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ABSTRACT: Characterizing doping effects in a conductive polymer and physical diffusion in a passive polymer were performed
using a remote-gate field-effect transistor (RG FET) detection system that was able to measure the electrical potential perturbation
of a polymer film coupled to the gate of a silicon FET. Poly(3-hexylthiophene) (P3HT) film doped using various concentrations of
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ) solutions imposed additional positive potentials on the P3HT RG,
resulting in a lower threshold voltage (Vi) on the n-channel silicon FET. Changes in V, were related to the induced hole concen-
trations and hole mobility in P3HT films by using our Vy, shifting model for the RG FET. We discovered that the electron-donating
P3HT and even inorganic materials, indium tin oxide and gold, showed similar electrical potential perturbations dependent on the
concentration of FATCNQ in overlying solutions as the dopant radical anions maximally covered the surfaces. This suggests that
there are limited electroactive sites for FATCNQ binding on electron donor surfaces which results in a similar number of positive
charges in film materials forming dipoles with the F4TCNQ radical counteranions. The effect of electron acceptors such as 7,7,8,8-
tetracyanoquinodimethane and tetracyanoethylene was compared with that of F4ATCNQ in terms of Vy, shift using our analytical
tool, with differences attributed to acceptor size and reduction potential. Meanwhile, this FET analysis tool offered a means of mon-
itoring the physical diffusion of small molecules, exemplified by FATCNQ, in the passive polymer polystyrene, driven by concen-
tration gradients. The technique allows for nondestructive, nonspectroscopic, ambient characterization of electron donor-acceptor

interactions at surfaces.

Introduction

From the very first demonstration of dopant-induced con-
ductivity in conjugated polymers!, it has been recognized that
conducting polymers would be crucial components of flexible
and printable electronic devices®*. While initial reports of
conductive polymers have demonstrated promising electrical
conductive values on the order of 1000 S/cm,’ the conductivi-
ty is limited due to the instability of dopants through degrada-
tion and volatilization®, dopant solubility”®, and decreases in
mobility resulting from the structural disruption through do-
pant incorporation!®. Some of the highest recent polymer con-
ductivities have been obtained by solution doping of already-
deposited films, termed sequential solution doping, as opposed
to solution blending of polymers and dopants before deposi-
tion'!"*, Sequential doping methods overcame issues of poor
solubility of solute mixtures, produced more uniform mor-
phology and are compatible with roll-to-roll solution pro-
cessing. Therefore, it is of particular interest to characterize
the sequential solution-doping process and quantify charge
densities obtained from solution doping to best evaluate the
usefulness of this process and possibly to obtain similar com-
positions and morphologies from solution depositions.

In organic electronics, it has been challenging to extract
basic electrical parameters such as mobility and charge con-
centrations in doped polymers because of contributions from
multiple variables® 4. Experimental conductivity () and in-

nate carrier mobility (i) from bulk inorganic materials allowed
the calculation of carrier concentrations (p) using a classic
relation in semiconductor physics, o = epp where e is elec-
tron charge. In contrast, pu of organic films varies depending
on morphologies and microstructures further influenced by
doping concentrations and fabrication methods!'>!”. Special-
ized ways to calculate carrier concentrations such as capaci-
tance-voltage'® and photoelectron spectroscopy'® were estab-
lished but they require specially designed sample fabrication
or complicated experimental setups.

Meanwhile, the diffusion of small molecules between or-
ganic layers provokes other serious issues in stability and life-
times of organic electronics. The counter-ions formed from
dopant molecules are free to drift under an electric field, either
within films or into adjacent films, because they are not cova-
lently bonded to the organic semiconductor?. The diffusion of
a relatively large p-dopant, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) over a layer consisting
of either conjugated small molecules or polymer such as poly-
3-hexylthiophene (P3HT) was investigated in recent work?%23,
Despite these influences on electronic performance, they are
rarely discussed because of limitations of current analysis
tools. To be specific, monitoring diffusion using UV-Vis-
NIR?! and photoluminescence (PL) spectroscopy?* requires an
observable interaction between host-materials and diffused
molecules. It is even more challenging to measure simple
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Figure 1. (a) UV-Vis-NIR spectra of P3HT films doped by FATCNQ dissolved in ACN ranging from 100 ng/ml to 1 mg/ml. (b)
XPS spectra and (c) microscopic images of the doped P3HT films processed identically to Figure 1(a). (d) Schematic image of RG
FET system and equivalent circuit model for dopant quantification system. Response of transfer curves of RG FET with (e)
P3HT/SiOs, (f) SiO,, and (g) PS/SiO2 RGs for FATCNQ solution concentrations.

