrating the 
low-voltage operation organic transistor. However, despite an 
improved device stability by the surface etching treatment, sup-
pressing the diffusion of dopant molecules from the contact 
regions to the channel region of PBTTT OFETs could not be 
completely avoided, and thereby resulting in degradation of the 
switching characteristics of OFETs.

In this study, the stability of the contact doping method 
in PBTTT OFETs was significantly improved by introducing 
a novel technique for suppressing the dopant diffusion. The 
diffusion pathways of the dopants within the active channel 
region were spatially blocked by incorporating 7,7,8,8-tetracy-
anoquinodimethane (TCNQ) as “dopant-blockade molecules” 
in PBTTT OFETs. The dopant-blockade molecules were care-
fully chosen such that, they are electrically inactive and they 
readily locate themselves in the diffusion paths of the dopants. 
This technique effectively constructed barriers against the 
motion of dopant molecules by incorporating the dopant-
blockade molecules. This concept can be considered analo-
gous to a recent work, which achieved a high operational and 
environmental stability by filling voids that can act as water 
adsorption sites in the polymer film of OFETs by using a spe-
cific range of organic solvents and molecules.[46] In our work, 
we demonstrated that introducing TCNQ as dopant-blockade 
molecules in PBTTT film remarkably increase the device sta-
bility against dopant diffusion by comparing the OFETs with 
and without the TCNQ incorporation.

2. Results and Discussion

Figure 1a shows the molecular structures of the organic mate-
rials used in this work. In order to suppress the dopant diffu-
sion in the channel region of the PBTTT OFETs, we adopted 
dopant-blockade molecules in the F4-TCNQ-doped-contact 
PBTTT OFETs, which are fabricated in the same way as our 
previous work.[44] The dopant-blockade molecules should be 
selected to avoid the charge transfer reaction with PBTTT 
molecules for maintaining the electrical properties of the 
doped-contact PBTTT OFETs (denoted as “DC-FET”) after 
introducing dopant-blockade molecules in the PBTTT channel. 
Figure 1b,c shows the values of the highest occupied molecular 
orbital (HOMO) level and lowest unoccupied molecular orbital 
(LUMO) level of F4-TCNQ and TCNQ. TCNQ was adopted as 
the dopant-blockade molecule because it has a similar mole-
cular structure with F4-TCNQ but the LUMO level is higher 
than the HOMO level of PBTTT, which energetically prohibits 
the charge transfer reaction with PBTTT.[47] On the contrary, the 
charge transfer reaction between PBTTT and F4-TCNQ is ener-
getically favorable because the HOMO level of PBTTT is higher 
than the LUMO level of F4-TCNQ. Therefore, electrons transfer 
easily from PBTTT to F4-TCNQ, whereas the charge transfer 
between PBTTT and TCNQ is energetically unfavorable. Based 
on this energetic mismatch between the HOMO level of PBTTT 
and LUMO level of TCNQ, it was expected that introducing 
TCNQ molecules in the channel region hardly affect the elec-
trical properties of PBTTT films. To verify this idea, we com-
pared the pristine PBTTT OFET and the PBTTT OFET with 
TCNQ molecules deposited on the entire PBTTT channel. As 
a result, the transistor characteristics of the PBTTT OFETs was 
well preserved (see Figure S1, Supporting Information), com-
pared to the entire-doped PBTTT OFET with F4-TCNQ which 
became a conductor rather than a transistor due to doping.[44]

Figure 1d shows how the TCNQ molecules were incorporated 
in the doped-contact PBTTT FETs by entailing the step-by-step 
fabrication process of the TCNQ-incorporated doped-contact 

