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Electrical and Photodetector Characteristics of Schottky Structures
Interlaid with P(EHA) and P(EHA-co-AA) Functional Polymers by the
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ABSTRACT: In this study, poly(2-ethylhexyl acrylate) (PEHA)
homopolymer and its copolymer combined with acrylic acid P(EHA-
co-AA) were employed as interfaces in two separate Schottky
structures. First, both interfaces were grown by initiated chemical
vapor deposition (iCVD), which provides much better deposition
control and homogeneous coating compared to solution-phase
methods. In addition to this advantageous method, the effects of
two different polymers, one of which is better able to adhere to the
crystal surface on which it is formed than the other, on the
optoelectronic properties have been studied. Then, their current—
voltage (I-V) and capacitance/conductance—voltage (C/(G/w)—V)
characteristics were investigated both in the dark and under
illumination. The basic electrical parameters and the illumination-
induced profile of the surface state (N,;) were probed by I-V and C—V measurements for two samples. A decrease in the barrier
height (BH) and, consequently, a significant increase in the photocurrent were observed under illumination. Striking changes in
series resistance (R,) values are also highlighted. The photocapacitance and conductance characteristics indicated that the structures
could be considered not only as photodiodes but also as photocapacitors. Moreover, the voltage-dependent changes of some
photodetector parameters, such as responsivity (R), sensitivity (S), and specific detectivity (D*), along with the transient
photocurrent characteristics, are discussed for both structures. Therefore, we can say that the strong changes in these parameters,
which figure the merit of photodiode and photodetector applications, depending on the voltage and under illumination, prove that it
is a study carried out in accordance with the purpose and so they can be used in electronic and optoelectronic applications.
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1. INTRODUCTION

The photovoltaic effect allows solar cells (SCs) and photo-
detectors (PDs) to directly convert the energy from sunlight
into direct current (dc) electricity. To achieve this conversion,
a material is needed that can absorb sunlight and allow these

M-S interface. They are generally separated from inorganic
structures by their commercial availability, controllable
electrical and mechanical properties, and ease of fabrication
in device electronics and optoelectronics studies.' > Moreover,
the structural nature of organic polymers allows for significant

high-energy electrons to move through an external circuit. The
optical parameters and charge transport mechanisms of these
devices depend on various parameters, such as fabrication
preparations, surface contamination, surface/interface state
intensity distributions (N), the form of the barrier height
(BH), series resistance (R;), and executed bias voltage.
Traditionally, the basic scientific/technical problems of these
devices are also relevant to the increase in efficiency and to
reducing energy losses and costs. Therefore, for inorganic
silicon-based electronic structures, many studies have been
carried out on organic silicon-based structures, which have
been a strong alternative in many respects for a while.
Herewith, polymers can be shown to be one of the most
susceptible candidates for organic structures interlaid at the
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developments in flexible electronics applications, such as
curved imaging and wearable device technologies.*™”

Among the flexible functional polymers that can physically
adhere strongly to the surface without altering the morpho-
logical properties of the surface in thin-film coating

applications, there are remarkable advantages in terms of

Received: July 10, 2023

Revised: ~ November 14, 2023
Accepted: November 20, 2023
Published: November 28, 2023

https://doi.org/10.1021/acsomega.3c04935
ACS Omega 2023, 8, 46499—-46512


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Selc%CC%A7uk+Demirezen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Murat+Ulusoy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haziret+Durmus%CC%A7"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Halit+Cavusoglu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kurtulus%CC%A7+Y%C4%B1lmaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S%CC%A7emsettin+Alt%C4%B1ndal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S%CC%A7emsettin+Alt%C4%B1ndal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c04935&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
https://pubs.acs.org/toc/acsodf/8/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c04935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Au Rectifier Contacts (a)

Au Rectifier Contacts  (b) v (c)

?
q®; ° SR ! qVi
v . e

. -3¢ Surface/ | .= o.
Interface
States

>
e
P(EHA) or P(EHA-co-AA]

Figure 1. Pictorially fabricated structures: (a) interlaid with the P(EHA), (b) interlaid with the P(EHA-co-AA), and (c) band diagram with some

electron conduction mechanisms.

