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ABSTRACT: Efficient charge transport in organic semi-
conductors is essential for construction of high performance
optoelectronic devices. Herein, for the first time, we
demonstrate that poly(amic acid) (PAA), a facilely deposited
and annealing-free dielectric layer, can tailor the growth of
organic semiconductor films with large area and high
crystallinity toward eflicient charge transport and high mobility
in their thin film transistors. Pentacene is used as a model
system to demonstrate the concept with mobility up to 30.6
cm? V1o, comparable to its high quality single crystal
devices. The structure of PAA has corrugations with OH
groups pointing out of the surface, and the presence of an
amide bond further allows adjacent polymer strands to interact

1.98 mol/nm? 3.31 mol/nm? 7.27 mol/nm?

via hydrogen bonding, leading to a self-rippled surface perpendicular to the corrugation. On the other hand, the strong polar
groups (—COOH/—CONH) of PAA could provide repulsive forces between PAA and pentacene, which results in the vertical
orientation of pentacene on the dielectric surface. Indeed, in comparison with its imidized counterpart polyimide (PI), PAA
dielectric significantly enhances the film crystallinity, drastically increases the domain size, and decreases the interface trap
density, giving rise to superior device performance with high mobility. This concept can be extended to more organic
semiconducting systems, e.g, 2,6-diphenylanthracene (DPA), tetracene, copper phthalocyanine (CuPc), and copper
hexadecafluorophthalocyanine (F;;CuPc), demonstrating the general applicability. The results show the importance of
combining surface nanogrooves with the strong polarity in orienting the molecular arrangement for high crystallinity toward

efficient charge transport in organic semiconductors.

B INTRODUCTION

Efficient charge transport in organic semiconductors is essential
for construction of high performance organic thin film
transistors (OTFTs). An appropriate gate dielectric is one of
the most critical components determining the performance of a
device, since the conductmg channel locates at the dielectric—
semiconductor interface,' > which affects the growth, morphol-
ogy, crystallinity, and traps of organic semiconductor."*
Compared with vapor-deposited oxide dielectrics, polymer
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dielectrics are particularly important by possessing advantages
of facile solution processability, tunable surface functionaliza-
tion, and high compatibility with organic semiconductors.”"’
However, to date, the absence of technologies to control
molecular packing on polymer insulators with ideal dielectricity
and facile processability has hindered OTFTs from performing
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perfectly and blocked the integration of OTFTSs for emerging
flexible display and labeling technology.' "'

Jiang et al.'” demonstrated that a molecular monolayer is
sufficient to function as an ideal conducting channel. On silicon
wafer, self-assembled monolayers (SAMs), e.g, octadecyltri-
chlorosilane (OTS), on a thermally grown SiO, dielectric work
effectively to approach this target.”” However, the patterning of
molecules on polymer dielectrics into a desired packing
arrangement within the first few molecular layers remains a
bottleneck, leading to an ineffective charge transport in the
polymer dielectric—organic semiconductor interface and a low
mobility of corresponding OTETs.”

We have been focusing on polymer dielectrics toward large
area OTFT arrays and flexible circuits for years,">~"* and have
been acknowledging the challenges confronted. Here, we
demonstrate substantial progress on those challenges, utilizing
a polymer with strong polarity and inter-hydrogen-bonding
functionality to configure polymer corrugated nanogrooves on
the surface, which assist the formation of densely packed
vertical molecular layers in the conducting channel to get
extremely high performance OTFTs. Pentacene is used as a
model system to demonstrate the concept that can be extended
to other conjugated systems including tetracene, copper
phthalocyanine (CuPc), 6-diphenylanthracene (DPA), and
fluorinated copper phthalocyanine (F;4CuPc). Vertically stand-
ing pentacene molecular layers are observed at a low thickness
of the thin film, demonstrating an “orthorhombic phase” which
is rarely observed on a common dielectric surface.'® In
particular, the devices show a low operating voltage of —3.0
V and a high mobility up to 30.6 cm® V™' s7}, com})arable to
that of high quality pentacene single crystal devices.'” The high
mobility OTFTs are further applied to drive the active-matrix
organic light emitting diodes (AMOLEDs) successfully,
demonstrating a general promising applicability of such a
polymer dielectric toward advanced organic optoelectronics.