physical diffusions of molecules through passive polymer
dielectrics driven by concentration gradients and electric
fields.

Herein, we developed a way to characterize doping effects
and diffusion in polymers using a remote-gate (RG) FET setup
which measures perturbations of the electrical potential of the
polymer film on the RG coupled to the oxide gate of a silicon
FET. The charge transfer between FATCNQ and P3HT film
doped via a sequential solution doping method on the RG was
expressed as a shift in threshold voltage of the RG FET
(Vinrg)- Using this setup, a new formula was established in
order to calculate the induced hole concentrations in the doped
P3HT film in terms of variation of Vi, g on the RG FET.
FATCNQ also reacted with the inorganic electron donor sur-
faces of gold (Au) and indium tin oxide (ITO) by making sur-
face dipoles which resulted in the same Vi, gg shift trend. In
particular, we observed a similar range in electrical potentials
of P3HT, Au, and ITO only regulated by concentrations of
FATCNQ as FATCNQ fully occupied by the electroactive sites
on those donor surfaces. The responsiveness of the other do-
pants such as 7,7,8,8-tetracyanoquinodimethane (TCNQ) and
tetracyanoethylene (TCNE) related to their reduction poten-
tials was observed using the RG FET system on both ITO and
P3HT film. Meanwhile, signaling of FATCNQ by ITO pro-
duced a new approach to monitor diffusion of small molecules
through the passive, noninteraction polymer polystyrene (PS).
FATCNQ and ITO were used as a tracer and a sensing layer of
the tracer, respectively. Thus, the dynamic doping of a conju-

gate polymer and transport of a dopant through an insulating
polymer could both be observed and quantified on the remote
FET gate.

Results and Discussion

Conventional spectroscopic observation of P3HT doping
by F4TCNQ. Polaronic species, resulting from charge transfer
between organic semiconductor and dopants, create many sub-
gap absorptions that can be analyzed through UV-Vis-NIR
spectroscopy?. Figure 1(a) displays the UV-Vis-NIR spectra
of P3HT films that are doped with varying FATCNQ concen-
trations ranging from 100 ng/ml to 1 mg/ml in the solvent
acetonitrile (ACN) that is orthogonal to the P3HT film. The
spectra of the lightly doped P3HT films (<1 pg/ml) are com-
parable to that of undoped P3HT film. Higher dopant concen-
tration (>1 pg/ml) on P3HT began to produce distinct absorp-
tion bands at 3.0, 1.8, 1.6, and 1.4 eV resulting from the incor-
poration of FATCNQ!!. The prominent 1.4 and 1.6 eV peaks
described singly negatively charged FATCNQ as FATCNQ
underwent integer charge transfers with P3HT sites?. XPS
spectra in Figure 1b showed FATCNQ radical anions covering
the surface of P3HT as an aggregate layer by revealing higher
intensity signals of both F 1s and N 1s which originated from
FATCNQ and a less intense peak of S 2p, from P3HT. When
the P3HT surface was fully dried after applying dopant solu-
tion, the microscopic images showed phase-segregated
FATCNQ domains (Figure 1c) due to the solubility limit of
FATCNQ in P3HT film (4.9 mol%) as reported!!.
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Figure 2. (a) Representative Vi, gg response from P3HT/SiO,, SiO;, and PS/SiO; RG vs time for FATCNQ solution concentrations.
(b) XPS spectra of F 1s, N Is, and S 2p from 1 mg/ml FATCNQ:P3HT/SiO, before/after washing. (c) Vi, rg distributions from
P3HT/Si0,, SiO,, and PS/SiO; over at least 8 samples for FATCNQ solution concentrations. (d) Vi, rg distributions of RGs with
spincoated P3HT on a 70-nm- and 300-nm-thick SiO; and dropcasted P3HT on a 300-nm-thick SiO, for FATCNQ solution concen-
trations over at least 8 samples. (e) Distributions of Vi, rg variation between Vi, 1mg/mi and Vi of P3HT/SiO, RG measured under
small (0.5 cm diameter) and large doping area (2 cm diameter) over at least 6 samples. (f) Simplified equivalent circuit model of RG
FET system from Figure 1d. (g) Conductivity of doped P3HT measured by four-point probe over 4 samples. (h) Capacitance distri-
butions of the doped P3HT/SiO; over 8 samples measured via metal-insulator-semiconductor structure. (i) Vi, rg response of the
doped P3HT film connected as an extra resistance or capacitance input to the gate of FET. Inset showed a schematic image in that

