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ABSTRACT

In this study, metal/Zn-complex/semiconductor (MPS) Schottky photodiodes

are fabricated. Interface layer is deposited using a metal-nicotinate/nicoti-

namide mixed ligand [Zn(C6H6N2O)2(C6H4NO2)2(H2O)]�1/2(H2O) complex

synthesized with Zn dopant. Different film layers are obtained by dissolving 0.5,

1.0, 2.0, and 3.0 mg Zn-complex in 1 mg spin-coating solution. Thermal analysis

techniques are performed between room temperature and 900 �C to study the

thermal behavior of the complex as a metal oxide. The surface morphology of

the polymeric film layers is investigated by microscopy methods, and the results

show relatively smooth and compact surface characteristics for all Zn-complex

mass contributions. To evaluate electrical properties of the fabricated device,

current–voltage, capacitance–voltage and conductance–voltage measurements

are performed under dark and illumination intensities between 20 and 100

mW/cm2 depending on Zn-complex mass at the interface. These measurements

indicate light sensitivity of the diodes. In addition, transient characteristics are

investigated at these illumination intensities to evaluate photoresponse behav-

iors. Then, the highest photoconductivity is recorded for 3 mg Zn-complex. The

experimental results indicate that the diodes exhibit good photosensitive

behavior, and they can be used for opto-electronic applications.

Address correspondence to E-mail: desrayildiz@hitit.edu.tr

https://doi.org/10.1007/s10854-022-08664-1

J Mater Sci: Mater Electron (2022) 33:18039–18053

http://orcid.org/0000-0003-2212-199X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-022-08664-1&amp;domain=pdf
https://doi.org/10.1007/s10854-022-08664-1


1 Introduction

Metal/semiconductor (MS) contacts are of great

interest due to their long-term use in electronic

devices such as diodes, transistors, and capacitors

[1–3]. These structures act as a rectifier and they

allow charge carriers to transmit under forward bias

and limit their motion under reverse bias [4]. They

are also evaluated as a capacitor that they store

charge and energy at the MS interface [5]. The pres-

ence of a thin film layer between metal and semi-

conductor layers transforms the corresponding

device into a metal/insulator/semiconductor (MIS)

or metal/oxide/semiconductor (MOS) diode struc-

ture [6, 7]. These structures are important research

tools for characterizing new interface and also semi-

conductor materials. In addition, manufacturing of

them plays significant role in fabrication of some

useful technological devices such as photodiode and

photodetector [8].

In recent years, research on this type of diodes is

focused on organic interface layers to increase the

performance of MS structures. In this context, opto-

electronic devices with superior optical and electrical

properties are produced by using organic/polymer

materials at the interface [9, 10]. Because of light

weight, mechanical strength and optical properties,

the polymeric materials have a wide range of appli-

cations and they attract great attention in both aca-

demic and industrial research areas [11–14]. The

usage area of these materials is not limited with MS

device, but also they can be found in solar cells and

light-emitting diode applications [15, 16]. However,

the key point in production of a high-quality Schottky

diode is deposition of a suitable polymer interfacial

layer at MS interface.

Polymers are suitable materials for metal/poly-

mer/semiconductor (MPS) Schottky structures and

some of them widely used in literature can be listed

as poly (vinyl alcohol) (PVA), poly (ethane),

polyaniline (PANI), and polypyrrole (PPy). For this

reason, polymers and their derivatives are used as

interfacial materials due to their suitability for

nanosize fabrication and their high surface-area-to-

volume ratio [17–23]. These materials can also pro-

vide advantages on the device characteristics by

increasing number of charge carriers [24, 25].

Furthermore, a device becomes more sensitive to

illumination intensities in the presence of a polymeric

interface layer. It is because device performance and

long-term stability depend on controlled-charge

transmission of the interfacial layer [26, 27]. Many

intrinsic charge carriers are not located within the

organic polymer layer. Pure polymers are in poor

conductivity and it is necessary to provide additional

charge carriers by doping to improve p- or n-type

conductivity behavior. When a polymer is doped,

changes may occur in both its molecular structure

and microstructural properties. Today, many

researchers examine electrical properties of the

polymers doped with metal ions [28–30]. When a

metal-doped polymer is used as an interfacial layer, it

provides better electrical and optical results in MPS

devices [31].

