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Abstract

Nicotinamide/nicotinic acid complexes with centered Co metal (called Co-com-
plexes) were synthesized by chemically reactions and characterized by thermogravi-
metric analysis (TGA), UV-Vis spectrometer and atomic force microscopy (AFM)
techniques. While the composition of the Co-complexes was confirmed by TGA,
the compatibilities of the Co-complexes for optoelectronic devices were revealed by
UV-Vis spectrometer and AFM techniques. The Co-complexes were dissolved in
water for various weight amounts of 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg, and solu-
tions were coated onto Si wafer pieces to obtain Co-complex interlayered film in
the Al/p-Si metal semiconductor devices. [-V and /-t measurements were performed
to investigate photodiode and photodetector behaviors of the Al/Co-complex/p-Si
devices for various light power illumination intensities. The result revealed that Al/
Co-complex/p-Si devices can be used for optoelectronic applications.

Keywords Nicotinamide/nicotinic acid complexes - Al/p-Si - Metal semiconductor
devices - Optoelectronic applications

Introduction

The complex compounds with transition metals attract attention due to their good

properties for industrial applications in nanotechnology, sensor applications,
magnets, optoelectronic materials, energy transmission and storage, gas storage,
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separation and catalysis [1-5]. Molecules are designed as donor ligands, usually
over N or O atoms, forming a two-dimensional or three-dimensional mesh structure.
These ligands are also positioned as bridges between metal centers for supporting
the polymeric nature of the structures. In these structures, ligands such as salicy-
lates, dicarboxylate succinate, maleate, terephthalate, polycarboxylate, coumarylate,
1,3,5-benzeneticarboxylate, 1,2,4,5-benzenetetracarboxylate, benzene-1,3,5-tricar-
boxylate, diphenate, etc., are frequently used as binders [6—12]. Such coordination
compounds are also called metal-organic frameworks. Studies on metal-organic
frameworks (MOFs) structures (syntheses, characterizations and applications) have
increased with significant momentum in recent years [13—15]. Due to their large sur-
face areas and porosity, they can find many usage areas, especially gas adsorption,
separation and catalysis. Surface areas and pores can be easily changed by changing
the organic binder [16-21]. The structural and chemical properties of coordination
compounds containing various ligands may also change by that way [22-26].

Metal-semiconductor (MS) devices have great importance for electronic devices
owing to their metallic and ohmic behaviors, and thus, they can be employed in
diodes, transistors, capacitors, etc. [27-29]. The interlayer materials are so impor-
tant for increasing effectiveness of MS devices because they can passivate dangling
bonds, increase electron mobility after illumination, change barrier height between
metal and semiconductor and decrease leakage current throughout MS devices [30].
The metal-complex structures can also be employed for MS devices as interfacial
layer to improve electrical behaviors.

In this paper, we the synthesized and characterized the complex compound with
Co metals which were structurally derivative of each other, but obtained by the
coordination of ligands: one of was coordination over the pyridine nitrogen (nic-
otinmaide), and the other was over the carboxylate oxygen (nicotinic acid) to the
Co(II) metal cation. The structural, optical and morphological properties of the
Co-complex structures were investigated to illuminate compatibility for Schottky
type photodiodes by various instruments for various complex amounts. The Al/Co-
Complex/p-Si devices with various molarity were characterized by /-V measure-
ments under various light power intensities.

Experimental details
Synthesis

Nicotinic acid (C4HsNO,), nicotinamide (C4HsN,O), natrium bicarbonate
(NaHCO;), cobalt acetate tetra hydrate (Co(CH;COO),.4H,0) were purchased from
the Sigma-Aldrich company and used in the synthesis of the complexes without fur-
ther purification.

Firstly, to increase the solubility of the nicotinic acid molecule in water, it was
converted into sodium salt according to Eq. 1 in Fig. 1. 0.02 mol (2.462 g) nicotinic
acid was included into 50 mL of distilled water, and 0.02 mol NaHCO; (1.68 g)
was slowly added to it as a solid to prevent foaming due to prevent overflow and
the sudden release of CO, in the solution. Secondly, 0.02 mol (2.442 g) solution of
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Fig. 1 Nicotinic acid/nicotinamide metal-complex synthesis

