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Abstract—The electrical stability of organic thin film transistors (OTFTs) based on 6, 13-bis(triisopropylsilylethynyl)
(TIPS) pentacene were improved by blending poly(c-methylstyrene) (PaMS) binder with the TIPS-pentacene. The
blended semiconducting film is vertically phase-separated, which forms a TIPS-pentacene rich region at top surface
due to its lower surface energy than PaMS, inducing interface modification at semiconducting layer and dielectric
layer. The modified interface induces an increase in charge current density and a decrease in charge trap density, lead-
ing to efficiently reduced electrical hysteresis and increased field-effect mobility.
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INTRODUCTION

Organic thin-film transistors (OTFT5s) have received significant
attention because of their intrinsic material advantages, such as
mechanical flexibility and solution processability for expanding their
applications with cost-effective fabrication technologies [1-4]. Recently;
new strategies of molecular designs and material processing with
functional materials have enabled the OTFTs to be intrinsically
stretchable, self-healable, biodegradable for expanding their appli-
cations [5,6]. Moreover, field-effect mobility of OTFTs based on
small molecule semiconductors has continuously increased over
30 cm’/V's with various scientific approaches [7,8]. 6, 13-bis(triiso-
propylsilylethynyl) pentacene (TIPS-pentacene) is one of the prom-
ising small molecule semiconductors for high performance OTFTS
because of its high field-effect mobility, good solubility to various
organic solvents, and high compatibility with electronic polymers
9,10].

Despite the merits of the OTFTs, electrical instability such as
hysteresis of transfer characteristics, which leads to shift in the thresh-
old voltage of the OTFTS, seriously limits commercialization of the
OTFTs [11,12]. The hysteresis of OTFTs generally occurs due to
charge carrier traps at the organic semiconductor-dielectric inter-
face [13,14], slow polarization of the dielectric [15], and gate charge
injection [16]. These reasons are closely associated with immobile
stored negative charges at the semiconductor and dielectric inter-
face, slow polarization of dipole groups inside the polymer dielec-
tric materials, and trapped electrons in a vulnerable dielectric, re-
spectively.

To reduce the hysteresis of the OTFTS, various concepts regard-
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ing interface engineering between semiconductor and dielectric
have been suggested. Self-assembly monolayer (SAM) treatment on
dielectric surface is one of presentative approaches for the dielec-
tric interface engineering. Various functional groups of the SAM
significantly affect the electrical performance of OTFTs. Recently,
blending a small molecule semiconductor with an insulating poly-
mer has been shown to further enhance mechanical flexibility as
well as field-effect mobility of OTFTs [17-23]. The insulating poly-
mers of low dielectric constant such as polystyrene, poly(perfluoro-
ethylene-co-butenyl vinyl ether), and poly(c~methylstyrene) (PoMS)
prevent the reduction of mobility originating from dipolar disor-
der [24,25]. Several research groups have reported that an organic
semiconductor and polymer binder can undergo phase separation,
which induces improving electrical characteristics [17-19,23]. How-
ever, the electrical stability of the blended semiconducting layer has
not yet been sufficiently studied.

METHOD

In this paper, we report the electrical stability in terms of the
hysteresis of OTFT with the semiconducting film blended of TIPS-
pentacene and PaMS binder. The blended film was vertically phase-
separated and a TIPS-pentacene rich region was formed at top sur-
face due to its lower surface energy than PoMS. The phase sepa-
rated semiconducting layer modified the semiconducting layer and
dielectric interface, which significantly increased on-current with
reduced charge trap density of the OTFTs, leading to higher field-
effect mobility with efficiently reduced electrical hysteresis.

The top contact geometry was fabricated (channel length, L=80
um and width, W=2,000 um) on a highly doped p-type silicon sub-
strate. A thermally grown SiO, was used as gate dielectric layer
(200 nm) in order to exclude the hysteresis generated by the slow
polarization in dielectric and gate charge injection. The source and
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Fig. 1. (a) Schematic illustration of TIPS-pentacene organic thin film transistors (OTFIs) using polymer binder (PaMS). AFM images of
OTFTs with (b) bare TIPS-pentacene film (c) blended semiconducting film. RMS roughness values of bare TIPS-pentacene film and

blended film are 5.61 nm and 2.99 nm, respectively.

drain electrodes (Au) with a thickness of 100 nm were deposited
by thermal evaporation. The solutions of TIPS-pentacene (bare
TIPS-pentacene) and TIPS-pentacene blended with PoMS (blended
TIPS-pentacene) in chrolobenzene were deposited by spin coat-
ing from a 1 wt% onto the SiO, dielectric layer. The blend weight
ratio of TIPS-pentacene and PoMS was 1: 1. The samples were
then heated on a hot plate at 90 °C for 20 min. After fabrication of
the OTFTs devices, the electrical characteristics were measured by
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a semiconductor parameter analyzer (Agilent 5270B) under ambi-
ent air at room temperature at the Core Facility Center for Analy-
sis of Optoelectronic Materials and Devices of the Korea Basic
Science Institute (KBSI).

