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Abstract
Ruthenium (III)–pyridine (Ru-Py) complex has been synthesized and characterized by NMR, IR, UV–Vis, fluorescence 
spectroscopy and HRMS. The crystal structure of the Ru-Py complex was determined by X-ray crystallography. The Ru-Py 
complex was coated on a p-type Si semiconductor by a spin coating method to obtain a Schottky barrier diode (SBD) device. 
Basic electrical parameters of the obtained Al/p-Si/Al MS and Al/Ru-Py/p-Si/Al SBD devices were calculated by using 
thermionic emission (TE) theory such as ideality factor (n) and barrier height (Φb). From the current–voltage (I–V) measure-
ments, the n value of the reference Al/p-Si/Al MS structure was 1.55 and the Al/Ru-Py/p-Si/Al SBD structure was 1.24 at 
room temperature. The Ru-Py complex as interface material made the device behave more ideally and decreased the value 
of the ideality factor. Φb values of the reference MS and SBD devices were calculated as 0.67 and 0.78 eV, respectively. The 
presence of Ru-Py complex films in the device structure increased the barrier height. Additionally, using the C−2–V graph 
obtained from frequency-dependent C–V measurements, the diffusion potential (Vd), acceptor concentration (Na), Fermi 
energy (Ef), barrier height (Φb) parameters of Al/Ru-Py/p-Si/Al device were calculated. Current–voltage (I–V) measure-
ments of the device obtained with Ru-Py complex were taken in different lighting intensity. In the I–V characteristics, the 
reverse and forward bias current increased depending on the light. It was concluded that the Al/Ru-Py/p-Si/Al device is 
suitable for photodiode applications.
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Introduction

The working principle of most electronic and optoelectronic 
devices used today is based on metal–semiconductor (MS) 
contact structure with a rectifier feature. Depending on the 
vacuum technology developed in recent years, the produc-
tion of Schottky barrier diodes has become easier (Taşyürek 
et al. 2018; Çaldiran 2020). Among the areas in which MS 
contacts are used, there are many electronic applications 
such as Schottky solar cells based on thin films (Chen et al. 
2012), photodetectors (Ravikiran et al. 2016), gas sensors 
(Punetha and Pandey 2019), field-effect transistors (FET) 
(Di Bartolomeo et al. 2018), photodiodes (Koçyiğit et al. 

2017), organic light-emitting diodes (OLED) (Gao et al. 
2016) and photocatalysis (Petronella et al. 2011). In these 
applications, Schottky barrier height (SBH) is known as 
important for rectifier contacts. Since the increasing SBH 
strengthens the rectifier character, the researches have 
been carried out using different semiconductors and met-
als (Çaldıran et al. 2013a, b; Ejderha et al. 2011; Reddy 
and Choi 2020). Organic materials (Gupta and Singh 2004; 
Ahmad and Sayyad 2009), insulators (Altındal et al. 2006; 
Güllü and Türüt 2015), nanomaterials (Park et al. 2003; 
Yılmaz et al. 2018), oxide materials (Djeghlouf et al. 2019; 
Metin et al. 2014; Tuğluoğlu et al. 2005) or organometal-
lic materials are used as the interface in the MS contact 
structure to raise the SBH. Additionally, a positive effect is 
reported on the performance by facilitating the adjustment 
of SBH in heterojunction structures formed between two 
different semiconductors (Coşkun et al. 2019; Izaki et al. 
2007; Taşyürek et al. 2020).
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Researches on electronic and optoelectronic devices fab-
ricated by the modification of various films such as organic, 
inorganic and organometallic thin films as materials between 
semiconductor and metal have attracted attention in recent 
years (Farag et al. 2010; Karabulut et al. 2018; Dragonetti 
et al. 2013) since the thin-film materials used between semi-
conductor and metal can provide the fabrication of devices 
with desirable characteristics such as electrical and optical 
properties. The organometallic film materials used particu-
larly as interfacial layers have great importance because 
they are of interest due to their versatile the photochemical, 
photophysical and electrochemical properties. These prop-
erties strongly depend on the oxidation states of the metal 
used in the organometallic complexes. One of the various 
organometallic film materials is ruthenium complexes. The 
ruthenium complexes have gained interest in the prepara-
tion of organometallic complexes for multiple applications 
in many fields like FET, OLED and photovoltaic. Up to now, 
many studies have been reported on the preparation of Ru 
(II) complexes for photochemical and photophysical applica-
tions (Juris et al. 1988; Sauvage et al. 1994; Vergeer et al. 
2006; Zhang et al. 2007). However, the spectroscopic and 
electrochemical properties of Ru (III) complexes are still 
not clear (Lakshmanan et al. 2018; Benavides et al. 2017; 
Kar et al. 2017; Białek and Latos-Grażyński 2016; Alessio 
et al. 1991). The photochemical, photophysical and redox 
properties of Ru (III) complexes are of great interest among 
the researchers for their range of fundamental and practi-
cal applications (Benavides et al. 2017; Chmielewski et al. 
1994; Alessio et al. 1991; Latos-Grazynski et al 1989). They 
exhibit a strong emission and these emission bands could be 
due to the MLCT process of the complexes (Lakshmanan 
et al. 2018; Kar et al. 2017; Białek and Latos-Grażyński 
2016; Taqui Khan et al. 1993; Mohita et al. 2020; Umama-
hesh et al. 2016).

