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Abstract 
Bright light-emitting single crystal organic field-effect 
transistors (FETs) based on highly luminescent oligo(p-
phenylenevinylene) (OPV) derivatives are demonstrated. 
Although OPV single crystal FETs show both p - and n - 
type FET operation, we found that an increase in the 
conjugation length of the OPV derivatives from three 
phenylene rings to five phenylene rings results in an 
improvement in the electron mobility by an order of 
magnitude, while retaining the high hole mobility with 
intense electroluminescence. 

 
 

1. Introduction 
 

Single crystal organic field-effect transistors (SC-
OFET) have been extensively investigated to achieve 
high performance FETs and to clarify the basic 
properties of the carrier transport mechanism. High 
performance FETs, showing high saturation mobilities 
of around 10 cm2V–1s–1, were successfully developed 
recently [1]. Furthermore, by optimizing the device 
fabrication procedures, under strictly controlled 
environmental conditions, an ambipolar operation was 
demonstrated by using, not only organic single 
crystals [2,3], but also polymers [4] and small 
molecules [5,6] with a single-component channel 
layer. In particular, under ambipolar FET operations, 
bright light-emission, i.e., electroluminescence (EL), 
was observed from the FET channels. This was based 
on dual injection and accumulation of holes and 
electrons into the FET channel. Ambipolar light-
emitting OFETs (LE-OFETs) possess numerous 
attractive characteristics. These include injection of a 
very high current density into an organic layer due to 
the very thin accumulation layer thickness [2], 
avoidance of waveguide loss by metal electrodes due 
to the parallel electrode configuration [7,8] and equal 

carrier injection, with balanced hole and electron 
transport by proper molecular design. Consequently, 
ambipolar LE-OFETs are promising structures for 
current driven organic lasers. 
  In this study, to developed high performance LE-
OFETs and clarify the relationship between molecular 
structures and the effect of the substituent effect of 
OPVs on the electron mobility, we fabricated SC-
OFETs based on highly-luminescent OPV derivatives, 
and investigated their conjugation length and 
substituent dependency of the field-effect mobility. 
We discovered that an increase in conjugation length 
from three phenylene rings (P3V2) to four and five 
phenylene rings (P4V3 and P5V4) in the OPV 
derivatives can enhance the electron mobility by up to 
one order of magnitude, resulting in µh > 10–1 cm2/Vs 
while keeping a high hole mobility of µh > 10–1 
cm2/Vs. 

 
 

2. Experimental  
 

Single crystals of OPV derivatives (Inset of Fig. 1.) 
were grown by physical vapor transport with a flow of 
pure argon gas (50 cm3/min). A 20-nm-thick 
poly(metylmethacrylate) (PMMA) / a 300-nm-thick 
SiO2 layer on a highly doped n++-Si wafer was used as 
a substrate, which also acted as an insulator and gate 
electrode. Next, the OPV single crystals were 
carefully laminated onto the substrate. Then an 
asymmetric gold - calcium electrodes were formed by 
using conventional thermal evaporation through a 
shadow mask under a vacuum of < 3×10−4 Pa. Their 
deposition rate and thickness were ∼ 0.7 nm/s and 100 
nm, respectively. The alignment of a shadow mask on 
the single crystal was hand-operated while checked by 
a CCD camera in a N2 filled glove box. The FET 
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characteristics were recorded by a semiconductor 
parameter analyzer (B1500, Agilent) with an optical 
power-meter (Model 1835-C, Newport) under a 
vacuum of 1 × 10-3 Pa at room temperature. In this 
study, to reduce both hole and electron injection 
barriers between the metal electrodes and the OPV 
single crystals, an asymmetric gold (work-function: 
WF = 4.5 – 5.1)-calcium (WF = 2.9 – 3.0 eV) contact 
was used for both the source and drain electrodes. 