Figure 1. a) Molecular structures of PBTTT, F4-TCNQ, TCNQ, and OTS. b) HOMO and LUMO level of PBTTT and F4-TCNQ. c) HOMO and LUMO level 
of PBTTT and TCNQ. d) Schematic images of the fabrication process of the dopant-blockade PBTTT OFET. The red regions in the middle of transistors 
are the TCNQ-incorporated regions. The dark green regions represent the neutral F4-TCNQ molecules, which are not involved in the charge transfer 
reaction with PBTTT molecules. The bright green regions are the doped-PBTTT regions by using F4-TCNQ dopant molecules.
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PBTTT OFET (dopant-blockaded doped-contact-FET, denoted as 
“DB/DC-FET”). First, Ti/Au was deposited as source and drain 
electrodes on a cleaned SiO2 (270  nm)/Si substrate using an 
electron-beam evaporator. Then, the substrates with the source 
and drain electrodes were transferred to N2 filled glove box 
and immersed in octyltrichlorosilane (OTS) solution to form 
SAM on SiO2 surface for enhancing the morphology of PBTTT 
films to be deposited on the SiO2. PBTTT solution was made 
by PBTTT dissolved in 1,2-dichlorobenzene and spin coated 
to deposit the PBTTT films on the OTS treated substrates. 
After that, the PBTTT deposited substrates were annealed at 
180 °C to form a clear terrace morphology (see Figure S2, Sup-
porting Information).[48–51] After the PBTTT film deposition, 
TCNQ molecules were incorporated selectively in the middle 
of the channel region of the devices by using a thermal evapo-
rator with a shadow mask, and then F4-TCNQ molecules were  
deposited near the metal contact regions of the PBTTT film. 
The thermal evaporation method used for both the TCNQ and 
F4-TCNQ deposition ensures the spatial selectivity, that is, the 
position of the dopant-blockade molecules (TCNQ) are limited in 
the conduction channel region of OFET, separated from the con-
tact regions near the source and drain electrodes (see Section S3, 
Supporting Information for detailed top-view schematic illustra-
tions of DB/DC-FET). This is important since the presence of the 
TCNQ molecules near the contact regions could interrupt the 
charge transfer between the dopant molecules (F4-TCNQ) and 
the host PBTTT molecules, and therefore resulting in a lower 
doping efficiency. Finally, the devices were etch-treated by argon 
plasma for further enhancing the device stability by removing 
the neutral F4-TCNQ molecules, which are highly diffusive com-
pared to their charged counterparts.[44,52,53]

The absence of the charge transfer reaction between TCNQ 
and PBTTT was confirmed by UV–vis absorption spectroscopy 
measurements. Figure 2a displays the UV–vis absorption data 
of a pristine PBTTT film (black line), a TCNQ-incorporated 
PBTTT film (PBTTT/TCNQ, shown as a red line), and a 
F4-TCNQ-doped PBTTT film (PBTTT/F4-TCNQ, shown as a 
green line). The pristine PBTTT film (black line) showed a clear 
π–π* transition peak near 550 nm.[44,45] On the other hand, the 
PBTTT/F4-TCNQ film (green line) displayed a clear bleaching 
of a PBTTT π–π* transition peak. In addition, the F4-TCNQ 

anion peaks near 800 and 900  nm appeared and a broad 
polaron absorption of charged PBTTT was observed from 600 
to 1000  nm. These changes of the absorption spectrum were 
caused by the charge transfer between PBTTT and F4-TCNQ.[44] 
However, for the PBTTT/TCNQ film (red line), the absorption 
data almost unchanged, compared with the pristine film. This 
good agreement between the pristine film and PBTTT/TCNQ 
film supported the absence of the charge transfer reaction 
between PBTTT and TCNQ.