both functional chemical diversity and applicability to different
substrates.'”"" Thanks to its low glass-transition temperature
and its ability to form homogeneous films, poly(2-ethylhexyl
acrylate) (PEHA) is one of the functional polymers that stand
out among self-adhesive polymers."””'* Therefore, such
polymers have applications in various fields, such as the
adhesive industry, medical applications, biomaterials, and
sensor applications.15 In this study, it was employed in the
Schottky structure as an interface. In addition, the copolymer
combined with acrylic acid, which was reported to increase the
adhesion ability,'®"” was also employed as a second Schottky
structure interface. The use of polymers as insulating interfaces
in Schottky structures has a considerably long history.'® They
are widely used in organic SCs and PDs, mainly due to their
properties, as mentioned above, and also their high trans-
parency.'”~*° Today, it can be said that it is often preferred in
optoelectronic applications, which are gradually developing.
Polymers have been used as interfaces in such studies in their
pristine form or by doping with various filling nanostructures
(metals, metal oxides, graphene, GO, etc.) and even cation-
and anion-bonded materials.””*"

The physicochemical interactions underlying the preference
of polymers and/or doped polymers as active medium/
interface in photovoltaic devices are basically based on the
photogeneration of e"—h* couples depending on the energy
irradiated onto the surface of the device.””*° In addition, there
are studies that include polymer and copolymer compositions
in such device applications, albeit in very limited numbers.”"**
Regardless of the layer deposition method or interface material
chosen, the main purpose of a photovoltaic structure is to
achieve reasonable photocurrent values as a function of the
intensity and/or wavelength of the incident light.”> The
production and development of sensors sensitive to visible
light and/or its near-neighbor radiation (NIR or UV) have
become a necessity for autonomous systems and devices that
are making their presence felt in many areas of our lives.

In line with this necessity, in the present study, poly(2-
ethylhexyl acrylate) (PEHA) homopolymer and its copolymer
combined with acrylic acid P(EHA-co-AA) were employed as
interfaces in two separate Schottky structures. Both interfaces
were fabricated by the initiated chemical vapor deposition
(iCVD) method, which provides much better deposition
control and homogeneous coating compared to solution-phase
methods. The current—voltage (I—V) and capacitance/
conductance—voltage (C/(G/w)—V) measurements of the
fabricated structures were executed at certain voltage ranges in
the dark and under illumination (100 mW cm™2). The basic
electrical diode parameters, the energy- and voltage-dependent

distributions of the surface state intensities (N,), and some
photodetector parameters, such as responsivity (R), sensitivity
(S), and detectivity (D*), have been studied. A decrease in the
barrier height and, consequently, a significant increase in the
photocurrent were observed under illumination. At the same
time, peaks in the S and D* parameters, especially around —0.5
V, indicate that the photodetector properties of the formed
structures are strong. Therefore, we can say that the strong
changes in these parameters, which figure the merit of a
photodetector, depending on the voltage under illumination,
prove that this is a study carried out in accordance with the
purpose.

In this study, we aimed to investigate the effects of two
different polymers (homopolymer and copolymer), one of
which can adhere better to the crystal surface on which it is
formed than the other, on the surface states that were also
investigated. Perhaps, the different intensities of the N
distributions according to the energy range are due to the
differences in these adhesion properties of the polymers and/
or to the effects of the atoms/charges localized at the polymer/
semiconductor interface. However, there are almost no studies
in the literature on whether the adhesion properties of
polymers have an effect on the surface states. Therefore,
specific studies to be conducted in this area will allow for more
satisfactory results to be obtained at this point.

2. EXPERIMENTAL SECTION

2.1. Materials. Substrates, including silicon wafers (~300
um thickness, (100), n-type, and 1—10 Q-cm), were employed
in the study. The monomers utilized were 2-ethylhexyl acrylate
(EHA; Aldrich, 98%) and acrylic acid (AA; Aldrich, 99%),
while the initiator was di-tert butyl peroxide (TBPO; Aldrich,
98%). All precursors were utilized in their as-received form
without any modification or purification.