 
 

3. Results and discussion 
 

First, to clarify the conjugation length and 
substituent dependency on the PL characteristics of 
single crystals of OPVs, their PL spectra, ΦPL and 
fluorescence lifetimes (τf) were measured. Figure 1 
shows the PL spectra of P3V2, para-methyl-
substituted P3V2 (CH3-P3V2), P4V3 and P5V4 single 
crystals, respectively. In a P3V2 single crystal, we 
observed a blue PL with the emission peaks at λ = 472 
nm with ΦPL = 85 ± 2 % and τFlu = 2.9 ± 0.1 ns. In a 
CH3-P3V2 single crystal, a slight red-shift in the PL 
spectrum was observed compared with that of P3V2. 
In the P4V3 single crystal, the PL spectrum was 
further red-shifted, by about 55 nm, as compared with 
that of P3V2, resulting in emission peaks at λ = 526 
nm, and ΦPL = 52 ± 2 % and τFlu = 3.0 ± 0.1 ns. In a 
P3V2 single crystal, we observed a green PL with the 
emission peaks at λ = 553 nm with ΦPL = 40 ± 2 % 
and τFlu = 22.4 ± 0.1 ns. Further, we observed that all 
OPV single crystals have lasing activity. A significant 
increase of the emission intensity and a rapid decrease 
of full-width half-maximum (FWHM) were observed 
with an increase in excitation intensity, indicating 
occurrence of an amplified spontaneous emission 
(ASE) (Fig. 1 (b)). 
 

 
Fig. 1.Photoluminescence (a) and ASE (b) spectra of 
single crystals of OPV derivatives. Inset: Chemical 
structures of OPV derivatives. 

  Figure 2 and Table 1 summarize the FET 
characteristics of SC-OFET based on the OPV single 
crystals. In all OPV derivative based SC-OFETs, both 
p- and n-type FET operations were clearly observed 
with EL, under applied negative and positive VG, 
indicating that the OPV single crystals possess 
intrinsically bipolar carrier transport characteristics. In 
the P3V2 based SC-OFET (Fig. 3(a)), the device 
showed a saturation electron mobility of µe = 0.013 
cm2/Vs and a hole mobility of µh = 0.12 cm2/Vs. 
These carrier mobilities are comparable to those of 
CH3-P3V2 with µe ∼ 9 × 10–3 cm2/Vs and µh ∼ 0.17 
cm2/Vs. Although the ortho-methyl-substituted P3V2 
(o-CH3-P3V2) molecule shows a twisted molecular 
conformation [9], the conformation of the para-
methyl-substituted P3V2 (p-CH3-P3V2) molecule is 
very similar to that of the unsubstituted P3V2 
molecule, i.e. a quasi-planar molecular conformation. 
Additionally, both single crystals have an 
orthorhombic crystal structure with herringbone 
packing [9, 10], suggesting that the para-methyl-
substitution in the P3V2 backbone has a small effect 
on the single crystal structure and OFET 
characteristics. Conversely, in the P4V3 and P5V4 
based SC-OFET, the device showed a one order of 
magnitude higher µe value of over 0.1 cm2/Vs 
compared to that of P3V2 and p-CH3-P3V2 based SC-
OFETs while retaining a high µh of over 0.1 cm2/Vs 
with a bright EL. 

 

 
Fig. 2. Dependency of carrier mobility on the HOMO 
and LUMO levels in FET based on CH3-P3V2, P3V2, 
P4V3 and P5V4 single crystals with asymmetric gold-
calcium electrodes. 

Table I: FET characteristics of OPV single crystal 
based SC-OFETs 

 HOMO 
(eV) 

LUMO 
(eV) 

µhole  
(cm2/Vs) 

µelectron  
(cm2/Vs) 