At this point, Zn is a dopant material with high

electron mobility that can be contributed to the

interface layer in Si-based MPS structures. The wide

bandgap and corrosion resistance of its compounds

are some of leading features and make it popular in

electronic applications. Thus, Zn-containing com-

pounds such as zinc oxide (ZnO), zinc sulfide

(ZnSO4), and zinc chloride (ZnCl2) are used in thin

film transistors, gas detectors, photodetectors, and

many other applications [32–34].

Photodetectors are known as devices that can

detect light and convert it into electrical signals [35].

For over two decades, scientists focus on improving

the light-sensing properties of MS devices [36–38]. In

these works, many inorganic, organic, and polymer

materials are used to improve photon detection

properties of such devices [39–41]. Thus, metal oxides

or polymers can be preferred as interface layer in

order to produce high-performance photodiode

devices, and also to control their electrical properties

[37, 42, 43].

In this work, the fabrication and characterization of

a polymeric Si-based photodetector is reported.

Therefore, Zn-doped nicotinate/nicotinamide mixed

ligand complex is spin-coated on n-type Si substrate

to form a photodiode. Electrical and opto-electronic

properties of the prepared photodiodes are investi-

gated by current–voltage (I�V), capacitance–voltage

(C�V), conductance–voltage (G�V), and transient

photoconductivity measurements under distinct

illumination intensity in ambient temperature.
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2 Experimental details

2.1 Synthesis

Nicotinic acid (C6H5NO2), nicotinamide (C6H6N2O),

natrium bicarbonate (NaHCO3), and zinc acetate

(Zn(CH3COO)2�2H2O) are obtained from the Sigma-

Aldrich company and they are used in the synthesis

of the Zn-complexes, [Zn(C6H6N2O)2(C6H4NO2)2(-

H2O)] 1/2(H2O). First, to increase the solubility of the

C6H5NO2 molecule in water, the molecule is con-

verted into sodium salt (Fig. 1a). For this, 0.02 mol

(2.462 g) of C6H5NO2 is taken into 50 mL of distilled

water and 0.02 mol of NaHCO3 (1.68 g) is slowly

added to the solution as a solid to prevent foaming.

When adding suddenly, the solution may overflow

with the suddenly (or immediately) release of CO2.

Firstly, 0.02 mol (2.442 g) solution of C6H6N2O

molecule, which is the other neutral ligand, is pre-

pared in 50 ml of purified water, and added onto the

nicotinate ligand which is converted into sodium salt.

The resulting solution is mixed in a magnetic stirrer

for 30 min to provide homogeneity. Finally, the

acetate salt of the Zn(II) cation, which would act as

the coordination center, is slowly added to the reac-

tion vessel as 0.01 mol (2.195 g) solid (Fig. 1b). The

resulting total solution is stirred at 60 �C on a mag-

netic stirrer hot-plate for 5 h. The diminished solvent

of the solution is preserved by adding not more than

100 mL in total. There are two main purposes of

mixing by heating. At first, it can support crystal-

lization process in the total solution at room tem-

perature and then helps to react it easily at a

temperature above room temperature. Additionally,

it is used to ensure that the reaction residue acetic

acid (CH3COOH), which may have a very low pH

increasing feature as a contaminant, is removed from

the environment as much as possible [44–46]. The

beaker into which the last solution transferred is

sealed with paraffin for holes and left to stand until

crystal formed. The white acicular crystals formed

after about 10–15 days are collected and stored for

structural analysis.

Chemical composition analysis for the synthesized

complex compound confirms the proposed molecular

formula. According to this, the chemical composition

data of complex is C: 47.84%, H: 3.85%, and N:

14.13% for experimental and C: 48.09%, H: 4.18%, and

N: 14.03% for calculated chemical composition,

respectively.

2.2 Device fabrication and characterization

The fabrication processes of photodiodes are started

by cleaning of the n-Si wafer, which has (100) crystal

orientation, 1–20 X.cm resistivity and 300 lm thick-

ness, and it is used as substrate and semiconductor

material. Initially, the wafer is divided to 2 cm2

Fig. 1 Equations of metal-

nicotinic acid/nicotinamide

complex synthesis
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square pieces and they are cleaned by ultrasonic

cleaner in acetone, distilled water and isopropanol in

30 min for each step. Then, the wafer pieces are

immerged into HF:H2O (1:10) solution for 30 s to

remove native oxide layers from the wafer surfaces.