For the devices, I–V measurements can be made at room 
temperature to make the electrical characterization of SBDs. 
The semi-logarithmic I–V characteristic can give informa-
tion about the contact structure. In the literature, many stud-
ies on the SBD interface states have been published (Ejderha 
et al. 2011), (Altındal et al. 2006). Photodiode behavior can 
be evaluated by making I–V measurements in the dark and 
under different illuminations (Orak et al. 2017). Moreo-
ver, capacitance–voltage (C–V) measurements give more 
detailed information about the SBD structure and charge 
carriers.

In the present study, the Ru-Py complex materials were 
synthesized in high yield and spectroscopically character-
ized. Later, Al/Ru-Py/p-Si/Al SBDs with electrical and 
photo-responsive properties were obtained by forming an 
ultra-thin-film Ru-Py complex interface using spin coating 
method on p-type Si. Using thermionic emission (TE) theory 
at room temperature, parameters such as barrier height (Φb), 

ideality factor (n) and series resistance (Rs) from semi-loga-
rithmic I–V characteristics were calculated. Its photodiode 
properties were determined by examining semi-logarithmic 
I–V measurements in dark and illumination. Besides, the 
other parameters such as Fermi energy level, diffusion poten-
tial, carrier concentration and barrier height were calculated 
by using current–voltage measurements.

Experimental

Synthesis of Ru‑Py complex

In 6 mL of pure ethanol and 6 mL of 1 N HCl was dissolved 
1 mmol RuCl3.H2O and refluxed for 3 hour. The mixture was 
cooled at room temperature. Then, 6 mmol of pyridine was 
dissolved in 2 mL of ethanol and 1 mL of 6 N HCl, and it 
was added while stirring the mixture. The last mixture was 
stirred for about 45 min at 30 °C. Then, the last mixture was 
left for 3 days at room temperature. The dark brown crystals 
were filtered off, washed with ethanol and ether and dried 
in vacuo. Yield: (85%). Anal. Calcd for C15Cl4H16N3Ru (M) 
481.2): Mp: 320-322 °C, 1H NMR (400 MHz, DMSO) δ 
9.02 (bs, 2H), 8.62 (bs, 1H), 8.09 (bs, 2H) (Fig.S1 in the 
Supporting İnformation). 13C NMR (100 MHz, DMSO) 
δ 148.10, 145.09, 129.00, 95.18 (Fig. S2 in the Support-
ing İnformation). IR (cm-1): 3213, 3154, 3129, 3100, 
3063, 2961, 1632, 1603, 1533, 1482, 1450, 1442, 1359, 
1330, 1233, 1212, 1157, 1064, 1048, 981, 895, 765, 744, 
693, 673, 607, 575, 532, 522 cm−1. HRMS (Q-TOF): m/z 
[M+H-C5H6N]+ calcd. for C15H16

35,37Cl4N3Ru: 402.86903 
(100.0%), 400.87198 (78.2%), 404.87011 (59.0%), 
401.87027 (54.1%), 404.86608 (47.9%), 402.87306 (46.2%), 
399.87322 (42.3%), 399.87062 (40.4%), 400.86890 (39.9%), 
397.87357 (31.6%), 398.87185 (31.2%), 406.86716 (28.3%), 
403.86732 (25.9%), 401.86767 (19.4%), 402.86595 (19.1%), 
396.87228 (17.6%), 394.87523 (13.7%), 403.87239 (10.8%); 
found: 402.88583, 403.88414, 404.88438, 405.88363, 
406.8827, 407.88261, 408.88313, 409.88094.

