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Effect of Doping Concentration on Microstructure of
Conjugated Polymers and Characteristics in N-Type

Polymer Field-Effect Transistors

Chuan Liu, Junhyuk Jang, Yong Xu, Hyo-Jung Kim, Dongyoon Khim, Won-Tae Park,

Yong-Young Noh,* and Jang-Joo Kim*

Despite extensive progress in organic field-effect transistors, there are

still far fewer reliable, high-mobility n-type polymers than p-type poly-

mers. It is demonstrated that by using dopants at a critical doping molar
ratio (MR), performance of n-type polymer poly[[N,N9-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithio-

phene)] (P(NDI2DO-T2)) field-effect transistors (FETs) can be significantly
improved and simultaneously optimized in mobility, on—off ratio, crystal-
linity, injection, and reliability. In particular, when using the organic dopant
bis(cyclopentadienyl)—cobalt(ll) (cobaltocene, CoCp,) at a low concentration
(0.05 wt%), the FET mobility is increased from 0.34 to 0.72 cm? V' 57!, and
the threshold voltage was decreased from 32.7 to 8.8 V. The relationship
between the MR of dopants and electrical characteristics as well as the evolu-
tion in polymer crystallinity revealed by synchrotron X-ray diffractions are
systematically investigated. Deviating from previous discoveries, it is found
that mobility increases first and then decreases drastically beyond a critical
value of MR. Meanwhile, the intensity and width of the main peak of in-plane
X-ray diffraction start to decrease at the same critical MR. Thus, the mobility
decrease is correlated with the disturbed in-plane crystallinity of the conju-
gated polymer, for both organic and inorganic dopants. The method provides
a simple and efficient approach to employing dopants to optimize the elec-
trical performance and microstructure of P(NDI2DO-T2).

Prof. C. Liu

1. Introduction

Organic field-effect transistors (OFETs)
have recently attracted significant attention
because of their high potential in light-
weight, flexible, and large-area electronics
processed by means of cost-effective
graphic art printing processes.l!l Soluble
polymeric semiconductors are strong can-
didates as active layers to realize those
devices, since a high-quality thin film can
be achieved by various simple coating
methods through a stable formulation
in various organic solvents.>3] Recently,
various conjugated polymers have been
reported to have high field-effect mobili-
ties of 1.0-23.7 cm? V7! §71,B4 exceeding
those of amorphous silicon field-effect
transistors (FETs). Although the values
have recently shown rapid progress and
they meet the requirement for driving cir-
cuits in various display panels, polymeric
complementary integrated circuits are
still hard to realize due to the lack of bal-
anced n-type components. This is because,
generally, n-channel polymers have lower
mobility and stability than p-channel poly-
mers, owing to the difficulty of material

synthesis of the deep-lying lowest unoccupied molecular orbital
(LUMO) located near 3.6-4.5 eV as well as the abundant trap
sites generated by hydrogenated oxygen.?!

Polymers with strong electron-accepting naphthalene-
bis(dicarboximide) (NDI) cores are promising materials for
high performance and operational stability in n-channel
operation.  Poly[[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)]
(P(NDI2DO-T2), Polyera Activink N2200)”1 and poly](E)-
2,7-bis(2-decyltetradecyl)-4-methyl-9-(5-(2-(5-methylthiophen-
2-yl)vinyl)thophen-2-yl)benzo[lmn][3,8]phenanthoroline-
1,3,6,8(2H,7H)-tetraone] (PNDI-TVT)®l were reported to
achieve electron mobilities of 0.85 and 1.8 cm? V™! s71, respec-
tively. The large and planar conjugated bicyclic structure, with
its strong m—7 interaction, facilitates electron transport through
interchain hopping, and the electron-withdrawing diimide
group for each naphthalene moiety effectively pulls down the
LUMO level, affording good air stability.®] However, compared
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Figure 1. Chemical structure of a) semiconductor: P(NDI20D-T2); b) dopants: CoCp, and CsF; and c) dielectric: CYTOP.

to the high-performance p-type polymers, the mobility and sta-
bility of NDI-based n-transporting polymers are still in great
need of further improvement, e.g., by doping techniques.

