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Improved Photoconductive Characteristics
of Solution-Processed Organic Device
by Doping Silole Derivative

RYOHEI KOBAYASHIL,' TAKESHI FUKUDA,!
YUU SUZUKI,' KEN HATANO.,!

NORIHIKO KAMATA,' SATOSHI AIHARA,?
HOKUTO SEO,”> AND DAIYO TERUNUMA!

1Department of Functional Materials Science, Saitama University,
Saitama-shi, Saitama, Japan

NHK Science and Technical Research Laboratories, Setagaya,
Tokyo, Japan

By doping  1,1-dimethyl-2,5-bis( N, N-dimethylaminophenyl )-3,4-diphenylsilole
(silole-A) in poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), an improved
photoconductive characteristics was observed for a single layer organic device
fabricated by a spin-coating process. A maximum external quantum efficiency
(EQE) was 8.9% at —20 MV /m when the ratio of silole-A:FSBT was 75 mol%.
The EQE of the reference device with FSBT only was 0.06%, and the highest
EQE was approximately 160 times higher than that of the reference device. In
addition, the photoluminescence ( PL) quantum efficiency of the silole-A: FSBT neat
film was lower than those of silole-A and F8BT neat films. The lower PL quantum
efficiency indicates that the photo-induced carriers efficiently dislocate in the
organic layer, resulting in the high EQE of organic photoconductive device.

Keywords Color selectivity; image sensor; photoconductive device; polymer;
silole derivative; solution process

Introduction

In recent years, many organic devices have been attracting considerable attention
due to a wide range of next generation printable electronics [1-4]. Most important
advantages over inorganic devices are low fabrication cost using printing process
and large substrate selectivity. In addition, several organic materials have singular
spectral characteristics of the absorption spectrum at a visible wavelength region
[5-7], and the particular high absorption coefficient leads us to realize color-
selectable organic image sensor by stacking several organic layers with different
absorption bands. Previous papers demonstrated the organic image sensor coupled
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to large area active matrix arrays [8] and the practical frequency response of organic
photoconductive device for TV frame rate [9].

Since most of photo-excited carriers recombine in an organic layer without
reaching electrodes as a photocurrent in the case of the single layer device, the single
layer device has lower photoconductive characteristics than the multilayer device
[7,10]. The organic multilayer structure is difficult to fabricate by a conventional sol-
ution process, however, the solution-processed organic photoconductive device has
been necessary for the low fabrication cost and the large device area. Therefore,
the carrier dislocation structure in the organic layer is important to cope with both
low fabrication cost and high device performance. In the case of organic solar
cells, the efficient carrier dislocation can be realized by using a bulk heterojunction
structure with the mixture of poly(3hexylthiophene) and ([6,6]-phenyl C61-butyric
acid methyl ester) [11-13]. However, little is known about the photoconductive
characteristics of the color selective organic photoconductive device with a dopant
to form the carrier pass to electrodes in the organic layer.

In this paper, we demonstrated the improved photoconductive characteristics of
the blue-sensitive organic device fabricated by a conventional spin-coating process.
We used poly(dioctylfluorenyl-co-benzo-thiadiazole (F8BT) as a photoconductive
and blue-sensitive polymer and 1,1-dimethyl-2,5-bis(N,N-dimethylaminophenyl)-
3,4-diphenylsilole (silole-A) as a carrier dislocation element in F8BT. Here, F8BT
has a suitable photoconductive polymer for the blue-sensitive device due to its
high carrier mobility [14] and selective absorption spectrum at a blue wavelength
region [7].

Experimental

At first, a glass substrate covered with a patterned indium tin oxide (ITO) was
cleaned with organic solvents and deionized water under ultrasonic waves, and then
treated with ultraviolet ozone for 20 minutes. The ITO layer with a thickness of
150 nm was deposited by a conventional sputtering method. A blue-sensitive organic
photoconductive polymer of F8BT (American Dye Source, Inc.) was dissolved
in chloroform as a content of 1wt%. Then, silole-A was added in the resulting
solution. The ratio of silole-A:F8BT was ranged from 0 to 200 mol% to investigate
the concentration dependence on the photoconductive characteristics. Figure 1
shows molecular structures of F8BT and silole-A.