2.2. iCVD of P(EHA) and P(EHA-co-AA) Films and
Fabrication of the Structures. After the substrate was
chemically cleaned, the backside was thermally coated with
high-purity (99.999%) gold (Au) at 107 Torr pressure for
ohmic contact with a thickness of 150 nm in order to fabricate
the structures interlaid with the polymer and copolymer in the
first step. The deposition was then performed on 1 cm X 1 cm
substrates using a custom-built cylindrical stainless steel
vacuum chamber measuring 50 cm in diameter and 75 cm in
length. Further details of the system can be found in the cited
study.'* A vacuum was attained by using a rotary vane vacuum
pump (2XZ-15C, EVP). The substrates were inserted into the
reactor, and the temperature of the samples was anchored at 25
°C using recirculating chiller water (Lab. Companion RW-
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Figure 2. SEM images of the P(EHA) (a) and P(EHA-co-AA) films (b) deposited from iCVD.
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Figure 3. FTIR spectra of iCVD polymers P(EHA) with the spectra of corresponding monomers EHA (a) and FTIR spectra of iCVD P(EHA-AA)

copolymers (b).

0525G, South Korea). The necessary heat energy for reaction
initiation was harnessed by a nichrome (Ni—Cr 80/20 wt %,
0.3 mm diameter) filament array, placed 2.5 cm above the
substrate surface, and the filament temperature was maintained
consistently at 240 °C during the reaction. The temperature of
the reactor wall was held at a constant 50 °C. A capacitance-
type pressure sensor (MKS, Baratron, 1 Torr) was utilized to
measure the chamber pressure, which was maintained at a
continuous pressure of 600 mTorr throughout all depositions.
The monomers, EHA and AA, and the initiator, TBPO, were
placed in stainless jars for vaporization into the reactor. The
temperature of the jars was set at 70 °C, 40 °C, and room
temperature for EHA, AA, and TBPO, respectively. The
initiator/total monomer ratio (I/MT) was kept consistent at
1/1 for all depositions. For homopolymer P(EHA) deposition,
EHA and TBPO vapors were introduced into the chamber at a
pressure ratio of 300/300. In order to deposit the copolymer, a
constant EHA/AA pressure ratio of 100/200 was employed.
After the deposit processes, ~1 mm diameter Schottky dot
contact formation was carried out on the thin films using high-
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purity Au (0.999). The pictorially fabricated structures are
shown in Figure la—c, along with a band diagram, illustrating
some electron conduction mechanisms involved.

3. RESULTS AND DISCUSSION

3.1. Film Surface Morphology. Figure 2 shows the SEM
images of the P(EHA) and P(EHA-co-AA) films that were
deposited by iCVD at the same filament temperatures when
the M/I ratio was 1. The films deposited at the 240 °C
filament temperature are smooth and featureless, which is true
of almost all PEHA films deposited under various conditions.
Similar findings have been reported by other researchers.""

In this study, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) energies and energy gap between them were
calculated for P(EHA) and P(EHA-co-AA) functional
polymers. Especially, the HOMO—-LUMO band gap is a
significant parameter for the determination of molecular
electrical transport. In computational quantum chemistry, the
energy of HOMO stands for the ionization potential and the

https://doi.org/10.1021/acsomega.3c04935
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Figure 4. InI vs V plots of the structures interlaid with the (a) P(EHA) in the dark and under illumination, (b) P(EHA-co-AA) in the dark and
under illumination, (c) P(EHA) and P(EHA-co-AA) in the dark, and (d) P(EHA) and P(EHA-co-AA) under illumination.

energy of LUMO stands for the electron affinity.”* Moreover,
it can be said that a molecule with a high HOMO—-LUMO
energy gap has a high kinetic stability and low chemical
reactivity. The calculated LUMO energies of the polymers are
—0.28 eV for P(EHA) and —0.32 eV for P(EHA-co-AA). The
HOMO energies of the polymers were calculated as —6.54 and
—6.37 eV, respectively. The energy gaps were calculated as
6.26 and 6.05 eV, respectively. This result indicates that the
band gap for the copolymer is smaller than the main polymer,
resulting in lower molecular stability and greater chemical
reactivity. Scientific studies show that increased chemical
reactivity can have positive effects on the physical and chemical
properties of a molecule.”

