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Observation of hole injection boost via two parallel paths
in Pentacene thin-film transistors by employing Pentacene:
4,4′′-tris(3-methylphenylphenylamino) triphenylamine: MoO3
buffer layer

Pingrui Yan,1,a Ziyang Liu,1,a Shiming Zhang,1,2,b Dongyang Liu,1
Xuehui Wang,1 Shouzhen Yue,1 and Yi Zhao1,c
1State Key Laboratory on Integrated Optoelectronics, College of Electronic Science
and Engineering, Jilin University, Changchun 130012, People’s Republic of China
2Département of Chemical Engineering, École Polytechnique de Montréal, Montréal,
Québec H3C3J7, Canada

(Received 20 June 2014; accepted 16 October 2014; published online 4 November 2014)

Pentacene organic thin-film transistors (OTFTs) were prepared by introducing 4,4′′-
tris(3-methylphenylphenylamino) triphenylamine (m-MTDATA): MoO3, Pentacene:
MoO3, and Pentacene: m-MTDATA: MoO3 as buffer layers. These OTFTs all
showed significant performance improvement comparing to the reference device.
Significantly, we observe that the device employing Pentacene: m-MTDATA: MoO3
buffer layer can both take advantage of charge transfer complexes formed in the
m-MTDATA: MoO3 device and suitable energy level alignment existed in the
Pentacene: MoO3 device. These two parallel paths led to a high mobility, low
threshold voltage, and contact resistance of 0.72 cm2/V s, −13.4 V, and 0.83 kΩ at
Vds = −100 V. This work enriches the understanding of MoO3 doped organic mate-
rials for applications in OTFTs. C 2014 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4901123]

Organic electronics has revolutionized the way we generate, manipulate, and display informa-
tion. Organic light-emitting diodes (OLEDs),1–3 one of the forerunners of organic electronics, have
already been commercially produced in real market for cell phones, digital cameras, and automotive
electronics. Flexible electrophoretic displays and portable organic solar cells (OSCs) are highly
praised due to their potential to solve the energy and environmental issues in the near future.4 The
past few years have seen the significant progress in the research of organic thin-film transistors
(OTFTs), which has special advantages to provide low-cost, flexible, and easy to make devices as
compared to inorganic thin film transistors and complementary metal oxide semiconductor tech-
nology.5–8 However, despite tremendous effort has been devoted to develop suitable device archi-
tectures or efficient materials in order to satisfy potential commercial requirements for OTFTs, this
technology still poses a big challenge in practice due to the lower carrier mobility as well as higher
threshold voltage (Vth) compared to inorganic competitors. Among these organic materials being
ever used in demonstrating OTFTs, Pentacene-based devices are more attractive due to their pref-
erable comprehensive features, such as relatively higher field-effect mobility, lower Vth, and higher
saturation current.9 Unluckily, the direct contact between metal electrodes and Pentacene induces
metallic mixture and dipoles at the interface, which subsequently increases the interface resistance
and results in an unexpected degradation of the device performance.10,11 This critical issue could be
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relieved with the introduction of a buffer layer between the electrodes and the Pentacene. Up to now,
lots of work have been dedicated in an effort to optimize the performance of OTFTs by seeking ideal
buffer layers.7,12,13

Metal oxides, such as MoO3,14 V2O5,8 and WO3,15 have already been introduced as buffer layers
for OLEDs, OSCs, as well as OTFTs. In particular, the past few years have seen the rise of MoO3

study as buffer layers in OTFTs.16,17 Electrical doping of MoO3 into organic materials as buffer layers
has also been proved to be an efficient way to improve the device performance.6 For Pentacene based
OTFTs, the organic materials employed for the buffer layer should be highly conductive for holes.
One of the most promising P-type materials is 4,4′′-tris(3-methylphenylphenylamino) triphenylamine
(m-MTDATA), which has been widely adopted to demonstrate high efficiency OLEDs. In 2011,
m-MTDATA was first introduced as buffer layer to OTFTs by Jiang et al.7 In 2013, Su et al. doped
V2O5 into m-MTDATA, and the performance was largely improved.8 They all ascribed the perfor-
mance improvement of the OTFTs to the weakening of the interface dipole and the lowering of the
energy barrier after employing m-MTDATA or m-MTDATA: V2O5 as buffer layers.

