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ABSTRACT

In this study, the illumination dependence of current–voltage (I–V) and capac-

itance–voltage (C–V) characteristics of the Al/(GO:PTCDA)/p-type Si structure

was examined under dark and 40 mW cm-2 at 300 K (room temperature). The

electrical characteristics as ideality factor (n), rectification ratio (RR), saturation

current (I0) and barrier height (Ubo), series resistance (RS), and interface state

densities (NSS) were calculated and investigated using different methods. The

distributions of interface densities (NSS) as a function of (ESS–EV) were calcu-

lated from the forward I–V data by accounting for the bias dependence of the

effective barrier heights (/e) for Al/(GO:PTCDA)/p-type Si structure in dark

and under 40 mW cm-2 light density. Furthermore, the photovoltaic properties

such as open-circuit voltage (Voc), short-circuit current (Isc), fill factor (FF),

maximum power (P), and conversion efficiency (gP) were acquired as

7.34 9 10-6 A, 0.30 V, 1.06 9 10–6 W, 48.2%, and 1.06% under 40 mW cm-2

white light intensity, respectively. So, photovoltaic results confirm that in

optoelectronic devices, Al/(GO:PTCDA)/p-Si structure can be employed as a

photodiode.

1 Introduction

Today, one of the world’s most pressing issues is

meeting rising energy consumption as the world’s

population continues to grow. Thus, as a result of the

growing energy sector, optoelectronic devices are of

great interest [1–3]. In this regard, solar energy is

known as the most important among alternative

energy sources because it provides almost all the

necessary features. Photovoltaic devices enable the

use of electrical energy by converting sunlight into

energy, since their electrical properties change

depending on the amount of light they are exposed

to. This means that photovoltaic technologies can

significantly contribute to the solution of the next-

generation energy crisis [1–8]. At the same time, due

to the excellent electrical and optical characteristics of

photovoltaic devices, semiconductor materials are
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also frequently used in the manufacture of new types

of circuit components. Si semiconductor devices with

a thin coating of GO and PTCDA on their surfaces are

frequently employed in electrical and electronics

circuits. When there is a thin graphene oxide (GO)

and perylenetetracarboxylic dianhydride (PTCDA)

organic semiconductor layer at metal–semiconductor

(MS) interface, MS structures convert into metal

oxide/organic semiconductor (MOS), Schottky bar-

rier diodes (SBDs), or photodiode. In this case, the MS

structure changes into a metal oxide–semiconductor

(MOS) structure and the electrical properties change

completely [9–13]. As a result, metal–semiconductor

(MS) structures with GO and PTCDA interfacial

layers have lately attracted a lot of attention, as they

are employed in variety of applications, including

optoelectronic and photovoltaic devices.

Graphene oxide (GO) is known as a two-dimen-

sional material and is the oxidized form of graphene

[14, 15]. Graphene oxide unlike graphene is hydro-

philic and may disperse in aqueous solution owing to

the presence of oxygen-functional groups [16]. Thus,

GO is always an important and promising material

for graphene-based applications in electronics, optics,

chemistry, energy storage, and biology because of

these exceptional features [17, 19]. Due to the

extraordinary electrical properties of graphene,

Andre Geim and Kostya Novoselov’s work on gra-

phene was awarded the Nobel Prize in 2004 [20, 21].

Likewise, perylenetetracarboxylic dianhydride

(PTCDA), an organic dye molecule, and thus PTCDA

is also an organic semiconductor. The PTCDA has

high electrical conductivity and superior electro-

chemical performance when used at the metal–

semiconductor interface [12, 22, 23]. Thus, for many

years, PTCDAs have been employed as industrial

pigments, and organic photovoltaic devices and field-

effect transistors are among the new uses for

perylenetetracarboxylic dianhydride derivatives.

This situation discusses the synthesis and electrical

characteristics of PDCDA devices and their applica-

tion in electronic industry [22, 23]. Also, on a range of

substrates, including metals and reactive surfaces,

PTCDA monolayers develop in a highly organized

manner [24]. This means that PTCDA’s growth

behaviors on diverse substrates, electrical and optical

characteristics, and involvement in functional

organic–inorganic interfaces have all been studied

extensively in recent decades [25–31].