P3V2 5.82 2.8 0.12 1.3 × 10–2 
CH3-P3V2 5.6 2.7 0.17 0.9 × 10–2 

P4V3 5.71 3.0 0.12 0.11 
P5V4 5.67 3.1 0.38 0.28 
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Here, we discuss the conjugation length 
dependence of the carrier mobilities in an OPV based 
SC-OFET. The highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of P3V2, CH3-P3V2, P4V3 and P5V4 
crystals were estimated by ultraviolet photoelectron 
spectroscopy and by an energy gap which was 
obtained by UV-Visible absorption edges. P3V2, CH3-
P3V2, P4V3 and P5V4 crystals have HOMO and 
LUMO levels of 5.82, 5.6, 5.71 and 5.67 eV, and 2.8, 
2.7, 3.0 and 3.1 eV, respectively. The higher hole 
mobility of 0.17 ∼ 0.38 cm2/Vs was obtained in the 
SC-OFET based on a CH3-P3V2, P5V4 single crystal, 
since the hole injection barriers between Au (WF = 
4.5 – 5.1 eV) and the HOMO level of CH3-P3V2 (5.6 
eV) and P5V4 (5.67 eV) are smaller, compared with 
those of the others. On the other hand, an increase in 
electron mobility was observed consistent with a 
reduction in the LUMO level of the OPV derivatives. 
The electron injection barrier between Ca (WF = 2.9 – 
3.0 eV) and the LUMO level of a P4V3 and P5V4 
single crystal would be smaller than those of the other 
single crystals, based on their LUMO levels. We 
observed a significant nonlinear increase in drain 
current at the low drain voltage in the P3V2 based SC-
OFET, indicating the presence of a large injection 
barrier. In contrast, the P4V3 based SC-OFET showed 
a significant large current with a steep increase, 
indicating a small barrier (Fig. 3). Therefore, efficient 
injection of electrons from a Ca electrode to the 
LUMO level of P4V3 resulted in the highest electron 
mobility of µe = 1 ~ 2 × 101 cm2/Vs. From these 
results, the reduction in the energy gap, by expanding 
the conjugation length in the OPV derivatives, greatly 
contributes to the improvement in electron mobility. 

 

 
Fig. 3. Output characteristics in FET based on P3V2 
and P4V3 single crystals with asymmetric gold-
calcium electrodes under n-type operation. 

 

 
 
Fig. 4. Transfer characteristics and dependence of 

EL intensity on gate voltage in FET based on P4V3 
(a) single crystals with asymmetric gold-calcium 
electrodes, and optical top-view photograph of light-
emission from the channel of a P4V3 single crystal 
based FET at VDS of –100 V and VG = –30 V (b), –40 
V (c), –40.5 V (d) and –50 V (e), respectively. 
Channel length (L) and width (W) were L = 33 µm and 
W = 180 µm.  

 
Figure 4(a) shows the drain current (IDS) - gate 

voltage (VG) - EL intensity characteristics of the top-
contact type SC-OFET based on P4V3 at VDS of 100 V 
(–100 V) under n-type (p-type) operation, and a top-
view photograph of the light emission obtained from 
the SC-OFET at VDS = –100 V and various values of 
VG. No emission was observed in the VG region 
between 0 to –10 V, because electrons are dominant in 
the channel layer. Conversely, a significant increase in 
the emission intensity was observed with increasing 
VG over –20 V, indicating simultaneous injection and 
accumulation of holes in the channel, and a clear 
linear emission zone was observed near the source 
electrode, under microscopic observation (Fig. 4(b)). 
The emission zone was immediately moved from the 
source electrode with an increase in VG (Fig. 4(c)). At 
VG = –40.5V, the emission zone was located in the 
middle of the source-drain electrodes (Fig. 4(d)). In 
this VG region, a decrease in emission intensity was 
observed consistent with a decrease in the drain 
current. However, since the hole and electron currents 
are nearly equal to each other in this region, a high 
external EL quantum efficiency of ηEXT = 0.1 % was 
obtained at VG = –44 V. Additionally, in the VG region 
over –44 V, a second increase in emission intensity 
and maximum peak emission intensity at around –52 
V was observed, although the emission zone had 
completely reached the drain electrode (Fig. 4(d)). 
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Very similar behavior in emission intensity was 
observed under the n-type operation. In the top-view 
photograph of the light-emission, the edge of a P4V3 
single crystal showed strong emission compared with 
that from the surface of the crystal. This indicates that 
the crystal formed an optical-slab waveguide and that 
light is well propagated in the bulk of the crystal as 
evidenced by the fact that a P4V3 single crystal shows 
ASE, under optical excitation.  

 
4. Summary 

 
In summary, we developed the bright LE-OFETs 

based on OPV single crystals. Although OPV single 
crystal FETs basically show both p - and n - type FET 
operation, we demonstrated that increasing 
conjugation length from three phenylene rings to four 
phenylene rings in OPV derivatives resulted in one 
order of magnitude higher electron mobility from ∼ 
10-2 to > 10-1 cm2/Vs. Further, we demonstrated a 
bright ambipolar light-emitting SC-OFET based on a 
P4V3 single crystal as an active channel layer owing 
to the well-balanced high hole (0.12 cm2/Vs) and 
electron (0.11 cm2/Vs) mobilities. By alignment of 
energy levels between metal electrodes and the 
HOMO and LUMO levels of organic crystals based 
on expanding of conjugation length or changing 
substituents, both saturation mobilities can be further 
improved.  
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