After passing through a filter with 0.45pum holes, the organic solution was
spin-coated at a rotation speed of 1000 rpm (above 50 mol%) and 1500 rpm (below
75mol%) for 60 second in a nitrogen atmosphere. And then, the sample was

Silole-A F8BT

Figure 1. Molecular structure of F§BT and silole-A used as the photoconductive layer.
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annealed at 70°C for 60 minutes in vacuum condition. Finally, LiF (0.1 nm) and Al
(100 nm) were thermally evaporated successively on the top of a silole-A:F8BT layer.

The external quantum efficiency (EQE), defined as the number of output
electrons divided by the total number of irradiated photons, was estimated from
the measured photocurrent and the optical intensity of irradiated light. We used a
blue light-emitting diode (LED) with center wavelengths of 470 nm, and the optical
intensity was 2.5mW /cm? The photocurrent was measured irradiating the blue
light, and the dark current was also measured without irradiating the blue light.

In addition, the silole-A:F8BT neat film was spin-coated on a silica glass
substrate. The ultraviolet-visible (UV-Vis) light absorption spectrum was recorded
with a double-beam UV/Vis spectrophotometer (V-650, JASCO). The absorption
coefficient was calculated from the transmittance and the thickness of the organic
layer measured by a surface profile meter (Dektak3, ULVAC). In addition, the
PL quantum efficiency was measured by a luminance quantum yield measurement
system (QEMS-2000, Systems Engineering Inc.), which consists of an integrated
sphere and a UV LED with a center wavelength of 375nm as an excitation source.
The PL quantum efficiency was determined using a method based upon that orig-
inally developed by de Mello et al. [15]. In this approach, the quantum efficiency
was given by the integrated PL intensity of the sample excited by the UV-LED
divided by the decrease in the excitation intensity caused by inserting the sample into
the integrated sphere.

Results and Discussion

Figure 2 shows the EQE of the organic photoconductive device as a function of the
mol ratio of silole-A in F8BT. The electric field was calculated as the applied voltage
divided by the thickness of silole:F8BT layer. The most important finding is that the
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Figure 2. Influence of the mol ratio of silole-A:F8BT on the EQE of the organic photoconduc-
tive device with difference applied electric fields. All the devices were excited by the blue LED
with a center wavelength of 470 nm.
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EQE A increased up to the concentration of 75mol%, and it decreased above
100 mol%. A maximum EQE of 8.9% was achieved, and this value was approxi-
mately 160 times higher than that of the F8BT only device (0.06%) at —20 MV /m.
As clearly shown in Figure 2, the EQE at —20 MV /cm was higher than that at
—10MV/cm. This is because that the carrier mobility of organic materials increased
with increasing the electric field [16], resulting in the efficient carrier dislocation in
silole-A:F8BT layer.

The result can be explained on the basis of the energy diagram, as shown in
Figure 3. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy level were determined by photoelectron spectro-
scopy and the absorption spectrum of neat film.

The HOMO and LUMO levels of silole-A was 5.19 and 2.75eV, respectively.
The HOMO level of silole-A was between those of ITO (4.80e¢V) and F8BT
(6.04¢V). Therefore, the photo-induced holes efficiently move to the ITO side when
the negative bias voltage was applied to the ITO electrode. In addition, the LUMO
level of silole-A was 2.75eV, and the difference of LUMO level at the ITO/F8BT
interface was 1.16eV. Therefore, most of electrons inject to Al electrode without
passing thought the LUMO level of silole-A. As a result, the efficient carrier disloca-
tion can be realized in the silole-A:F8BT layer, and the EQE was improved by
doping silole-A in F8BT, as shown in Figure 2.