nicotinamide molecule for another neutral ligand prepared in 50 ml of purified water
was added into the nicotinate ligand. The resulting solution was mixed in a magnetic
stirrer for 30 min to obtain a homogenous solution. Finally, the acetate salt of the
Co (II) cation for acting as the coordination center was slowly added to the reaction
vessel as 0.01 mol (2.491 g) solid according to Eq. 2 in Fig. 1. The obtained solution
was stirred on a magnetic stirrer hot-plate at 60 °C for 5 h. The diminished solvent
of the solution was preserved by adding not more than 100 mL in total. There were
two main purposes of mixing by heating. The first was to help the total solution to
be allowed to crystallize at room temperature to react more easily at a temperature
above room temperature. The other reason was to ensure that the reaction residue
acetic acid (CH;COOH), which had a very low pH increasing feature as a contami-
nant, was removed from the environment as much as possible [23, 31, 32]. The last
solution was transferred into a beaker and sealed with paraffin and left to stand until
crystal formed. The white acicular crystals formed after about 10-15 days were col-
lected and stored for structural analysis.

Chemical composition analysis data for the synthesized complex compound con-
firmed the proposed molecular formula. While chemical composition data of com-
plex experimentally were C: 47.84%, H: 3.85% and N: 14.13%, theoretically calcu-
lated chemical composition was C: 48.09%, H: 4.18% and N: 14.03%.

Device fabrications

A one-side polished p-type Si wafer was used as substrate and semiconductor mate-
rial for the fabricating of the Schottky type photodiode. It had 7.3 x 10'> cm™ car-
rier concentrations and (100) crystalline orientation according to the manufacturer.
The wafer was sliced into 1 x2 cm? pieces and then cleaned by an ultrasonic cleaner
in acetone, propanol and distilled water for 10 min in each solvent. Natural SiO, lay-
ers on the Si wafer pieces were removed by etching in the HF:H,O (1:10) solution
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for 30 s. Then, the pieces were immediately carried into a thermal evaporator, and
Al metal was evaporated as 100-nm-thicknesses onto unpolished surfaces of the
pieces. After, the pieces were annealed for only 5 min to obtain ohmic back contact
in the N, filled oven. Then, the 0.5, 1.0, 2.0 and 3.0 mg Co(C4H¢N,0),(CsH,NO,),].
!/,H,0 g complex was dissolved in four different vessels in 10 ml deionized water.
Thus, 0.5 mg Co-complex, 1.0 mg Co-complex, 2.0 mg Co-complex and 3.0 mg
Co-complex dissolved solution were applied onto polished side of Si surfaces by
spin coating technique for 30 s at 3000 rpm, and the substrates were heated up on a
heater at 80 °C for 1 h. The Co-complex/p-Si were transferred into thermal evapo-
rator chamber to achieve Al metallic contacts on the top surfaces by a hole array
mask with 7.85% 1073 ¢m? area. Thus, 0.5, 1.0, 2.0 and 3.0 mg Co-complex dis-
solved solution were interlayered Al/p-Si devices to achieve various molarities of
Co-complex material. The measurement system and schematic illustration of the Al/
Co-Complex/p-Si devices have been shown in Fig. 2.

Characterization

The TGA analysis was performed by Shimadzu TG60H instrument. The UV-Vis
spectrometer result was collected by Shimadzu UV-3600i Plus UV-Vis-NIR Spec-
trophotometer. The AFM images of the devices were taken by Park XE-100 AFM
from Park Systems. /-V characteristics of the obtained photodiode were measured
by Fytronix FY-7000 measurement system for dark and various light power illumi-
nation intensities.

Results and discussion
Structural properties

The thermal analysis curves of the coordination compound with mixed ligands of
the cobalt metal cation containing nicotinic acid/nicotinamide ligands have been

—l / Al Metallic Contact

Co-Complex
organic layers

Al Ohmic Contact

L ]

Fig.2 Schematic illustration as well as measurement setup of the Al/Co-Complex/p-Si devices
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presented in Fig. 3. The degradation steps and degradation products also have been
shown in Table 1. It is seen that the thermal degradation of the complex containing
the Co (IT) metal cation centered on nicotinate-nicotinamide ligands that takes place
in four steps. The first step is the dehydration step of the complex structure, and this
step consists of the removal a total of seven aqua molecules, five located outside the
coordination sphere and two in the coordinated position to the metal (exp. 18.83%,
calc. 18.71%). This result can be attributed to the degradation of organic ligands in
the second step and the removal of -NH, groups from the nicotinamide structures
(exp. 4.59%, calc. 4.75%). The next step is the step where the amount of organic
residue is burned away, and the weight loss is the highest. In this step, it is predicted
that the pyridine ring of the nicotinamide ligand burns together with the remain-
ing parts of nicotinamide ligands (exp. 53.87%, calc. 54.69%). In the fourth and last
step, it is observed that the last organic derivatives remaining in the complex struc-
ture are burned, and the theoretical and experimental weight losses also support our
claim (exp. 9.95%, calc. 10.69%). At the same time, the experimental and theoreti-
cal percent weight losses of the final decomposition product are in good agreement
(exp. 12.76%, calc. 11.16%). The reason for the slightly higher experimental residue
percentage was interpreted in the thermal analysis performed in an inert nitrogen
atmosphere that the carbon residues in the structure could not be completely burned
due to the lack of sufficient oxygen in the environment. It is believed that carbon
residues, which cannot be fully combusted, are deposited as carbonized carbon on
the metal oxide remaining as the final decomposition product in the reaction vessel.
For that reason, it was determined that the color of the expected yellowish metal
oxide was black.