Our major goal is to create an Al/(GO:PTCDA)/p-

type Si MOS structure with a (GO:PTCDA;1:1) layer

in between the MS structures and to investigate their

electrical and photovoltaic properties under dark and

40 mW cm-2 light illumination at 300 K using the I–V

and C–V data. The basic characteristics of the struc-

ture such as barrier height, ideality factor, and series

resistance of the Al/(GO:PTCDA)/p-type Si structure

were evaluated and comparisons were made using

various techniques through the forward I–V, C–V,

Cheung, and Norde techniques because of their

constancy and reliability. Also, the distributions of

interface states (NSS) as a function of (ESS–EV) calcu-

lated from the forward I–V data under dark and 40

mW cm-2 visible light illumination. Furthermore, the

photovoltaic properties such as short open-circuit

voltage (Voc), maximum power (P), circuit current

(Isc), fill factor (FF), and conversion efficiency (gP)

were obtained under 40 mW cm-2 white light

intensity. Experimental studies shown that the Al/

(GO:PTCDA)/p-type Si structures are promoted as a

good candidate for a solar cell.

1.1 Experimental procedures

From materials used in this study, GO and PTCDA

organic semiconductor powder were purchased from

Fytronix, while solvents were provided from Sigma-

Aldrich. Before the fabrication processes, p-Si wafer

with 5–10 X-cm resistivity, 520 lm thickness, and (1 0

0) direction of phosphor atoms was chemically

cleaned using RCA (Silicon Wafer Cleaning) cleaning

procedure [11–14]. The RCA cleaning procedure has

three major steps used sequentially: (i) Organic

Clean: organic pollutants that are insoluble are

removed with a 5:1:1 H2O:H2O2:NH4OH solution, (ii)

Oxide Strip: Removal of a thin SiO2 layer where

metallic contaminants may accumulated as a result of

(i), using a diluted 1:50 HF:H2O solution, and (iii)

Ionic Clean: Ionic and heavy metal atomic impurities

are removed using a solution of 6:1:1 H2O:H2O2:HCl.

After, the wafer (Si) was dried using nitrogen gas

(N2) after the cleaning procedure. Thus, the crystal

was cleaned using the RCA cleaning method to

remove impurities from the semiconductor surfaces

[11–14]. The process was also created to prevent

metal impurities from returning to the wafer’s sur-

face from the solution. To make ohmic contacts, Al

metal (99.999%) was evaporated at roughly 10–6 Torr

in a thermal evaporation system. Thus, the solution of
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(GO:PTCDA) thin organic layer, 1:1 solution

(10–3 mol L–1), was prepared in chloroform. The

semiconductor wafer front faces were coated

(GO:PTCDA) (1:1) solutions with spin speed of

1000 rpm for 30 s by spin-coating method (6800 Spin

Coater Series). Following these procedures, to make a

rectifier Al metal contact with diameter of 1 mm

(rectifier contact area = 7.85 9 10–3 cm2) at 106 Torr

pressure Al (% 99.999) metal was thermally evapo-

rated on the surface of organic layer-semiconductor

pieces. A schematic diagram of the Al/

(GO:PTCDA)/p-type Si/Al semiconductor structure

is shown in Fig. 1a. Current–voltage and capaci-

tance–voltage measurements on the prepared Al/

(GO:PTCDA)/p-Si/Al semiconductor structure for

electrical analysis were performed at room tempera-

ture under dark condition and 40 mW cm-2 light

density for photodiode applications with a 2400

source meter and ST2826 LCR Meter, respectively. A

schematic diagram of the measuring system is shown

in Fig. 1b. Also, the band diagram of a Al/p-type Si

structure with and without GO insulator layer before

contact and in thermal equilibrium after contact is

shown in Fig. 1c, where Us is the work function of the

semiconductor, Um is the work function of the metal,

d is the thickness of the GO interfacial layer, vs is the

electron affinity of the semiconductor, EV is the

valence band of the semiconductor, EF is the Fermi

energy, and EC is the conduction band of the semi-

conductor. The photovoltaic measurements were

obtained using Fytronix-7000 Solar Simulator device

as shown in Fig. 1b. All measurements were carried

out with the help of a microcomputer through an

IEEE-488 AC/DC converter card.

2 Results and discussion

The conclusion and discussion section for Al/

(GO:PTCDA)/p-type Si structure consist of six main

subtitles as (I) UV/Vis spectrums, (II) electrical

properties, (III) photovoltaic properties, (IV) Cheung

and Norde’s functions, (V) admittance measure-

ments, and (VI) analysis of interface state densities.

Thus, the contents of these subheadings are

explained in order as follows.

