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Improved Signal-to-Noise Ratio of Green-Sensitive
Organic Photoconductive Device by Doping Silole
Derivative

TAKESHI FUKUDA,* SHO KIMURA, NORIHIKO KAMATA,
KEITA MORI, AND KEN HATANO

Department of Functional Materials Science, Saitama University,
255 Shimo-Okubo, Sakura-ku, Saitama, Japan

A signal-to-noise ratio (SIN) is an important factor for an organic image sensor. We
investigated the doping effect of silole derivative in the green-sensitive organic pho-
toconductive device for improving SIN. The maximum S/N of 12 was achieved when
1,1-dimethyl-2,5-bis(N,N-dimethylaminophenyl)-3 ,4-diphenylsilole with the lowest ion-
ization potential was used as an active layer. In addition, the graphene oxide (GO) layer
was found to be an important role for decreasing the dark current density, resulting in
the high SIN. The maximum S/N of approximately 20 was realized by inserting the GO
layer between an indium tin oxide (ITO) anode and an active layer.

Keywords Color selectivity; green-sensitive photoconductive device; organic image
sensor; organic photoconductive device; silole derivative; solution process

Introduction

Several kinds of organic thin-film devices can be fabricated by a solution process, such as
inkjet printing, gravure printing, screen printing, ultrasonically spray method, and electro-
spray deposition method [1-5]. Therefore, solution processed organic devices have been
required for printable electronics. For example, organic light-emitting diodes, organic pho-
tovoltaic cells, and organic thin film transistors have been investigated [6-9]. Especially,
several organic materials have special advantages over inorganic materials, such as the
selective absorption band at a visible wavelength region, the higher absorption coeffi-
cient than inorganic semiconductors, and the possibility of the roll-to-roll printing process
[10-13]. Therefore, an organic image sensor has been attracted much attention for the new
development of organic devices, and it consists of stacked blue-, green-, and red-sensitive
organic photoconductive devices [14,15]. This fact indicates that flexible and large-area im-
age sensors can be realized by using organic materials instead of inorganic semiconductor
materials, such as Si and GaAs.

A low-fabrication cost is another important factor for practical applications of organic
image sensors, and wavelength-selective solution-processed organic photoconductive de-
vices have been investigated [ 16—18]. Since a multilayer structure is difficult to be fabricated
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by a conventional solution process, the optical-to-electrical conversion efficiency of the so-
lution processed organic photoconductive device is much lower than those of multilayer
devices fabricated by the thermal evaporation process [10,17].

Our previous papers demonstrated that photoconductive characteristics of solution-
processed blue-sensitive organic devices can be improved by doping silole deriva-
tive in blue-sensitive polymer, poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]
thiadiazol-4,8-diyl)] [18-21]. In addition, Seo et al. reported the green-sensitive organic
photoconductive devices fabricated by the thermal evaporation process, and the highly-
photoconductive characteristics, including external quantum efficiency (EQE) and S/N,
have been already realized by optimizing the device structure [10].

In this paper, we investigated the solution-processed organic photoconductive device
by doping silole derivative in rhodamine 6G (R6G) with the selective absorption band
at the green-wavelength region [22,23]. At first, we used four kinds of silole derivatives
with different ionization potentials for improving S/N [21]. Then, we also investigated an
insertion effect of GO layer between an ITO anode and an active layer for decreasing the
dark current density.

Experimental

A green-sensitive organic photoconductive material of R6G was dissolved in chloroform
at a content of 1 wt%. Then, silole derivative was added to the resulting solution. The
doping concentration of silole derivative in the R6G solution was 20 wt%. The solution
was subsequently stirred at a room temperature until R6G and silole derivative were com-
pletely dissolved. We used 4 kinds of silole derivatives, such as 1,1-dimethyl-2,5-bis(N,N-
dimethylaminophenyl)-3,4-diphenylsilole (NMe;,-silole), 1,1-dimethyl-2,3,4,5-tetrapheny-
Isilole (H-silole), and 2,5-bis(carbazol-9’-yl)-1,1-dimethyl-3,4-diphenylsilole (PhCz-
silole). The inset of Fig.1 shows molecular structures of R6G and silole derivatives.