electrical circuit.

RG doping assessments. Such doping effects were electri-
cally analyzed via our RG FET detection system, which is
demonstrated in Figure 1d. A P3HT film on a SiO,/Si sub-
strate was additionally coupled on the gate of a commercial
silicon FET as a RG module by electrically connecting the RG
to the gate of a silicon FET. An equivalent circuit model that
included major components is shown in Figure 1d where Cp,,
Crg, and Cgpr are capacitance of double-layer between solu-
tion and RG surface, RG material, and silicon FET, respective-
ly. drer and g are work functions of reference electrode and
RG material, and g is the potential of the surface between the
electrolyte and RG surface. Combining all capacitors in series
and electrical potential from each material determined Vi, gg
of the RG FET system. For the main goal of quantifying hole
carriers in the doped P3HT, a silicon FET measured variations
in the electrical potential of the P3BHT RG by mean of the
Vinrg shift resulting from the generation of holes upon doping
the surface of the P3HT film with varying concentrations of
FATNCQ in ACN (Figure 1d).

The reduced FATCNQ on a P3HT RG triggered horizontal
shifts in transfer curves of the RG FET by imposing positive
charges on the RG (Figure le) relative to the solution poten-
tials. During operation, there are no gate currents (~ pA levels)
through a P3HT RG (Figure S1). Vi, rg shift was steadily satu-
rated once the concentration reached 1 mg/ml FATCNQ where
the dopant fully covered the P3HT surface and made an ag-
gregate layer as shown in Figure 1c. This overlaying FATCNQ
layer on the P3HT surface was shown in XPS depth profiling
(Figure S2). The initial doped P3HT displayed higher concen-
trations of FATCNQ on the surface and similar decreased
amounts of dopants were observed from the shallow surface
towards the gate oxide. In Figure 1f and 1g, no responses upon
exposure to FATCNQ were shown from two different control
RGs which consisted of pure SiO»/Si and PS/SiO,/Si because
no charge transfer occurred between SiO» and passive polymer
PS layers and FATCNQ, indicating no doping effects on SiO,
and PS surfaces by FATCNQ molecules.

Figure 2a shows the Vi, rg responses from each RG for
F4ATCNQ concentrations over time. Each step includes 5 con-
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Figure 3. (a) Vi, rg distributions over at least 8 samples vs. FATCNQ concentrations on ITO, P3HT/ITO, and Au. Inset showed
band diagram between Au or ITO and FATCNQ. (b) XPS spectra regarding fluorine and nitrogen on 1 mg/ml FATCNQ:ITO surface
before/after washing. (c) Sensitivity to proton and FATCNQ of ITO over at least 8 samples. Inset showed hysteresis curves in terms
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to each Vi 1mg/mi- (€) Vinrg distributions over at least 8 samples vs. type of RG substrate under the same solution condition of neat
ACN, 100 pg/ml FATCNQ, and 1 mg/ml FATCNQ. (f) Schematic image to describe Vi ¢ shift mechanism by occupation of
FATCNQ on electroactive sites on both P3HT and inorganic electron donors. (g) pq calculated by Vi, rg shifting model and UV-Vis
NIR. Hole mobility calculated based on pq from Vi, g shifting model. Inset showed schematic image of a concept to relate AVy, pg

to the induced p4 in P3HT.