2.1 The UV/Vis spectrums of GO
and PTCDA organic semiconductor
powders

Figure 2a and b shows the solid-state UV/V spec-

trum of the GO and PTCDA semiconductor powders,

respectively. The solid-state UV/Vis spectrum of GO

is also given in reference [13]. As mentioned in ref-

erence [13], the solid-state UV/Vis spectrum of the

GO [13] is shown in Fig. 2a, which features bands at

209, 225, 244, 262, 277, 292, 313, 341, 362, 379, 380, 440,

466, and 662 nm. Here, the bands at 209 and 292 nm

can be ascribed to d–p* and p–p* transitions, respec-

tively. The band at 313 nm can be assigned as the

Soret band and those at 440, 466, and 662 nm as the

Q-bands. In the same way, the solid-state UV/V

spectrum of the PTCDA is shown in Fig. 2b, which

features bands at 207, 219, 232, 248, 265, 314, 335, 372,

432, 448, and 535 nm. As mentioned above, the bands

at 207 and 265 nm can be ascribed to d–p* and p–p*

transitions, respectively. The band at 314 and 334 nm

can be assigned as the Soret band and those at 433,

448, and 535 nm as the Q-bands’’.

2.2 The electrical properties obtained
from I–V measurements of Al/
(GO:PTCDA)/p-Si structure

Figure 3 shows the lnI–V plots of the Al/

(GO:PTCDA)/p-Si photodiode under dark and 40

mW cm-2 light illumination in the range ± 3.0 V at

room temperature. As can be seen in Fig. 3, the

reverse currents of the Al/(GO:PTCDA)/p-Si photo-

diode structure increases with the light intensity. This

situation can be attributed to the increase in electron–

hole pairs in depletion region of the Al/

(GO:PTCDA)/p-Si photodiode with 40 mW cm-2

light intensity [3, 16]. The basic parameters such as

barrier heights (Ubo), rectification ratios (RR), ideality

factors (n), saturation currents (I0), and series resis-

tances (RS) were extracted from measurements. As

seen in these, the current values increases exponen-

tially up to 0.98 V with applied forward voltages.

But, current deviates significantly from linearity due

to the series resistance (RS) in the high voltages (after

& 0.98 V). Furthermore, as shown in Fig. 3, the val-

ues of the current under 40 mW cm-2 light illumi-

nation is higher than the current under dark at

reverse voltages. This experimental results shows

that Al/(GO:PTCDA)/p-type Si structure under light

J Mater Sci: Mater Electron



Fig. 1 a Schematic cross-section of the Al/(GO:PTCDA)/p-type Si structure. b The detailed scheme of I–V and C–V measurement system

of structure. c Before contact and after contact energy band diagram of the Al/GO/p-type Si structure
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intensity shows a photodiode situation. According to

thermionic emission (TE) theory, the correlation

between I and V can be written as following [1–15]:

I ¼ I0 exp
q V � IRSð Þ

nkT

� �
1 � exp

�q V � IRSð Þ
kT

� �� �
;

ð1Þ

where q is the electronic charge, k is the Boltzmann

constant (8.62 9 10-5 eV K-1), T is the temperature,

V is the applied voltage, n is the ideality factor, RS is

the series resistance, and I0 is the saturation current

density which I0 can be obtained as follows:

Io ¼ AA�T2 exp � qUbo

kT

� �
; ð2Þ

where A is the diode area (= 7.85 9 10-3 cm2), the A*

is the Richardson constant (= 32 A cm-2 K-2 for p-

type Si crystal), and Ubo is the barrier height value.

Here, as shown in Eqs. (3) and (4), the Ubo and n

values can be obtained from the intercept and slope

region in forward voltage region of Fig. 3. From

Eqs. (1) and (2), n and Ubo can be written as follows,

respectively,

n ¼ q

kT

dV

d ln I

� �
ð3Þ

and

Ubo ¼
kT

q
ln

AA�T2

I0

� �
: ð4Þ

Thus, according to Eqs. (3) and (4), the values of

n and Ubo of the Al/(GO:PTCDA)/p-type Si structure

are obtained as 6.140 and 5.966 and 0.618 eV and

0.619 eV at the dark and under 40 mW cm-2 light

intensity conditions, respectively. In the same way,

the values of RR (at ± 2.0 V) and I0 of the Al/

(GO:PTCDA)/p-Si structure are determined as

8.64 9 104 and 8.49 9 102 and 9.55 9 10–7 A and

9.07 9 10–5 A as seen in Fig. 3, respectively. In

addition, the n, Ubo, RR (at ± 2.0 V), and I0 values are

given in Table 1 for both under dark and 40 mW

cm-2 light intensity. As shown in Table 1, values of

ideality factors are greater than unity both in dark

and under 40 mW cm-2 light illumination. It is seen

that I0, n, and Ubo values change depending on the

light illumination, and the I0 and n values decrease
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with 40 mW cm-2 light illumination, while value of

Ubo increases with 40 mW cm-2 light illumination.