B RESULTS AND DISCUSSION

PAA (Figure 1a), the precursor of polyimide (PI) (Figure 1b),
was synthesized from pyromellitic dianhydride (PMDA) and
4,4'-oxydiphenylenediamine (ODA). Each chemical repeat unit
in PAA contains carboxylic acid and amide groups, providing
high solubility in various polar solvents. The ring closure is
normally carried out at higher temperatures (150—300 °C),
with PAA converted partially or completely into PI. The
secondary structure of PAA was studied by atomistic
simulations, revealing corrugations with OH groups pointing
out of the surface. With the slow evaporation of the solvent, the
presence of an amide bond —CONH allows adjacent polymer
strands to interact strongly via hydrogen bonding while the
twisted oxydiphenylene units act as the template for
corrugation. Thus, a further structuring of the surface
perpendicular to the corrugation can be achieved in a
thermodynamic way, leading to a well-defined self-rippled
PAA film (Figure 1c). In contrast to the self-assembled
corrugation nanogrooves for PAA, the imidized product PI
shows noncorrugation structure and the interaction between
the polymer strands is mainly via weak van der Waals
interactions, resulting in a flat 2D structure (Figure 1d).
According to the computation results, the differences in the
secondary structure of PAA and PI have a substantial influence
on the patterning ability of deposited semiconducting
molecules, especially in the first few molecular layers. In the
case of PAA, it is energetically favorable for pentacene
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Figure 1. Molecular structures and secondary structures of PAA (a, )
and PI (b, d) (color scheme for the results of the atomistic
simulations: black, carbon; red, oxygen; blue, nitrogen; white,
hydrogen). Molecular orientation of pentacene molecules on PAA
(e) and PI (f) with different coverages of pentacene (indicated by
mol/nm?; for clarity, the polymer is shown in blue and the pentacene
molecules in red).

molecules to adhere to the corrugated nanogrooves selectively
due to the strong interactions. On the basis of the “accurate
positioning effect” by nanogrooves, pentacene molecular layers
with the short intermolecular contacts can be aligned
perpendicularly (edge-on) on the PAA surface (Figure le),
which will be greatly beneficial for charge transport. In contrast,
the PI surface, lacking such corrugated nanogrooves, does not
provide a matrix for the vetical alignment of pentacene
molecules. Therefore, the strong pentacene intermolecular
interactions become the governing factor for molecular
stacking, resulting in a random orientation in organic film as
unravelled by theoretical calculation (Figure 1f).

Cho and co-workers have demonstrated that the intermo-
lecular interactions at the interface between poly(3-hexylth-
iophene) (P3HT) and the polar/nonpolar functionalized SAMs
(=NH,/—CHj,) have a substantial effect on the preferred
conformations of the P3HT chains in monolayer films.'®"” The
much stronger polarity of PAA as compared to PI was revealed
by the polar component contribution to the surface energy,
which was determined from the contact angle of two kinds of
liquids, namely, water and diiodomethane (Table S1). For PAA
with very polar carboxylic acid groups (—COOH), there is a
repulsive force between the s-electron clouds of the pentacene
backbone and the unshared electron pairs of oxygen atoms in
the COOH-functionalized dielectric. The strong electro-
negativity of the two oxygen atoms in the —COOH group
contributes significantly to the repulsion interactions, which
drive the pentacene molecules to orient vertically with a small
PAA/pentacene contact area. Further, there are two kinds of
hydrogen bonding interactions between pentacene and PAA.
One is between the pentacene 7 system and the H atoms of
—COOH/—CONH groups from PAA. The other is between
the H atoms of pentacene and the O/N atoms of —-COOH/—
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CONH groups from PAA. In addition, the conformation of
PAA is twisted due to the ether bridge and the adjacent
repulsive interactions between —COOH and —CONH groups,
making it energetically unfavorable for the formation of flat-
lying pentacene molecules on the PAA surface. Besides the
corrugated nanogrooves, the combination of repulsive forces
and hydrogen bonding interactions accounts for the vertical
orientation of pentacene on the surface of PAA (Figure S1).
Consequently, the stand-upright pentacene molecules aggregate
into a crystal nucleus by C—H---7 interactions, which further
grow into large domains. In the case of PI dielectric, the imide
group is much less polar relative to the carboxylic acid group.
There is a relatively smaller repulsive force between the 7-
electron clouds of the pentacene backbone and the unshared
electron pairs of the imide-functionalized PI dielectric because
of weakened electronegativity of the oxygen atom in the imide
group with respect to the carboxylic acid moiety. The hydrogen
bonding also exists between the H atoms of pentacene and the
O atoms of the imide groups for PL It is noteworthy that the
planar electron-withdrawing moieties of pyromellitic diimide
display strong electron donor—acceptor interactions with
electron-rich pentacene molecules. We speculate that the last
factor plays a dominant role in the interactions between
pentacene and PI polymer. Therefore, the random orientation
of pyromellitic diimide in PI chains induces the disordered
arrangement of pentacene with an amorphous state on a PI
surface (Figure S1).