Fig. 1(a) shows the schematic structure of OTFTS. The morphol-
ogy of the bare TIPS-pentacene and blended TIPS-pentacene active
layers was observed by atomic force microscopy (AFM). Fig. 1(b)
and 1(c) show AFM images of bare TIPS-pentacene and blended
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Fig. 2.1,-V}, curves at various V; obtained from OTFTs using (a) bare TIPS-pentacene layer, (b) blended TIPS-pentacene/PoMS layer. (c)
jE—VG and (d) Log,, (Ip)-V curves for the estimation of saturation regime mobility that were obtained at V,=—40V from TIPS-
pentacene based OTFTs (channel length, L=80 uim and channel width, W=2,000 um).

TIPS-pentacene films, deposited on thermally grown SiO, substrates,
respectively. The bare film showed a higher root mean square (RMS)
of 5.6 nm compared to that of blended film which was smoothed
to 2.9 nm. This improved flatness of the semiconducting film is
due to the PaMS polymer binder, which is expected to enhance
the interface uniformity in large area between the active layer and
electrode [18,20,26].

The output and transfer characteristics are shown in Fig. 2(a)-
(d) for the OTFTs. The OTFT devices exhibited typical curves of
p-type OTFIs working in an accumulation mode. Fig. 2(a) and 2(b)
show the output characteristics bare TIPS-pentacene and blended
TIPS-pentacene, respectively. Both OTFIs were normally operated
at lower gate voltage than —40V and the maximum saturation cur-
rent of the OTFT fabricated with blended TIPS-pentacene showed
three-times higher than the OTFT with bare TIPS-pentacene. The
field effect mobility was determined from the ./T,-Vy; curves, as
shown in Fig. 2(c) and 2(d). The mobility for the bare and blended

TIPS-pentacene OTFTs was 7.3x10™* and 2.7x10”° cm’/Vs, respec-
tively. The extracted threshold voltage (V;;,) was —6.6 V for the bare
OTFT, while V, for the blended OTFTs was shifted to positive di-
rection. The on/off current ratio for bare and blended OTFTs was
4x10° and 1x10’, respectively, as shown in Fig. 2(d). These im-
proved electrical characteristics of the blended OTFT are closely
related to the morphology of active layer. The well-ordered TIPS-
pentacene molecules in active region of semiconducting film resulted
in the formation of a device with high mobility; high on/off ratios,
and a threshold voltage near to zero voltage. In contrast, the disor-
dered TIPS-pentacene film resulted in a device in which the mobil-
ity, on/oft ratio and threshold voltage were relatively lower [27].

To examine crystallinity of the semiconducting films, X-ray dif-
fraction (XRD) analysis was performed at the Core Facility for
Bionano Materials in Gachon University because crystallinity sig-
nificantly affects the charge transport in conjugated molecules, as
shown in Fig. 3. The pure TIPS-pentacene and PaMS show the
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Fig. 3. XRD diffractograms of (a) pure TIPS-pentacene, (b) pure PaMS, and (c) TIPS-pentacene/PoMS blended film.
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Fig. 4. Depth profile of Si ions in a TIPS-pentacene/PoMS blended
film.

typical crystalline and amorphous diffraction pattens, respectively
(Fig. 3(a) and 3(b)). The blend film has lower crystallinity than that
of the pure TIPS-pentacene, which implies the improved electrical
performance of the blended film is closely related with the inter-
face between semiconducting layer and dielectric.

To evaluate the interface, the vertical composition of TIPS-pen-
tacene molecules in the blended semiconducting film was investi-
gated using a time-of-flight secondary ion mass spectrometer (TOF-
SIMS). The blended film was vertically separated into two regions
(TIPS-pentacene rich region/mixing region) as shown in Fig. 4.
While the active channel is formed between TIPS-pentacene and
SiO, dielectric layer for bare TIPS-pentacene OTFT, in case of
blended system, the two regions in semiconducting film can serve
as the active region (TIPS-pentacene rich region) for transport
charges and the active assistance region (mixing region) for the mod-
ification of the interface at semiconducting layer and SiO, dielec-
tric layer. Because the most TIPS-pentacene is phase separated at
the top region, the bottom mixing region seems not to be an effec-
tive active layer. The higher surface energy of PaMS than TIPS-
pentacene and almost same surface energy of pure TIPS-pentacene
and blended film as shown in Table 1 support vertical phase sepa-
ration forming TIPS-pentacene rich region at top surface.