In 2008, our group had doped MoO3 into m-MTDATA to act as an enhanced hole injection layer
in OLEDs by making use of the formation of charge transfer complexes (CTC) and we reported that
this strategy can significantly decrease the turn-on voltage to 2.35 V, which is close to the thermody-
namic limit of tris (8-hydroxy-quinolinato) aluminium (Alq3)-based green OLEDs.18 In this work, we
investigate the role of m-MTDATA: MoO3, Pentacene: MoO3, and Pentacene: m-MTDATA: MoO3 as
buffer layers in the bottom gate OTFTs based on polymethylmethacrylate (PMMA) insulator. The hole
mobility of the Pentacene: m-MTDATA: MoO3 device is significantly increased up to 0.72 cm2/V s,
which is 5 times higher than the reference device (0.14 cm2/V s). Moreover, the Vth drops from −42.9
V to −13.4 V (Vg = −100 V). These performances are superior to all other compared devices based
on m-MTDATA, Pentacene: MoO3, and m-MTDATA: MoO3 buffer layers presented here. This work
reveals that the better energy level alignment, together with CTC formed in Pentacene: m-MTDATA:
MoO3 system, co-contributes to the boost of hole density, resulting in a conductivity enhancement
and thereby improved device performance.

The schematic structure of Pentacene OTFT fabricated in this study is shown in Fig. 1. PMMA
was dissolved in n-Butyl acetate solvent with a concentration of 11 wt. %. The solution was then
spin-coated on the indium tin oxide (ITO) glass substrate at a rate of 3000 rpm for 30 s and dried
on a hotplate at 120 ◦C for 2 h under ambient atmosphere. A dielectric film with a thickness of
1150 nm and capacitance of 1.7 nF/cm2 was finally obtained. Pentacene (30 nm) and the buffer
layer (10 nm) were thermally deposited in vacuum (∼4.0 × 10−4 Pa) at a rate of 0.5-1 Å/s moni-
tored in situ with the quartz oscillator. The Pentacene, m-MTDATA, and MoO3 buffer layers were
co-evaporated in different boats. Subsequently, the samples were transferred to the metal chamber for

FIG. 1. Device structure of OTFTs studied in this work.
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FIG. 2. Output characteristics of devices based on a buffer layer of (a) pure Pentacene, (b) Pentacene: MoO3, (c)
m-MTDATA: MoO3, and (d) Pentacene: m-MTDATA: MoO3.

depositing 40 nm Au source-drain electrodes and suffered from a vacuum break due to the change
of the shadow mask. The channel width (W) and length (L) are 1000 µm and 100 µm, respectively.
Atomic force microscopy (AFM) measurement was carried out on Veeco-3100. The absorption (Abs.)
spectrum was measured by means of ultraviolet/visible spectrometer (UV 3600, Shimadzu). The elec-
trical characteristics of the OTFTs were measured with two combined Keithley 2400 programmable
voltage-current sources in atmosphere at room temperature.

The transfer and output characteristics of our devices are shown in Fig. S1 (supplementary
material19) and Fig. 2, respectively. OTFTs with different buffer layers are compared to reference
OTFTs having the same geometry. All these devices exhibited typical p-channel characteristics. From
the output curves in the saturation regime (Vds = −100 V), we extracted the best value of effective
mobility (µeff) ≈ 0.72 cm2/V s and Vth ≈ −13.4 V for Pentacene: m-MTDATA: MoO3 device and
the worst value of µeff ≈ 0.14 cm2/V s and Vth ≈ −42.9 V for the reference device. The values of
the Pentacene: m-MTDATA: MoO3 device are close to those of state-of-the-art Pentacene OTFTs
obtained on PMMA insulator at higher Vg. The detailed performances of the OTFTs studied in
this work are summarized in Table I. Total resistances (Rtotal) of the devices shown in Table I were
estimated utilizing the method presented by Yagi et al.20

