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ABSTRACT

Efforts have been increased to create efficient photodiodes using a variety of

interface layers such as organics, insulators, polymers, and metal oxides.

Therefore, in this study, novel 4,5-diazafluorene ligands and their ruthenium (II)

complexes were designed, synthesized, and elucidated by using 1H NMR, FT-

IR, UV-Vis, and mass spectroscopic (LC–MS) methods. The NMR, FT-IR, UV-

Vis, and LCMS spectrometer results explained and confirmed the structure of

the 4,5-diazafluorene ligands and their ruthenium (II) complexes. The obtained

4,5-diazafluorene ligands and their ruthenium (II) complexes were used as

interfacial layer for Schottky type photodiode and characterized by I-V mea-

surements for various light power intensities. Various diode parameters such as

rectification ratio, series resistance, and barrier height as well as ideality factor

values were extracted and discussed in details. The results revealed that the

fabricated Schottky type photodiodes with 4,5-diazafluorene ligands and their

ruthenium (II) complex interlayers can be employed and improved for opto-

electronic applications.

1 Introduction

The 4,5-diazafluorene (dafH) ligands were first

reported in the late ‘70s by two-step modification

from the 1, 10-phenanthroline molecule [1–4]. The

dafH ligand can be considered as a 2, 2’-bipyridine

(bpy) derivative containing a methylene bridge

inserted between two pyridine rings (Fig. 1) [5]. The

methylene group effectively binds the two pyridine

rings, thus resulting in an extension between the N–

N distance [5, 6]. This makes dafH and its derivatives
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a weaker r-binding ligand when compared to bpy.

This increases or facilitates the dissociation of one of

the donor N atoms. Thus, it provides a unique

opportunity for the formation of unstable binuclear

complexes that can be catalytically active [7]. Also,

for many years, dafH ligands have been drawing

attention by researchers in many fields such as cancer

researches [8, 9], polymers [10, 11], organic electron-

ics [12], sensors [13, 14], catalyst [15]. DafH deriva-

tives are generally significantly lower than bpy in the

spectrochemical series, which causes to occurring

energetically lower state ligands.

Studies on effective and affordable optoelectronic

devices that transform light into electrical energy are

now crucial because of the world’s rising energy

needs. Metal-semiconductor contacts have attracted

for optoelectronic applications such as photodiodes,

photodetector, and phototransistors devices [16]. The

most effective approach is to convert light intensity to

an electrical signal with photodiodes. The character-

istics of the photodiode affect how effectively the

conversion process works. Due to the low mobility of

the charge carriers in these materials, the active layer

should be thin and typically less than 100 nm. Thin-

ner layers provide more efficient charge

transmission, but they reduce the amount of light

absorbed [17]. To create a junction in photodiodes,

metal-oxide semiconductors are typically placed on

silicon (Si) substrates. In photodiode designs, a vari-

ety of oxide semiconductors have been employed

[18]. Some of materials such as organic materials,

polymers, metal oxides, or insulator layers can be

inserted between the metal and semiconductor to

improve performance of these devices [19–22].

According to literature, various material types have

been used as interlayers to improve the durability,

stability, and efficiency of heterojunctions [23, 24].

Thus, these devices can be more efficient and pow-

erful for optoelectronic applications. Organic mate-

rials are appealing to a variety of fields and

researchers because of their versatility, compatibility

with the environment, and inexpensive and healthy

behaviors [25]. Organic materials and polymers are

emerging materials, which have gained vast atten-

tions nowadays. Depending on the intended use,

their optoelectronic properties can be easily modified

by manipulating the molecule structure to enhance

radiative recombination, charges transport, or pho-

togeneration [26].

Fig. 1 Molecule structures of C6, [Ru(bpy)2C6] and [Ru(C6)2(NCS)2]
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In this research, methoxy and hydroxyl functional

groups containing aldehyde compound combined

with hyrazone derivative of daf with two azomethine

bonds. Both Ruthenium bipyridine and isothio-

cyanate complexes of novel ligand were prepared.