secutive measurements taken at incremental times under a
specific dopant concentration, demonstrated in Figure 2a. The
first 3 steps were performed under pure ACN to measure ini-
tial Vi rg (Vino) and stabilize our detection system. A sharp
shift in Vi, g of P3HT exposed to FATCNQ solutions higher
than 1 pg/ml showed that the doping process that was done
sequentially was completed rapidly as reported in the litera-
ture!!. Following all the dopant injections, the doped P3HT
was washed 3 consecutive times with pure ACN. Despite a
slight increase of the resultant Vi, g, there was no retrieval of
the Vy,9, indicating that doping reactions were mostly irre-
versible. Remaining FATCNQ after washing was also ob-
served by XPS (Figure 2b). Such Vi, g changes in terms of
FATCNQ concentrations were highly reproducible and uni-
form (Figure 2c¢) by revealing specific Vi, from each RG.
Normalized variations of Vi, rg With respect to Vg showed a
clear Vi, rg window of P3HT for doping levels as offering the
capability to quantitatively determine concentrations of dopant
in that window (Figure S3).

We further investigated the mechanism in our detection
system through following experiments. In the equivalent cir-
cuit model in Figure 1d, Cggr and ¢rer Were invariable from
the intrinsic silicon FET and Ag/AgCl reference electrode,
respectively. As we only varied the concentration of FATCNQ
in ACN solution, ¢g that relied on proton concentrations was
constant in the measurements. The influence of Cp;, was insig-
nificant in the total capacitance in the RG FET system because
of the thinness of double layers, on the order of angstroms,
and high dielectric constant of ACN?"-28,

The effect of Crg in Vi, rg of the RG FET was estimated by
changing thicknesses of both P3HT and SiO, dielectric of the
RG (Figure 2d). A 46-nm-thick P3HT layer was spin coated
on Si/SiO; substrates with different oxide thicknesses of 70 nm
and 300 nm, respectively. Also, Vi rg responses of much
thicker P3HT RGs made by drop-casting on a 300-nm-thick
SiO, substrate was evaluated (Figure 2d and Figure S4). De-
spite these fabrication variables, all P3HT/SiO, RGs revealed
a similar range in Vy,, for the RG FET system (Figure 2d).
This indicated that the fabrication variables in Czg above were
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insignificant compared to our large measured doping area of
Crg (0.5 cm diameter) which was used to make a contact with
FATCNQ solution on P3HT/SiO.. Likewise, a larger doping
area (2 cm diameter) led to a similar Vi, gg shift (Figure 2e and
Figure S5). Thus, the large measured area made the effect of
Crg negligible in relation to the total capacitance of RG FET
as was case for the Cpy. Therefore, Vi, was given by the in-
trinsic property of P3HT and Vi, gg shifts from Vi, reflecting
the changed series voltage perturbation by P3HT as doped by
FATCNQ. However, very thick P3HT films produced more
Vinrg shift for FATCNQ over the solution concentration rang-
es, compared to spincoated P3HT (Figure S4b), resulting in
the increase in number of electroactive sites per area than the
spin-coated P3HT.

As a result, we can simplify an equivalent circuit model in
Figure 1d by removing negligible parameters as shown in Fig-
ure 2f. The conventional definition of Vi, rg of RG FET used
for a pH sensor® can be modified by considering the electric
potentials coming from intrinsic properties of RG material
such as work function (®pg) shown below:

Vth,RG = Vth,FET -

where Vi, ppr is threshold voltage of silicon FET, x5! is the
electrolyte insulator surface dipole potential, and Ege¢ is the
potential of the reference electrode. Vi, prr Was fixed as 1.5 V
(Figure S6) and @y, Eger, Ps, and x5°' were consistent in our
experimental setup. Therefore, the changes in Vy, rg directly
corresponded to a change in work function of RG material
such as P3HT (®psyt):

AVth,RG = Adpg = ADpgyr (1)