3.2. Film Structure. Figure 3a illustrates the FTIR spectra
of P(EHA), both of which were deposited via iCVD, in
addition to the spectra of their corresponding monomers. The
P(EHA) spectrum exhibits four primary vibrational modes: a
robust C=0 stretching peak at 1733 cm™', C—O stretching
peaks in the range of 1000—1250 cm™’, bending vibrations of
—CH, or —CHj, between 1380 and 1461 cm™", and stretching
vibrations of C—H at 2860, 2929, and 2959 cm™'. P(EHA-AA)
copolymer was synthesized, and their FTIR spectrum is
displayed in Figure 1b. Copolymer spectrum displayed
characteristic peaks from both EHA and AA monomers. The
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FTIR spectrum of P(AA) exhibits a distinct carbonyl stretching
peak at 1707 cm™, as well as a characteristic broad O—H
stretching vibration peak centered at 3056 cm™". This indicates
the inclusion of an acrylic acid unit in the copolymer structure.

3.3. I-V Characteristics. Investigation of -V and C/G—-V
measurements as a function of illumination yields exciting
findings about the device’s electrical characteristics. MS
structures with a thin insulator-oxide or polymer interface
are particularly sensitive to illumination. If the energy of the
absorbed photon is greater than the band gap energy of the
semiconductor material, electrons will migrate to the rectifier
metal either by being excited to the conduction band and
crossing the interfacial barrier from there or tunneling via
interface states/trap levels. The forward and reverse bias I-V
characteristics of structures with different interlayers P(EHA)
and P(EHA-co-AA) were measured in the dark and under 100
mW cm? illumination and given in Figure 4a—d, respectively.

The photocurrent values (Iph) rise as the intensity of
illumination increases, particularly in the reverse bias region
due to the photogenerated e”—h" pairs under illumination, as
shown in the figures. Put differently, when exposed to light, a
significant number of these pairs are generated, leading to the
manifestation of photoconductive characteristics. This behav-
ior can be explained by the fact that after absorbing enough

https://doi.org/10.1021/acsomega.3c04935
ACS Omega 2023, 8, 46499—-46512
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Figure 5. Transient photocurrent vs time plots of the structures interlaid with (a) P(EHA) and (b) P(EHA-co-AA).
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Figure 6. Voltage-dependent (a) photosensitivity, (b) responsitivity, and (c) specific detectivity plots of the structures.

energy (hc/qA > Eg), the valence band electrons move to the
conduction band. The recombination of e”"—h" pairs can be
hindered by a strong electric field in the reverse bias region,
whereas it is unaffected by a low electric field in the forward
bias region.’*** Begin with, by studying the on/off time
characteristics of zero-bias photocurrents, we can examine the
photoresponse properties of the structures. The plots of the
transient photocurrents when no electric field is applied to the
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structure (zero bias) are shown in Figure Sa,b. For a better
interpretation, triangular photocurrent values were observed in
both structures when the steady-state characteristics were
examined, including a low illumination intensity. However,
especially with the copolymer (P(EHA-co-AA)) structure, the
fact that both the photocurrent continues to increase with time
at both illumination intensities and the decay times are longer
compared with the homopolymer (P(EHA)) structure can be

https://doi.org/10.1021/acsomega.3c04935
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attributed to the interface/surface state distributions (Nj,)
(shallow or deep traps) and/or the intensities of the trap levels
that act as recombination centers in this structure.””~** Later
in this section, we discuss the characteristics of N, as a
function of the difference in energy levels (E.—Ey,).

For a better understanding of the PD characteristics under
illumination, herein, PD parameters, such as S, R, and D*, were
calculated using the following relationships to study the
photodetector performance and plotted in Figure 6 with a
reference structure for better awareness (Figure 6a—c)

S = Iph - Idark
Idark (1)
R= B
PA (2)
1/2 1/2 1/2
oA ) Raan”? _ (aay)
qudark In NEP (3)

where I, and Iy, are the photocurrent and dark current, P is
denoted as the illumination intensity, A and q are denoted by
the area of the diode and the charge of the electron, I, is the
noise current, Af is the noise measurement bandwidth, and
NEP is the noise equivalent power. The S, R, and D* values are
found to change gradually with the applied reverse potential,
which is also evidence that the fabricated structures exhibit
high photosensitivity in the negative/reverse bias region. From
these results, it can be seen that the sensitivity of the diodes
varies greatly with the bias voltage and that the P(EHA-co-AA)
interlayer is more sensitive to illumination. However, it can be
said that the differences, such as fluctuations and peaks that
appear in the voltage-dependent changes, have their source in
the intensity distribution of the trap levels (N,;) at the interface
of the structures. In addition, the decrease in S values with
increasing reverse bias is associated with increasing dark
current (I;,;) and the decrease in R and D* values around zero
bias is clearly associated with decreasing photocurrent (Iph).