Molecular doping in semiconducting layers to induce addi-
tional charge carriers has proved as a promising method to
enhance conductivity and reduce contact resistance for organic
optoelectronic devices such as organic light-emitting diodes
(OLEDs) and organic photovoltaics.”'! In addition, low con-
centrations of n-type dopant can also deactivate trap sites.!'1?]
However, the application of doping to n-type OFETs calls for
two specific and judicious considerations.

The first one is concerned with the microstructure of semi-
conducting materials. While OLED devices require amorphous
semiconductors to prohibit the quenching or recombination
of excitons, many organic semiconductors for OFETS possess
a crystalline structure to boost carrier mobility. However, the
effect of dopants on the crystallinity of the host polymers is
still not completely understood, and it should thus be system-
atically investigated and delicately controlled.'*'*! Molecular
patch doping is a good example of a method used to improve
device characteristics without influencing the crystallinity
of pentacene.'®) However, patch doping can only effectively
dope the surface of semiconductors; it cannot affect the bulk
conductivity.

The second one is related to the fact that increased conduc-
tivity by doping could influence the on-off ratio of the OFET
device, which could increase the off current by increasing car-
rier densities. Low-concentration doping of semiconductor
layers and selective doping on/under the contact region have
been suggested to maintain the high on—off ratio.[419]

To optimize doping materials and techniques for n-type
polymeric OFETs, we investigated low-concentration doping
in crystalline materials. A representative NDI-based material,
P(NDI2DO-T2), was selected for the semiconductor layer due
to its high electron-transporting characteristics and acceptable
stability for storage in ambient air (Figure 1a). The unconven-
tional microstructure of this polymer features weak crystal-
linity of the out-of-plane direction and predominantly face-on
molecular packing along the in-plane direction.'’] In contrast
to p-type doping, molecular n-type doping is more difficult,
owing to the energetic position of the orbitals required above
the LUMO of P(NDI2DO-T2) located at —4.0 eV,”) which makes
the dopant materials unstable against oxygen. Two kinds of
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strongly reducing and widely used dopants were investigated:
an organic compound bis(cyclopentadienyl)-cobalt(II) (cobalto-
cene, CoCp,) having an ionization energy of 4.0 eV!'® and an
alkali metal salt CsF (Figure 1b). To increase operational sta-
bility, the CYTOP gate-dielectric insulator was adopted to avoid
the hydroxyl trap site for electrons (Figure 1c) and prevent
penetration from moisture in the air'¥) Optimized doping of
P(NDI2DO-T2) resulted in enhanced n-type mobility, increased
on—off ratio, reduced threshold voltage, and increased reli-
ability in bias stress cycles. The key for such optimization is
the critical molar ratio (MR) of doping, which maintains good
crystallinity confirmed by the grazing incidence X-ray diffrac-
tion (GIXRD) analysis. We expect this new finding on doping
materials and mechanisms can be utilized to further enhance
the performance of other n-type polymer FETs and thus pave
the way to realize printed complementary circuits.

2. Results and Discussion

2.1. Pristine OFETs

Top-gate, bottom-contact (TGBC) structures of OFETs with pris-
tine P(NDI2DO-T2) films were fabricated via photolithography
as they affords large injection areas to lower contact resist-
ance.l?” Figure 2 shows the schematic structure of the TGBC
OFET device and current-voltage characteristics. As compared
with the operation at low source—drain voltage V3 (Vg = 20 V),
the transfer characteristics (I;—V,) at high V3 (V4 = 80 V) exhib-
ited a much higher current at the small V, region, which signi-
fies an ambipolar regime because of the hole current raised by
the potential difference between the gate and drain electrodes.
However, the electron current was dominant, as the electron
mobility was much higher than the hole mobility (see open
dots in Figure 1b and Figure S1 (Supporting Information) for
p-type operation). The characteristics of the n-type dominant
OFET are also shown in the output curve (I3 vs Vj) in Figure 2c.
In the low-V; regime (V3 < 10 V), the superlinear dependence
of I on V; manifests a non-Ohmic injection and a significant
contact resistance (R) in the injection of electrons. For the
n-type regime (V3 = 80 V), we extracted the electron mobility
(#) and threshold voltage (Vy,) from the saturated regime of
the presented device (0.38 cm? V1 s7! and 33.5 V, respectively).
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We note that the OFETS with pristine film showed a significant
hole accumulation regime, which was not observed in some
previous references.?!l It indicates that, as compared to the
materials used in those references, the materials here probably
have the Fermi level relatively further away from the LUMO
levels. This difference may cause extra difficulty in electron
injection and be responsible for poor injection as observed in
the output characteristics.