Characterizations of compound were carried out by

FT-IR, NMR, UV-vis, and LCMS methods. The syn-

thesized methoxy and hydroxyl functional groups

were used as interfacial layer between the Al and p-Si

to investigate performance effect of the Schottky type

photodiodes.

2 Experimental section

2.1 Chemicals

1, 10-phenanthroline monohydrate (Merck),

syringaldehyde (Aldrich), hydrazine hydrate (Mer-

ck), all other chemicals were purchased from com-

mercial sources and used as received without any

further purification.

2.2 Synthesis

The precursors 4,5-diazafluorene-9-one (dafo), 4,5-

diazafluorene-9-hydrazone (dafh), and cis-(bpy)2-
RuCl2�2H2O were produced and purified in accor-

dance with well-known literature [27, 28].

2.2.1 Synthesis of 4-(((5H-cyclopenta[1, 2-b:5,4-

b’]dipyridin-5-ylidene)hydrazono)methyl)-2,

6-dimethoxyphenol (C6)

A 50 mL single-neck round-bottom flask was filled

with the following ingredients: dafh (136.1 mg, 0.69

mmol), syringaldehyde (127.5 mg, 0.7 mmol), cat-

alytic quantity of p-toluenesulfonic acid (PTSA), and

25 mL toluene. The mixture was then stirred at

105–115 �C under an argon atmosphere for 16 h. TLC

kept track of how the reactions were progressing.

After the solvent was reduced by half through rotary

evaporation, the crude products were precipitated at

room temperature, filtered through borosilicate glass

D4 filters, purified twice with 10 mL of cold diethyl

ether and 10 mL of cold water, and then dried in a

vacuum for an entire night at 40 �C. 220 mg red solid

product was obtained. Yield: % 91. FT-IR (ATR,

cm-1): 3400 - 2700 m(broad, O–H), 1628 m (9-position

of dafH, C = N), 1601 and 1578 (C = N dafH), 1580

and 1499 m(phenyl, C = C). 1H NMR (500 MHz,

DMSO) d 8.86 (s, 1H), 8.74 (d, J = 25.4 Hz, 2H), 8.30 (s,

1H), 7.66–7.03 (m, 5H), 5.75 (s, 1H), 3.90 (s, 5H).

LCMS-QTOF: m/z: 361.12 [M ? H]?.

2.2.2 Synthesis of [Ru(bpy)2C6]

cis-(bpy)2RuCl2 (57.0 mg, 0.117 mmol), C6 (43.24 mg,

0.12 mmol), KPF6 (44.17 mg, 0.24 mmol) and 15.0 mL

methanol were added to 25.0 mL single-neck round-

bottom flask and stirred at 60–65 �C under the argon

atmosphere for 12 h. After the solvent was removed

by rotary evaporation, the crude product was washed

with 10.0 mL cold methanol twice times for removing

excess of ligand and KPF6; then product was dried in

vacuum overnight at 40 �C. 60.0 mg red solid pro-

duct was obtained. Yield: % 48 FT-IR (ATR, cm-1):

3092 m (Ph, C = H), 1738 m (9-position of dafH,

C = N), 1661. LCMS: m/z 919.0 [M ? H ? PF6]
?,

and [1064.1 M ? 2PF6]
?.

2.2.3 Synthesis of [Ru(C6)2(NCS)2]

RuCl3�xH2O (21.1 mg, 0.1018 mmol), C6 (73.36 mg,

0.203 mmol), a small amount of LiCl and 12 mL DMF

were added to 25 mL single-neck round-bottom flask

and stirred at 150–160 �C under the argon atmo-

sphere for 8 h. After the color of the reaction mixture

turned to violet, NH4NCS (16 mg, 0.21 mmol), KPF6
(38.6 mg, 0.21 mmol), 3 mL DMF were added to the

flask and the reaction was continued for 12 h under

the argon atmosphere at 150–160 �C. The solvent was

removed by rotary evaporation, the crude product

was washed with 10 mL cold methanol twice times

for removing excess of ligand, NH4NCS and KPF6;

then the product was dried in the vacuum overnight

at 40 �C. 64.0 mg black solid product was obtained.