With these evaluations, it can be said that these diode
structures obtained by creating separate monolayer interfaces
can be used as effective photodetectors as a result of
comparison with similar literature studies.**~*°

Meanwhile, other parameters to study the photovoltaic
performance of the constructed heterostructures, the open-
circuit voltage (V,.), short-circuit current (), and fill factor
(FF) were evaluated by using the illuminated I—V curve. The
FF was calculated using the following equation*’

Vodse (4)

Here, V,,, and I, are the maximum voltage and maximum
current and I. and V. denote the short-circuit photocurrent
and open-circuit voltage values acquired using the y-axis and x-
axis intersecting points of the illuminated I-V curve,
respectively. The results of the photovoltaic parameters of
the structures are listed in Table 1.

Low FF values have been attained as a result of the
obstructive impact caused by the series resistance and the
interface’s susceptibility to illumination conditions. Further-
more, these interface states may have acted as sources of
leakage currents and as traps for carriers generated by
illumination. However, these values are sufficient for
applications in photodetector/diode devices, and the afford-

Table 1. Some Photovoltaic Parameters of the Structures

Vi V.. FF
interlaid with W) I (A) ) I. (A) (%)

P(EHA) 0.11 281X 1077 050  6.58 X 1077 9

P(EHA-co- 0.10 153X 107 018  2.81x107° 30
AA)

ability and simplicity of manufacturing organic materials enable
their practical utilization in commercial applications.*”

The I-V characteristics of the structures under forward bias
at moderate voltage levels (V > 3kT/q) can be analyzed by
employing the thermionic emission (TE) theory. According to
this theory, the equation is as follows***’

q(vV — IRS))

I=1, exp( T

(5)

Here, the value of I, which represents the saturation current
at zero bias voltage in reverse bias, can be acquired by locating
the point of intersection between the linear In I-V fit plot and
zero bias. Employing the I, values, zero-bias barrier height
(®@g) values are obtained with the following equation

2
Dy = kr ln[AA T ]
9 Iy

In eq 6, A* is the effective Richardson constant (112 A cm™
K™2), T is the room temperature in kelvin, and k is the
Boltzmann constant. Ideality factor (n) obtained from the
slope equation of the linear fit plot of InI—V and the
corresponding equation is as follows

g d(V-IR)

T dn(D) 7)

To compare the rectifier behavior (RR = Ip/Iy), n, I, and @y
of the structures, semilogarithmic I—V characteristics are
shown in Figure 4ab for the dark and 100 mW cm™
respectively. The experimental values of them were calculated
using eqs 5—7 in the dark and under illumination and are also
given in Table 2. It is seen that the photodiode with the
P(EHA-co-AA) interlayer has a higher RR value compared to
the photodiode with the P(EHA) interlayer. In other words,
Table 2 clearly shows that the structure interlaid with P(EHA-
co-AA) enables a significant reduction in leakage current
compared to the structure interlaid with P(EHA). In Table 2,
their ideality factors are greater than the ideal case (n = 1). In
an ideal diode, the ideality factor is equal to 1. However, in
practice, the ideality factor is often greater than 1 for
semiconductor diodes. The ideality factor for a semiconductor
diode is affected by a combination of factors, including
nonideal current flow, formation of barrier inhomogeneities,
generation—recombination effects, series resistance, the spatial
intensity distribution of N, and cleaning of surface
processes.”’ These factors can cause deviations from the
ideal behavior described by the ideal diode equation and result
in an ideality factor greater than 1.*%*

Both series (R,) and shunt (Ry,) resistances are important
parameters that affect the performance of PDs. While R affects
the linearity, speed, and responsivity of the photodiode, Ry,
affects the dark current and noise characteristics of the
photodiode. Thus, both the R; and Ry, values were obtained
from the plot of the structure resistance (R;) versus applied
bias voltage (V;) in the dark and under illumination. Here, R; =

(6)