2.2. Doping Effect: Concentration Dependence

We studied the effect of doping on the current-voltage char-
acteristics of P(NDI20D-T2) OFETs and compared the two
dopants with different doping concentrations (c, in weight per-
cent, wt%). The transfer characteristics with various concentra-
tions of CoCp, and CsF in the semiconductor layers are shown
in Figure 3a,b, respectively. The effects of doping were exam-
ined by extracting the following figures of merit: the on voltage
(Von) from which the n-type performance starts to appear, the
off current (I,q) that is the current at V,, (here, the p-type
or n-type channel can be still operating, but we still use the
term I for convenience), the threshold voltage (Vy,), and the
mobility (u) extracted from the saturated regime. As illustrated
in Figure 3c, an increase in CoCp, doping concentration gener-
ally leads to a decrease in the positive V,,, and Vy,, confirming
that the dopants effectively enhance the electron concentra-
tion in the channel leading to an earlier turn-on. However, I
firstly decreases until the doping concentration reaches 1 wt%

P(NDI20D-T2)
| N
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and then increases when the doping concentration increases to
2 wt%. The total current in the ambipolar regime ideally fol-
lows (see Supporting Information):

S L R LA

The minimum current at V, =V, is as follows:

Wci .un ,up
TR

(Ve + Viup = Vi) 2)

Ioff (Vg = Von) =

where W, L, C;, and V; denote channel width, channel length,
capacitance of the gate dielectric per unit area, and drain
voltage, respectively. The subscripts “n” and “p” denote n-type
and p-type, respectively. On the one hand, the negative shift
of V,, and the decrease in I (below 1 wt% doping) indicate
that the dopants significantly decrease the mobility of the holes
and shift the threshold voltage of p-type performance (Vi,j)
toward negative so that the term related to the p-type current
decreases. This most likely occurs related to the shift of Fermi
level toward LUMO level (away from HOMO level) induced by
n-type dopants, because in our previous study on the PCBM
film with CsF dopants such shift was clearly evidenced by
ultraviolet photoelectron spectroscopy (UPS).24 The Femi
level shift increases the electron concentration but reduces the
hole concentration in the semiconductor, therefore increasing
hole injection barrier and calling for extra gate voltage to reach
mobile states for holes. On the other hand, the increase in I g
beyond 1 wt% doping signifies the excess
electrons transferred from dopants, which
increases the minimum current. Hence, the
low doping concentration of CoCp, guar-
antees an increased electron concentration
and simultaneously keeps a decreased total
carrier concentration in the ambipolar or
subthreshold regime, leading to a higher on-
current level while increasing the on—off ratio
with respect to pristine OFETs. Devices with

CsF dopants generally show similar trends.
While changes in the parameters V,,, L,
and Vy, follow the usual manner, the values
of mobility p show a rather unanticipated
dependence on doping concentration. For
CoCp,-doped OFETS, p increased from 0.38
to 0.67 cm? V1 571 at 0.25 wt% doping and
then to 0.72 cm? V7! at 0.50 wt%. However,
when additional CoCp, dopant was added, p
decreased to 0.54 cm? V7! s7! at 1 wt% and
then to 0.27 cm? V7! s7! at 2 wt%. In disor-
dered organic semiconductors with abundant
traps, an increase in carrier concentration
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Figure 2. a)

v, (V)

Schematic structure of TG/BC OFET device. b) Transfer characteristics of
P(NDI20OD-T2) OFET in V4=20V, 80 V. Electron and hole mobilities extracted from local slope
of square root of /4 against V; are shown as open dots. c) Output characteristics of P(NDI20OD-
T2) OFET in positive V4 region. Applied gate voltages are shown in legend.
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leads to the filling of trap sites located in the
tail states below the mobility edge and thus
generally results in a continuously upshifted
Fermi level and boosted carrier mobility. The
decreased mobility here obviously deviates
from such a usual manner. Besides CoCp,,
the devices with CsF dopants also exhibit

Adv. Funct. Mater. 2015, 25, 758-767
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Figure 3. Transfer characteristics of OFETs with various amounts of a) CoCp, and b) CsF doping to P(NDI20D-T2) semiconductor layers (V4 =60 V).
Square root of /4 is shown as open dots. Extracted parameters as a function of doping concentration (in wt%) for CoCp, c) and CsF d) are also shown.

the nonmonotonic dependence of y on doping concentration,
where p increases slightly and then decreases significantly
when doping concentration reaches 1 wt%. The above results
are summarized in Table 1.