Yield: % 51.0 FT-IR (ATR, cm-1): 3500 - 2500

m(broad, O–H), 3064 m (Ph, C = H), 2101 and 1963 (-

NCS), 1655 m (9-position of Daf, C = N) and 1507. LC–

MS: m/z 1084.1 [M ? 2H ? PF6]
?, 1231.1

[M ? 4H ? 2PF6]
?.

2.3 Fabrication of devices

Fabrication of the devices started with the slicing and

cleaning of the p-type Si wafer. A one-side polished p-

type Si wafer which had (100) crystalline orientation

and 7.3 9 1015 cm-3 carrier concentrations was divi-

ded into 1 9 2 cm2 pieces and then cleaned in
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acetone, propanol, and distilled water by an ultra-

sonic cleaner for 30 min. Naturally composed SiO2

layers were etched by using of the HF:H2O (1:10)

solution for 30 s. The pieces were immediately put

inside a thermal evaporator arranged at 5 9 10-6 -

Torr pressure to obtain back contact, and Al metal

was evaporated as 150 nm thicknesses onto unpol-

ished surfaces of the pieces. The prepared solutions

of the C6, [Ru(bpy)2C6] and [Ru(C6)2(NCS)2] in

ethanol were coated on the wafer pieces by spin

coating technique at 3000 rpm for 30 s. Organic film

layers were coated again with 100 nm Al as patterned

dots to obtain metallic contact by a hole array mask in

thermal evaporator. Thus, Al/C6/p-Si, Al/

[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes were fabricated for the C6, [Ru(bpy)2-
C6], and [Ru(C6)2(NCS)2] inter layers. The schematic

illustration as well as measurement system of the Al/

C6/p-Si, Al/[Ru(bpy)2C6]/p-Si and Al/[Ru(C6)2
(NCS)2]/p-Si photodiodes have been shown in Fig. 2.

3 Results and discussion

3.1 Synthesis and characterization

FT-IR band changes in the functional groups of

starting compounds and final products were used for

monitoring of purities of compound and occurrence

of reactions. The FT-IR spectrums of the phen, dafo,

and dafh have been given in Fig. S1, S2, and S3,

respectively. Firstly, dafo was obtained from phen by

the reaction of potassium permanganate in basic

aqueous media. As a result of reaction, oxidative ring

contraction occurred, and we observed the carbonyl

stretching band at 1715 cm-1. In the next step, car-

bonyl functional group converted to hydrazone via

the reaction of dafo with hydrazine hydrate in acidic

medium. In the FT-IR spectrum, the disappearance of

the peak of the carbonyl group at 1715 cm-1 in dafo

and the peaks of the amine group between 3374 and

3305 cm-1 indicate that the dafh molecule was

formed. In the ligand synthesis, condensation reac-

tion of aldehyde unit of syringaldehyde with primary

amine unit of dafh resulted Schiff base formation

(Scheme 1). Toluene was used as a non-aqueous

solvent with a high boiling point in order to obtain

good yields in the Schiff base reaction. The disap-

pearance of the amine group of Dafh at 3370,

3310 cm-1 and the carbonyl group of syringaldehyde

at 1667 cm-1 as a result of the condensation reaction,

and the formation of a band of weak azomethine

stretching vibrations at 1628 cm-1 indicate the for-

mation of the C6 compound (Fig. S5). The 1H NMR

spectrum of C6 is provided in Supplementary Infor-

mation (Figures S6 and S7, respectively) and recor-

ded in DMSO-d6. The
13C NMR spectrum of C6 was

not recorded due to the poor solubility of the com-

pounds in deuterated solvents. 1H NMR of the C6

compound showed single peaks at 3.90 ppm of the

- Me group and 5.75 ppm of the - OH group. In

addition, multiplets seen between 8.83 and 6.97 ppm

Fig. 2 Schematic illustration as well as measurement setup of the

Al/[Ru(bpy)2C6]/p-Si, Al/C6/p-Si and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes

Scheme 1 The synthesis route of C6 ligand a KMnO4, KOH,

H2O, D; b AcOH, NH2NH2, MeOH, 8 h; c Toluene, 16 h, PTSA,

105–115 �C
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the signals originated from the protons of the aro-

matic groups. The molecular ion peak of C6 was

appeared at m/z: 362.12 [M ? H]?.