X‑ray diffraction analysis

A+78ASuitable crystals of Ru-Py complex were selected 
for data collection which was performed on a D8-Venture 
diffractometer equipped with a graphite-monochromatized 
MoKα radiation at T = 296 K. The structures were solved 
by direct methods using SHELXS-97 (Sheldrick 2008) and 
refined by full-matrix least-squares methods on F2 using 
SHELXL-2013 (Sheldrick 2015). All non-hydrogen atoms 
were refined anisotropically. The H atoms were located 
from different maps and then treated as riding atoms with 
C–H distances of 0.93 Å and N–H distances of 0.86 Å. The 
N3 and C11 atoms in the pyridine molecule are located on 
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a center of symmetry and are caused by the symmetrical 
disorder. The following procedures were implemented in 
our analysis: data collection: Bruker APEX2; a program 
used for molecular graphics were as follows: MERCURY 
programs; software used to prepare material for publica-
tion: WinGX (Farrugia 1999). Details of data collection 
and crystal structure determinations are given in Table 1.

Preparation of junction diode

The cleaning procedure used to clean the p-type Si first in 
the production stages of the device was performed as in the 
study reported by Taşyürek et al. (2018). For Ohmic back 
contact, Al metal was coated on p-type Si by thermal evapo-
ration method at 1 Å/S in a vacuum (10−7 Torr). Subse-
quently, the Ru-Py material was coated on the other surface 
of the p-type Si by spin coating method at 2000 rpm for 50 
seconds and annealed in a hot plate device at 120 °C for 3 
minutes. Later, Al dot contacts were coated on Ru-Py by 
thermal evaporation method and Al/Ru-Py/p-Si/Al SBD was 
produced. The Al/Ru-Py/p-Si/Al device structure and meas-
urement system are shown in Fig. 1. I–V and C–V measure-
ments of the devices were taken at room temperature.

Instrumentation

1H and 13C NMR spectra were recorded on a Varian-400 
and a Bruker-400 spectrometer. Mass spectra were recorded 
on an Agilent Technologies 6530 Accurate-Mass Q-TOF-
LC/MS. Fourier transform IR spectra analyses of samples 
were recorded on PerkinElmer Frontier FT-IR spectrometer. 
Absorption measurements were taken using a PerkinElmer 
Lambda 35 spectrophotometer. Fluorescence spectra were 
taken with a Shimadzu RF5300 PC spectrofluorometer. Flu-
orescence lifetimes were measured by Horiba-Jobin-Yvon-
SPEX Fluorolog 3–2iHR with Fluoro Hub- B. Single photon 
counting controller (France) was used when excitation of 
samples carried out with 310 nm nanoLED (France) and 
photon signals was obtained via TCSPC module. X-ray data 

Table 1   Crystal data and structure refinement parameters for Ru-Py 
complex

Empirical formula C15H16N3Cl4Ru
Formula weight 481.18
Crystal system Orthorhombic
Space group Pnma
a (Å) 15.961 (6)
b (Å) 13.667 (6)
c (Å) 8.372 (3)
V (Å3) 1826.1 (12)
Z 4
Dc (g cm-3) 1.750
θ range (º) 3.1–28.2
Measured refls. 24161
Independent refls. 2343
Rint 0.034
S 1.07
R1/wR2 0.021/0.047
Δρmax/Δρmin (eÅ-3) 0.55/−0.36

Fig. 1   Schematic representation of the measurement system and the fabricated Al/Ru-Py/p-Si/Al device
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were measured by using Bruker D8 Venture diffractometers. 
I–V and C–V measurements of the devices were taken with 
Keithley 2400 Source meter at room temperature and HP 
4192A (50−13 MHz) LF impedance analyzer, respectively.