Optical properties

The optical band gap behavior of the Co-complex structure was investigated by
UV-Vis spectrometer by using of Tauc plot [33]. Figure 4 shows the Tauc plot of
the Co-complex material. The Co-complex exhibited direct band gap transition, and
the band gap value was determined as 3.82 eV according to Tauc plot. This band gap
value is suitable for optoelectronic applications, and Co-complex can be employed
for optoelectronic devices.

Fig.3 TG-DTG and DTA 100
curves of the [Co(C¢H¢N,0),
(CcH4NO,),(H,0),]-1/2(H,0) 80 A
complex 9
§ 60 w
a o
s 40 — |2
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Fig.4 Tauc plot of the [Co(CcHgN,0),(CcH,NO,),(H,0),]-1/2(H,0) complex
Morphological properties

AFM images of the Co-Complex interlayers have been shown in Fig. 5 for chang-
ing molarities in water solvent. While the Co-Complex molarity increased, the
grain size of the Co-complex film increased and changed from the spherical shape
to shapeless agglomeration structures. However, all the films exhibit a uniform sur-
face, and they have a suitable surface for the metal semiconductor interfacial layer
[34]. The thicknesses of the 0.5 mg Co-complex, 1.0 mg Co-complex, 2.0 mg Co-
complex and 3.0 mg Co-complex were determined as 120 nm, 124 nm, 130 nm and
136 nm, respectively, by AFM.

Electrical properties

In I-V plots of the Al/Co-Complex/p-Si photodetector devices have been given in
Fig. 6a—d for 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg Co-complex amounts dissolved
same volume water, respectively, for increasing light power intensity from dark to
100 mW/cm? by 20 mW/cm? interval. There can be seen a shift toward forward bias
region at minimum current values of the devices under light illumination while the
Co-complex amount increases to 1.0 mg. This shift can be attributed to photovol-
taic behavior of the Al/Co-Complex/p-Si devices. Furthermore, the devices showed
good photodiode properties due to increasing current at reverse biases when the
light power intensity increased [35]. The current values of the Al/Co-Complex/p-Si
photodetector devices increased up to 2.0 mg Co-complex amount, and then slightly
decreased for each light power intensity at reverse biases. The reason of this slightly
decrease at the current values of 3.0 mg Co-complex used device can be attributed
to increasing interface states as well as defects due to increasing of molarity [36,
37].
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Fig.5. 2D AFM images of the Co-Complex depending increasing dissolved materials

Figure 7a—d display the rectifying ratio (RR) versus power intensity plots of the
Al/Co-Complex/p-Si photodetector devices for 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg
Co-complex dissolved solution, respectively. All devices exhibited well rectifying
behaviors owing to having low reverse bias and higher forward bias currents at the
I-V characteristics under dark condition. Furthermore, the RR values decreased
by increasing the Co-complex amount due to increasing reverse bias currents. The
devices continued to protect their rectifying behaviors even if increasing light power
intensity. The results highlight that Co-complex interlayer can be improve diode
behavior of the Al/p-Si by increasing photocurrent at reverse biases.