The reason of the high ideality factor value is a result

of the existence of GO?PTCDA thin-film layer at the

MS interface. Also, the high n values obtained are due

to barrier inhomogeneity, series resistance, interfacial

states, and the presence of an unnatural interlayer

(GO?PTCDA thin-film layer) [15, 30–34]. Further-

more, the Ubo value of the Al/(GO:PTCDA)/p-Si

structure under light is slightly higher than the value in

the dark. This difference in barrier height can be

explainable by the fact that MS structures have several

current channels and mechanisms. That is, small

regions where charge carriers can flow exist at the

interfaces of the Al/(GO:PTCDA)/p-Si photodiode

structure and they can have change barrier height with

different light intensity [11–13]. The RR is proportional

to the forward current (IF) and the reverse current (IR)

at a certain voltage region (RR = IF/IR) in Fig. 3. The

RR values of the dark and 40 mW cm-2 light intensity

are 8.64 9 104 and 8.49 9 102 at ± 2.0 V bias, respec-

tively. As can be in Table 1, the RR ratio decreased with

increasing light intensity. Similar experimental results

were obtained in our previous studies [12, 13]. This

means that the Al/(GO:PTCDA)/p-type Si structure

has a good photodiode structure under 40 mW cm-2

light intensity.

To determine the predominant current conduction

mechanisms in the all forward bias area of the Al/

(GO:PTCDA)/p-type Si photodiode structure,

ln(I) - ln(V) curves and semi-log reverse bias cur-

rent–voltage characteristics of the photodiode struc-

ture were plotted in Figs. 4 and 5, respectively. As

shown in Fig. 4, the ln(I) - ln(V) plots at dark and 40

Table 1 The main parameters for the Al/(GO:PTCDA)/p-type Si structure in dark and under 40 mW cm-2

Parameter Under dark conditions Under illumination conditions

From forward bias I–V characteristics

Barrier height, Ub (eV) 0.618 0.619

Ideality factor, n 6.140 5.966

Saturation current, I0, (A) 9.55 9 10–7 9.07 9 10–7

Rectification ratios for ± 2.0 V 8.64 9 104 8.49 9 102

From reverse bias I–V characteristics

Barrier height, Ub (eV) 0.722 0.564

Ideality factor, n 1.0168 1.0004

Saturation current (A) 1.73 9 10–8 7.60 9 10–6

From Cheung’s method, dV/d(lnI) vs I

Series resistance, RS (X) 154.72 136.14

Ideality factor, n 5.418 5.152

H(I) vs I

Series resistance, RS (X) 177.48 148.14

Barrier height, Ub (eV) 0.580 0.605

From Norde’s method

Series resistance, RS (X) 299.48 235.29

Barrier height, Ub (eV) 0.989 0.991

From forward bias C–V characteristics

Barrier height, Ub (eV) 0.848 0.899

Fermi energy (eV) 0.177 0.179

Photoelectrical parameters (at 40 mW cm-2)

Short-circuit current density, Isc (A) – 7.34 9 10–6

Open-circuit voltage, Voc (V) – 0.30

Maximum voltage, Vmax (V) – 0.20

Maximum current, Imax (A) – 5.31 9 10–6

Maximum power, P (W) – 1.06 9 10–6 W

The fill factor (FF) – 0.482 or 48.2%

Conversion efficiency (gP) – 1.06 9 10–8
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mW cm-2 illumination intensity have four distinct

linear regions with different slopes (I. region:

- 0.916\V\- 0.328; II. region: - 0.274\V\
0.095, III. region: 0.113\V\ 0.405, and IV. region:

0.418\V\ 1.085 V) which are analyzed by I ¼ AVm

relation. Here, m is any fixed number which deter-

mines the charge conduction mechanism. It can be

seen from Fig. 4 that these linear regions are indi-

cating different conduction mechanisms. According

to I ¼ AVm equation, the values of m obtained from

the slope of the ln(I) - ln(V) plots for first, second,

third, and fourth regions were found to be 3.991,

4.797, 3.724, 2.400; 4.285, 4.829, 3.768, and 2.537 at the

dark and under 40 mW cm-2 light intensity, respec-

tively. Thus, in Fig. 4, in the first and second

(3.8 B m� 5) regions, trap-filled charge-limited con-

duction is dominant. In the third region

(3.6 B m� 3:8), the trap space charge-limited current

mechanism (SCLC) is dominant, and in the higher

voltage region (in the fourth region, 2.3 B m� 2:6),

trap-free space charge-limited current is dominant

which increases the rate of current with voltage

decreases. Likewise, semi-logarithmic I/

[1 - exp(- qV/kT)] - V plot of the Al/PTCDA?GO

(1:1)/p-Si structure in the dark and under 40 mW

cm-2 light source is shown in Fig. 5. If the RS = 0

from Eq. 1, the following equation can be obtained

[14, 35–37].

I

1 � exp �qV=kTð Þ½ � ¼ I0 exp
qV

nkT

� �
: ð5Þ

Using Eq. (5), I/[1 - exp(- qV/kT)] - voltage (V)

plot was obtained both in the dark and 40 mW cm-2

light source in the range - 3.00 to 0.00 V as in Fig. 5.

This normalizing approach by Rhoderick and Wil-

liams [1, 4, 35] improves the linearity of the curves in

the low-voltage range. Thus, using Eq. (5), ideality

factor (n) can be written as:

n ¼ q

kT

dV

d ln I
1�exp

�qV
kTð Þ

� � : ð6Þ

As can be seen in Table 1, since the reverse satu-

ration currents are greater than the forward satura-

tion current, the values of forward bias barrier

heights and ideality factors and reverse bias barrier

heights and ideality factors values are different from

each other. According to Tung [38] and Ru et al. [39],

the reason for this, an inhomogeneous MS may

behave as a high barrier contact under forward

deflection and as a low barrier contact under reverse

deflection.
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2.3 Photovoltaic properties of the Al/
(GO:PTCDA)/p-Si structure under 40
mW cm22 light source

Figure 6 shows the characteristics of the Al/

(GO:PTCDA)/p-type Si photodiode under a 40 mW

cm-2 light source at room temperature. Under 40

mW cm-2 light source at room temperature, the Al/

(GO:PTCDA)/p-Si structure exhibits photovoltaic

property with short-circuit current density (Isc-

= 7.34 9 10–6 A), open-circuit voltage (Voc = 0.30 V)

and maximum voltage (Vm = 0.20 V), and maximum

current (Im = 5.31 9 10–6 A cm-2). Also, the fill factor

(FF) and conversion efficiency (gpÞ are important

parameters with defined conversion efficiency for

photoelectronic and optoelectronic applications. The

fill factor and conversion efficiency can be obtained

from the equations given below [1, 4, 35],

respectively,

FF ¼ ImVm

IscVoc
ð7Þ

and if gP

gP ¼ ImVm

P0
¼ IscVocFF

P0
; ð8Þ

where P0 is the incident light intensity at 40 mW cm-2

light source at room temperature. In Fig. 6 and

according to Eqs. (7) and (8), the photovoltaic

parameters such as Isc, Voc, P, FF, and gP were

acquired as 7.34 9 10-6 A, 0.30 V, 1.06 9 10–6 W,

48.2%, and 1.06% under 40 mW cm-2 light source,

respectively. Experimental results showed that Al/p-

Si structures with a thin-layer (GO:PTCDA) interface

are light sensitive and can be used as a photodiode or

optical sensor for optoelectronic applications.

2.4 The analysis of electrical parameters
obtained from Cheung and Norde
functions

The Cheung [40] and Norde [41] methods are another

way to determine semiconductor properties, espe-

cially series resistors. The Cheung’s method sug-

gested that dV/dlnI–I and H(I)–I curves obtained the

electrical properties of semiconductor structures,

such as ideality factor, barrier heights, and series

resistance. The slopes of the dV/dlnI–I and H(I)–I

curves give the series resistance values. The y-inter-

cept of the dV/dlnI–I curve enables the determina-

tion of the ideality factors, while y-intercept of the

H(I)–I curve enables the determination of the barrier
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heights. According to the reference [40], Cheung

functions can be written as:

dV

d ln Ið Þ ¼ RsI þ n
kT

q
ð9Þ

and

H Ið Þ ¼ V � n
kT

q

� �
ln

I

AA�T2

� �
¼ IRs þ nUb; ð10Þ

where n is the value of the ideality factor for Eq. 9.