After cleaning process, gold (Au) metal with purity of

99.99% is evaporated onto the back surface of Si

substrates at the pressure of 2 9 10–5 Torr, 150-nm-

thick layer is obtained by using a thermal evapora-

tion system. Followed by evaporation step, post-an-

nealing process is carried out at 500 �C for 5 min in

dry nitrogen (N2) atmosphere. It is applied to form a

heavily doped epilayer with the same doping type

(n?) as substrate to reduce the barrier width of Au/n-

Si back contact. The obtained Zn-doped nicotinate/

nicotinamide mixed ligand complex is coated on the

front polished wafer surfaces by spin-coating tech-

nique at 3000 rpm and in 30 s. 0.5, 1.0, 2.0, and 3.0 mg

Zn-complex dissolved in de-ionized water and the

final solution is obtained with a mass of 1 mg. The

solutions with different contribution rates of Zn-

complex are used to obtain interlayer different in

molarities of Zn-complex material at Au/n-Si devi-

ces. In order to evaporate water used in solvent lay-

ers, the coated wafers are heated on a heater at 80 �C.
After this process, the obtained spin-coated 0.5 mg

Zn-complex/n-Si, 1 mg Zn-complex/n-Si, 2 mg Zn-

complex /n-Si, and 3 mg Zn-complex/n-Si are

transferred to the thermal evaporator chamber for

rectifier contact coating. To reduce absorption loss,

100-nm-thick Au rectifying electrode is coated on the

top of the Zn-complex film.

The schematic representation of the fabricated

diode is presented in Fig. 2. Thermal analysis tech-

niques are carried out between the temperatures of

ambient and 900 �C where the Zn-complex is in ZnO

form coated as the interface layer. These surface

properties of doped films are examined using atomic

force microscope (AFM) and scanning electron

microscope (SEM). I�V measurements of the fabri-

cated device are performed under dark and distinct

illumination intensities (from 20 to 100 mW/cm2) at

room temperature for voltage range of - 5 to ? 5 V

using a 1.5AM filter solar simulator. The C�V and

G�V measurements are carried out in a wide fre-

quency range (1 kHz-1000 kHz) at room temperature

under dark environment. The response time is mea-

sured under the reverse bias of - 3 V.

3 Results and discussion

Thermal analysis curves of the coordination com-

pound with mixed ligands of the Zn metal cation

containing C6H5NO2/C6H6N2O ligands are pre-

sented in Fig. 3a. The data related to the degradation

steps and degradation products are also given in

Table 1. The first decomposition step of the complex

compound consists of removal of 1/2 mol of hydrate

water and 2 mol of crystal water coordinating the

metal cation (exp. 7.21%; calc. 7.51%). It is observed

that the organic ligands begin to degrade in the next

decomposition step of the complex compound, which

becomes dehydrated. In this step, it is determined

that 2 mol of C6H6N2O ligand, which provide coor-

dination to the monodentate through the pyridine

nitrogen atom as neutrally to the metal cation, and

1 mol of nicotinic acid ligand are removed. In the

temperature range of 547–897 �C, decomposition of

the complex is completed. In this step, all of 2 mol of

C6H5NO2, that is coordinated through the acidic

oxygen atom as monoanionic-monodentate, are burnt

remaining in the structure. After combustion of the

complex is completed, it is confirmed by the powder

X-ray diffraction (XRD) pattern that the residue ZnO

remained as a final degradation product. Compati-

bility of the experimental (15.03%) and theoretical

(13.59%) residue percentage amounts of the relevant

degradation residue also supports the claim for this

work. The experimental residue percentage is lower

than the theoretical residue percentage, and this

result can be explained by the fact that complete

combustion cannot occur due to the lack of sufficient

oxygen in the thermal analysis performed in N2

atmosphere. Since there is no completed combustion,
Fig. 2 Schematic representation of fabricated diode with

connection to the electrical measurement set-up
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some carbon residue accumulates on the metal oxide

as carbonized. The fact that the color of the final

residue product is black, while white color is expec-

ted, supports this situation. SEM technique is

employed for morphology and distribution of the

obtained [Zn(C6H6N2O)2(C6H4NO2)2(H2O)]�1/
2(H2O) complex on the interface layer, and SEM

image is shown in Fig. 3b. According to this image,

Zn-doped films consist of flake like structures with a

high degree of similarity and uniformity. These

structures are formed cascaded arrangement with an

orderly manner.