Fig. 3(a) shows the Ids vs Vds curves in OTFTs with different buffer layers at a fixed gate
voltage of −100 V. As illustrated, the drain current (Vds = −100 V) in the Pentacene: MoO3 device
(12.93 µA) is four times higher than the reference device (3.29 µA) and that of the m-MTDATA:
MoO3 device (25.91 µA) is eight times higher than the reference. In particular, Ids of the device based
on Pentacene: m-MTDATA: MoO3 buffer layer outperforms all other compared devices and the Ids

increases up to 38.05 µA, which is almost 12 times higher than the reference device. According
to our previous study,18 one of the main reasons for the Ids increase in m-MTDATA: MoO3 device
can be ascribed to the CTC formed in the buffer layer, which can largely increase the hole density
between Au and Pentacene, resulting in enhanced conductivity of Pentacene channel layer. However,
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TABLE I. Detailed summaries of devices studied in this work based on buffer layers of (a) pure Pentacene, (b) Pentacene:
MoO3 (1: 0.1), (c) m-MTDATA: MoO3 (1: 0.1), (d) Pentacene: m-MTDATA: MoO3 (0.5: 0.5: 0.1), and (e) pure m-MTDATA
(also as a reference device here).

Device a b c d e

µeff (cm2/V s)a 0.14 0.36 0.40 0.72 0.15
Vth (V)a −42.9 −33.7 −20.7 −13.4 −42
gm (S)a 2.38 × 10−7 6.12 × 10−7 6.8 × 10−7 1.2 × 10−6 2.55 × 10−7

Rtotal (kΩ)b 5.90 1.92 1.25 0.83 5.00

aThe values of µeff, Vth, and transconductance (gm) were calculated at saturation region (Vds = −100 V).
bRtotal was calculated at Vg = −140 V.

FIG. 3. Ids versus Vds curves of devices based on different buffer layers at a gate voltage of (a) −100 V and (b) 0 V.

the CTC is not supposed to be formed in the Pentacene: MoO3 film because no additional broad
absorption is observed over the entire spectra-scan region by comparing the Abs. spectra of pure
Pentacene and Pentacene: MoO3 samples (Fig. 4). This is further confirmed by the output character
of the devices operated at Vg = 0 V. In the absence of the gate voltage, Ids profiles for our devices can
directly describe the hole density in the buffer layers, since the Ids is dominated by the conductivity
of the buffer layer rather than the Pentacene channel layer. As shown in Fig. 3(b), Ids of m-MTDATA:
MoO3 device is obviously higher than the Pentacene reference device due to the hole density increase
caused by CTC in the m-MTDATA: MoO3 system, while the plots for Pentacene and Pentacene:
MoO3 devices are virtually identical (Ids ≈ 0 µA). This is a direct evidence which demonstrates that
doping of MoO3 into Pentacene under thermal evaporation condition has almost no effect on its hole
density. In this case, the Ids increases for the Pentacene: MoO3 device at Vg = −100 V, where Ids is
dominated by the field-induced holes in Pentacene channel layer, should be other mechanisms rather
than the CTC formation in the Pentacene: MoO3 buffer layer. The results are consistent with the
conclusion proposed by Wang et al., who ascribed the performance improvement of the Pentacene:
MoO3 device to the offset drops between the highest occupied molecular orbital (HOMO) and Fermi
energy level (EF) of Pentacene.6 They also assumed that CTC may exist in the Pentacene: MoO3
system, while our observations exclude this possibility, and we recognize that the suitable energy
level alignment should be responsible for the Ids increase at Vg = −100 V.

The above discussions expose the underlying reason for the impressive performance improve-
ment of our Pentacene: m-MTDATA: MoO3 device: Ids is superior to all other competitors, the
value at Vg = −100 V, Vds = −100 V is even 1.5 times higher than the m-MTDATA: MoO3 device
(see Fig. 3(a)). Having taken into consideration of the above analysis, along with comparison to
previous works on different buffer layers,6–8,16 we conclude herein the key point of this work,
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FIG. 4. Abs. spectra of pure Pentacene and Pentacene: MoO3 (1: 0.1) films with a structure of quartz substrate/X (30 nm). X
stands for Pentacene and Pentacene: MoO3, respectively.