2
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dV,/dI; values are plotted, as shown in Figure 7a,b. The R, and
=5 Ry, values obtained correspond to enough high forward/
%§ ] reverse bias as 1.84 X 10° and 4.89 X 10’ Q in the dark and
== 8.22 X 10° and 9.64 X 10* Q under illumination for interlaid
with the P(EHA) structure and 1.37 X 10* and 3.66 X 107 Q in
the dark and 4.47 X 10* and 5.34 X 10* Q under illumination
. for interlaid with the P(EHA-co-AA) structure, respectively.
8= ¢ g The linear part of the In I-V plots is noticeably smaller for
‘En A forward bias when Ry is very high, and in this situation, the
8 accuracy of extracting the electrical characteristics with the I—
- o] - V data is called into question. However, Cheung’s functions’"
|
E % » o can be employed as an alternative technique, taking advantage
S X33 of the downward curvature of the I-V curves of the forward
5 = bias voltage to determine the n, R, and ®y quantities in the
2 dark and under illumination. The functions of Cheung are
g o iven as follows
| |28 r e s
28 S S dv kT
S =n— + IR,
d(In 1) q (8)
= e 5 8 nkT I
£ MCIERS H(I):V—(— 1n( *2):nq>B+RJ
g 9 ) ‘A4 )
o N
E = = 9 O . . .
2 = <+ The plots obtained from these functions described above are
= _ shown in Figure 8a—d for both conditions. The values of R, n,
: s S and @y were calculated using the slope and intercept of dV/
g d 3 B gt .
9 e 8 dinI and H(I) vs I plots according to eqs 8 and 9. Obtained
% results are also given in Table 2. When the basic parameters
- P obtained from both approaches are examined, the increase in n
S g X X and I values and the decrease in R and @y values clearly
b N indicate that the incident light energy generates excited
2 ARSI electrons in the structures and thus a photocurrent.
_: Particularly, high R; values obtained in the dark have been
g P observed in similar studies.”
e = .. Another critical aspect of the device that requires careful
S ol<2Z 25 consideration is the presence of surface states/trap levels (N,,)
o 5 == or defects that can appear at the interface of the semiconductor
<! S and introduce energetic states or recombination centers within
g = the band gap (E,) of the semiconductor. The characteristics of
» PR~ o § . .
g &% & & the surface traps vary based on several factors, including the
g g= < ° chemical makeup of the interface, defects such as oxygen
g vacancies, and hanging boundaries at the interface.””>">*
& % = Because the sources from which they originate are different
=R =T and, therefore, can be localized at different energy levels,
e
= E + ¥ striking effects can occur in the measured properties of the
> = structures relative to external variables, such as voltage,
& 5558 ;
2 - temperature, frequency, and irradiation.” " The operation
g S E o % of the device, both in the dark and under illumination, can be
g significantly affected by these traps or dislocations. Using the
~ n g Card and Rhoderick equations53 below, the forward bias I-V
'é ¥ data can be employed to derive the energy density distribution
2 - profiles of N
m Eleg 2
a, «© o>
= = = E: €
S aNS(V) = | =(n(V) = 1) = — }
> RS D (10)
= B X X
L
= g3 q | (V- IR)
. N (V) = —|——=
g kT | In(1/1,) (11)
S
w
«
]
G
j

interlaid with
P(EHA)

P(E

(12)
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Figure 7. R; vs V plots of the structures interlaid with (a) P(EHA) and (b) P(EHA-co-AA) in the dark and under illumination.
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Figure 8. dV/dIn I vs I plots of the structures (a) in the dark and (b) under illumination and the H(I) vs I plots of the structures (c) in the dark and

(d) under illumination.

In these equations, n(V), ®,, §, and Wy, denote the ideality
factor (voltage-dependent), effective BH, interfacial layer
thickness, and depletion layer width, respectively. In addition,
g and g are the interfacial layer permittivities and the
semiconductor permittivity. Wy, was also calculated from the
C—V measurements at 0.5 MHz. The surface state energy level
(E,) in relation to the conductance band (E.) can be
represented as follows for n-type semiconductors:

46506

Ec - Ess = q(q)e - V) (13)

The results are presented in Figure 9a,b to show the effects
of the P(EHA) and P(EHA-co-AA) interlayers and the
illumination on the surface states. As shown in these figures,
it can be noticed that the N values for both structures
gradually decrease as the energy gap difference increases in the
dark, but a faster increase in the N, values occurs for the
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Figure 9. N,, vs E.—E_ plots of the structures interlaid with (a) P(EHA) and (b) P(EHA-co-AA) in the dark and under illumination.

copolymer interface structure toward the depths of the
forbidden energy gap.