The device parameters such as barrier height (@,) and ideality factor (n) val-
ues can be calculated by thermionic emission theory, and their calculation for-
mulas are given everywhere [38—40]. Figure 8a—d show barrier height and ideal-
ity factor changes for increasing light power intensity of the Al/Co-Complex/p-Si
devices in the Co-complex amounts of 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg in solu-
tion, respectively. Generally, the @, values increased suddenly for 20 mW/cm? light
power intensity and then decreased for other light power intensities. These changes
at the @, values can be attributed increasing barrier inhomogeneity in the complex
structures [41]. The ideality factor values decreased with increasing Co-complex
amounts in the solution, but they increased with increasing light power intensity
for all devices owing to increasing forward bias current velocity with the increasing
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Fig. 6 In I-V plots of the various ratios of the Al/Co-Complex/p-Si devices a 0.5 mg, b 1.0 mg, ¢ 2.0 mg
and d 3.0 mg Co-complex dissolved solutions

light power. The higher values of the ideality factor than unity can be attributed to
barrier inhomogeneity and interface states [42]. The calculated @, and n values have
been listed in Table 2 for the various Co-complex amounts in the solution. While the
n values decreased with increasing Co-complex amount, the barrier height values
exhibited fluctuation due to barrier inhomogeneity of the devices.

The junction resistance (R;) provide to better understanding of the metal semi-
conductor devices and can be determined from /-V characteristics by the formalism
of the Rj=dV/dI [43]. It has shunt resistance (R;,) and series resistance (R;) compo-
nents for the reverse and forward bias regions, respectively [44]. R~V plots of the
Al/Co-Complex/p-Si devices have been displayed in Fig. 9a—d for the Co-complex
amounts of 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg in same volume water solutions,
respectively. The R, and R regions at reverse and forward biases have been clearly
seen in the RV plots. The devices exhibited high R, (10° Q level) and low R, (10’
Q level) values, and these values confirmed suitable device performance for opto-
electronic applications [45].

Norde technique can also be used to calculate series resistance and to confirm
the accuracy of the barrier height values of the metal semiconductor devices. Fig-
ure 10a—d indicate the Norde function plots of the Al/Co-Complex/p-Si devices
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Fig.7 RR versus power intensity plots of the various ratio of the Al/Co-Complex/p-Si devices a 0.5 mg,
b 1.0 mg, ¢ 2.0 mg and d 3.0 mg Co-complex dissolved solutions

for Co amount of 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg, respectively. The plots
clearly show normal Norde function profiles depending on the voltage. The calcu-
lated @, and R, values have been listed in Table 2 for various amount Co-complex
interlayered devices. The calculated @, values are in good consistency with the
®,, values calculated from thermionic emission theory. The R, values also have
good harmony with the R, values obtained from the R~V plots of the devices.
The small deviation can be attributed to approximation types as well as non-ideal
device structures [46].

The Cheung method also can be used to calculate series resistance, ideality
factor and barrier height values for metal semiconductor devices, and the calcu-
lation processes can be found everywhere [47, 48]. While the intercepts of the
dV/d(In I) and H(I) Cheung functions are used to calculate ideality factor and bar-
rier height, the slopes of these functions reveal two series resistance values [49].
If these series resistance values are close to each other, the Cheung method works
right [50]. Figure 11a—d present the Cheung plots of the Al/Co-Complex/p-Si
devices for Co-complex amounts of 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg in same
volume water solvent, respectively. The plots of the dV/d(In I) functions exhibited
straight lines with some of deviation from linearity due to unwanted defects in
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Fig.8 n-@, plots of the various Co doped Al/Co-Complex/p-Si devices a 0.5 mg, b 1.0 mg, ¢ 2.0 mg
and d 3.0 mg Co-complex dissolved solutions

the interface of the devices [51]. The calculated n, @, and R, values have been
tabulated in Table 2 for Co-complex amounts in the same solutions of the Al/Co-
Complex/p-Si devices. The obtained n, @, and R, values have good harmony with
the device parameters obtained from other techniques, and the results confirm the
consistency of the other techniques.

The current transient measurements in an applied voltage for photodiodes can
provide to understand photosensitivity, responsivity as well as detectivity charac-
teristics depending on the changing power intensity [52-55]. The current tran-
sient plots of the Al/Co-Complex/p-Si devices for Co-complex amounts of 0.5 mg,
1.0 mg, 2.0 mg and 3.0 mg in the same volume solution have been presented in
Fig. 12a—d, respectively. The devices clearly gave immediate responses for every
light power illumination. The obtained current amount decreased with the increas-
ing Co-complex amount in the solvent for every light power.

Various detector parameters of the Al/Co-Complex/p-Si devices were calculated
by using of the current transient measurements. The photocurrent (1), photosensi-
tivity (K), responsivity (R) and specific detectivity (D”) equations are addressed in
the next equation, respectively.