Figure 4a–d shows AFM images of the [Zn(C6H6-

N2O)2(C6H4NO2)2(H2O)]�1/2(H2O) complex with

effects of the Zn dopant. AFM images are obtained in

non-contact mode at room temperature. It is observed

from all images that grain size formation is achieved

for all samples. On the other hand, grains are

approximately equal in size and well coated on the

surface. As a result, relatively smooth and compact

surfaces are obtained. In addition, the films are in low

porosity and uniformly distributed on the Si surface.

Average surface roughness of these films for doping

level of 0.5 mg Zn-complex, 1 mg Zn-complex, 2 mg

Zn-complex and 3 mg Zn-complex are found as to be

1.53, 1.72, 1.78, and 2.57 nm, respectively. AFM

results show that the amount of Zn changes the

surface roughness where there is an increase in these

values with increasing Zn contribution. This kind of

change can also affect the photoresponse and pho-

toelectric characteristics of device. Additionally,

average height of flakes for these complex films is

determined as about 18.05 nm.

Figure 5a–d demonstrates experimental forward

and reverse bias I�V plots of Au/Zn-complex/n-Si/

Au photodiodes with various Zn-complex contents

under dark and different light intensities. Since I�V

measurement is an important tool and conventional

step to understand the electrical properties of the

diodes, using these measurements, it is possible to

obtain main performance parameters as diode ideal-

ity factor (n), barrier height (UB), and saturation

current (I0). As seen from Fig. 5, all fabricated devices

exhibit a rectifying behavior, and therefore the stan-

dard thermionic emission (TE) theory can be adapted

Fig. 3 a TG-DTG and DTA plots and b SEM image of prepared [Zn(C6H6N2O)2(C6H4NO2)2(H2O)]�1/2(H2O) complex

Table 1 Thermal analysis data of metal-nicotinate/nicotinamide mixed ligand complex

Complexes Temp. range (̊C) DTAmax (̊C) Removed

groups

Mass loss (%) Remain product (%) Decomp.

product

Color

Exp Calc Exp Calc

[Zn(C6H6N2O)2(C6H4NO2)2(H2O)]�1/2(H2O) White

C24H25N6O8.5Zn 1 70–150 95 2.5 H2O 7.21 7.51

598.87 g/mol 2 163–541 - 176;315;426 2C6H6N2O

C6H6N2O

53.23 53.83

3 351–887 696 C5H4NO2

CHO

24.53 25.07 15.03 13.59 ZnO Black
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to the analysis processes by the following I�V rela-

tion [27, 47, 48].

I ¼ I0 exp
qV

nkT

� �
� 1

� �
ð1Þ

where k is the Boltzmann constant, T is the temper-

ature in Kelvin, q is the electronic charge and I0 is the

saturation current that related to the reverse current

caused by the diffusion of minority charge carrier. I0
can be defined by

I0 ¼ AA�T2exp � qUB

kT

� �
ð2Þ

where A is the effective diode area and A� is the

effective Richardson constant (112 A/cm2K2 for the

n-Si) [47].

When incident light comes into a photodiode, three

types of photocurrent generating mechanisms are

produced: (1) electrons are excited from the metal

and injected into the semiconductor, (2) electron–hole

pairs are produced within the depletion region of the

semiconductor and (3) photodiode works in ava-

lanche mode to generate photocurrent. The formation

of these mechanisms depends on energies of the

incident photons, applied bias and breakdown volt-

age of photodiode [49]. As shown in the corre-

sponding figures, the current in the forward bias

region increases with increasing light intensity. As

light intensity increases, production of electron–hole

pairs increases due to the absorption of light, and in

turn, photocurrent of the diode increases. On the

other hand, increase in photocurrent caused by

Fig. 4 AFM images of [Zn(C6H6N2O)2(C6H4NO2)2(H2O)] 1/2(H2O) mixed ligand complex in different additive densities: a 0.5 mg Zn-

complex, b 1 mg Zn-complex, c 2 mg Zn-complex and d 3 mg Zn-complex
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increase in the intensity of light can be associated

with large number of incoming photons and the

resulting large number of electron–hole pairs [50].