In order to discuss the effect of doping on mobility, we con-
verted the doping concentration ¢ into the MR of dopants (i.e.,
the number of dopant molecules per monomer in the organic
semiconducting (OSC) polymer). The OFET mobilities as a
function of MR are shown in Figure 4. For both organic and
salt dopants, the mobility values increased to their maxima at
around MR ~ 0.03 and started to decrease beyond it. We com-
pared this result to the report by Olthof et al. who used a dopant

similar to CoCp, in OSC C60 film.['2! In their theoretical and
experimental results, at low-doping MR, the charge-transport
properties and Fermi-level position were dominated by trap
states, and thus, the conductivity and mobility values increased
as MR increased. Once the transition point (MR of 1073 to 107?)
was reached, all the traps were filled by dopant-induced charge
carriers, the OSC mobility nearly saturated, and the changes in
conductivity and Fermi-level position followed standard semi-
conductor theory.?}l A similar trend with an increase followed
by saturation in conductivity has also been reported by Zhang
et al.l'l The predicted trends according to these previous find-
ings are depicted as dashed lines in Figure 4. We qualitatively

Table 1. Summary of electrical properties of OFET based on pristine P(NDI20D-T2) with different doping concentrations.

Doping conc. CoCp, dopant CsF dopant
[wt%]
Von lo On—off ratio Vin Mobility Von loff On—off ratio Vin Mobility
M (Al M [em? V7' s v A I\ [em? V7' s
0 20 2.6E-07 6.90E+02 32.7 0.35+£0.03 20 2.6E-07 6.90E+02 32.7 0.35+0.03
0.25 4 1.8E-08 1.27E+04 17.4 0.67 £0.03 15 1.9E-07 1.09E+03 27.7 0.37£0.01
0.5 2 3.3E-09 8.79E+04 11.9 0.72£0.05 8 1E-07 2.92E+03 24.8 0.37+£0.02
1 2 8.4E-10 2.14E+05 8.8 0.54+£0.03 4 3.3E-08 9.79E+03 19.8 0.34+0.04
2 7 1.3E-08 3.03E+03 13.6 0.27 £0.01 2 7.5E-09 3.37E+04 239 0.25+0.01
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Figure 4. Mobility values as function of doping MR for CoCp, (black) and
CsF (red) dopants. Dashed lines are expected trends, sketched by analog
to the mobility of C60 film doped with CoCp,.[2

sketched the “expected” trends about the dependence of
mobility on doping ratio, by analog to the mobility of C60 film
doped with CoCp, (obtained by Mote Carlo simulation as well
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as the experimental data).'”! In contrast, our experimental
results feature a decreasing regime beyond MR ~ 0.03, which
is inconsistent with the usual trap filling and transport mecha-
nism mentioned above. As the transport of OSC can also be
vitally affected by structural disorders, especially crystallinity,
the contrast can be attributed to structural disordering of the
semiconductor film at relatively high-doping MRs, which will
be examined below.

2.3. Doping Effect: Crystallinity

We investigated the difference in the crystallinity of the pris-
tine and doped P(NDI20D-T2) films with various concentra-
tions by GIXRD. It has been reported that the P(NDI20OD-T2)
films have a face-on molecular packing structure with well-
organized intergrain connections,'”l which differs from
typical highly crystalline, edge-on conjugated polymers that
exhibit a strong lamellar stacking peak in the out-of-plane
direction (e.g., polythiophene-based polymers such as PBTTT
or P3HT).[?*l Figure 5a depicts the in-plane XRD patterns of a
pristine P(NDI20OD-T2) film, a pure CoCp;, film, and a CsF film.
The peak (100) at Q,, =0.25 A~ (corresponding to d spacing of
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Figure 5. In-plane X-ray diffraction patterns of a) pristine P(NDI20D-T2), CoCp,, and CsF films in wide range, b) P(NDI20D-T2) with CoCp, dopant,
and c¢) P(NDI20D-T2) with CsF dopant around (100) peak (background subtracted). Inset: a) illustrates face-on crystalline structure of P(NDI20OD-T2).
In d) and e), intensities and FWHM of (100) peaks are plotted as function of doping MR, respectively.
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Figure 6. Schematic representation of effect on crystallization and DOS depending on doping ratio: a,b) pristine film; c,d) low doping below critical
MR; e,f) doping above critical MR, leading to disturbed crystallinity and higher degree of disorder in charge transport. In DOS scheme, Fermi level at
same V, is shown relative to center of LUMO to illustrate evolution of gap states (traps where mobility is zero). Different mobilities indicate effect of
energetic disorder on mobility and different required V; for reaching high mobility.