Ruthenium bipyridine complex was synthesized

by reaction of C6 with cis-(bpy)2RuCl2�2H2O 1:1

molar ratio in methanol. Ruthenium isothiocyanate

complex of C6 was synthesized with two-step syn-

thetic processes. Firstly, cis-C62RuCl2 complex was

synthesized by the reaction of RuCl3�xH2O with C6 in

1:2 mol ratios. After the reaction mixture turned

violet about at the end of 8 h, a little excess amount of

NH4NCS and KPF6 from 1:2 mol ratio was added to

the mixture. Then, the reaction was continued for

12 h until the color turned black and LiCl was used to

prevent the dissociation of the Cl anion in the syn-

thesis of the Cis-C62RuCl2 complex [21]. KPF6 was

used as a complementary ion source in the

precipitation of complex compounds (Scheme 2). The

shifts in the FT-IR bands are important spectroscopic

data for understanding metal-ligand coordination. In

the characterization of the ruthenium bipyridine

complex; While the stretch band belonging to the

imine group was observed at 1628 cm-1 in com-

pound C6, it shifted to 1738 cm-1 after the formation

of Ru (II) complexes. In the characterization of

Ruthenium isothiocyanate complex with FT-IR; The

bands at 2101 and 1960 cm-1 belong to the -NCS

group [29]. Mass analyzes are prominent for charac-

terization of complexes, and LCMS was used for this

purpose. A 3-min. direct infusion electrospray ion-

ization mass spectrometry (DI-ESI-MS) method was

applied in positive ion mode. Mass spectra were

obtained by introducing samples to the MS in a

mixture of 49.95% acetonitrile (HPLC grade), 49.95%

Scheme 2 The syntheses route of ruthenium bipyridine and isothiocyanate complexes a MeOH, 60–65 �C, 12 h b RuCl3�xH2O, LiCl,

DMF, 150–160 �C, 8 h; c NH4NCS, KFP6, DMF, 150 �C, 12 h
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water (ultra-pure), and 0.1% formic acid (v/v) at a

flow rate of 0.6 mL/min. Evidently; m/z 919.0 and

1064.1 are proved the formation of [Ru(bpy)2C6]

complex. Clearly, m/z 1084.1 and 1231.1 are proved

the formation of [Ru(C6)2(NCS)2] complex. PF6
anions were observed in mass spectra of each

complex.

3.2 Optical properties

The electronic absorption spectra of C6 ligands and

its Ru (II) complexes were measured in methanol

(Fig. 3). Absorption peaks of C6 were observed at

228, 304, 394 nm associate with n-p*, n-r* and p-p*
transitions. Absorption peaks of Ru (II) bipyridine

complex were observed at 216, 287, and 446 nm. Peak

Fig. 4 The I–V characteristics of the a Al/C6/p-Si, b Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes for various light

power illumination intensities at per cm2

Fig. 3 UV-vis absorption spectra of the C6, [Ru(bpy)2C6] and

[Ru(C6)2(NCS)2]
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at 446 nm is associate with metal-to-ligand charge-

transfer (MLCT) transitions in Ru (II) bipyridine

complexes. Absorption peaks of Ru (II) isothio-

cyanate complex were observed at 218, 305, 373 nm.

Peak at 373 is associate with metal-to-ligand charge-

transfer (MLCT) transitions and this transition band

extends to 573 nm.

3.3 Electrical properties

The fabricated Al/C6/p-Si, Al/[Ru(bpy)2C6]/p-Si

and Al/[Ru(C6)2(NCS)2]/p-Si devices were charac-

terized by I–V measurements at different light power

illumination levels. The light power illumination

dependent I–V characteristics of the Al/C6/p-Si, Al/

[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes have been displayed in Fig. 4a, b, and c,

respectively. The photodiodes exhibited good pho-

todiode behavior at reverse biases because the cur-

rent clearly increased with increasing light power

intensity. The reverse current increased 10 times with

20 mW/cm2 for all devices, and then they exhibited

slowly increment for other light power intensities.