To compare the rectifying behavior of Au/Zn-

complex/n-Si/Au MPS photodiodes depending on

the Zn content, the semi-logarithmic I�V character-

istics are presented in Fig. 6a at 100 mW cm-2 illu-

mination intensity. Due to the space charge layer

formed in the interface region, the photodiodes

exhibit good rectification properties [48]. The rectifi-

cation factor (RF) (the ratio of forward current to the

reverse current) of diodes for 0.5 mg Zn-complex,

1 mg Zn-complex, 2 mg Zn-complex and 3 mg Zn-

complex content are obtained as 1.75 9 103,

1.87 9 103, 1.93 9 103, and 2.01 9 103, respectively,

at ± 5 V. The Zn-complex contribution slightly

increases photosensitive properties of the photodi-

odes with increasing the current values from

1.42 9 10–5 to 4.11 9 10–5 A. The results show that

response of the fabricated photodiodes to illumina-

tion is affected by the amount of Zn mass and thus,

the photodiode with 3 mg Zn-complex is found to be

in the best photocurrent contribution. This can be

attributed to the fact that Zn-complex mass acts as a

donor by settling in a cation position and conse-

quently it increases the carrier concentration [51, 52].

Figure 6b shows the semi-logarithmic I�V plots of

Au/3 mg Zn-complex/n-Si/Au MPS photodiode

under dark and distinct light intensities. As given in

this figure, currents in the reverse bias direction

increase more clearly compared to currents in the

forward direction, depending on illumination inten-

sity. Significant difference between dark and illumi-

nated currents is obtained in the reverse bias region.

This behavior under illumination indicates that the

fabricated diodes carry a photodiode property.

Moreover, an increasing current is observed with

increasing illumination intensity in the reverse bias

region. This type of behavior also supports photo-

sensitive behaviors of the diode. The values of n and

I0 are calculated as 3.22 and 3.88 9 10-5A from slope

and intercept of straightline region of semi-logarith-

mic I�V plots (Fig. 6b), respectively, under dark

environment. In literature, conventional Au/n-Si MS

Fig. 5 Forward and reverse

bias I�V plots of Au/Zn-

complex/n-Si/Au photodiodes

in different additive densities:

a 0.5 mg Zn-complex, b 1 mg

Zn-complex, c 2 mg Zn-

complex and d 3 mg Zn-

complex
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diode gives lower n values around 1.03–1.69 com-

pared to the polymeric interface layer contributed

diode [53–58]. These high value for MIS type diode

can be explained by intentionally deposited Zn-

complex layer at the junction interface and therefore

change in interface states and formation of barrier

height at the interface region [59]. On the other hand,

the reason for high n can be attributed to spatial

distribution of interface states, tunneling current of

the semiconductor and regeneration-recombination

effects [27, 47, 48]. Using the obtained I0 value, UB is

calculated as 0.571 eV with the help of Eq. (2). On the

other hand, the forward photocurrent is found to be

1.2 9 10–2 A at 2 V from lnI�V curves (Fig. 6b) under

20mW/cm2 illumination. Dokme et al. report the

forward photocurrent about 8.5 9 10–3 A at room

temperature using lnI�V measurements for a similar

polymeric structure type (Au/PVA(Co, Zn-Doped)/

n-Si) under 20 mW/cm2 [58]. Similarly, Altindal et al.

report the forward photocurrent about 7.5 9 10–3 A

at 2 V for Au/PVA(Ni, Zn-doped)/n-Si under 25

mW/cm2 [60]. From the obtained device performance

results, it is seen that the nicotinate/nicotinamide

mixed ligand complex produces a higher photocur-

rent than its counterparts and constitutes an alter-

native to PVA polymer composite materials, which

are of great interest in electronic device fabrications.

Series resistance (Rs) values of Au/Zn-complex/n-

Si/Au photodiodes are obtained by using Cheung’s

functions [61] as:

dV

dðlnIÞ ¼ n
kT

q
þ IRs ð3Þ

H Ið Þ ¼ V � nkT

q

� �
ln

I

AA�T2

� �
ð4Þ

H Ið Þ ¼ nUB þ RsI ð5Þ

In Fig. 7, experimental dV=dðlnIÞ versus I and HðIÞ
versus I (inset) plots depending on Zn contents are