Subsequently, we measured conductivities (o) of the doped
P3HT films via four-point probe measurement (Figure 2g).
Increasing conductivity of P3HT layer was shown from dopant
concentration >1 pg/ml FATCNQ which corresponded to that
of Vi rg shift in the RG FET setup (Figure 2¢ and Figure S3).
A high conductivity of about 10 S/cm was realized from 1
mg/ml F4TCNQ. The initial hole concentration (p,) was
2.4 X 107 ¢m? calculated via 0 = ey, p, where o of undoped
P3HT was 3.2 x 107*S/cm (Figure 2g) and p, of 8.4 X
1073 cm?/Vs was calculated from making P3HT OFET (Fig-
ure S7). This p, value corresponded to that of 8.4 X
1073 cm?/Vs calculated via ¢ = epyp,, which verified the
calculated p, value. It is noted that a typical value of p; for
spin-coated undoped P3HT is 0.01 cm?/Vs in the literature®.
There were no distinct variations in capacitance of Crg from
doping reactions (Figure 2h), which also supported equation
(1). The doped P3HT was connected as extra resistance and
capacitance inputs on the RG (inset of Figure 2i) but no
changes in Vi, g shift were observed (Figure 2i). This indicat-
ed that hole concentrations of doped P3HT (pqy) can be calcu-
lated using only terms of our Vy, rg shift model independent of
the conductivity of the films and based on the classic equa-
tion, 0 = ey Po-

Interestingly, pure ITO and Au surfaces showed a similar
response to that of P3HT films with varying concentrations of
FATCNQ using the same measurement setup (Figure 3a). Rep-

resentative transfer curves and the Vi, rg responses over time
from Au and ITO for FATCNQ concentrations are shown in
Figure S8. This is explained as electron transfer from inorgan-
ic electrodes into FATCNQ occurring when it was energetical-
ly favorable (inset of Figure 3a). The more negatively charged
(oxyanionic) ITO surface was seen as a higher Vi, in the RG
FET setup. ITO and P3HT being affected by the ITO* re-
sponded to even lower concentration of FATCNQ (1 pg/ml)
via charge transfer. Saturated shifts in Vi, rg upon increasing
FATCNQ concentrations were even shown with ITO and Au.
That is, Vi, rg Was similarly saturated as surface dipole sites
were fully occupied by FATCNQ, as was the case for P3HT.

The restoration of Vi, rg of ITO to the original value after
washing off 1 mg/ml FATCNQ solution using pure ACN was
not observed, just as for the case of P3HT shown in Figure 2c.
Despite adding four more washing steps for FATCNQ:ITO,
FATCNQ still remained on the ITO, resulting from ionized
FATCNQ on the electron donor surfaces, either by doping or
very strong intermolecular interactions, creating surface di-
poles (Figure S9). This was more clearly shown in XPS spec-
tra of the washed F4ATCNQ:ITO surface by flowing the pure
ACN for 5 sec (Figure 3b).

These responses from surface dipole sites can be compared
with proton sensitivity by ITO* showing Vy, g shift in terms
of changes in ®g (Figure 3c) described with a site-binding
model**. The maximum sensitivity achievable in terms of a
variable of concentration is 59 mV/ pH at 25 °C, the well-
known Nernst limit. ITO showed a linear response of 51
mV/M for every ten-fold increase in proton concentration and
reversibly retrieved Vi, gg for each pH value (inset of Figure
3c). Representative transfer curves regarding pH sensing are
shown in Figure S10. ITO, however, showed nonlinear sensi-
tivity to FATCNQ measured to be 145 mV/M,beyond the
Nernst limit, and irreversible Vi, rg shifts. This may have indi-
cated chemical reactions beyond simple coulomb attractions
between FATCNQ and ITO, or interactions on a rough ITO
surface. Electrostatic strength of surface dipoles on each donor
surface can be estimated by considering variation in Vi, g of
ITO, Au, and P3HT at 1 mg/ml FATCNQ (Vi 1mg/m1) and neat
ACN after washing (Figure 3d) with respect to each
Vih,1mg/mi1- Au tevealed a somewhat larger shift in Vi, gg from
washing effects, indicating weaker intermolecular interactions
between FATCNQ and Au surface. A larger difference be-
tween Ep of ITO and lowest unoccupied molecular orbital
(LUMO) of FATCNQ (inset of Figure 3a) may have contribut-
ed to stronger coulombic energy from dipoles.