Ip = Ilight = Lyark (@))]
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R=-2 3)

21 gk @

where A is the effective detector area, and P represents incident power density.
Table 3 exhibits changes of the Ip, R, K and D" values depending on the increas-
ing light power intensity for the 0.5 mg, 1.0 mg, 2.0 mg and 3.0 mg amounts of
the Co-complex added solution of the Al/Co-Complex/p-Si devices. The /, values
slightly decreased with increasing Co-complex amount at lower light power, but
they slightly increased toward higher light power intensity. This case can be attrib-
uted to that increasing molarity caused to increase interfacial traps to capture mobil-
ity charges more at lower light power. In the case of increasing light power inten-
sity for every device, the /, values increased almost linearly due to obtaining more
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Fig. 10 F(V) -V plots of the various Co doped Al/Co-Complex/p-Si devices a 0.5 mg, b 1.0 mg, ¢
2.0 mg and d 3.0 mg Co-complex dissolved solutions

charge carriers in the depletion regions of the devices. The K values increased both
the increasing Co-complex amount in the Al/Co-Complex/p-Si devices and increas-
ing light power intensity owing to linear relation of K and /,. The increasing pho-
tosensitivity with increasing light power can be depended on the photoconductive
behaviors of the Al/Co-Complex/p-Si devices [56]. The R values decreased with
increasing light power depending on the reciprocal relation between the power and
responsivity as well as increasing Co amount in the complex interlayer. While the
Co-complex amount increased in the complex interlayer, D” values increased. How-
ever, they generally decreased with increasing light power intensity.

Conclusion

Co metal centered Nicotinamide and nicotinic acid ligand complexes (Co-com-
plexes) were synthesized, and characterized by TGA, UV-Vis spectroscopy and
AFM. The TGA analysis revealed that the Co-complexes exhibited four degrada-
tion steps to confirm the composition of the Co-complex. UV—-Vis spectroscopy
was employed to show Tauc plot and determine the band gap of the Co-complex.
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Fig. 11 Cheung plots of the various Co doped Al/Co-Complex/p-Si devices a 0.5 mg, b 1.0 mg, ¢ 2.0 mg
and d 3.0 mg Co-complex dissolved solutions

The Co-complex has 3.82 eV band gap energy value. The AFM images exhibited
spherical shape with changing toward agglomeration by increasing molarity of the
Co-complex. The Co-complexes with various weight amounts of 0.5 mg, 1.0 mg,
2.0 mg and 3.0 mg were dissolved in water, and then the solutions were coated
onto Si wafer pieces to fabricate Al/Co-complex/p-Si devices. I-V and /-t measure-
ments were employed to reveal electrical behaviors of the Co-complex in a metal
semiconductor device for various light power illumination intensities. Various diode
parameters such as ideality factor, barrier height, series resistance as well as rectify-
ing ration values were calculated depending on the Co-complex molarity and light
power illumination intensity. Furthermore, photodetector parameters also were cal-
culated and discussed from /—¢ characteristics of the Al/Co-complex/p-Si devices in
details. The results indicate that complex materials can be employed for better pho-
todiode and photodetector performances.
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Table 3 Various detector parameters of the Al/Co-Complex/p-Si devices for changing Co-complex
amount

Co-complex  Power Photocurrent (A) Photosensitivity - Responsivity Specific detec-
amounts (mW/cm?) (A/W) tivity (Jones)
0.5 mg 20 5.00x107 0.03 31.83 1.30x 10"
40 6.00%x 107 0.04 19.10 7.78%10'°
60 8.00x107° 0.05 16.98 6.91x10"
80 9.00x 107 0.06 14.32 5.83x 100
100 9.00x 107 0.06 11.46 4.65x10"
1.0 mg 20 4.49%x107 0.04 28.58 1.30x 10"
40 6.41x107 0.05 20.41 9.27x10'"
60 7.53%107 0.06 15.97 7.24%10"
80 8.29%107° 0.07 13.20 5.97x 10"
100 9.58x 107 0.08 12.20 5.51%10"
2.0 mg 20 3.55%x 107 1.06 22.59 6.11x 10"
40 6.05x107 1.80 19.26 5.20x 10"
60 9.19x107 272 19.50 5.26x 10!
80 1.22x 107 3.61 19.45 5.24x 10"
100 1.56x 107 4.61 19.92 5.36x 10"
3.0 mg 20 2.81x107 24.72 17.86 2.63%x10?
40 6.01x107 52.14 19.12 2.79% 102
60 9.24x 107 78.89 19.61 2.84%10'"
80 1.23x107* 103.06 19.54 2.80x 102
100 1.56x 107 129.05 19.90 2.83%x 102
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