A nice superfine structure of corrugated nanogrooves was
observed as shown in AFM images of PAA (Figure 2a), while
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Figure 2. (a, b) AFM images of PAA and of pentacene on PAA. (c)
The TEM image of pentacene thin film on PAA dielectric and its
corresponding SAED pattern (inset). (d) The XRD patterns of
pentacene thin films with different thicknesses grown on PAA
substrate. An enlarged view of the XRD patterns of 5 and 10 nm
pentacene is shown on the right.
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no corrugated nanogrooves were seen on the films of PAA
annealed at 180 and 300 °C (Figure S2a,b). This confirms the
results of theoretical modeling (Figure 1c). Vacuum-deposited
pentacene thin film on PAA showed a step height of 1.62 nm by
AFM (Figure 2b), corresponding nicely to the length of the
pentacene molecule.”® This observation suggests an upright
orientation of the pentacene molecules,”*> consistent with the
theoretical modeling shown in Figure le. Transmission
electronic microscopy (TEM) (Figure 2c) and selected area
electron diffraction (SAED) patterns (inset of Figure 2c) of
pentacene films on PAA exhibit ordered diffraction patterns
(see also Figure S3), confirming the high crystallinity of
pentacene films grown on PAA. For comparison, pentacene
films deposited on PI film were also investigated, exhibiting an
amorphous nature, as shown in Figure S4.

In accordance with the SAED patterns, pentacene thin films
with different thicknesses (S, 10, 20, 30, and 40 nm) on PAA
exhibit (00!) diffractions (Figure 2d), further indicating high
crystallinity of the films. In particular, the (001) diffraction
pattern peak (26 = 5.46) at the beginning (5 nm) of the growth
process yields a dyy, spacing of 1.62 nm, which is the same as
that measured from AFM, supporting the formation of an
orthorhombic phase.”’ This representative peak for the
orthorhombic phase at 260 = 5.46° was not observed from
pentacene films on PI, and a very weak diffraction peak at 20 =
5.83° was observed for 20 nm film (Figure SS), indicating a
rather low crystallinity with a random orientation of the
pentacene molecules on the PI surface. All of the AFM, SAED,
and XRD results agree well with the theoretical modeling,
highlighting the importance of the corrugated nanostructure
and surface polarity of the polymer surface in controlling the
molecular orientation and crystallinity of the organic semi-
conductors.

Bottom-gate top-contact (BGTC) OTFTs were fabricated
on ITO/glass substrates with a layer of PAA dielectric. For
comparison, OTFTSs based on PI were also fabricated under the
same conditions. Vapor-deposited Au was used as source and
drain electrodes. A cross-section scheme for the device
structure is shown in Figure 3a. The typical transfer and
output I-V curves are shown in Figure 3b and ¢, exhibiting a
field-effect mobility up to 30.6 cm®> V™' s™! from the saturation
region and ON/OFF ratio of 3 X 10° under a low operating
voltage of Vg = —3.0 V when the capacitance value per unit
area at a frequency of 100 Hz is used. There is only a small
decrease of 10.8% in the estimation of device mobility when the
capacitance value at a frequency of 20 Hz is used, corroborating
the outstanding device performance. To our knowledge, this
result presents one of the best results of pentacene OTFTs to
date.'®*>** A threshold voltage is lower than —0.5 V, and a
subthreshold swing is about 130 mV/decade calculated from
the transfer curve. This subthreshold swing yields a low
interface trap density of 2.40 X 10" cm™, indicating a high
quality interface between the pentacene film and the PAA
dielectric layer.”> Such a high quality dielectric surface further
led to low gate current leakage (Figure 3b) and negligible
hysteresis, as observed between the forward and reverse sweeps
(Figure S6a).

Notably, the average mobility of several tens of devices was
calculated as 22.8 + 6.0 cm® V™' 57" (Figure S6b), confirming
the efficient charge transport in the polymer dielectric—organic
semiconductor interface among the highest values reported for
OTFTs.'"***” The devices well exhibited gate modulation in
both the linear and saturation regimes, as shown in Figure 3d.
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Figure 3. (a) The structure of OTFT with PAA as the insulator. (b)
Typical transfer curves of the OTFT with 20 nm pentacene and a
channel dimension of W = 206 ym, L = 25 um. The gate current as a
function of gate-source voltage is shown in gray. (c) Output curves of
the same device at gate voltages from 0 to —3 V in 0.6 V steps. (d)
Transfer curves at saturation (Vs = —3 V in red) and linear region
(Vps = —1.5 V in blue and Vg = —0.5 V in purple) of a transistor
based on 20 nm pentacene on the PAA insulator. (e) The switch
cycles of the drain current as a function of the cycling time.