In order to effectively block the diffusion paths of the 
dopant molecules, the dopant blockade molecules would ide-
ally be bulk-incorporated in the PBTTT film. Considering that 
F4-TCNQ undergoes solid-state diffusion by penetrating all the 
way down to the substrate from the top surface of the PBTTT 
films, it was expected that TCNQ would also undergo solid-
state diffusion in PBTTT due to a similar molecular structure. 
Figure 2b shows elemental depth profiles of the pristine PBTTT 
film (dashed lines and empty symbols) and the PBTTT/TCNQ 
film (solid lines and filled symbols) by time of flight secondary 
ion mass spectroscope (ToF-SIMS). The sulfur ion signal 
(34S−, black solid and dashed lines) is a representative signal of 
PBTTT, both the oxygen ion (18O−, blue solid and dashed lines) 
and silicon ion (30Si−, green solid and dashed lines) signals 
for the silicon substrates and the cyanide ion signal (CN−, red 
empty and filled circle symbols) for TCNQ. Comparing the pris-
tine PBTTT film and PBTTT/TCNQ film, the sulfur, oxygen, 
and silicon ions signals showed very similar depth profiles 
due to the same constituents of the both samples from PBTTT 
and silicon substrates. On the contrary, the PBTTT/TCNQ film 
showed a higher cyanide ion signal than the pristine PBTTT 
film down to the depth of nearly 40  nm, which is the thick-
ness of the PBTTT film (see Figure S4, Supporting Informa-
tion for a clearer comparison).[45] Therefore, the depth profile of 
the elemental analysis indicates that TCNQ molecules become 
structurally incorporated in PBTTT films all the way down to 
the interface between the PBTTT film and the silicon substrate 
by solid-state diffusion.

Figure 2c shows the X-ray reflectivity (XRR) data of the pris-
tine PBTTT film (black line), the PBTTT/TCNQ film (red line), 
and the PBTTT/F4-TCNQ film (green line). Previous studies 
showed that F4-TCNQ molecules were located at the side 

Figure 2. a) UV–vis spectroscopy data for the pristine PBTTT film (black line), PBTTT/TCNQ film (red line), and PBTTT/F4-TCNQ film. b) The depth 
profiles of ion intensity for the pristine PBTTT film (dashed lines and empty symbols) and PBTTT/TCNQ film (solid lines and filled symbols); the sulfur 
ion signals are black solid and dashed lines, the oxygen ion blue solid and dashed lines, silicon ion green solid and dashed lines and the cyanide ion 
signal red empty and filled circle symbols. c) The XRR data of the pristine PBTTT film (black line), the PBTTT/TCNQ film (red line), and the PBTTT/
F4-TCNQ film (green line). The intervals between large qz peaks of each film represent the out-of-plane lamellar stacking distance.
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chain regions in the PBTTT film when F4-TCNQ molecules 
were deposited on a PBTTT polymer film.[45,54,55] Upon the 
molecular intercalation of F4-TCNQ, the out-of-plane lamellar 
stacking distance of the PBTTT/F4-TCNQ film becomes lager 
than that of the pristine PBTTT film. The expansion of the out-
of-plane lamellar stacking distance after F4-TCNQ doping was 
indicated by a shorter qz spacing between the (h00) diffraction 
peaks of the PBTTT/F4-TCNQ film compared to that of the pris-
tine film. If the TCNQ molecules are located at the side chain 
region in the PBTTT by solid-state diffusion, the deposition of 
TCNQ molecules would also cause the expansion of the out-
of-plane lamellar stacking distance in the PBTTT/TCNQ film. 
This is indeed observed in Figure  2c and confirms the pres-
ence of the TCNQ molecules in the side chain region of the 
PBTTT. The extracted out-of-plane lamellar spacing was 21.64 Å 
for the PBTTT/TCNQ film and 21.37 Å for the pristine PBTTT 
film. The expansion of the lamellar spacing was even larger 
for the PBTTT/F4-TCNQ film for which the extracted value 
was 22.21 Å. The larger expansion in the lamellar spacing of 
the PBTTT/F4-TCNQ film could be correlated with the bigger 
size of F4-TCNQ molecules relative to TCNQ molecules. Based 
on the results of the UV–vis absorption, ToF-SIMS, and XRR 
measurements, we deduced that TCNQ molecules diffused into 
the bulk of PBTTT film by solid-state diffusion all the way down 
to the bottom substrate, without a significant charge transfer 
reaction with PBTTT molecules.
Figure 3a shows the schematic images of the DC-FET (w/o 