Vinrg values were compared as a function of types of RG
substrates under the same condition of each solution (Figure
3e). Vino levels from each RG were uniform, respectively, and
only depended on the type of materials. To be specific, P3HT
showed a similar Vi, despite using different substrates such as
SiO, and ITO. Likewise, FATCNQ showed propensity that
imposed specific Vi, rg by interacting with each different RG
(i.e. ~0.8 V at 1 mg/ml FATCNQ). This behavior could be
interpreted as a similar number density of FATCNQ occupying
and oxidizing the sites on each donor surface and the majority
of FATCNQ molecules underwent integer charge transfer with
the electron donors®. It also indicated constraints in oxidizing
sites by FATCNQ with any electron donor surface which led to
a saturated Vi, ¢ shift at high concentration of F4ATCNQ (Fig-
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Figure 4. (a) Chemical structure of FATCNQ, TCNQ, and TCNE. (b) Representative Vi, rg response from neat ITO vs time for
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measured by (c) ITO and (d) P3HT/SiO, RG, respectively. (e) Distribution of variation in Vi, g at 1 mg/ml FATCNQ and neat
ACN after washing with respect to each V,,, measured by the neat ITO and P3HT/SiO; RG over at least 6 samples.

ure 3f) and changes in ®yg given by FATCNQ were a critical
factor in making Vi, gg shifts. Vi, rg at 1 mg/ml FATNCQ
(Vih,1mg/m1) Was slightly varied depending on the types of RG
surface that offered different numbers of oxidizing sites of
each RG. Vi, 1mg/m1 of very thick drocast P3HT that was lower
than that of spincoated P3HT (Figure 3e and Figure S4b) was
almost comparable of that of ITO (Figure S4c).

Thus, pgq of P3HT on SiO; can be determined by assuming
no loss in hole concentrations from any electron transfer and
interface traps between SiO, and P3HT (Figure 3f). At equilib-
rium, the Fermi levels of undoped (Eg) and doped P3HT
(Egq) are described with the equations of classic semiconduc-
tor physics as following:

EF = _kT ln (Ilfl_o) + EHOMO

v
Epq = —kTIn (fr_i) + Exomo

where Eyomo is energy level of the highest occupied molecu-
lar orbital, k is the Boltzmann constant, and T is temperature
(K). N, is defined as

2mmpkT 3/2
A T

where my, is effective mass of holes and h is Planck’s con-
stant. Therefore, AEg (Egq — Er) would be

AE; = KTIn (&) @)
Pa

Also, AE is directly related to the change in work function
of P3HT as shown in the inset of Figure 3g.

AEg = Adpzur (3)

Combining equation (1) above and (3) could establish fol-
lowing simple relation:

AEp = Adpsyr = Adpg = AVth,RG (4)

By relating equations (2) and (4), we can arrive at the fol-
lowing equation to quantify the hole concentrations.

b ex <_ AVth,RG)
Pd = Po €Xp KT

Based on pg of 2.4 x 1017 /cm? (Figure 2g) and average
AVi rg» Pa Was calculated (Figure 3g). Also, pq values calcu-
lated using UV-Vis NIR spectra (Figure S11) were compared
in Figure 3g while the reliable values were only shown from
FATCNQ solution concentrations above 100 pg/ml with dis-
tinguishable dopant peaks (Figure la). pq values for heavily
doped P3HT calculated both ways were comparable. p, of
doped P3HT films was estimated based on p4 obtained by our
model and o = eyypq. Highly doped P3HT showed the re-
duced mobility possibly from changed morphology. Each spe-
cific value in Figure 3g was tabulated in Table S1.

