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Quercetin is a member of the flavonoid’s class and colorful organic molecule
widely distributed in nature. Quercetin is known as 2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxy-4H-chromen-4-one with molecular formula C15H1007.
Also, quercetin has conjugated structure with 16 m-rich electrons. In this
study, Quercetin cobalt (I1) complex (Quercetin-Co(Il) Complex) was
synthesized. The thin films of synthesized quercetin cobalt (1I) complex were
formed on glass and semiconductor substrates by sol-gel spin coating
technique. The absorption, reflection and transmittance spectra of the thin
film were taken in 200-1100 nm wavelength range. The optical band gap of
the film was determined from absorption studies and was found to be 2.59 eV
for direct transitions and 1.90 eV for indirect transitions. The morphological
properties of the thin film formed on the semiconductor substrates was
analyzed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). We fabricated Au/Quercetin-Co(ll) Complex/n-Si
organic-inorganic hybrid device to investigate electrical and photoelectrical
properties. The current-voltage (I-V) measurement of the device was carried
out at room temperature and in dark. The device has a rectification behavior
with the ideality factor n of 1.55 and the barrier height ¢b of 0.77 eV. In
addition, the short circuit current (Isc) and open circuit voltage (Voc) have
been extracted from the I-V measurements under 100 mW/cm2 illumination
conditions. Besides, the capacitance-voltage (C-V) characteristics of the
device at different frequency and room temperature are discussed.
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1. Introduction

Conjugated organic materials have been attracted attention for decades. They have been used in
optoelectronic industry owing to their low cost, can be coated large areas and easy to synthesis. By
making contact them with inorganic semiconductors, i.e. Si, GaAs, GaN and so on, many electronic and
optoelectronic devices, OLEDs[1-4], Schottky Barrier Diodes (SBD) [5-7], OFETs[8-10]have been
fabricating for long years. OLEDs have been extensively studied because of a large number of
touchscreen mobile phone and thin displays fabrications. There have been variety of research on
organic-inorganic (OI) structures while fabrication of nanoscale devices. It is advantageous to use
inorganic semiconductors with high mobility and organic material as active layer for producing low
operating voltage devices. Besides, with the help of large area and pretty low cost fabricating techniques
organic materials can be coated onto inorganic semiconductors or any other[11-12]. By changing
thickness or chemical bonding of organic material one can optimize electronic and optical properties of
Ol contacts. Junction quality of Ol contacts can be determined by barrier height (BH) and ideality factor
(n). BH can be tuned by proper organic material. Ideality factor is strongly related to thermionic emission
model, therefore, electrical properties of Ol contact can be controlled by organic interlayer. Some
researchers[13] showed that by inserting an organic layer BH lowers and diode deviates from ideality.

In this study, we synthesized quercetin-co(ll) complex according to the literature[14]. Chemical
structure of the quercetin-co(ll) complex is shown in Fig. 1. The thin films of synthesized quercetin-
co(Il) complex were formed on glass and semiconductor substrates by sol-gel spin coating technique.
Our aim is to investigate optical, electrical and structural properties of spin coated quercetin-co(ll)
complex thin film for suitability and possibility of electronic and optoelectronic devices applications.
The absorbance, reflectance and transmittance spectra of the thin film were taken in 200-1100 nm
wavelength range. The optical band gap of the film was determined from absorption studies. The
morphological properties of the thin film formed on the semiconductor substrates was analyzed by
scanning electron microscopy (SEM) and atomic force microscopy (AFM). We fabricated
Au/Quercetin-co(ll) complex/n-Si organic-inorganic hybrid device to investigate electrical and
photoelectrical properties. The current-voltage (1-V) measurement of the device was carried out at room
temperature and in dark. In addition, photoelectrical properties of Au/Quercetin-co(ll) complex/n-Si
hybrid diodes were studied under light illumination conditions. Besides, the capacitance-voltage (C-V)
characteristics of the device at different frequency and room temperature were discussed.
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Figijre 1. Chemical structure of the Quercetin-coﬂl) complex

2. Methods

In this work n-type Si wafer with 1-10 Q-cm resistivity for electronic properties and soda lime glass
(SLG) for optical measurement were used. SLGs were ultrasonically cleaned with acetone, ethanol and
DI water to get rid of organic contaminations. As-bought wafer was boiled in trichloroethylene for 5
minutes. After rinsing with deionized water (18 MQ), the wafer was applied ultrasonication in acetone
and ethanol for 5 minutes. Si wafer was immersed in HF:H20 (1:10) for 30 sec. to remove natural oxide
layer. In order not allow oxidation, the wafer was mounted to sample holder in the vacuum chamber
without waiting. At 10-6 Torr vacuum level, high purity gold (99.99 %) was evaporated onto unpolished
side of the wafer. Quercetin-co(ll) complex was dissolved in methanol and the mixture was stirred 1
hour to obtain homogenous solution at room temperature. The wafer piece was mounted into spin coater
and the solution was dropped in every step of rotation with small dropwise. The solvent evaporated after
a few minutes waiting. High purity gold metal was thermally evaporated onto Au/Quercetin-co(ll)
complex coated n-Si wafer by shadow mask. Microstructural and morphological properties of the
Au/Quercetin-co(ll) complex film deposited on n-Si substrate were determined by Fei Quanta FEG 250
Scanning Electron Microscopy (SEM) and Park System XE 100 AFM imaging systems. Surface of the
organic film was photographed by FEI FEG Quanta 250 scanning electron microscope. Current-voltage
(I1-V) and capacitance-voltage (C-V) measurements were conducted in dark by Keithley SCS 4200
sourcemeter. In order to investigate light response of the structure 1-V measurement were repeated under
the illumination of 100 mW/cmz2 light intensity by solar simulator with AM1.5 global filter.
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Figure 2. Shematic diagram of n-Si/Quercetin Co(ll) complex/Au diode