Outstanding operating stabilities were demonstrated with on/
off ratios over 10*—10° and switch cycles >4000 cycling tests
(Figure 3e). In addition, we noticed a slight decrease of device
mobility after storage in an ambient environment for 60 days
(Figure Sé6c).

Moreover, devices with different thicknesses (5—40 nm) of
the active layers were studied comparatively, as shown in Figure
S6d, indicating the optimum result is for 20 nm thick pentacene
film. Interestingly, pentacene film as thin as 5 nm exhibited a
mobility up to 11.0 cm> V™' s7" (Figure S6e and f), suggesting
an efficient charge transport in the first few molecular layers at
the dielectric/semiconductor interface.'”*® In contrast, OTFTs
based on PI dielectric exhibited very low performance with a
mobility of 0.1 cm®> V™' s7" and a threshold voltage of —2.0 V
(Figure S7). The results confirm that vertical molecular
alignment assisted by PAA corrugation nanogrooves and strong
polarity tremendously improves charge transport, while PI
cannot provide such surface nature, resulting in uncontrolled
molecular packing and poor transport properties.
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An integrated optoelectronic device based on OTFTs is an
essential goal for organic electronics, as well as an efficient
platform to identify the mobility of corresponding OTFTs. It is
known that one of the main obstacles for integrated
optoelectronic devices is the lack of OTFTs with sufficiently
high mobility and high ON—OFF ratio to achieve a reasonable
switching speed in logic circuits and to drive OLEDs, e.g,
active-matrix organic light emitting diodes (AMOLEDSs). As an
example, here we present a simple pixel-like configuration in
which OTFTs supply the current to drive the OLED arrays of
4,4'-bis (N-phenyl-1-naphthylamino) biphenyl (NPB) and
tris(8-hydroxyquinoline) aluminum (Alq;). The scheme of
the AMOLED is shown in Figure 4a, and the OTFT arrays

a

Pentacene

Figure 4. Structure and circuits of an active-matrix organic light
emitting diode (AMOLED). (a) A configuration of OTFTs driving
OLED pixel. (b) The actual picture of a large-area (2 cm X 2 cm)
AMOLED. (c) An enlarged view of an AMOLED. (d) A single
AMOLED display driver. (e) M-shape AMOLED display driver.

driving OLED arrays are shown in Figure 4b,c (2 cm X 2 cm
transparent device arrays with 160 nm PAA, 20 nm pentacene,
channel width of 8000 ym, and length of SO ym). When an
OTEFT is switched on, the current flows from the source
electrode to the OLED cathode, and hence, the OLED can be
switched on and off by the OTFT gate voltage V5. The
switched-on single OLED and OLED arrays are shown in
Figure 4d and 4e, respectively. The AMOLED successfully
driven by the OTFTs confirms the high mobility of the OTFTs
and the great perspective of the OTFTs for practical
application.

The different performances of pentacene OTFTs based on
PAA and PI dielectrics suggest the importance of chemical
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Figure S. (a) Attenuated total reflection infrared spectroscopy (ATR) of PAA with different annealing temperatures. (b) The XRD pattern of
pentacene films (20 nm) on the annealing-free PAA (25 °C, in red) surface and the imidized surface annealed at 180 °C (in blue) and 300 °C (in
green), respectively. (c) The XRD pattern of pentacene (S nm) on the annealing-free PAA (25 °C, in red) surface and the imidized surface annealed
at 180 °C (in blue) and 300 °C (in green), respectively. (d) AFM images of pentacene on the annealing-free PAA (25 °C) surface and the imidized
surface annealed at 180 and 300 °C, respectively. (e) The mobility and trap density as a function of temperature. (f) The UPS secondary electron
emission cutoff spectra of the 5—8 nm PAA films on ITO with different annealing temperatures. The inset shows the schematic energy level diagram
for the different temperature annealed-PAA/pentacene interface. HOMO, the highest occupied molecular orbital; LUMO, the lowest unoccupied

molecular orbital; Eg, Fermi level energy; E,,, vacuum level energy.