TCNQ) and the DB/DC-FET (with TCNQ). Figure  3b,c shows 
the transfer curves of the doped-contact PBTTT OFET (DC-
FET) and TCNQ-incorporated doped-contact PBTTT OFET 
(DB/DC-FET) in linear (red line) and saturation (blue line) 
regimes. Transfer curves of the both devices show similar elec-
trical characteristics. The DB/DC-FET showed typical p-type 
OFET device characteristics with the maximum mobility value 
of 0.058  cm2 V−1 s−1 (see Figure  3c) which was extracted by 
the following equation, I V VW C

L
= −µ ( )DS 2 GS th

2ch ox

ch
 in a satura-

tion regime, where μ, Wch, Lch, Vth, and Cox  = ε0εr/d = 1.28 × 
10−4F/m−2 denote the mobility, the channel width, the channel 
length, the threshold voltage and the unit-area capacitance of 
the DB/DC-FET. The average mobility of DB/DC-FET was 
found to be 0.037 ± 0.013 cm2 V−1 s−1 (extracted from eight 

different devices) which was similar to the average mobility of 
DC-FET of 0.033 ± 0.008 cm2 V−1 s−1 (extracted from five dif-
ferent devices, with the maximum value of 0.045 cm2 V−1 s−1), 
which supports the non-invasive nature of the dopant-blockade 
molecules. A slight increase in the OFF current could be due to 
unintentional air exposure during extra device fabrication steps 
required for DB/DC-FET. Figure  3d shows the output curves 
of the 50 µm channel length DB/DC-FET. The device shows a 
clear ohmic behavior in a low VDS region, providing evidence 
of a low contact resistance. To extract the contact resistance 
of the DB/DC-FET, we used Y-function method. The extracted 
contact resistance of the DB/DC-FET was 4.55 kΩ cm, which is 
comparable to our previous result for the DC-FET (the details 
of the Y-function method are provided in Section S5, Sup-
porting Information). Despite of the additional incorporation of 
the TCNQ molecules in the PBTTT channel before the contact 
doping with F4-TCNQ molecules, the contact doping remained 
effective for achieving a low contact resistance; the pristine 
PBTTT OFET had more than five times larger contact resist-
ance value of 24.5 kΩ cm.[44] Therefore, we deduced that the 
incorporation of the dopant-blockade molecules did not affect 
the operation properties of the DC-FET.
Figure 4a,b shows the change of the transfer curves of the 

DC-FET and the DB/DC-FET, respectively, with the channel 
length of 50 µm over 2 months (100 µm channel data are pro-
vided in Figure S6, Supporting Information). From Figure 4a, it 
is clear that the ON/OFF ratio of the DC-FET decreases due to 
the rise of the OFF current. On the other hand, the rise of the 
OFF current of the DB/DC-FET is significantly less, which is 
presented in Figure 4b. Figure 4c shows the traces of the ON/
OFF ratio of the both kinds of the devices for 2 months; the 
DC-FET is denoted as empty symbols, the DB/DC-FET as filled 
symbols, 100  µm channel length devices as black lines, and 
50 µm channel length devices as red lines. For 100 µm channel 
devices, the traces of the both kinds of devices had stable ON/
OFF ratio greater than 104 over the 2 months. The stability of 
the ON/OFF ratio of the 100 µm channel length devices repro-
duces our previous results for the DC-FET.[44] On the contrary, 
for the 50  µm channel length devices, the ON/OFF ratio sta-
bility was affected significantly by the TCNQ incorporation. 
The trace of the DC-FET decreases steeply from 20 to 40 days. 

Figure 3. a) Schematic images of the DC-FET (w/o TCNQ) and DB/DC-FET (with TCNQ). The transfer curves of b) the DC-FET and c) the DB/DC-FET. 
d) The output curves of the DB/DC-FET.
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However, the trace of the DB/DC-FET shows the ON/OFF ratio 
decaying much slower and the ON/OFF ratio remained higher 
than 103 for 2 months. A similar trend could be seen from the 
change of subthreshold swing, threshold voltage, and mobility 
values both of which increase steeply from after 20 days for 
the 50  µm DC-FET (see Section S7, Supporting Information), 
which is supportive of the dopant-diffusion-induced instability. 
Therefore, based on these traces of the ON/OFF ratio of devices, 
we have found that the dopant-blockade method is effective for 
achieving stable DC-FETs.