3. Results And Findings

3.1. Optical and Morphological Properties of the Film

The variation of absorbance, transmitance and reflectance spectra of quercetin-co(ll) complex thin film
grown on the glass by spin coating technique is shown in Figure 3a. The optical absorption spectrum
was measured with the wavelength between 300 and 1100 nm. To determine the optical band gap we
plotted photon energy (ahn)2 versus (hn) and (ahn)1/2 versus (hn) graphs. It is understood from the
graphs of quercetin-co complex is a direct optical band gap. From the extrapolation of the linear portion
of the plot, quercetin-co(ll) complex has a band gap value of 2.59 eV. The optical band gap of thin film
was calculated by using the following equation[15];

- clhv-Eg,) "
hv

where C is an energy-independent constant, Eg is optical band gap, hv is the energy of the incident
light. In this equation, m is the constant which determine type of optical transition. It takes the value 2
for direct allowed transitions and it takes the value 2 for indirect allowed transitions.
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Figure 3a. Absorbance, Transmitance and Reflectance spectra of Quercetin-co(ll) complex thin
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Figure 3b. Tauc’s plot of Quercetin-co(ll) complex thin films for indirect allowed optical band
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Figure 3c. Tauc’s plot of Quercetin-co(l1) complex thin films for direct allowed optical band
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The surface morphologies of the quercetin-co(ll) complex thin film on n-Si wafer were displayed in
SEM and AFM images (Figures 4 and 5). Figure 4 shows the SEM picture of the film coating surface
on Si wafer. The surface morphology of quercetin-co(ll) complex coating prepared on a Si wafer is
rather rough, and we did not observe clusters of any definite shape or size for this coating. We see a
number of randomly-shaped features of the size of few hundred nanometers, randomly distributed on
the coating surface. In order to support SEM results and investigate surface roughness of the films, AFM
analyses were applied. AFM results were depicted in Figure 5 for the quercetin-co(ll) complex film.
The data can also be displayed as a 3D plot. One interesting point to note that the figure 5 is the height
image of the film surface which shows only the height contrast of the surface feature by the color map.
The surface morphology of the quercetin-co(ll) complex film formed from clusters with random
orientation shows in the rough topography that confirms the formation of film with quercetin-co(ll)
complex molecules. AFM image of the film represents nanoscale surface roughness between few

hundred nanometers.

T

Figure 5. The AFM picture of the Quercetin-co(ll) complex coating surface on Si wafer
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3.2. Electrical and Photoelectrical Properties of Au/Quercetin-Co(l1)/n-Si Diode

The electrical characteristics of Au/Quercetin-co(ll) complex/n-Si heterojunction diode were
investigated by current data obtained from voltage between -2V and 2V in dark at room temperature.
Figure 6. exhibits semi logarithmic 1-V characteristics of Au/Quercetin- co(ll) complex/n-Si diode
measured in dark at room temperature. The rectification ratio has a factor of 4000 approximately
achieved between the forward and reverse bias current at +1V, and the diode shows good rectification
behavior. In Schottky type diodes, current obey thermionic emission (TE) theory of which flow of
charge carriers is induced by temperature. Although Au/Quercetin-co complex/n-Si is not exactly
Schottky type, the hybrid diode behaves like an MS junction at the intermediate forward bias voltage.
The net current through the junction induced by temperature under certain applied voltage was expressed
as.

qVv
I =1 2Ty 1 2
o[exp(nkT) } )

where, g electron charge, k Boltzmann constant, T absolute temperature and n ideality which indicates
distribution of barrier height (BH) homogeneity. 10 is saturation current and can be deduced from linear
portion of the semi-log I-V plot and varies with temperature.

D
| = SAT?exp(— 320 3
0 XP ( kT) (3)

where S is effective diode area, A* is Richardson constant equals to 110 A/cm2K2 for n-Si (Sze & Ng,
2007). @b is zero bias barrier height. Ideality factor at relatively high voltages can be extracted as
follows;

_q dv
n_kT(dMIj @

By combining Eq. 2 and Eqg. 4, ®b and ideality factor values of the Au/Quercetin-Co(ll) Complex/n-Si
hybrid diode were calculated as b 0.77 eV and 1.55 respectively. The obtained ideality factor of the
diode is higher than unity. This indicates that the diode exhibits a non-ideal diode behavior which can
be attributed to voltage drop through the junction, unavoidable oxide layer, high interface states and
series resistance (RS). The value of ®b higher than that of conventional Au/n-si diodes[16-18]. It is
concluded that barrier height formed in the Au/n-Si junction can be modified by organic interlayer. In
other words, charge transport mechanism in MS interface can be controlled by an organic interlayer.
However, obtained barrier height value of the diode is acceptable among similar Au/organic/n-si diodes.