i.e., the Pentacene: m-MTDATA: MoO3 device presented here has realized the unique potential to
take advantage of both the CTC formed in the m-MTDATA: MoO3 device and the suitable band
banding existed in the Pentacene: MoO3 device. That is, the Pentacene: m-MTDATA: MoO3 device
not only increases the hole density between the Au electrode and the Pentacene due to the CTC
formed in m-MTDATA: MoO3 components (see Fig. S2 in the supplementary material19) but also
achieves better energy level aligning of the Au work function with the HOMO level of Pentacene,
that is similar to the Pentacene: MoO3 system (Fig. 5).6 These two parallel paths together boost the
hole injection to the Pentacene layer and thereby contribute to the high µeff, low Vth, and Rtotal of
the Pentacene: m-MTDATA: MoO3 device (Table I). One can also note that Ids of the Pentacene:
m-MTDATA: MoO3 device at Vg = 0 V is the highest among the compared devices, again a clear
signifier of the above conclusion. However, it should be mentioned that although the Pentacene:
m-MTDATA: MoO3 is proved to be an advanced buffer layer over the other candidates, the Ion/Ioff
ratio of the Pentacene: m-MTDATA: MoO3 device presented here actually is not high (on the level of
∼102). This is because, the device has a leakage current via the buffer layer at Vg = 0 V (higher Ioff)
and the buffer layer has no field-effect (see Fig. S3 in the supplementary material19). The Ion/Ioff ratio
issue is expected to be solved by either evaporating the buffer layer and Au electrodes by sequence
with the same shadow mask or patterning the buffer layer using orthogonal photoresist.21

AFM characterization is further implemented since the device performance may also be affected
by the morphology of the buffer layers. As shown in Fig. 6, the root-mean-square (rms) roughness
of Pentacene: m-MTDATA: MoO3 film is decreased to 3.21 nm compared with 4.33 nm in pure
Pentacene reference film, which is also better than the Pentacene: MoO3 device (∼3.68 nm).6 The

FIG. 5. Energy level sketch for devices (a) without buffer layer9,10 and (b) with Pentacene: m-MTDATA: MoO3 buffer layer.
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FIG. 6. AFM images of surface morphologies of (a) pure Pentacene film (40 nm) and (b) Pentacene: m-MTDATA: MoO3
film (0.5: 0.5: 0.1, 10 nm) on Pentacene film (30 nm). Rms roughness is 4.33 nm for the former film and 3.21 nm for the
latter film, respectively.

more smooth film morphology of Pentacene: m-MTDATA: MoO3 film can realize better contact
and may be one of the reasons for the suitable energy level alignment between Au and Pentacene
because the surface roughness decrease is helpful to lower the barrier height.22

Fig. 7 shows the J-V curves of hole-only devices for characterizing the hole injection capacity
directly into ITO which is a standard electrode in the traditional OLEDs architecture. Compared
with the current density of the m-MTDATA: MoO3 (6.6 × 103µA) that is commonly used for demon-
strating efficient OLEDs (especially for lower turn-on voltage),18,23 the current density of Pentacene:
m-MTDATA: MoO3 device reaches up to 9.1 × 103 µA at 10 V. Therefore, it is believed that the
Pentacene: m-MTDATA: MoO3 strategy developed in this work may have great potential application
to enhance the hole injection for OLEDs as well as other organic electronics devices in the future.
More details about this work will be presented later, and the performance is expected to be largely
improved after optimization.

In summary, we have demonstrated Pentacene thin-film transistors employing Pentacene:
m-MTDATA: MoO3 as buffer layer. The device can take advantage of both the CTC in the
m-MTDATA: MoO3 system and suitable energy level alignment in the Pentacene: MoO3 system. As
a result, the µeff was significantly increased from 0.14 cm2/V s to 0.72 cm2/V s and Vth was lowered
from −42.9 V to −13.4 V, respectively, as compared to the reference device. AFM characterization

FIG. 7. Current density (J) versus voltage plots of devices based on different hole injection layers with detailed structure of
ITO/hole injection layers (40 nm)/Au (40 nm).
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shows that the surface morphology was also greatly ameliorated. It is anticipated that this strategy
can be applicable to other organic electronics devices, and this work might inspire new ideals towards
more efficient hole injection buffer layers for high performance OTFTs.

P.Y., Z.L., and D.L. fabricated the devices; S.Z. and Z.L. conceived the experiments and wrote
the manuscript. This work was supported by the National Basic Research Program of China (973
Program) under Grant No. 2010CB327701 and the National Natural Science Foundation of China
under Grant No. 61275033.
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