structure confinement of the polymer dielectrics, which has not
been carefully addressed previously regardless of its importance
during device fabrication. PAA, the precursor of PI, can be
converted to PI through ring closure by heating. In view of a
tunable degree of imidization, a systematic study was carried
out with different annealing temperature treatment after
formation of PAA films, ie., pure PAA at 25 °C (annealing-
free treatment), the mixture of PAA and PI obtained by
annealing PAA at 180 °C, and pure PI obtained by annealing
PAA at 300 °C. Attenuated total reflection infrared spectros-
copy (ATR) was used to measure the degree of imidization
(Figure Sa). Theoretically, the unchanged stretching vibration
of the carbon—carbon double bond (C=C, 1500 cm™") of the
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benzene ring can be viewed as the internal standard, and thus,
the degree of imidization is defined by the ratio of peak
intensity of ~1375 cm™' (C—N—C) and that of 1500 cm™
(C=C).”"*! When the imidization degree of PAA annealed at
300 °C (PI) is set as 100% (Figure Sa, green line), the
imidization degree of PAA annealed at 180 or 25 °C is
calculated as 58% (Figure Sa, blue line) or 0% (Figure Sa, red
line), respectively. It is found that the crystallinity of the
pentacene films is highly dependent on the dielectric
imidization degree (Figure Sb). The highest crystallinity of
pentacene film was observed on the surface of 0% imidized
PAA, while the lowest crystallinity was observed when PAA was
completely converted into PL

DOI: 10.1021/jacs.6b12153
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More importantly, a predominating orthorhombic crystal
phase occurred in the preliminary growth of pentacene (S nm)
on PAA, while an amorphous state was observed in the cases
with PAA annealed at 180 and 300 °C (Figure Sc). The thin
film morphology of pentacene also varied substantially with
different annealing treaments of PAA. As monitored by AFM,
the average grain size of pentacene was around 2.5 ym on an
annealing-free (25 °C) PAA dielectric, and it decreased to 100
nm on top of the film annealed at 300 °C (Figure 5d). On the
basis of the above results, the growth model of pentacene films
on PAA at different annealing temperatures was illustrated in
Figure S8. At an annealing-free temperature of 25 °C,
pentacene molecules grow vertically on the dielectric layer
with the orthorhombic phase in the first few layers. On the
other hand, pentacene molecules aggregate disorderly with a
high annealing temperature of 180 or 300 °C, resulting in a low
degree of packing order. The maximum interface trap density
deduced from the transfer curves under each imidization
condition (Figure Se) indicates that the higher degree of
imidization gives rise to the higher interface trap density and
the lower device performance. Furthermore, the work function
of annealing-free PAA is relatively higher than that of PAA
annealed at 180 and 300 °C, as shown in Figure S5f.
Consequently, the band bending at the PAA dielectric/
pentacene interface shifts toward higher energy (inset of Figure
5f), leading to a higher hole density on the insulator surface in
the channel.**** Thus, the pentacene TFT using a PAA
dielectric layer shows a far superior field-effect mobility. This
observation also suggests that electrons from the pentacene film
are extracted by PAA, leaving behind more mobile holes in the
conductive channel, and a more positive gate bias is needed to
turn off the device.”>*® It is obvious that the finely tuned
surface nature of PAA provides pentacene films with high
crystallinity, large domain size, and low trap density, all of
which account for efficient charge transport. On the other hand,
poor crystallinity, small domain size, and high trap density
presented in the partially or fully imidized surfaces (PI)
constrain significantly carrier migration, thus leading to poor
charge mobility.

Ultimately, in order to confirm the general applicability, PAA
was extended to OTFTs based on other organic semi-
conductors, e.g, 2, 6-diphenylanthracene (DPA), tetracene,
copper phthalocyanine (CuPc), and copper hexadecafluoroph-
thalocyanine (F;;CuPc) with the performances listed in Figure
S9. The superior device performance based on PAA with
respect to their counterpart devices on PI suggests that PAA
can be used as an excellent dielectric layer featuring good
compatibility with organic semiconductors.

B CONCLUSION

In summary, we demonstrate that polymer dielectric nano-
groove structure and polarity could assist vertical molecular
alignment of organic semiconductors toward efficient charge
transport in a dielectric—semiconductor interface. Particularly,
the PAA dielectric with OH groups pointing out of the surface
allows adjacent polymer strands to interact via hydrogen bond,
leading to a self-rippled surface with corrugated nanogrooves,
which induce pentacene molecules to stand upright. Besides
that, the very polar carboxylic acid group of PAA provides the
pronounced repulsive forces between PAA and pentacene,
further driving pentacene molecules to orient vertically with a
small PAA/pentacene contact area. Indeed, PAA films
significantly induce the generation of the pentacene ortho-
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rhombic phase, enhance the film crystallinity, increase the
domain size, and decrease the interface trap density in
comparison with their imidized counterpart PI, thus leading
to efficient charge transport and far superior device perform-
ance. Moreover, PAA demonstrates its general applicability for
other organic semiconductors, showing high compatibility and
wide applicability toward organic optoelectronics.
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