The high ideality factor value and downward concave curvature of the forward bias I-V plot at relatively
higher applied voltage indicate that the series resistance effect plays important role in determining the
performance of the decice. Because, series resistance dominates the voltage drop through the
semiconductor-organic interface. To estimate the series resistance and barrier height of diodes Norde

proposed \571 m%gj_i_fied Clir&/zrit-voltage equation[17] by taking series resistance into account as follows
I

Ry " sare) K
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where v is the first integer (dimensionless) greater than n. I(V) is current obtained from the I-V curve.
F(V) vs. V plot is given in figure 7. Once the minimum of the F vs. V plot is determined, the value of
barrier height can be obtained from Eq. (6), where F(\VV0) is the minimum point of F(V) and VO is the
corresponding voltage . Barrier height was found to be 0.84 eV and, by using Norde's method, the value
of series resistance was obtained as 914 Q.
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Figure 7. F(V) vs. V plot of Au/Quercetin-co(l1) complex/n-Si diode
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The capacitance-voltage (C-V) measurement is one of the most popular electrical measurement
techniques used to characterize a Schottky diode. Generally, the capacitance measured in the Schottky
diode depends on the reverse bias voltage and frequency. Its voltage and frequency dependence
originates from the particular features of the Schottky barrier, impurity level, high series resistance,
interface states and interface layer between the organic layer and p-Si substrate, etc. In Schottky
structures, the diode capacitance can be written as [19]:

1 2V, +V)
—= d—z (8)

C° 0g&S Ny
where es is the dielectric constant of n-Si, Vd is the diffusion potential at zero bias and is determined
from the extrapolation of the linear C-2-V plot to the V axis[20]. The value of barrier height can be
calculated by the relation:

D, (C-V)=V, +V, )
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where Vn is the potential difference between the Fermi level and the bottom of the conduction band of

n-Si and can be calculated by knowing the carrier concentration Nd and it is obtained from the following

relation

KT, /N

—In(—=
N d

V, = ) (10)
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Figure 8. C-V characteristics of Au/Quercetin-co(l1) complex/n-Si

where Nc= 2.8.1019 cm-3 is the density of effective states in the conduction band [4]. Figure 8. shows
(50-500 kHz) C-V characteristic of the Au/Quercetin-co(ll) complex/n-Si MIS capacitor with a gate
bias sweep from +3 to -3 V at room temperature. From the slope and voltage axis intersect of C-2-V
plot shown in Figure 9. by using C-V data, diffusion potential, barrier height and free carrier dopant
density have been calculated as 0.585 V, 0.80 eV and 6.53x1015 cm-3, respectively. It can be seen that
the barrier height obtained from C-V measurement approximately agrees with that obtained from |-V
and Norde’s method.
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Figure 9. C-2-V plot of Au/Quercetin-co(ll) complex/n-Si

The effect of white light on the Au/Quercetin-Co(Il) complex/n-Si diode is shown in Fig. 10. The reverse
current increases by almost three orders when white light is incident on the device. The short circuit
current (Isc) and open circuit voltage (Voc) values for the device have been extracted as 2.3x10-5 A and
0.17V, respectively.
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Figure 10. Current-Voltage plot of Au/Quercetin-co(l1) complex/n-Si under illumination
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4, Conclusion

Quercetin-co(ll) complex thin films were deposited onto glass and n-typre Si. The optical properties of
the films have been studied in the spectral range 200-1100 nm. The absorbance, reflectance and
transmittance spectra of the thin films were taken. Thin film has an absorption edge at around 500 nm
wavelength. Optical absorption studies in 200-1100 nm wavelength range at room temperature showed
thin films optical band gaps in the 2.59 eV range for direct transitions and 1.90 eV for indirect transitions.
The electrical and photoelectrical properties of Au/Queretin-co(ll) complex/n-Si organic-inorganic
hybrid diode have been investigated by using current-voltage characteristics. The ideality factor and
barrier height of the diode were determined as 1.55 and 0.77 eV, respectively. By using Norde’s function
, series resistance and barrier height were determined as 914 Q and 0.84 eV, respectively. Under 1.5
AM illumination, the diode showed photovoltaic properties together with Isc=2.3x10-5 A and Voc=0.17
V values. Also, the C-V measurements of the diode were performed at different frequency and room
temperature. From the analysis of the C-V measurements diffusion potential, barrier height and free
carrier dopant density were calculated as 0.585 V, 0.80 eV and 6.53x1015 cm-3, respectively. The
obtained results proved that the Au/Queretin-co(ll) complex/n-Si diode can be used as photodiode or
photo sensor in optoelectronic applications.
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