The Al/[Ru(bpy)2C6]/p-Si photodiode is the best

photoconductive behavior among the other obtained

devices. In the case of forward biases, generally cur-

rent increased slightly with increasing light power

intensity. Having different current profiles for vari-

ous interlayered devices can be attributed to effect of

the type or formation of the interfacial layer material

between the metal and semiconductor [20, 30].

The obtained devices can be clearly used for pho-

todetector applications due to increasing current at

reverse biases with increasing light power intensity

according to dark condition [31]. However, Al/

[Ru(bpy)2C6]/p-Si device exhibited good perfor-

mance for increasing light power. The other devices

clearly did not show high level increase for increas-

ing light power intensity. These results can be

attributed to chemical structure of the interfacial

layer as well as current saturation level.

The various organic interlayered photodiodes

were compared for the performance under dark and

100 mW/cm2 light power intensity. Figure 5a and b

show the comparison of the Al/C6/p-Si, Al/

[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes in the case of dark and 100 mW/cm2

light power intensity. According to Fig. 5, the Al/

[Ru(bpy)2C6]/p-Si photodiode exhibited least current

under dark and highest current under 100 mW/cm2

light power intensity.

The rectifying ratio (RR) is important for diodes to

show their ability against to flowing current, and it is

calculated by the ratio of the forward current to

reverse current (RR = Iforward/Ireverse) at same voltage

value [32]. Figure 6 exhibits light power intensity

dependent RR values (at 3 V) for the Al/C6/p-Si, Al/

[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes. The RR values were calculated as

8.90 9 103, 1.98 9 104, and 3.33 9 103 for the Al/C6/

Fig. 5 Comparison the I–V characteristics of the Al/C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes a dark and

b 100 mW/cm2 light power illumination intensity
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p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(-

NCS)2]/p-Si photodiodes, respectively. However, the

RR values decreased and then stayed almost constant

with increasing light power intensity due to increas-

ing reverse bias currents.

In a study by Yuan, a high rectification ratio of 607

at ± 1.65 V and a low turn-on voltage of 0.9 V were

achieved for the device in dark, such high RR was

ascribed to high electron mobility of ZnO NPs and

large ZnO NPs/SubPc interface in the device [33]. In

another study by Yuan, rectification ratio of 3211 at

2 V and a low turn-on voltage of 0.5 V in the dark

were achieved [34]. Gencer Imer et al. received good

rectification ratio of 2.4 9 104 at ± 7 V using Al/

Ru(II) complex/p-Si photodiode [35]. In a study by

Hussaini et al., RR of 36,800 were achieved using

LiCoO2 interlayer in Schottky photodiode structure

[36]. In another study by Kocyigit et al., rectification

ratios were achieved between 42 and 45 for Al/Cd-

complex/p-Si and Al/Co-complex/p-Si photodiode

devices [37]. Herein, the obtained results in this study

could hold an extremely good record compared to

literatures.

To better understanding of device characteristics,

the diode parameters such as ideality factor (n), bar-

rier height (ub), and series resistance (Rs) can be

extracted from the I–V characteristics. There are three

general methods to determine these parameters:

thermionic emission, Cheung, and Norde methods.