In addition, we measured Vi, rg response of the other do-
pants such as TCNQ and TCNQ with different reduction po-
tentials (Figure 4a). Vi, rg responses of ITO RG for TCNQ
and TCNE vs time were compared in Figure 4b. While the
doping effect of FATCNQ and TCNE showed a step-shape
Vinrg shift in our detection system, that of TCNQ was
dragged over testing solution concentration ranges. This indi-
cates that TCNQ slowly made surface dipoles. Vi pgat 1
mg/ml FATCNQ and TCNE (Vi 1mg/m1) showed slightly in-
creased Vip, after washing but Vip1mg/mi of TCNQ further
lowered, resulting from delayed Vi, rg response from slow
reaction. By adding further washing steps (Figure S12), TCNQ
was also washed off as was case of TCNE (Figure S12) and
FATCNQ (Figure S9). Washing effects were also observed
through XPS in order to track elemental composition of the
dopant on the surface (Figure S13). Compared to TCNQ, fluo-
rine atoms shown in FATCNQ with high electronegativity
promoted faster and more electron transfer than TCNQ (Figure
4b and Figure 4c).
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Each dopant showed a similar trend in Vi, g shift with
P3HT compared to those of ITO (Figure 4d). However, TCNE
showed higher Vi, gg response (=1 pg/ml) in P3HT film com-
pared to that of ITO (=10 pg/ml), indicating better diffusion in
P3HT because of its smaller size. Variations in Vy, at 1 mg/ml
solution concentration (Vin 1mg/m1) and neat ACN after wash-
ing surface (Vi wasn) With respect to each Vi, were compared
on both P3HT and ITO (Figure 4¢). TCNE showed mostly no
shift in Vi, wasn in P3HT but not in ITO. This could indicate
that the smaller size of TCNE allowed a better fit in P3HT
domains.

We now turn our attention to the additional application of
the RG FET to monitor the diffusion of small molecules in a
passive polymer such as PS. Briefly, ITO sensitive to
FATCNQ was used as sensing membrane for FATCNQ that
penetrated through a passive polymer on the ITO (Figure 5a).
Representative transfer curves from PS/ITO RG are shown in
Figure 5b. Although no interaction was observed between PS
and FATCNQ (Figure 2¢), PS/ITO RG showed Vi, g response
in terms of F4ATCNQ concentrations (Figure 5c¢). This indicat-
ed that FATCNQ diffused through PS and oxidized or bound to

the ITO surface. Despite the increased thicknesses of PS, the
diffusion of FATCNQ at high concentrations was observed
with certain delayed response compared to that of neat ITO
(Figure 5d).

Diffusion of FATCNQ in cross-linked PS (XLPS) was
measured. Cross-linking of PS polymer chains was made by
using polystyrene-co-4-vinylbenzocyclobutane under high
temperature of 180 °C (Figure Se). Cross-linked polymer
chain provided more rigid structures in the polymer layer
against solution diffusion than normal PS. Representative
transfer curves from double spin-coated XLPS RG were
shown in Figure 5f. Vi rg response was mostly shown under
high concentration of FATCNQ solution of 1 mg/ml, indicat-
ing higher tolerance against the diffusion of F4TCNQ mole-
cules. Single coated XLPS, however, showed higher Vi, rg
response comparable to that of normal PS (Figure 5g and 5h).
This diffusion monitoring system is different from any con-
ventional methods based on UV-Vis-NIR and PL spectroscopy
that required interactions between host-materials and diffused
molecules.



Conclusion

We developed a method to analyze doping effects and dif-
fusion in polymers using a remote FET setup. Hole concentra-
tions of P3HT doped via sequential doping methods were
quantified by relating them to Vy, g¢ shifts and work function
changes in P3HT. In the detection mechanism, FATCNQ oc-
cupied sites on electron donor surfaces by creating surface
dipoles and the associated hole carriers imposed positive
charges in P3HT, which was detected by an FET. As FATCNQ
fully covered the surfaces on electron donors, electronic po-
tentials of electron donors were fully determined by FATCNQ
irrespective of types of materials. Almost all the bound
FATCNQ underwent integer charge transfer with those elec-
tron donors. Hole mobility of doped P3HT was derived from
hole concentrations calculated from Vi, gg shifts. We moni-
tored physical diffusion of FATCNQ in PS driven by concen-
tration gradients using FET setup. This analysis provides a
new electronic analysis tool to describe doping effects and
diffusion in organic materials.
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