From point of resistance, the mixing layer is supposed to serve
as a resistor; therefore, the most current in the semiconducting layer
should flow though the TIPS-pentacene rich region. Consequently,
we suggest that a modified interface is generated between the semi-
conducting layer and dielectric interface. The property of TIPS-pen-
tacene near the TIPS-pentacene rich region/mixing region interface

Table 1. Contact angles and surface energy of TIPS-pentacene, PoMS,
and TIPS-pentacene/PaMS blend film

. Water  Diiodomethane  Surface energy
Materials 0 0 2
angle (°) angle (°) (m]J/m?)
PaMS 99.46 27.69 45.81
TIPS-pentacene  102.17 36.26 42.15
Blend film 104.30 35.48 4294
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Fig. 5. A/I_D—VG and Log,, (I,)-V¢ transfer curves of OTFTs using
bare TIPS pentacene and blended TIPS-pentacene/PoMS film.
The gate voltage was swept forward and then backward.

might also be improved [17]. Accordingly, the OTFTs using TIPS-
pentacene with PaMS improved carrier transport without any
leakage current, as shown in Fig. 2(d). From this point of view; the
polymer blend gives rise to improvement of electrical characteris-
tics [22,23].

To confirm the electrical stability of the OTFTs, we determined
the hysteresis behavior of the current-voltage (I-V) curves, as shown
in Fig. 5. The gate-to-source voltage (V) was continuously swept
in steps of 0.4V, starting from +20 V, passing through —40V; and
finally arriving at +20V again. The bare TIPS-pentacene OTFTs
exhibited tremendous hysteresis shown in Fig. 5(a). The threshold
voltage was shifted from —6.6 to —18.2 V. On the other hand, the
hysteresis of the blended OTFTs was significantly reduced with the
slight threshold voltage shift (-1.2 V) from —3.7 to —4.9V as shown
in Fig. 5(b). Interestingly, the direction of threshold voltage shift
was the same anticlockwise direction in both devices, which is
attributed to the charge carrier trapping at the organic semicon-
ductor-dielectric interface [19]. This phenomenon is different from
the polar nature of adsorbed water at the organic semiconductor-
dielectric interface or charge injection from the gate, where a posi-
tive threshold voltage shift (clockwise) is expected [28,29].

The reduced hysteresis of the OTFT with the blended semicon-
ducting film might be due to the PaMS insulating binder of the
mixing region in the semiconducting film, which passivates hydroxyl
groups (-OH) at the SiO, dielectric surface because oxide dielec-
trics generally contain a high density of -OH groups serving as trap
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sites on their top surface [30].

Another way to represent carrier charge trap density is by the
sub-threshold slope (SS) because the SS represents the carrier charge
trap density of the OTFTs [31,32]. The SS values of bare TIPS-
pentacene and blended TIPS-pentacene devices were 4.1 V/decade
and 2.5 V/decade, respectively. The improvement in the character-
istics of the sub-threshold slope and the threshold voltage shift indi-
cated a decreased charge trap density of the blended OTFTs. The
charge trap density (Nt) calculated from SS values of the bare and
blended films was 7.36x10"” cm > eV ™' and 4.44x10% cm™ eV,
respectively. The reduced charge trap density thus led to decreased
hysteresis behavior of the device. Therefore, the vertical phase sep-
aration of the semiconducting layer blended with an insulating
polymer binder improved the device performance with electrical
stability.

CONCLUSION

We demonstrated reduced hysteresis of small molecule based
OTFT by blending TTPS-pentacene semiconductor and insulating
PaMS binder. The blended semiconducting layer was vertically
separated into TIPS-pentacene rich top region and mixing bottom
region due to surface energy differences of both materials. The rel-
atively insulating bottom mixing region modified the semiconduct-
ing layer and dielectric interface, which efficiently reduced charge
trap density, leading to significantly reduced electrical hysteresis of
the OTFT device. We hope that the results may pave the way for-
ward for more efficient strategies to optimize the vertical phase
separation of conducting and semiconducting organic materials in
various application fields, such as organic photovoltaics, flexible
sensors, and printable electronic devices.
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