In order to describe the dopant-blockade effect on the dopant 
diffusion in details, we first considered the diffusion of the 
dopant and dopant-blockade molecules independently within 
PBTTT OFETs. Figure  5a,b illustrates the propagation of the 
dopant molecules within the channel regions of the DC-FET 
and that of the dopant-blockade molecules in the TCNQ-incor-
porated PBTTT OFET (denoted as “TCNQ only”), respectively. 

Figure 5a describes the expansion of the doped PBTTT regions; 
purple regions represent neutral PBTTT regions, green for 
doped PBTTT regions, darker green for higher dopant con-
centration, and black dashed lines define the initially doped 
regions by F4-TCNQ molecules (Figure 5a, top). As time passes, 
the doped regions expand by the diffusion of dopant molecules 
into the channel and create conduction paths between the two 
electrodes (Figure  5a, bottom), and therefore the OFF current 
increases. Figure  5b depicts the diffusion of TCNQ molecules 
in the channel region of “TCNQ only” device. The red regions 
represent the TCNQ molecules in the PBTTT channel, more 
vivid red for higher TCNQ concentration. The TCNQ molecules 
are initially confined in the middle of the channel (Figure  5b, 
top) as described in the fabrication process (Figure  1d), which 
is denoted as black dashed lines. The TCNQ molecules diffuse 
toward the contact regions from the middle of the channel along 
the concentration gradient as time passes (Figure 5b, bottom).

Figure 4. Time evolution of the transfer curves of a) the DC-FET and b) the DB/DC-FET with the channel length of 50 µm over 2 months. c) The ON/
OFF ratio of the DC-FET and the DB/DC-FET over time with the channel length of 50 and 100 µm.
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In DB/DC-FETs, both the F4-TCNQ molecules (dopant) 
and TCNQ molecules (dopant-blockade) diffuse together in 
the opposite directions, affecting the motion of each other, as 
shown in Figure  5c. The orange regions (Figure  5c, bottom) 
represent the channel regions where the dopant and the 
dopant-blockade molecules co-exist and both molecules hinder 
the diffusion of one another by occupying the potential dif-
fusion sites in the PBTTT film. This process is depicted in 
Figure 5d. If there is no TCNQ dopant-blockade molecule, the 
dopant molecules move easily into the neighboring empty site. 
However, if a dopant-blockade molecule already occupies the 
neighboring empty site, the dopant molecule is sterically hin-
dered from moving to the next site.

The effect of the dopant-blockade molecules on the dopant 
diffusion can be summarized by the predicted molecular diffu-
sion profiles by the same numerical simulation method used 
in our previous study.[44] The method is based on 1D modified 
Fick’s diffusion equation with a correction term that accounts 
for capturing of neutral F4-TCNQ molecules via charge-transfer, 
which predicts a gradual propagation of the doped PBTTT 
fraction toward the center of the channel in DC-FET over 
time (Figure  5e,“F4-TCNQ only”). On the other hand, the dif-
fusion of TCNQ molecules can be assumed to follow a free 
Fick’s diffusion equation (i.e., no correction term), considering 
that TCNQ molecules diffuse without electrostatic attraction 
with PBTTT molecules due to the lack of charge transfer. In 
TCNQ-incorporated PBTTT device (Figure  5f, “TCNQ only”), 
the TCNQ molecules initially concentrated at the center of the 
channel (black line) gradually diffuse away over time as shown 
in spatial diffusion profiles in Figure  5f. When the two spe-
cies diffuse together in DB/DC-FET (Figure  5g, “F4-TCNQ  + 
TCNQ”), the dopant-blockade effect suppresses the diffusion of 
one another as shown from the doped PBTTT fraction (solid 
blue line) and TCNQ (solid red line) profiles, compared to 
the diffusion profiles of the individual species (dashed lines 
taken from Figure 5e,f for comparison). In our simulation, the 
dopant-blockade effect was emulated by reduction in the diffu-
sion constants of the two species when the two species co-exist 
at a given position (orange regions). A clear reduction of the 
doped PBTTT fraction at the center of the channel shows that 
dopant-blockade effect illustrated here remarkably suppresses 
the dopant diffusion and improves the stability of DC-FETs.