Result and discussion

Characterization of Ru‑Py complex

The Ru-Py complex has been successfully synthesized and 
found to crystallize in space group Pnma, with a = 15.961 
(6), b = 13.667 (6), c = 8.372 (3) Å, and Z = 4. The molecu-
lar structure of the Ru-Py complex is shown in Fig. 2 with 
the atom numbering scheme. The Ru (III) ion is located on 

the inversion center and coordinated to two nitrogen atoms 
of the pyridine rings trans to each other and four coplanar 
chlorine atoms, thus showing a distorted octahedral coor-
dination geometry. The asymmetric unit of Ru-Py complex 
consists of one Ru (III) ion, one and a half coordinated pyri-
dine ligands, two chlorine atoms and half non-coordinated 
pyridine molecule which is a protonated and electrostatically 
bound to the negatively charged Ru (III) complex. An alter-
native synthesis of the Ru-Py complex and its characteriza-
tion are described in the other two works (Batista et al. 1997; 
Webb et al. 2013). The crystal structure determinations and 
details of data collection are given in Table 1.

The IR spectrum of the Ru-Py complex (Fig. S3) exhib-
ited characteristic absorptions bands for aromatic C-H, aro-
matic C=C, and aromatic C-N bonds. In the IR spectrum of 
the Ru-Py complex, the absorption bands at 2961, 3063 and 
3100 cm−1 are attributed to aromatic C–H bonding vibra-
tions. High-resolution mass spectrometry (HRMS) con-
firmed the constitution of the Ru-Py complex (Fig. S4). The 
HRMS results showed that the calculated mass was consist-
ent with the mass obtained. There are 35 and 37 isotopes of 
the chlorine atoms in the complex. Therefore, isotope peaks 
of 4 chlorine atoms are also seen in the HRMS spectrum (see 
Experimental section).

Fig.3a shows the UV/Vis spectra of the Ru-Py complex. 
The first peak is observed at λ = 259 nm and is assigned 
to the autochrome signal from the pyridine ligand (Siek 
and Osiewicz 1975). The second absorbance peak occurs 
at λ=315 nm, which is consistent with pyridine π–π* tran-
sitions for the Ru-Py complex (Manoharan et al. 1973). 
The other peak at λ=376 nm is shown the typical range of 
ligand-to-metal charge-transfer (LMCT) transitions with Fig. 2   The molecular structure of Ru-Py complex showing the atom 

numbering scheme. [(i) x,−y+1/2, z; (ii) −x+1, −y, −z+2.]
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bound nitrogen for Ru-Py complex (Kroghjespersen and 
Schugar 1984)

UV–Vis absorption spectroscopy is used to determine 
the optical band gap (Eg) of the Ru-Py complex film. Fig-
ure 3b shows the optical absorption spectrum as a function 
of the energy of the Ru-Py complex film coated on the 
glass substrate. The band gap of the thin organometal-
lic film can be determined using the Tauc equation given 
below (Orhan et al. 2020).

where α is used as the absorption coefficient, hν is used as 
the energy of the incident photon, and A is used as constant. 
The optical band gap of the Ru-Py complex was determined 
from the graph of (αhν)2 versus hν and using the Tauc equa-
tion. The intersection point of the graph gives the value of 
the optical band gap and is determined as 2.97 eV for the 
Ru-Py complex.

Its f luorescence property was examined by using 
steady-state and time-resolved fluorescence measure-
ments. The fluorescence spectrum of the Ru-Py complex 
in DMSO was recorded with an excitation wavelength of 
340 nm at room temperature (c = 5 µM) (Fig. 4). From 
the figure, the Ru-Py complex showed one fluorescence 
band in the visible region and its maximum was found 
at 411 nm. To determine the fluorescence lifetime of the 
Ru (III)-Py complex, its fluorescence decay was taken 
with 310 nm of excitation wavelength and fitted (Fig. S5). 
The fluorescence lifetime value was calculated as 26 ns. 
The lifetime value supported the fluorescence property of 
the Ru-Py complex (Lakshmanan et al. 2018; Benavides 
et al. 2017; Kar et al. 2017; Białek and Latos-Grażyński 
2016; Chmielewski et al. 1994; Alessio et al. 1991). It 
can be concluded that the Ru-Py complex can be used as a 

(1)ah� = A
(

h� − Eg

)n

promising material in different optoelectronic technologies 
such as OLEDs and photovoltaic (Fig. 5).