A fabrication process of a green-sensitive organic photoconductive device is as follows.
After sputtering a 150-nm-thick ITO anode on a glass substrate, the ITO-coated glass
substrate was cleaned with isopropyl alcohol, acetone, and deionized water under ultrasonic
waves. The sample was subsequently treated with ultraviolet ozone for 20 minutes. After
spin coating the PEDOT:PSS layer at a rotation speed of 3500 rpm, the organic solution
(silole derivative:R6G in chloroform) was spin coated on the ITO-coated glass substrate in
a nitrogen atmosphere. And then, the sample was annealed at 70°C for 60 minutes. Finally,
LiF (1 nm) and Al (150 nm) were thermally evaporated successively.

In addition, we investigated the influence of GO layer on the photoconductive charac-
teristics of green-sensitive organic photoconductive device. The GO layer was spin coated
at 2500 rpm on the ITO anode, and the measured thickness was 20 nm. The poly(9,9-di-
n-octylfluorenyl-2,7-diyl (PFO) was dissolved in chloroform at 1 wt%, and then R6G was
also added in the resulting solution. The ratio of R6G:PFO was 30 wt%. Then, NMe,-silole
was also mixed, and the concentration of NMe,-silole was changed from 10 wt% to 40 wt%.
The resulting solution was spin coated on the GO layer at a rotation speed of 3500 rpm
(10 wt% and 20 wt%), 4000 rpm (30 wt%), and 4500 rpm (40 wt%). Finally, LiF (1 nm)/Al
(150 nm) were thermally evaporated. Fabricated devices were named as follows.

Device A: PEDOT:PSS/R6G
Device B: PEDOT:PSS/NMe;-silole (20wt%):R6G
Device C: PEDOT:PSS/PhCz-silole (20wt%):R6G
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Device D: PEDOT:PSS/H-silole (20wt%):R6G

Device E: PEDOT:PSS/NMe,-silole (20wt%):R6G:PFO
Device F: GO/NMe,-silole (10wt%):R6G:PFO

Device G: GO/NMe;-silole (20wt%):R6G:PFO

Device H: GO/NMe,-silole (30wt%):R6G:PFO

Device I: GO/NMe,-silole (40wt%):R6G:PFO

Photocurrent and dark current-voltage characteristics were measured by using a DC
voltage current source/monitor (ADCMT, 6241A). A positive bias voltage was applied to the
ITO electrode by the irradiation of the green-light with the center wavelength of 525 nm.
The optical intensity of excited green-light was 0.7 mW/cm?. The EQE was defined as
the number of output electrons divided by the total number of irradiated photons [18].
The S/N was calculated by dividing the photocurrent density by the dark current density.
The absorption spectrum was recorded with a double-beam UV-Vis spectrophotometer
(JASCO, V-650).

Results and Discussion

Figure 1 shows absorption spectra of used organic neat films, including R6G, NMe,-silole,
H-silole, PhCz-silole, and GO. Only the R6G neat film showed the selective absorption
band at a green wavelength region. The peak absorption coefficient of R6G neat film was
31300 cm™! at 558.5 nm, and this value is high enough to absorb the incident green-light
even though the thickness of active layer is several 100 nm.

On the other hand, all the silole neat films had lower absorption coefficient at a visible
wavelength region than the R6G neat film. This result indicates that the green-sensitive
organic photoconductive device can be realized by mixing R6G and silole derivative as an
active layer.

Figure 2(a) shows the relationship between the dark current density of organic photo-
conductive devices with different kinds of silole derivates and the electric field, which was
calculated as the applied voltage divided by the thickness of organic layer. The measured
thicknesses of organic layers were 165 nm for R6G, 200 nm for NMe,-silole:R6G, 215 nm
for H-silole:R6G, and 200 nm for PhCz-silole:R6G. In addition, the current density-electric
field characteristics of device with active layer of NMe,-silole:R6G:PFO (device E) was
added in Fig. 2 to investigate the insertion effect of PFO. The current densities of all the
devices with the dopant of silole derivatives were below one-tenth compared to that of the
reference device with R6G only. This leads the high-S/N of the organic photoconductive
device, as shown in Fig. 2(b).