The current (I) is given by next equation according to

thermionic emission theory:

I ¼ I0 exp
qV

nkT

� �
1� exp � qV

nkT

� �� �
; ð1Þ

where I0 exhibits saturation current and addressed

by next equation:

I0 ¼ AA�T2exp � qub

kT

� �
; ð2Þ

where k and q show Boltzmann’s constant and

charge of the electron. While the A displays the diode

area, T and A* represent the measurement tempera-

ture and Richardson constant (32 A/cm2K2 for p-type

Si), respectively. The n and ub are accounted by fol-

lowing formulas from the slope of the second linear

region and the saturation current at the I–V curve:

Table 1 Various diode parameters of the Al/C6/p-Si, Al/BPY/p-Si, and Al/NCS/p-Si photodiodes

Interface

type

Saturation

current (I0)

n

(I–V)

–

n Cheung

–

Ub (I–V)

(eV)

Ub Cheung

(eV)

UbNorde

(eV)

Rs Cheung

(X (H(I)))

Cheung

(X (dln(I)))

RsNorde

(X)

C6 2.92 9 10-7 3.00 3.06 0.65 0.64 0.71 67.59 74.46 58.26

[Ru(bpy)2C6] 3.00 9 10-6 3.51 3.52 0.62 0.63 0.64 74.32 95.22 38.69

[Ru(C6)2(NCS)2] 6.75 9 10-6 3.69 3.77 0.57 0.58 0.61 96.33 102.09 30.18

Fig. 6 The RR values versus light power intensity of the Al/C6/p-

Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si

photodiodes
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n ¼ q

kT

dV

d ln I

� �
ð3Þ

/b ¼
kT

q
ln

A�AT2

I0

� �
ð4Þ

The n and ub values calculated from the thermionic

emission theory were tabulated in Table 1 for the Al/

C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(-

NCS)2]/p-Si photodiodes. All the devices has higher

ideality factor values than unity due to interface

states, barrier inhomogeneity, non-uniform interlayer

[38, 39]. The Al/C6/p-Si photodiode has highest

barrier height and lowest ideality factor value. The

ideality factor and barrier height values changed

depending on the organic complex of [Ru(bpy)2C6]

and [Ru(C6)2(NCS)2] due to changing charge carriers

and interface states [40].

The junction resistance (Rj) is important parameter

to better understanding of the diode characteristics

and obtained from I–V characteristics [41]. The Rj has

series resistance (Rs) and shunt resistance (Rsh) com-

ponents at forward and reverse biases, respectively

[16]. The Rj is given by next equation from the I–V

measurements:

Rj ¼
oV

oI
ð5Þ

Fig. 7 The Rj changes of the a Al/C6/p-Si, b Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes depending on the applied

voltage
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Rj-V plots of the Al/C6/p-Si, Al/[Ru(bpy)2C6]/p-

Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes have

been shown in Fig. 7a, b, and c, respectively. The

photodiodes clearly have Rsh and Rs regions at

reverse and forward biases, respectively. While the

forward bias regions reveal that all devices have low

series resistance than 100 X, reverse bias region dis-

play that, all photodiodes have 106 X levels shunt

resistance. These values are good agreement with the

proper optoelectronic devices [42]. The Al/

[Ru(bpy)2C6]/p-Si photodiode has highest shunt

resistance and lowest series resistance according to

Rj-V plots.

The barrier height and series resistance values can

be calculated by Norde technique. The Norde

technique is used Norde Function to obtain device

parameters, and it is given by following equation

[43]:

F Vð Þ ¼ V

c
� kT

q
ln

I Vð Þ
AA�T2

� �
; ð6Þ

where I(V) exhibits current of related voltage. c
shows closest integer higher than n. Norde function is

reorganized to calculate the ub and Rs values, and

they are given by next equations:

ub ¼ F V0ð Þ þ V0

c
� kT

q

� �
ð7Þ

Fig. 8 The Cheung plots of the a Al/C6/p-Si, b Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes
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Rs ¼
c� n

I

kT

q
; ð8Þ

where V0 represents the minimum voltage value

related minimum F(V). F(V) versus V plots of the Al/

C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2
(NCS)2]/p-Si photodiodes have been displayed in

Fig. 8a, b, and c, respectively. The photodiodes have

exhibited normal Norde plots, and thus, the ub and

Rs values can be calculated by using Norde plot [44].

The ub and Rs values have been listed in Table 1 for

each photodiode. The calculated Rs values highlight

that all photodiodes have low series resistance. The

ub values obtained from Norde technique are in well

harmony with the thermionic emission ub values.