Current–voltage (I–V) characteristics

The semi-logarithmic I–V characteristics of the SBDs in 
forwarding bias are expressed by the TE method with the 
following equation (Tung 2001);

 is the area and its size is 7.85×10−3 cm2, R is the Richard-
son constant of the semiconductor, T is the temperature, q 
is the electronic charge, Φb is the barrier height, k is the 
Boltzmann constant, V is the voltage, and n is the unitless 
ideality factor. The value of n is unique for ideal devices. 
The intersection point of the semi-logarithmic I–V curve 
with the vertical axis gives the saturation current (I0) value.

ideality factor is obtained Eq. 2;

(2)

[I = ART2 exp

(

−
qΦb

kT

)[

exp

(

qV

nkT
− 1

)]

= I0

[

exp

(

qV

nkT
− 1

)]

(3)I0 = AA∗T2 exp

(

qΦb

kT
− 1

)

Fig. 4   Fluorescence emission spectra for Ru-Py complex
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Also, Φb is found from Eq. 4 as:

In Fig. 6, semi-logarithmic I–V plots of reference Al/p-
Si/Al MS and Al/Ru-Py/p-Si/Al SBD at room temperature 
are given. The rectifier characteristic was observed in both 
device structures and leakage currents occurred in reverse 
bias (Kacus et al. 2014). When the forward and reverse bias 
currents were examined, it was observed that the rectifica-
tion rate of the device obtained with Ru-Py complex was 
higher (Taşer et al. 2017). In forward bias in the I–V char-
acteristic of Al/Ru-Py/p-Si/Al device, the current increased 
as a linear low voltage and the current value was decreased 
because of the effect of Rs at high voltage values (0.5 V). 
This behavior is quite compatible with literature studies 
(Taşyürek et al. 2020; Deniz et al. 2018). The n and Φb val-
ues calculated by the TE method in the linear region of the 
forward bias are shown in Table 2.

The barrier height values of the Al/p-Si/Al MS and Al/
Ru-Py/p-Si/Al SBD were calculated as 0.67 eV and 0.78 
eV, respectively. Accordingly, the ideality factor values of 

(4)n =
q

kT

dV

d(ln I)

(5)Φb =
kT

q
ln

(

ART2

I0

)

the devices were calculated as 1.55 and 1.24, respectively. 
In rectifier contacts, the deviation from the ideal state can be 
explained by the interface states, the load carriers that do not 
comply with the TE theory, the voltage drop in the interface 
layer, series resistance effects and the impurity rate at the 
interface (Monch 1999; Long, et al. 2014; Karataş, et al. 
2007). The ability to control the barrier height of the device 
is one of the most important advantages of MS devices. This 
change in barrier height of the Al/Ru-Py/p-Si/Al device has 
shown that the barrier height can be controlled by covering 
the appropriate interface layers. Consequently, the increase 
in barrier height in the device structure has been attributed to 
the presence of Ru-Py complex at the interface (Baltakesmez 
et al. 2019; Aydogan et al. 2009; Caldiran et al. 2013a, b).

According to the I–V measurements, the basic diode 
parameter values were effected in a positive way by the 
Ru-Py complex layer. When I–V characteristics were exam-
ined at room temperature, it was concluded that Al/Ru-Py/p-
Si/Al SBD had better rectifier properties and the ideality 
factor has decreased in dark conditions. However, the Al/
Ru-Py/p-Si/Al device increased the current value under illu-
minated conditions and showed photodiode properties. The 
semi-logarithmic I–V characteristic of the device in 40, 60, 
80 and 100 mW/cm2 illumination intensities at room tem-
perature, reverse and forward bias is given in Fig. 5. As can 
be seen in the plot, the device has been acting in harmony 
with TE by showing a rectifier feature in different illumina-
tion intensities. The difference in illumination in the semi-
logarithmic I–V characteristic of the Al/Ru-Py/p-Si/Al SBD 
device is due to the photodiode behavior. Also, the graphs 
of the linear I–V characteristic in Fig. 7 in the dark and 100 
mW/cm2 illumination support the photodiode behavior (Ver-
geer, et al. 2006). As a result, the device obtained by coating 
the Ru-Py complex at the interface behaved in accordance 
with the literature (Koçyiğit et al. 2018; Sevgili et al. 2020; 
Cetinkaya et al. 2013) studies under different illumination 
conditions and is suitable for use as a reference device in 
photodiode applications.