Figure 2(b) shows the influence of the electric field on the S/N. The S/Ns of the devices
B, C, and D were improved by doping silole derivative compared to the device A. The
maximum S/N of 12 was achieved when NMe,-silole was used as a dopant. The maximum
S/N of the reference device with R6G only was 1.4; therefore, the maximum S/N of the
device with NMe,-silole was 8.5-times higher than the reference device.

Previous papers demonstrated that the photoconductive performance of blue-sensitive
organic device is influenced by the ionization potential of doped silole derivative owing
to the efficient carrier dislocation in the active layer [21]. In addition, the low ionization
potential of silole derivative is important parameter for improving the S/N and EQE of
photoconductive device [19].

In generally, several silole derivatives efficiently aggregate each other [24-26]; there-
fore, the low dark current density is caused by the aggregated silole derivatives in the active
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Figure 1. Absorption spectra of used organic neat films. Inset shows molecular structures of R6G,
NMe;-silole, H-silole, and PhCz-silole.

layer. In addition, the carrier dislocation efficiency can be improved by stacking, crys-
talline, and aggregation of organic molecule [27,28], the carrier dislocation in the active
layer was considered to be occurred by the aggregation of silole derivative [21]. Therefore,
the aggregated silole in the active layer caused both the efficient carrier dislocation by the
irradiation of green-light and the reduced dark current density.
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Figure 2. (a) Dark current density- and (b) S/N-electric field characteristics of organic photocon-
ductive devices.

Furthermore, the measured ionization potentials of NMe,-silole, PhCz-silole, H-silole,
and Naph-silole were 5.19 eV, 6.30 eV, 6.27 eV, and 5.64 eV, respectively [21]. The
ionization potential of NMe;-silole was located between those of R6G and ITO. As a result,
photo-excited carrier efficiently moves to the ITO side, resulting in the high-photocurrent
density. The experimental result in Fig. 2(b) is also caused by the lower ionization potential
of NMe;-silole than that of R6G (5.35 eV) and the aggregated NMe;-silole.

In addition, we will show the influence of the GO layer on the photoconductive
characteristics of green-sensitive organic device. The absorption spectrum of GO neat film
is shown in Fig. 1. The rotation speed of spin coat process was 3000 rpm, resulting in
the thickness of 20 nm. The GO neat film has broad absorption spectrum; however, the
absorption coefficient was much lower than that of R6G, as shown in Fig. 1. Therefore, the
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Figure 3. EQE of organic photoconductive device H with NMe,-silole at the concentration of
30 wt%, and the GO layer was inserted between the ITO anode and the active layer.

wavelength selectivity of green-sensitive organic photoconductive device is considered to
be almost same even though the GO layer is inserted between the ITO anode and the active
layer.

Figure 2(b) also shows the S/N of organic photoconductive devices F-I with the GO
layer, and the concentration of NMe;-silole was changed from 10 wt% to 40wt%. The little
photocurrent was observed when the thickness of GO layer was 30 nm owing to its high
resistivity compared to the normal organic molecule. The S/N increased with increasing
concentration of NMe,-silole, but decreased beyond 40 wt% (device I). The most important
finding is that we obtained the highest S/N was obtained at the concentration of 30 wt%.
The maximum S/N was approximately 20 when the concentration of NMe,-silole was
30 wt% (device H). This result indicates that the large amount of NMe,-silole aggregated
in the active layer. As a result, the aggregated NMe,-silole caused the efficient carrier
dislocation in the active layer [21]. However, excess aggregation prevented the carrier
transport in the active layer, and the S/N decreased when the concentration of NMe,-silole
was 40 wt%. In addition, the decreased EQE at the NMe;-silole concentration of 40 wt%
was repeatable result, and the aggregation-preventing carrier transport was occurred more
than the concentration of 40wt%.

Figure 3 show the EQE as a function of the electric field for the organic photoconductive
device H with the NMe,-silole at the concentration of 30 wt%, and the GO layer was inserted
between the ITO anode and the active layer. The EQE linearly increased with increasing
electric field, and the maximum EQE of 0.29% at -30 MV/m, corresponding to —7 V was
achieved.

Conclusion

The improved S/N was realized for the green-sensitive organic photoconductive device by
doping the silole derivative. In addition, the insertion of GO layer was found to be useful
way for improving the S/N of organic photoconductive device.
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