At these levels, called deep trap levels, the recombination
centers induced by the illumination effect cause serious
increases in the N values. Therefore, they significantly affect
the photocurrent and photodetector characteristics at certain
voltages and under illumination.’® > In addition, we can agree
that the presence of a second molecule, combined with its
molecular structure and production processes, causes the N
values of the copolymer interface structure to be higher than
those of the homopolymer interface structure.

Finally, in this section, the I—V characteristics were also
constructed as double logarithmic curves and are shown in
Figure 10 to identify the predominant mechanism of current
conduction throughout the forward bias range of both
structures in the dark.

2k ® P(EHA) ® P(EHA)-co-AA
r 1
4t ‘
_ 16}
s L
‘u- [
=
= a8}
20 b .
e @ v ° o®
b P 2 0
2f e
20 15 1.0 05 0.0 05 10

IV, (V)

Figure 10. InI; vs InVy plots and linear part fit slopes of the
structures in the dark.

Figure 10 illustrates that in each plot of the natural logarithm
of forward current (InI;) against the natural logarithm of
forward bias (In Vy), there are three distinct linear sections
with varying slopes. This relationship demonstrates that the
current through the device is directly proportional to the bias
voltage applied to it, indicating I @ V" (current proportional to
voltage) behavior. Here, the m values found from the slopes of
these linear regions are 0.87, 11.93, and 7.54 for interlaid with
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the P(EHA) structure and 1.24, 7.22, and 4.79 for interlaid
with P(EHA-co-AA) structure. In the low bias region, the value
of the exponent “m” is approximately 1, indicating that current
conduction has an ohmic mechanism. This mechanism can be
explained by the dominance of the current generated within
the film itself (bulk-generated current) over the current
generated by the injected free carriers. In the intermediate
bias region, the primary current-limited mechanism (CLM)
was identified as the trap-charge-limited current (TCLC). The
value of m in this region is significantly greater than 2. As the
electron injection increases, the traps and states within the
system become filled, resulting in an accumulation of space
charges throughout the process. In the high-bias region, the
structure approaches the trap-filled limit; consequently, the
slope tends to decrease. The intense electron injection causes
electrons to escape from the traps, thereby contributing to the
generation of space-charge-limited current (SCLC).%7%

3.4. C-V and G/w—V Characteristics. The C—V and G/
@—V characteristics of the structures were measured at room
temperature and 0.5 MHz. The measurements were executed
under the same conditions as for the -V measurements. The
comparisons of these characteristics were made for both
reverse and forward bias voltages. The results of these
measurements are plotted in Figure 11a—d.

Since the interface states can easily keep up with the signal
changes at low frequencies, the illumination effects are
examined at a higher frequency value (0.5 MHz) to eliminate
the noise effects. Particularly, the alterations in C and G/w
values are functions of illumination and voltage in the
depletion regions due to the peculiar intensity distribution of
N, at the interlayer/n-Si interface and the generation of e —h*
pairs under the illumination effect. In addition, as seen in
Figure 1lab, the tendency of C values to increase in the
copolymer interface structure at higher reverse biases in the
inversion region can be addressed by the localized surface/
interface states or trap levels in this region. This situation can
also be related to the noise effect in the leakage current in the
In [-V plot (see Figure 4b).°

When light illuminates the device, additional e™—h" pairs are
generated through optical absorption. The mechanism behind
this effect is known as the photovoltaic effect or photo-
conductive effect. If the energy of the photons exceeds the
energy gap (Eg) of the semiconductor, the emission of e™—h*
pairs in the depletion region of the semiconductor is possible.
These e —h* pairs would then be separated at the grain
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boundaries by a strong local internal electric field when the
structures are subjected to an electric field. These results
confirm that the devices, especially the structure interlaid with
P(EHA), exhibit photocapacitive behavior, which is related to
the photogenerated charges. The charge carriers are generated
under illumination and accumulated at the interface. As a
result, the diode exhibits additional photocapacitance and
conductance.