Capacitance–voltage (C–V) characteristics

The reverse and forward bias voltage capacitance–voltage 
characteristics of the Al/Ru-Py/p-Si/Al device in the fre-
quency range of 5-5000 kHz are given in Fig. 8. As can 
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Fig. 6   The semi-logarithmic current–voltage (I–V) characteristics of 
the Al/Ru-Py/p-Si/Al device under various illumination intensities

Table 2   Electrical parameters derived from semi-logarithmic I–V 
characteristic for reference Al/p-Si/Al and Al/p-Si/Ru-Py/Al

Device structure Ideality factor (n) Barrier 
height (Φb) 
(eV)

Al/p-Si/Al 1.55 0.67
Al/p-Si/Ru-Py/Al 1.24 0.78
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be seen from the graphs, the capacitance decreased with 
increasing frequency. On the other hand, in the forward bias 
low-voltage region, the capacitance increased significantly; 
after 1.5 V the slope decreased. This is more evident at low 
frequencies. AC signals can be followed by interface states at 
low frequencies. Thus, a large capacitance is formed, which 
is defined as the additional space charge to the capacitance 
(Türüt et al. 2015; Werner et al. 1988; Arslan et al. 2010). 
Fusion potential (Vd), ionizing acceptor concentration (Na), 
Fermi energy level (Ef) and barrier height (Φb(C-V)) can be 

calculated from C–V measurements to obtain more detailed 
information about the depletion zone.

where Vd is the diffusion potential obtained from the C−2–V 
plot, εs, the dielectric constant of silicon (=11.8), the dielec-
tric constant at 0 vacuum (= 8.85×10−14 F/m), the ionizing 
acceptor concentration of Na. Vd and Φb(C-V) values are cal-
culated using C–V measurements, respectively, as follows;

The difference between Ef and the base of the conductive 
band gives Vn.

Here ,  N v  i s  t he  in f luen t i a l  dens i ty  s t a tes 
(=1.04×1019 cm−3 for Si). C–V graphs of the Al/Ru-Py/p-
Si/Al SBD device depending on the frequency between 5 
and 5000 kHz are given in Fig. 8.

In Fig. 9, the C−2–V plot obtained from the reverse bias 
of the capacitance–voltage characteristic is seen. Table 3 
shows the variation of Vd, Na, Ef and Φb(C-V) parameters cal-
culated using the C−2–V plot according to frequency. The 
difference between Φb obtained from I–V measurements and 
Φb obtained from capacitance–voltage measurements is due 
to the nature of the measurement methods. The differences 
in barrier height can be attributed to the inhomogeneity in 
the interfacial layer and the distribution of interface carriers 
(Güllü et al. 2010).

Conclusions

The Ru-Py complex materials have been synthesized in high 
yield by reaction of RuCI3.H2O with the pyridine ligands. 
The structural characterization of the Ru-Py complex has 
been evaluated by using NMR, IR, UV–Vis, fluorescence 
spectroscopy, HRMS and X-ray single-crystal diffraction 
techniques. It has been observed the Ru-Py complex per-
forms blue wavelength optical absorption in the visible 
region. The synthesized Ru-Py complex materials to produce 
the Al/Ru-Py/p-Si/Al SBD structure was coated on p-type 
Si. The values of n and Фb of devices were calculated in 
semi-logarithmic current–voltage characteristics by the TE 
method. Ultimately, the Al/Ru-Py/p-Si/Al SBD showed 

(6)C−2 =
2
(

V0 + V
)

�s�0qA
2Na

(7)Vd = V0 +
kT

q

(8)Φb(C - V) = Vd + Vn

(9)Ef = kT ln

(

Na

Nv

)
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good rectifying with the mean ideality factor of 1.24 and 
the barrier height of 0.78 eV. When the SBD obtained with 
Ru-Py complex and MS were compared, it was seen that the 
n value decreased and the Φb value increased with the Ru-Py 
complex effect. This change in device behavior is due to the 
reconstruction of the loads in the interface states with the 
Ru-Py complex effect, the serial resistance of the device and 
the interface polarization. Besides the barrier diode prop-
erties, it was concluded that Al/Ru-Py/p-Si/Al structure is 
a suitable alternative for photovoltaic applications with its 
light-dependent behavior. In addition, it was clearly seen that 
the capacitance–voltage characteristic of the device obtained 
with the Ru-Py complex changed depending on the fre-
quency and the barrier height increased with the frequency.
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