Small differences can be dependent to approximation

differences between techniques [45]. Cheung

technique are also used nonlinear region of forward

bias I–V curve to calculate ideality factor, series

resistance as well as barrier height of the diodes [46].

There are two Cheung functions, and they are

expressed by next equations:

dV

d lnIð Þ ¼ IRs þ n
kT

q
ð9Þ

H Ið Þ ¼ V � n
kT

q

� �
ln

I

AA�T2

� �
; ð10Þ

where H(I) can be reorganized to following equation:

H Ið Þ ¼ IRs þ nub ð11Þ

Equations 9 and 11 clearly show the linear equa-

tion for the dV/d(lnI) and H(I) functions for the cur-

rent variable. While the intercepts reveals the n from

Fig. 9 The Cheung plots of the a Al/C6/p-Si, b Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2(NCS)2]/p-Si photodiodes
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dV/d(lnI) and ub from H(I) functions, the slops of the

these plots give the Rs values for two functions

[47, 48]. Figure 9a, b and c exhibit the Chung plots of

the Al/C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/

[Ru(C6)2(NCS)2]/p-Si photodiodes, respectively.

Some deviations from linearity for Cheung plots can

be seen owing to the interfacial layer effect. The n, ub

and Rs values have been given in Table 1 for the Al/

C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/[Ru(C6)2
(NCS)2]/p-Si photodiodes.

The series resistance values of each photodiode

obtained by two Cehung functions are in good

agreement with each other, and this result confirms

the consistency of the Cheung method. The compar-

ison of the diode parameters with the other tech-

niques reveals that the obtained diode parameters are

close each other and can be accepted for comparison.

The small differences can be dependent upon the

approximation type as well as non-ideal diode

structure or interfacial organic layers [49].

4 Conclusion

In this study, a novel 4,5-diazafluorene ligands and

their ruthenium (II) complexes were successfully

synthesized and characterized by using 1H NMR, FT-

IR, UV-Vis and mass spectroscopic (LC–MS) meth-

ods. The FT-IR, NMR, UV-Vis, and LCMS spec-

trometer results explained and confirmed the

structure of the 4,5-diazafluorene ligands and their

ruthenium (II) complexes.

The FT-IR and NMR results confirmed step by step

synthetization of 4,5-diazafluorene ligands and their

ruthenium (II) complexes. The UV-Vis spectrometer

revealed absorption peaks of C6 ligands and Ru (II)

complexes for various peak region and transitions.

The LC–MS results showed formation of Ru (II)

complexes as well as PF6 anions. The effects of the C6

ligands and Ru (II) complexes between the Al and p-

Si on Schottky type photodiode behaviors were

characterized by I–V measurements for various light

power intensities. While the ideality factor values of

the Al/C6/p-Si, Al/[Ru(bpy)2C6]/p-Si, and Al/

[Ru(C6)2(NCS)2]/p-Si photodiodes were obtained as

3.00, 3.51, and 3.69, barrier height values were cal-

culated as 0.65, 0.62, and 0.57 eV, respectively. The

RR values were obtained as around 103–104 levels.

The junction resistance plots revealed that the devices

had low series resistance and high shunt resistance

values. The C6 ligands and Ru (II) complexes can be

found applications in Schottky type photodiodes.
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32. A. Barkhordari, S. Ozcelik, Å. Altindal, G. Pirgholi-Givi, H.

Mashayekhi, Y. Azizian-Kalandaragh, Phys. Scr. 96, 085805

(2021)

33. Z. Yuan, P.E. Low-Dimensional, Syst. Nanostruct. 56, 160

(2014)

34. Z. Yuan, J. Yu, W. Ma, Y. Jiang, Appl. Phys. A 106, 511

(2012)

35. A. Gencer Imer, A. Dere, A.G. Al-Sehemi, O. Dayan, Z.

Serbetci, A.A. Al-Ghamdi, F. Yakuphanoglu, Appl. Phys. A

125, 204 (2019)

36. A.A. Hussaini, M.O. Erdal, K. Doğan, M. Koyuncu, M.
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