The profile of voltage-dependent N, was also determined by
analyzing the capacitance data obtained in the dark and under
illuminations, using the following equation54’67

-1 -1
1 1 1 1
A (V) = (c— il E] - (c— - E]
ill. i dark i (14)

In the above equation, Cg,, denotes the capacitance value
measured in the dark, C; denotes the capacitance value
measured under illumination, and A denotes the area of the
rectifier contacts. In this method, which basically allows the
examination of Ny, changes based on voltage by low-high
frequency measurements, the C value measured under
illumination corresponds to the low frequency (Cy — Cy)
and the C value measured in the dark corresponds to the high
frequency (Cps — Cyua)- Using this approach, which allows
very practical calculation over the area between these two plots
of measurements, the N values are determined by isolating
and separating its capacitance contribution from the observed
C—V curve. In the equivalent circuit of Schottyk structures, the
insulator capacitance (C;) is connected in series with the

46508

parallel combination of the capacitance associated with the
interface/surface states or trap level capacitance (C) and the
capacitance related to space charge (C,.). Typically, in the dark
and at high frequencies, these states or levels with very short
relaxation times compared with the signal polarization time
cannot sufficiently keep up with the ac excitation. As a result,
they are not able to contribute directly to the total capacitance
and conductance of the structure.”®

The intensity distributions of N as a function of the applied
bias voltage are shown in Figure 12. The plots show a peak that
occurs at approximately 1 V. We can say that the peculiar
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Figure 12. N vs V plots of the structures obtained from C-V
measurements.

https://doi.org/10.1021/acsomega.3c04935
ACS Omega 2023, 8, 46499—-46512


https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04935?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

r —e— Dark 500 - —e— park b
300 —0— 100 mW.cm™ ( a) —0— 100 mW.cm™

250 10000°"

400 - 100000777

oooooooooooooooooooo
200 —_
g i g
< [ P(EHA) & 300" p(EHA)-co-AA
150 +
100 L 200 +
50 : ......
L X L - . . 100 Le2oSee00penceteRoeteren A S
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
vV (V) V()

Figure 13. R, vs V plots of the structures interlaid with (a) P(EHA) and (b) P(EHA-co-AA) in the dark and under illumination.

distribution of the N is concentrated at this voltage, which structures have photodetector and photodiode characteristics.
coincides with the depletion region, and the differences in the It is clearly observed that structures with similar sensitivity in
order of N values compared to the I-V data are due to the the C—V measurements exhibit photocapacitor behavior. All of
differences in the methods used to obtain these results. The these properties are also related to the interface/surface states,
interface states between the semiconductor and the polymer and their importance in the characterization of such surface-
interfacial layer can be credited with similar results.’””° and interface-based devices is discussed in detail. The fact that
It should also be noted that the C and G/w values for both the photodetector properties of the copolymer interface
structures are anchored at higher forward biases due to the structure are better than the other structure can be addressed
predominance of R. The voltage-dependent profiles of R for to the fact that this interface is more sensitive to light, as well
the structures were derived from the measured C and G values as to the interface/surface states or trap level intensities. Acting
(Cn and Gy,) in the dark and under illumination employing the as recombination centers in the forbidden band gap, these
equation as follows™ levels lead to additional increases in photocurrent under
illumination. The experimental findings demonstrate that the

= % optoelectrical properties of the structures, which have not been

G, + (wC,) (15) extensively studied, are highly sensitive to both illumination

and applied bias voltage. Such functional polymers, which are
in many ways more attractive to researchers than inorganic
interface applications, are more likely to find their place in
flexible optoelectronic devices and sensor applications. For this
reason, as in this study, more detailed studies and research are
crucial for today’s autonomous technology that makes our lives
easier.

Here,  represents the angular frequency (equal to 27f). It is
important to emphasize that the actual value of R, corresponds
to the measurements obtained with C,, and G,, which
represent the measured capacitance and conductance values at
the strong accumulation region.

The predicted R, values are marked in Figure 13a,b. The
different characteristics of both R, and R; as a function of
voltage and illumination effect, e.g.,, the peaks occurring in
different voltage ranges, are a result of the nature and
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