Another possible reason of the improved EQE is the high carrier dislocation
efficiency by doping silole-A in F8BT. This is because that the photo-induced elec-
trons are pushed toward F8BT due to the low ionized potential of silole-A compared
to that of F8BT. Therefore, the holes and electrons exit around silole-A and F8BT,
respectively. The hypothesis can be explained by the PL quantum efficiency of the
neat film, as shown in Figure 4.

The PL quantum efficiency of the organic neat film without doping silole-A
(F8BT only) was 40%, and it rapidly decreased by doping silole-A. In addition,
the PL quantum efficiency of silole-A neat film was 37%, and it was higher than that
of silole-A:F8BT. Furthermore, the minimum value of 2.4% was observed at a mol
ratio of 75%. Therefore, the probability of photo-induced carrier recombination was
reduced by mixing silole-A in F8BT. This is thought to be the reason for the decrease
in the EQE. In addition, the dark current density decreased with increasing

LUMO .. 2756V Gilole-A
3.64 eV
LiF / Al
F8BT 430 eV
ITO
480eV |, silole-A
5.19 eV
6.04 eV HOMO

Figure 3. Energy diagram of fabricated device with silole-A:F8BT as a photoconductive layer.
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Figure 4. Relationship between the PL quantum efficiency of silole-A:F8BT neat film and the

mol ratio of silole-A:F8BT.

the concentration of silole-A. As a result, the EQE decreased with increasing the

concentration of silole-A
Figure 5 shows the p

over 75mol% owing to the low carrier transport efficiency.
hotocurrent and dark current of the organic photoconduc-

tive device with the silole-A:F8BT of 75mol%. In both cases of photocurrent and
dark current, a minimum current density was observed at an electric field of
5MV/m. The photocurrent rapidly increased with decreasing the electric field less
than 5MV/m. However, the dark current was almost independent of the electric

field when the negative

bias voltage was applied to the device. Therefore, the
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dark current as a function of the electric field. The center wave-

length and the intensity of irradiated light source were 470 nm and 2.5 mW/ cm?, respectively.
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Figure 6. Absorption spectrum of organic neat film. Inset shows the relationship between the
concentration of silole-A:F8BT and the maximum absorption coefficient at a wavelength
range from 400 to 500 nm.

signal-to-noise ratio, corresponding to the ratio between the photocurrent and the
dark current, was improved with increasing the electric field. A maximum signal-to-
noise ratio was 2170 at —20 MV /m, and it is high enough for practical applications.

The absorption spectrum of the silole-A:F8BT neat film is shown in Figure 6.
The inset of Figure 6 indicates the relationship between the concentration of
silole-A:F8BT and the maximum absorption coefficient at a wavelength range from
400 to 500 nm. The singular absorption spectrum was observed at a blue wavelength
region, and it decreased with increasing the concentration of silole-A. Both silole-A
and F8BT have selective absorption at a blue wavelength region. The maximum
absorption coefficient of the silole-A neat film was approximately 6000cm ™! at
the wavelength of 430nm, and it was lower than that of F8BT. The fact indicates
that the absorption coefficient of mixed film decreased with increasing the concen-
tration of silole-A, as shown in the inset of Figure 6. The transmittance of all the neat
films at 470 nm was less than 15%, and it was high enough to absorb the incident
light in the organic photoconductive layer.

These experimental results clearly indicate that a blue-sensitive organic photo-
conductive device has been achieved by using a conventional solution process, and
the improvement in the photoconductive device was achieved by mixing silole-A
and F8BT.

Conclusion

We have successfully achieved the improved EQE of a photoconductive device by
adding silole-A in F8BT. A maximum EQE of 8.9% was realized at a concentration
of 75% when the applied electric field was —20 MV /m. The energy diagram and the
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low PL quantum efficiency indicate that the photo-induced carriers are easily
dislocated in the soilole-A:F8BT layer. As a result, the carriers efficiently move to
the electrode side with the low carrier recombination efficiency. In addition, his
device showed the suitable photocurrent spectrum for the blue sensitive image
sensor. These results indicate the possibility for the high performance organic image
sensor by using a solution process.
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