The IRS and Ub are values of series resistance and

barrier height of Al/(GO:PTCDA)/p-type Si structure

for Eq. 10, respectively. Figures 7 and 8 present

experimental dV/d(lnI)–I and H(I)–I plots of the Al/

(GO:PTCDA)/p-Si structure in the dark and under 40

mW cm-2 light source at room temperature, respec-

tively. Using Eq. 9 for Fig. 7, the values of RS and

n were obtained as 154.72 X and 5.418 and 136.14 X
and 5.152 in the dark and under 40 mW cm-2 light

source at room temperature, respectively. Likewise,

using Eq. 10 for Fig. 8, the values of RS and Ub were

obtained as 177.48 X and 0.580 eV and 14.14 X and

0.605 eV in the dark and under 40 mW cm-2 light

source at room temperature, respectively. As can be

seen in Table 1, the electrical parameters obtained

from the Cheung method are in agreement with each

other and with the values obtained from other

methods. Nevertheless, the series resistance values

obtained in dark are slightly higher than obtained

from 40 mW cm-2 light source. Thus, according to

the experimental results, the electrical properties of

Al/(GO:PTCDA)/p-Si structure are consistent with a

reduction in carrier densities in the depletion regions

of structure owing to introduction of traps and

recombination center’s associated under light source

[35, 42–44].

As different, the Cheung method [40] another

approach provided by Norde [41] also determines the

series resistances (RS) and barrier heights (Ub) char-

acteristics of the semiconductor structures. Norde’s

function can be written as follows:

y = 154.72x + 0.1385

y = 136.14x + 0.1333
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F V; cð Þ ¼ V

c
� kT

q
ln

I Vð Þ
AA�T2

� �
ð11Þ

Ub ¼ F V0ð Þ þ V0

c
� kT

q
ð12Þ

RS ¼ c� n

I

kT

q
: ð13Þ

From Eqs. 11, 12, and 13, c is any constant slightly

larger than the n values obtained from Fig. 3, the Ub

and RS are the values obtained according to the

Norde’s method, F(V0) is the minimum point of the

F(V)–V plots, and V0 and I are the voltage and current

values, respectively. Figure 9 shows the F(V)–

V curves of the Al/(GO:PTCDA)/p-Si structure

under dark and under 40 W cm-2 light density at

room 300 K. According to Eqs. 12 and 13, the Ub and

RS obtained using the Norde’s method are given in

Table 1. Thus, Ub and RS values obtained as 0.989 eV

and 299.45 X and 0.991 eV and 235.23 X for the 0.82

V0 bias and 0.605 F(V0) values at dark and under 40

mW cm-2 light density, respectively. As can been

seen from the Ub and RS values in Table 1, the Ub and

RS values obtained from Norde function are greater

than that obtained from Cheung’s functions and TE

theory. The main reason for these differences, Che-

ung [40] functions are only applied to the nonlinear

region in high-voltage region of the forward bias I–V

curves, while Norde’s [41] functions are applied to

the full forward bias region of the lnI–V curves for

the semiconductor structures [1, 4, 14–19, 35–44].

2.5 The C–V, G/x-V, and RS-
V characteristics of Al/(GO:PTCDA)/p-
Si structure

The C–V method is another technique to calculate the

barrier height, which is one of the basic properties of

the semiconductor structure. Figure 10a demon-

strates the C–V (a) and C-2–V (b) curves of Al/

(GO:PTCDA)/p-Si structure at the dark and 40 mW

cm-2 light intensity at 500 kHz frequency and 300 K,

respectively. As can be seen in Fig. 10a, the C–V

curves of Al/(GO:PTCDA)/p-Si structure give a peak

between - 0.15 and 1.95 V depending on the voltage

due to a unique distribution of surface states for both

in the dark and under 40 mW cm-2 light intensity,

which the magnitude of this peak decreases with

increasing voltages. The magnitudes of these peaks in

the dark and 40 mW cm-2 light intensity are

8.13 9 10–10 pF and 7.11 9 10–10 pF at 0.65 V,

respectively. The reason of these peaks in the C–V

curves can be attributed to a special distribution of

semiconductor interface states [1, 3, 8, 11, 15]. As can

be seen in Fig. 10b, the C-2–V curves are linear

between 0.00 and 0.40 V for both cases in dark and 40

mW cm-2 light intensity. Thus, the depletion layer

capacitance of the Al/(GO:PTCDA)/p-Si structure

can be expressed as follows [1, 4, 14–17, 45]:

1

C2
¼ 2 VR þ Vað Þ

qeSNAA2
; ð14Þ

where C-2–V curve:
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d C�2
� �
dV

¼ 2

NAA2qeS
; ð15Þ

where Va is the diffusion voltage, VR is the reverse

bias voltage, q is the electronic charge, es is the per-

mittivity of the semiconductor, and NA is the acceptor

doping density. The barrier height (UCV) from C–V

measurements can be written as follows:

UCV ¼ Vi þ
kT

q
þ kT ln

NV

NA

� �
� DUb ¼ Va þ EF � DUb;

ð16Þ

In Equation 16, DUb is the image force

(DUb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qEm=4pese0

p
), Em is the maximum electric

field Em ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNAVD=eseo

p� �
, EF is the Fermi energy

¼ kT=q lnðNV=NAÞð Þ, and NV is the effective density of

states in the valance band. According to Eq. (16), the

barrier height and fermi energy values are given in

Table 1. As you can see, the U(C–V) and EF values were

obtained as 0.848 eV and 0.177 eV in the dark and

0.899 eV and 0.179 eV in the 40 mW cm-2 light

intensity, respectively. It is clear that the U(C–V) values

are higher than the U(IV) values. Because the I–V

measurements only give the effective barrier height,

while the C–V measurements also give the flat band

voltage. The reason for can also be attributed to the

presence of excess capacity and inhomogeneity of

barrier heights [46–49].

Figure 11 show the conductance–voltage (G/x–V)

curves of Al/(GO:PTCDA)/p-Si structure at the dark

and 40 mW cm-2 light intensity at 500 kHz frequency

and 300 K. As seen in Fig. 11 for both cases, because

the Al/(GO:PTCDA)/p-Si structure is not G/x under

reverse bias, the G/x does not change with the

application voltage. However, the G/x increased

especially in depletion and inverse regions depend-

ing on the increase bias voltages for both in the dark

and under the light. This means that the increase in

G/x under forward bias voltages can also be attrib-

uted to the increase in active carrier density with

increasing voltage values [3, 50, 51].

Figure 12 shows the series resistance–voltage (RS–

V) curves of Al/(GO:PTCDA)/p-Si structure mea-

sured at ± 5 V and at 500 kHz at the dark and 40

mW cm-2 light intensity. The RS values can be

determined from C–V and G/w–V measurements as

shown below [1, 3, 4, 52–54]:

RS ¼ Gma

G2
ma þ x Cmað Þ2

; ð17Þ

where x (= 2pf) is the angular frequency and Cma and

Gma are the capacitance and conductance in strong

accumulation region. As can be seen in Fig. 12, the

RS–V curves of Al/(GO:PTCDA)/p-Si structure gave

peak values of 198 X and 222 X at 0.65 V in the dark

and at 40 mW cm-2 light intensity, respectively. The

appearance of peaks in the dark and at 40 mW cm-2

light intensity can be explained by interface states

driven by ac signal or change of interface traps [1, 4].

Also, as shown in Table 1, the RS values obtained
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from the C–V and G/x–V measurements are close to

the values obtained from the I–V measurements.

2.6 The energy distribution profile
of interface state densities of the Al/
(GO:PTCDA)/p-Si structure

The interface state densities (NSS) of semiconductor

structures are another important parameter that gives

information about I–V and C–V measurements and

affects the semiconductor structure. The NSS is cal-

culated from I–V measurements of the Al/

(GO:PTCDA)/p-Si structure in the dark and at 40

mW cm-2 light intensity, respectively. The energy

distribution situation (ESS) of the NSS concerning the

valance band is given as ESS–EV. According to Card

and Rhoderick [4, 54] the NSS can be written as

follows;

NSS Vð Þ ¼ 1

q

ei
d

n Vð Þ � 1ð Þ � es
WD

� �
; ð18Þ

where WD is the depletion layer width, n(V) is the

ideality factor (n(V) = V=ðkT=qÞlnðI=I0ÞÞ, es and ei are

the permittivity of the semiconductor structures, and

d is the thickness of insulator layer ðd¼ eieoA=CmaxÞ. In

the same situation, ESS–EV statement is given as fol-

lows [1, 4, 11–16, 54, 55].