presented for Au/Zn-complex/n-Si/Au photodi-

odes. Equation (3) indicates a straightline for the

curvature region of the forward bias I�V curves,

thus, Rs values can be obtained from slope of

dV=dðlnIÞ versus I curves. HðIÞ versus I plots also

give a straight line for the curvature region of the

Fig. 6 Forward and reverse

semi-logarithmic I�V curves

of Au/Zn-complex/n-Si/Au

photodiode: a with various

masses and b for 3 mg Zn-

complex under distinct light

intensity

Fig. 7 dV=dðlnIÞ versus I and HðIÞ versus I (inset) plots of Au/
Zn-complex/n-Si/Au photodiode for 0.5, 1, 2, and 3 mg Zn-

complexes
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forward bias I�V characteristics (as shown in the

inset of Fig. 7). Therefore, slope of this plot also

provides an additional determination way of Rs. Rs

values of the photodiodes are obtained as 40–50 X for

3 mg Zn-complex content and tabulated for other Zn

dopant amounts in Fig. 7. According to the base MS

diode, this value is around 1.93–6.70 kX derived from

direct relation between current and voltage using

Ohm’s law and Cheung’s method [53, 56]. Dokme

et al. [58] and Altindal et al. [60] report Rs values as

276.11 and 99.71X under dark; and 116.14 and 82.56 X
under illuminated environment, respectively, for

same type of structures at room temperature by using

Cheung’s method. On the other hand, these are lower

than resistance in MS diode where these results can

be examined under the possible effect of variation in

experimental conditions.

Figure 8 shows variation of the photocurrent with

illumination intensity at various doping levels. pho-

tocurrent nature of the diodes is analyzed by the

following relationship [61, 62].

Iph ¼ CPm ð6Þ

where Iph is photocurrent produced in the diode by

solar illumination, P is intensity of lighting on the

diode, m is lighting coefficient and C is proportional

constant of relationship between Iph and P. As seen in

Fig. 8, Iph values increase with increasing the lighting

intensities. The obtained straight line represents a

linear photoconductivity behavior of all fabricated

devices and the increment of photoconductive

sensitivity is due to the excitation of electron–hole

pairs by incident light [63]. This photoconduction

mechanism occurred in the diode can be clarified by

the value of m, which is related to photocarriers

lifetime. If this value is between 0 and 1, lifetime of

photocarriers is defect controlled. Namely, they can

be found under dominant effect of trap centers [64].

On the other hand, if m ¼ 1, monomolecular recom-

bination becomes dominant. The higher values occur

due to low intensity unobstructed trap levels [65].

Among the fabricated diodes, the device with 3 mg

Zn-complex provides the highest photoconductivity.

This can be attributed to increasing number of charge

carriers with increasing Zn-complex mass [51, 52]. It

can be observed from Fig. 8 that the photocurrent is

increased from 7.37 9 10–2 to 1.11 9 10–1 A with

increase in light intensity for 3 mg Zn-complex/n-Si

diode. This fact shows reaction of electrons in the

valance band to jump to the conduction band with

the energy received from the incident light [66]. The

values of m is found from slope of the plots (in Fig. 8)

as to be 0.51, 0.56, 0.53, and 0.54 for 0.5 mg Zn-com-

plex/n-Si, 1 mg Zn-complex/n-Si, 2 mg Zn-com-

plex/n-Si and 3 mg Zn-complex/n-Si diodes,

respectively. These values are in 0\m\1 interval

and it can be concluded that the localized state dis-

tribution continuously exists at the interface [67, 68].

In order to discuss the photoconductivity mecha-

nism, it is more convenient to make reaction time

measurements in addition to evaluation of the pho-

tocurrent variations. In Fig. 9a–d, current transient

graphs of the photodiodes depending on the various

doping ratio of Zn are displayed for 20, 40, 60, 80 and

100 mW/cm2 light-power densities at applied - 3 V

bias. Photocurrent transient measurements is a well-

known technique to understand the photoconduction

mechanism and to show the photoresponse proper-

ties for various power densities during the device on

and off positions [8, 69]. When illumination is turned

on, number of free charge carriers increase and they

contribute to the current flow and photocurrent val-

ues quickly reach a saturation level. When it is turned

off, charge carriers are trapped at lower levels and

photocurrent drops rapidly to its initial level [70, 71].