2.5 nm) of the P(NDI2OD-T2) film confirms the in-plane
crystalline structure as illustrated by the inset scheme. The
(001) and (001’) peaks signify two polymorphs associated with
the chain backbone.['”] The evolution of the lamellar stacking
peak (100) upon doping of different dopants and concen-
trations are shown in Figure 5b,c. Both patterns showed
the same tendency: the intensity of the peak increased as
the doping concentration increased to 0.5 wt% and then
decreased with further doping of 1.0 and 2.0 wt%. Using
MR to compare, we find this trend is clearly observed as an
ascending and a descending segment separated at the critical
value of doping MR ~ 0.03 (Figure 5d). We are not clear why
the peak intensity increased from the pristine film up to crit-
ical MR value. One possibility is that the formation of charge
complexes between electron-deficient polymer and electron-
rich dopant increases the packing forces to form crystalline
domains. Yet only the increased intensity of XRD signals may
not give firm evidence on enhanced crystallinity below the
critical MR value, because the full width of half maximum
(FWHM) does not show observable change in this regime.
In contrast, FWHM starts to increase noticeably above the
critical MR = 0.03 (Figure 5e). With much weaker intensities,
the (001) peak exhibits a similar trend (Figure S3, Supporting
Information). Hence, the decreased peak intensity and the
increased FWHM together firmly evidence a decreased
order of in-plane crystallinity above the critical MR, and also

Adv. Funct. Mater. 2015, 25, 758-767
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generally correspond well to the mobility trend that decreased
from the same MR value shown in Figure 4. The out-of-plane
X-ray diffraction patterns of the pristine P(NDI20D-T2),
CoCp,, and CsF films are shown in Figure S4 (Supporting
Information), where P(NDI20D-T2) films showed only a weak
and broad peak around Q, = 1.6 A (corresponding to out-of-
plane stacking). An atomic force microscope (AFM) was also
employed to draft the topographic images of P(NDI2OD-T2)
films, but we did not observe obvious differences between the
pristine films and the films with dopants in the resolution
range.

Then, the unanticipated mobility shown in Figure 4 can be
explained by dividing it into three regimes, which are schemati-
cally illustrated in Figure 6. The pristine film has a density of
states (DOS) centered on LUMO levels that are transport levels
and deeper gap states that are immobile trap states (acceptor-
like energy states). Carriers induced by electrostatic coupling
need to populate gap states first, causing large V., and Vy,
and low mobility (Figure 6a,b). Then, without disturbing film
crystallinity, the initial low doping increases carrier density,
fills deep trap states, shifts the Fermi level closer to transport
levels (near LUMO level), and enhances the effective mobility,
which results in continuous improvement in overall electrical
performance in the regime below the critical MR (Figure 6¢,d).
This regime is generally consistent with previous reports
and theory.'%!2l Above that MR, dopants start to obstruct the
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Figure 7. a) Output characteristics of OFETs (V, = 50 V) with pristine film (black) and films with dopants at concentration of 0.5 wt% (red and blue).
b) Output conductance extracted from “a.” Gray areas (V4 < 10 V) highlight improved injection after optimized doping.

in-plane crystallization of polymers (Figure 6e), which is prob-
ably due to its own aggregation, because we noted that a doping
concentration higher than 2 wt% led to the observable aggre-
gation of dopants in film. As electron transport mainly occurs
parallel to the substrate, the degraded in-plane structural order
deteriorates the electron transport by inducing larger energetic
disorder (illustrated as broadened density of mobile states)?’]
and extra immobile gap states (illustrated as an extra trap DOS
which is qualitatively sketched, Figure 6f). These changes finally
result in more trapped charges and manifest in a lower effective
mobility. In total, the change of mobility originates from the
interplay between the deep-trap filling effect (positive) and crys-
tallization disturbing effect (negative), and the critical MR signi-
fies the transition from the positive-effect dominating regime to
the negative-effect dominating. Interestingly, for both organic
compound CoCp, and inorganic salt CsF dopants, we observe
similar values for the critical MR, a relatively low doping ratio
(3 molecules of dopants per 100 NDI20D-T2 monomers). This
result highlights the judicious choice of a low-doping ratio and
provides a reference value for other dopants or polymers.