ESS � EV ¼ qðUe � VÞ; ð19Þ

where Ue is the effective barrier height

(Ue ¼ Ubo þ 1 � 1=nð ÞV). The ESS–EV–NSS curves for

both in the dark and at 40 mW cm-2 light intensity of

the Al/(GO:PTCDA)/p-Si structure are depicted in

Fig. 13. As shown in Fig. 13, the NSS curves deter-

mined from the downward concave curvature region

of the lnI–V plots of the Al/(GO:PTCDA)/p-Si

structure. It is clear seen that the exponential growth

of the NSS from midgap toward the bottom of con-

duction band is very apparent. Thus, as seen in

Fig. 13, while the interface state density (NSS) calcu-

lated in the dark has increased exponentially with

bias from 4.623 9 1012 cm-2 eV-1 in (0.578—EV) eV

to 6.188 9 1012 cm-2 eV-1 in (0.373—EV) eV of the

Al/(GO:PTCDA)/p-Si structure, the NSS obtained in

the 40 mW cm-2 light intensity has increased expo-

nentially with bias from 4.147 9 1012 cm-2 eV-1 in

(0.578—EV) eV to 5.892 9 1012 cm-2 eV-1 in (0.366—

EV) eV for the Al/(GO:PTCDA)/p-Si structure,

respectively. It is clearly seen that the Al/

(GO:PTCDA)/p-Si structure in the dark is larger than

that of the Al/(GO:PTCDA)/p-Si structure in the 40

mW cm-2 light intensity. This situation of NSS can be

attributed to defect charging state of interface states

in the 40 mW cm-2 light intensity [20, 28].

3 Conclusion

In our work, the surface morphologies of GO and

PTCDA organic semiconductor powders were

examined by UV/Vis analyses. The electrical and

photovoltaic properties of the Al/(GO:PTCDA)/p-Si

structure were investigated using I–V, C–V, G/x–V,

and RS–V measurements in dark and under 40 mW

cm-2 light illumination at room temperature. The

experimental results showed that the electrical

parameters such as n, Ubo, Io, RS, RR, and EF obtained

from different methods using I–V and C–V charac-

teristics are strong functions of the 40 mW cm-2 light

intensity and applied voltage. The values of electrical

parameters obtained from Cheung and Norde meth-

ods were compared with each other. The C–V and

RS–V plots exhibited a peak due to a special distri-

bution of semiconductor interface states. Further-

more, the photovoltaic properties such as short-

circuit current (Isc), open-circuit voltage (Voc), maxi-

mum power (P), fill factor (FF), and conversion effi-

ciency (gP) were acquired as 7.34 9 10–6 A, 0.30 V,

1.06 9 10–6 W, 48.2%, and 1.06% under 40 mW cm-2

white light intensity, respectively. Thus, these results

suggested that Al/p-Si structures with a thin-layer

(GO:PTCDA) interface are light sensitive and can be
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used as a photodiode or optical sensor for optoelec-

tronic applications, and the Al/(GO:PTCDA)/p-Si

structure can be used as a photodiode in photo-

sensing applications. As finally, the NSS vs (Ec–ESS)

plots were obtained from the forward bias I–V mea-

surements and it was seen that NSS vs (Ec–ESS) plots

of Al/(GO:PTCDA)/p-Si photodiode structure in the

dark are larger than that of the Al/(GO:PTCDA)/p-Si

structure in the 40 mW cm-2 light intensity. This

situations of NSS can be attributed to defect charging

state of interface states in the 40 mW cm-2 light

intensity. As conclusion, the experimental results

revealed that Al/GO-PCDA/p-Si structures are sui-

ted for future high-quality electrical and optoelec-

tronic device applications and also Al/GO-PCDA/p-

Si structures may be employed as a photodiode in

optoelectronic applications.
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1. R.K. Gupta, F. Yakuphanoğlu, Sol. Energy 86, 1539 (2012)

2. S.M. Sze, Physics of Semiconductor Devices, 2nd edn.

(Wiley, New York, 1981)

3. M.I. Khan, A. Suleman, M.S. Hasan, S.S. Ali, T.I.A. Muhi-

meed, A.A. AlObaid, M. Iqbal, M.M. Almoneef, N. Alwadai,

Mater. Chem. Phys 274, 125177 (2021)
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Mater. Sci. Eng. B 264, 114931 (2021)
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