This case represents a reversible switching behavior

of the devices [72]. As can be seen from Fig. 9a–d, the

devices show a good stability and fast photoresponse

under distinct illumination intensity for all doping

levels and they reach to the maximum value of Iph inFig. 8 Variation of the photocurrent with illumination intensity

depending on different Zn-complex mass
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about a second. In the case for the sample of 0.5 mg

Zn-complex, the photocurrent increases from

3.13 9 10-7 to 4.68 9 10–5 A under 100 mW/cm2

illumination, and then it drops to 5.85 9 10-7 A after

turning off illumination. This result clearly indicates

that the fabricated device exhibits a photoconductive

behavior. Initial rise of the current indicates genera-

tion mechanism of free charge carriers. Decay of the

current indicates trapping mechanism of the charge

carriers in deep levels after turning off illumination.

Moreover, the photocurrent of diodes increases with

increasing the doping ratio. This type of behavior can

be attributed to the surface properties of device that

consist of stratified [73].

In order to understand the performance parame-

ters of the photodiodes, C�V and G�V measure-

ments are carried out as a function of applied bias for

various Zn doping ratios (Fig. 10). As seen from these

plots, both the capacitance and conductance values of

the diodes are affected by the forward applied bias.

C�V plots exhibit peaks in the low forward bias

region and the value of capacitance decreases toward

high biases. The observed peaks can be attributed to

the rearrangement of interface states in regions near

the middle of the band gap [74]. It is seen from

Fig. 10a, these values of photodiodes are increased

with increasing doping levels. This indicates that the

contribution of Zn supports the interfacial states in

these photodiodes [73]. On the other hand, the

highest conductivity is measured for 3 mg Zn-com-

plex (Fig. 10b).

In addition to these measurements, electrical

characteristics of the photodiodes are detailed with

these analyses at different frequencies. Figure 11a

and b present the frequency dependence of these

plots for 3 mg Zn-complex/n-Si diode. As presented

in Fig. 11a, the values of capacitance decrease with

increasing frequency. These capacitive characteristics

indicate the existence of an inhomogeneous layer due

to the presence of interface states that acts in a series

with the insulator capacitance and causes a frequency

distribution [75]. This also results in the space charge

formation at interface to follow the ac signal at low

frequencies and contribute to the capacitance values

depending on frequency [76]. However, for suffi-

ciently high frequencies (f � 500 kHz), the interface

Fig. 9 Current transient

graphs depending on the

various masses: a 0.5 mg Zn-

complex, b 1 mg Zn-complex,

c 2 mg Zn-complex and

d 3 mg Zn-complex
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states cannot be able to follow AC signal. As a result

of this situation, contribution of the interface states to

the total capacitance can be assumed as to be negli-

gibly small [77]. As shown from Fig. 11a, the

responses to both applied bias and frequency are

observed in the forward bias region. Moreover, in the

reverse bias region, the diodes do not give a

remarkable capacitance response at each voltage step

and frequency.

Figure 11b presents the conductance values vs

applied bias at various frequencies. As shown in this

figure, the conductance values exhibit an increasing

behavior with increasing frequency in the forward

bias region. On the other hand, an abnormal peak is

observed at all curves for each frequency in the for-

ward bias region. This diode response can be attrib-

uted to presence of the natural interface layer,

interface states in the active region, and Rs [78].

The Rs values of a Schottky diode with an interfa-

cial layer can be obtained using the measured

capacitance and conductance data in strong accu-

mulation region at high frequencies [6, 7, 79]. At

sufficiently high frequencies, when the diode with an

Fig. 10 a C�V and b G�V

characteristics depending on

the various Zn-complex

masses

Fig. 11 Frequency dependence of the a C�V, b G�V and c Rs�V plots for 3 mg Zn-complex/n-Si diode
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interfacial layer is held in a strong accumulation, the

admittance (Yacc) is given by [79],

Yacc ¼ Gacc þ jwCacc ð7Þ
where w is the angular frequency. Gacc and Cacc terms

are the experimental values of conductance and

capacitance in strong accumulation zone, respec-

tively. Using the real and imaginary parts of the

admittance expression, the series resistance of the

Schottky diode with an interfacial layer is given as

[79],

Rs ¼
Gacc

G2
acc þ w2C2

acc

ð8Þ

The obtained Rs values as a function of applied bias

in the frequency range from 1 to 1000 kHz are plotted

in Fig. 11c for 3 mg Zn-complex. As given in Fig. 11c,

the Rs values give sharp peaks depending on the

frequency in the voltage range of 0–1 V. The reason

for change in these values with changing frequency is

due to the mobile and trapped interfacial charges

[80, 81]. Moreover, there is a strong response in these

graphs in the reverse bias region. This is trapped

charge effect due to both voltage and frequency

variation, and it can be attributed to inhomogeneity

of the interface distribution [82].