2.4. Optimized Doping

Accordingly, an MR around 0.03 (0.5 wt% for CoCp, and CsF)
is regarded as the optimized doping ratio that compromises
between high excess carrier density and proper crystallinity. In
the following, we further demonstrate the benefits of optimized
doping in injection properties and operational stability. The
output characteristics (Iq—Vy curves at V, = 50 V) of P(NDI20D-
T2) OFETs with MR ~ 0.03 (0.5 wt% concentration) of CoCp,
and CsF are shown in Figure 7 (see Figure S2 for various values
of V,, Supporting Information). Below V4 = 10 V, Iy of the
OFET with a pristine film exhibited a strong nonlinear depend-
ence on Vg, while this effect was much alleviated in those with

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

either dopant (Figure 7a, gray area). Such behavior originates
from the large injection barrier (A¢), roughly estimated by the
difference between the work function of Au (-4.5 to —4.7 eV)
and the LUMO level of polymer P(NDI20OD-T2) (—4.0 eV). Due
to the large barrier, a wide depletion region appears next to
the drain electrode, which leads to the nonlinear dependence
of I on Vg Upon doping, the depletion width W, is narrowed
roughly following Wy <Np'/?2 (Np, is the dopant density), and
the tunneling current increases dramatically (see Supporting
Information).’?®! The improvement can be quantitatively
illustrated by extracting the differential output conductance,
g = dlg/0Vy (Figure 7Db). The differential output conductance g
of OFETs with either dopant is about 20 times higher than that
with pristine film when operating at V3 = 5 V. In addition, g
reaches the maximum at about 5 V, compared to 16 V in the ref-
erence device. Hence, only 0.03 MR (0.5 wt%) induces a highly
conductive and fast turn-on channel, which not only enhances
current but also allows a three times lower operating voltage.
Apparently, doping in conjugated polymers can be combined
with solution-processed insertion layersl?’! cast on electrodes to
further improve injection in future.

The P(NDI20OD-T2) OFETs with dopants also exhibited
improved operational stability under cyclic bias stress. We
repeated 1000 sweeps from V, = 0 V to V, = 60 V with con-
stant V3 =40 V and collected the data at the interval of 50 times
per scan. Because P(NDI20OD-T2) and CYTOP are stable in N,
atmospheric conditions, the change of electrical characteristics
is dominated by bias stress rather than the degradation of mate-
rials. Figure 8a depicts the change of transfer characteristics
for OFET without doping, showing that the current continu-
ously increased as the measurement was repeated. Figure 8b,c
shows the transfer characteristics of OFET devices with
0.5 wt% CoCp, doping and 0.5 wt% CsF doping, respectively.
After 1000 cycles, these two devices showed characteristics that
had not significantly changed with respect to the first scan.
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Figure 8. Change of transfer characteristics after bias stress test with a) pristine, b) CoCp,-doped, and c) CsF-doped devices. d) Mobility change and

threshold voltage shift with stress cycles.

Figure 8d depicts the extracted mobility and threshold voltage
with bias stress as a function of scan times. In the pristine film
FET, Vy, exhibited a shift of 6 V toward positive, and the FET
mobility increased about 70% after 1000 cycles of measure-
ment. The positive shift of Vy, and the increased FET mobility
imply that states near the bottom of tail states were continu-
ously filled up (Figure 7b) and were not released during the
stress. On the contrary, the devices with optimum dopants fea-
tured much better reliability. The changes in V}, and p were no
more than 1.5 V and 8%, respectively. The densities of trapped
charges per unit area (N,) were estimated byl?8IN, = |[AVy| Ci/q
. Here, q is the elementary charge, and AVy, is the shift of Vj,.
Correspondingly, N, values of pristine, CoCp,-doped, and CsF-
doped P(NDI20D-T2) after 1000 bias cycles were 2.3 x 10%2,
2.4 x 10", and 6 x 10" cm™?, respectively. In accordance with
Figure 7d, the improved reliability originates from the free
electrons that are generated by strong electron-donating CoCp,
or CsF, which are transferred to semiconducting polymers and
then occupy trap states.
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© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusion

In conclusion, we have investigated the doping effect on
the characteristics of solution-processed, n-type polymer
P(NDI20D-T2) OFETs with various concentrations of the elec-
tron donor CoCp, and CsF. The OFETs with an optimized, low
MR of dopants exhibited simultaneously improved mobility
(two times higher), on—off ratio (100 times higher), injection,
and reliability. The remarkable enhancement results from the
optimization of carrier density and crystallization obtained at
the critical values of MR, at which mobility reached the max-
imum. Beyond the critical MR, the crystallinity of the semi-
conducting polymer was degraded so that the transport was
deteriorated by structural disorders. The results on the doping
mechanism provide a simple and effective method to achieve
high-performance n-type polymer FETs and generally benefit
solution-processed, organic, and printing electronics. When
using other semiconducting polymers or device configuration,
we expect the similar effect would probably occur upon doping,
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as dopants can heal deep traps in band-gap and yet affect the
crystallization to change charge transport properties.

4. Experimental Section

The source and drain electrodes were Cr/Au (3 nm/27 nm) patterned
on glass substrate. The channel length and width were 10 and
1000 pm, respectively. The dopants CoCp, and CsF were purchased
from Sigma-Aldrich without any purification. Small quantities of CoCp,
and CsF dopants were dissolved in 2-ethoxyethanol and mixed with
P(NDI2DO-T2) dissolved in p-xylene with the following weight ratios:
0.0%, 0.025%, 0.5%, 1.0%, and 2.0%. A higher mixing ratio led to
the aggregation of dopants on the films. Doped P(NDI2DO-T2) was
deposited by spin casting and dried at 110 °C. The thickness of the
spin-cast film measured by a PSIA XE-100 AFM was 30 nm. CYTOP was
selected for the dielectric insulator, because its hydroxyl-free interface
can reduce trap sites and increase device stability. This was also an
important reason to ensure that perfluorotrialkylamine, the solvent of
CYTOP, was an orthogonal solvent to P(NDI2DO-T2) and the dopant
molecules. CYTOP was deposited by spin casting with 500-nm thickness
and annealed at 130 °C for 1 Hr. All the spin-casting processes were
performed in an N, atmosphere in a glove box. The Al (50 nm) gate
electrode was deposited by thermal evaporation through a shadow
mask in a high vacuum condition. The electrical characteristics of the
devices were measured with an Agilent 4156A Semiconductor Parameter
Analyzer in an N, atmosphere. The capacitance of the CYTOP insulator
was 3.7 x 10 F cm™, and the FET mobility was calculated in the
saturation regime extrapolating the slope of I4 versus V, curves:

V% 2
’d,Sat = ﬂci:u(vg - Vth,n) (3)

The hole mobility in the ambipolar regime (Figure 2b) was extracted by

W 2
lasat = 57 Cittp (Ve = Vinn = Va) 4)

The bias stress was applied to investigate operational stability with
1000 gate bias sweeps in an N, atmosphere. This measurement was
done within 8 h, so degradation of the semiconductor molecules was
not taken into account.

The molar masses (M) of CoCp,, CsF, and monomer NDI2DO-T2
were 189.12, 151.9, and 929.37 g mol™', respectively. We then converted
the doping concentration ¢ into the MR of dopants:

_ C/Mdop
MR_U‘C)/MOSC 5)
where Myo, and M, denote the molar mass of the dopant molecule
(CoCp2 or CsF) and the monomer of the OSC polymer (a single unit of
NDI20D-T2), respectively.

In order to investigate the structure of P(NDI2DO-T2), GIXRD
measurements were carried out at the 5C beam line at the Pohang
Accelerator Laboratory (PAL), Korea. The samples for X-ray measurement
were fabricated on soda-lime bare glass. The semiconducting
P(NDI2DO-T2) material with dopants was spin-cast and dried under
the same conditions as the OFET samples. Scattering data were plotted
as a function of the scattering vector Q, where Q,, and Q, were the
components of the scattering vector in-plane and out-of-plane (i.e.,
parallel and perpendicular to the substrate), respectively. The d spacing
was obtained by d = 27/Q (in A), where Q was the peak position.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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