3. Conclusion

In conclusion, we improved the device stability of the F4-TCNQ 
doped-contact PBTTT OFETs by incorporating dopant-blockade 
molecules (TCNQ). The dopant-blockade molecules were care-
fully selected to avoid the charge transfer reaction with the 
host materials, which was supported by the UV–vis absorption 
spectroscopy. Furthermore, the selected dopant-blockade mole-
cules were readily incorporated in PBTTT film by solid-state 
diffusion, investigated by elemental and structural analysis. 
By incorporating the dopant-blockade molecules, we demon-
strated a more stable switching property of the doped-contact 
PBTTT OFET devices without affecting their electrical charac-
teristics. The dopant-blockade molecules filled the dopant dif-
fusion paths in PBTTT and effectively suppressed the diffusion 

of the dopant molecules. This study proposes a new strategy 
to enhance the stability of molecular doping methods in OSCs, 
and reinforce the potential of OFETs by employing the contact 
doping techniques for resolving the contact resistance problem.

4. Experimental Section
Device Fabrication: SiO2 (270  nm)/Si substrates were cleaned by 

sonication with de-ionized water, isopropanol, and acetone for 10 min in 
each cleaning solvent. Ti/Au (2/30 nm) electrodes were deposited on the 
cleaned substrates as source and drain electrodes by using an electron-
beam evaporator under 10−6  torr, patterned by shadow masks. 30  mm 
OTS solution was prepared by dissolving OTS in toluene solvent. The 
substrates were then transferred to N2 filled glove box and immersed in 
the OTS solution over 12 h to form the OTS SAM on SiO2 surfaces. The 
OTS-treated substrates were cleaned again by isopropanol, acetone, and 
toluene for 10  min in each solvent with sonication to remove residual 
OTS molecules on the surface. PBTTT solution was made by dissolving 
PBTTT in 1,2-dichlorobenzene with the concentration of 9 mg mL−1 and 
heated at 110  °C before the spin-coating. Then, the PBTTT solution 
was spin-coated on the OTS-treated substrates with 1500 rpm for 45 s. 
The PBTTT deposited substrates were annealed at 180  °C for 20  min 
and cooled down slowly. After that, TCNQ molecules were selectively 
incorporated in the middle of the channel region of the PBTTT transistor 
with the nominal thickness of 10  nm by using a thermal evaporator 
under 5 × 10−6  torr with a shadow mask. Then, F4-TCNQ molecules 
were deposited near the metal contact regions of the device with the 
nominal thickness of 10 nm by the same method for TCNQ deposition. 
The shadow mask for patterning the F4-TCNQ molecules was carefully 
aligned under an optical microscope in order to avoid the spatial overlap 
between the F4-TCNQ-doped region and TCNQ-incorporated region. 
Approximately 10 µm error margin was present in the manual alignment 
process due to a limited control in manually operating the sample 
stage of the microscope. Finally, the devices were etch-treated by argon 
plasma for 1 s. The samples for UV–vis absorption, TOF-SIMS, and XRR 
measurements were prepared in the same way as above without the 
patterning on the different substrates; fused silica windows for UV–vis 
absorption measurement and bare Si substrates for TOF-SIMS and XRR 
measurements.

Device and Film Characterization: Electrical measurement was 
performed by a semiconductor parameter analyzer (Keithley 4200 SCS) 
under vacuum condition (≈10−3 torr). UV–vis absorptions were measured 
by UV–vis spectroscopy (JASCO V-770). Element depth profiles were 
acquired by a time-of-flight secondary ion mass spectrometry (TOF.
SIMS5, Iontof). XRR scans were measured on a home diffractometer 
(3303TT, GE) using Cu Kα-radiation (λ  = 1.5406Å) and a 1D detector 
(Meteor 1D, XRD Eigenmann).
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