The adjusted capacitance (Cadj) and equivalent

parallel conductance (Gadj) values can be analyzed by

discarding the effects of Rs as [83],

Cadj ¼
G2

m þ ðwCmÞ2
h i

Cm

a2 þ ðwCmÞ2
ð9Þ

and

Gadj ¼
G2

m þ ðwCmÞ2
j k

a

a2 þ ðwCmÞ2
ð10Þ

In these relations, a is given as follows:

a ¼ Gm � G2
m þ wCmð Þ2

h i
Rs ð11Þ

where Cm and Gm are the measured capacitance and

conductance values, respectively. Using these equa-

tions, the Cadj and Gadj values as a function of applied

bias are given in Fig. 12a and b, respectively, in the

frequency range from 1 to 1000 kHz for 3 mg Zn-

complex/n-Si diode. In these calculations, the resis-

tance value in the accumulation region is used for

each frequency value. As seen from Fig. 12a and b, a

decrease is observed in the capacitance and

conductance values. Namely, the unadjusted capaci-

tance peak value of 4.26 9 10–8 F (* 1 V) is 2.13

times greater than the adjusted capacitance peak

value of 2 9 10–8 F (* 0.25 V), and the Cadj peak

value of 3 9 10–2 S is 0.25 times smaller than the

unadjusted conductance value of 1.17 9 10–1 S at

1000 kHz. Although a decreasing tendency is expec-

ted in the Cadj and Gadj values, it is impossible to

eliminate the resistance effects [84, 85]. It is seen from

the figures, the peak on the adjusted G�V curves

means there is no reduction in the effect of Rs [84]. In

both cases, the distribution of interface states between

the metal and semiconductor are the factors that

govern electrical properties of the device [85].

The transient photocapacitance (Cph) and photo-

conductance (Gph) measurements are carried out as a

function of time (Fig. 13) to detail effects of photo-

generated carriers depending on Zn doping levels.

As seen from both figures, photocapacitance and

photoconductivity of the diodes are detected due to

photogenerated carriers [86, 87]. The photocapacity

Fig. 12 Adjusted a C�V plots under various frequencies while

the insets represent the plots at 1 kHz. and b G�V under various

frequencies while the insets represent the G�V plots in the

voltage range 0–0.6 V
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consists of photogenic charges at the interface of the

diodes. In addition, a strong dependence of lighting

intensity of Cph and Gph values are observed for all Zn

contributions. During the illumination, the produced

carriers contribute to the conduction process by

increasing Cph and Gph values up to certain values

[62, 64]. Moreover, when the intensity of illumination

is increased, these values increase and reach to the

highest level. After the lighting is switched off, Cph

and Gph values decrease and return to their initial

values due to the trapped charge carriers in deep

levels. Regarding to Fig. 13a and b, both Cph and Gph

values increase with increasing Zn doping levels. It

also can be seen from Fig. 13b, the highest photo-

conductivity for 3 mg Zn-complex is measured

around 4.75 9 10–2 S while the highest photocon-

ductivity measured for 0.5 mg Zn-complex has the

value of 1.56 9 10–2 S. These results confirm that Zn-

complex contribution enhance the photosensitivity

and consequently the fabricated Schottky diodes

have a potential as a type of light-responsive diode.

4 Conclusion

In this study, a metal-doped [Zn(C6H6N2O)2(C6H4-

NO2)2(H2O)]�1/2(H2O) complex interlayered MPS

diode structure is presented with the analyses of its

diode behavior under dark and illumination. For this,

a metal-nicotinate/nicotinamide mixed ligand com-

plex is synthesized with distinct Zn mass as an

interfacial layer to fabricate the photodiodes. The

electrical measurements performed under different

light intensities reveal that all fabricated structures

are sensitive to the light and exhibit good rectifying

behavior. In addition, the amount of Zn dopant in

complex improves opto-electronic properties of the

structure and provides a better photoconductive

behavior in the diodes. According to these results, it

is found that the Au/Zn-complex/n-Si/Au device

can be candidate for use in many opto-electronic

applications as a photoresponsive device.
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