Applied Physics

Y
o
®
c
| -
-
O
ﬁ

AIP
/4 Publishing

Electric field induced negative capacitance
in semiconducting polymer

Cite as: J. Appl. Phys. 133, 095102 (2023); https://doi.org/10.1063/5.0139079
Submitted: 17 December 2022 - Accepted: 05 February 2023 - Published Online: 01 March 2023

@ Sougata Mandal and Reghu Menon

® & @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Inverted hysteresis as a diagnostic tool for perovskite solar cells: Insights from the drift-
diffusion model

Journal of Applied Physics 133, 095001 (2023); https://doi.org/10.1063/5.0136683

Ar permeability through densified single-walled carbon nanotube-based membranes
Journal of Applied Physics 133, 095106 (2023); https://doi.org/10.1063/5.0135082

Impact of interfacial compositional diffusion on interfacial phonon scattering and transmission
in GaN/AIN heterostructure

Journal of Applied Physics 133, 095101 (2023); https://doi.org/10.1063/5.0134903

Time to get excited.

Lock-in Amplifiers —from DC to 8.5 GHz

llsmsnens
li<l<lieiie

Find out more
elleled , ; N/ Zurich
W=smelen k s e a e eaa =

...... . Foy e Bt 7\ Instruments

I
I

J. Appl. Phys. 133, 095102 (2023); https://doi.org/10.1063/5.0139079 133, 095102
© 2023 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=2023705&setID=379065&channelID=0&CID=740896&banID=520944490&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=8e8a49d29d8ff6373bd468308dbb5621db2f1fbb&location=
https://doi.org/10.1063/5.0139079
https://doi.org/10.1063/5.0139079
http://orcid.org/0000-0003-3441-2997
https://aip.scitation.org/author/Mandal%2C+Sougata
https://aip.scitation.org/author/Menon%2C+Reghu
https://doi.org/10.1063/5.0139079
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0139079
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0139079&domain=aip.scitation.org&date_stamp=2023-03-01
https://aip.scitation.org/doi/10.1063/5.0136683
https://aip.scitation.org/doi/10.1063/5.0136683
https://doi.org/10.1063/5.0136683
https://aip.scitation.org/doi/10.1063/5.0135082
https://doi.org/10.1063/5.0135082
https://aip.scitation.org/doi/10.1063/5.0134903
https://aip.scitation.org/doi/10.1063/5.0134903
https://doi.org/10.1063/5.0134903

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Electric field induced negative capacitance in

semiconducting polymer

Cite as: J. Appl. Phys. 133, 095102 (2023); doi: 10.1063/5.0139079
Submitted: 17 December 2022 - Accepted: 5 February 2023 -

Published Online: 1 March 2023

©

Export Citation

®

View Online CrossMark

Sougata Mandal®’ (2 and Reghu Menon

AFFILIATIONS

Department of Physics, Indian Institute of Science, Bangalore 560012, India

2)Author to whom correspondence should be addressed: sougatam@iisc.ac.in

ABSTRACT

Electric field dependent capacitance and dielectric loss in poly(3-hexylthiophene) are measured by precision capacitance bridge. Carrier
mobility and density are estimated from fits to current-voltage and capacitance data. The capacitance varies largely at lower frequency, and
it decreases at higher electric fields. The negative capacitance at low frequency and high field is due to the negative phase angle between the
dipole field and the ac signal. The intrinsic carrier density is calculated from fits to the Mott-Schottky equation, and this is consistent with
I-V data analysis. At higher frequency, the carriers do not follow the ac signal and their density drops; and the flatband potential increases
mainly due to the build-in potentials within ordered and amorphous regions in the sample.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139079

I. INTRODUCTION

Capacitance as a function of frequency is one of the important
dielectric properties of materials related to polarizability, charging,
electrical response, etc. Also, it probes the charge storage and dis-
charge capabilities, roles of domains and boundaries, and interfacial
and bulk polarization.'™ In semiconductors, the capacitance mea-
surements are usually used to find out the role of electrode interface,
trapping and relaxation processes of charge carriers.* The physical
and electronic properties of semiconducting polymers very much
depend on the chemical processing conditions of the samples. The
complex morphology of polymers depends on various processing
factors, and this affects the electronic and optical properties since it
is known that trap-states, built-in potential, homogeneity, domain
sizes, etc. vary.” In semiconducting polymers, capacitance varies due
to several factors like morphology, carrier density, traps, and elec-
trode interface; and its variations can be probed in detail by illumi-
nation of light, doping, and application of an electric field.”
Regioregular poly(3-hexylthiophene) [P3HT], with a bandgap of
around 2.2 eV, is one of the widely used semiconducting polymers in
transistors, solar cells, and photodetectors.*”"* The capacitance mea-
surements as a function of frequency and electric field give more
insight into the carrier response unlike dc studies.'* It is important
to study and understand the effect of an electric field, especially
when semiconducting polymers are used for practical applications
like photovoltaic, supercapacitors, batteries, and other electronic

devices. Although dc and ac charge transport studies have been
reported in P3HT,"”™"” precise capacitance measurements in well-
ordered samples are lacking. Four-electrode capacitance measure-
ment under dc bias is a good technique to understand the electronic
properties and characterization of semiconducting polymers for
varying frequencies.

In this work, we have shown that the four-electrode capaci-
tance measurement is a very sensitive measurement technique, it
can easily probe the processing and morphology dependent roles in
the electronic properties of polymer. Specifically, parameters like
carrier density, built-in potential, and interfacial polarization effects
that vary with frequency and field are an essential fundamental
characterization of the semiconducting polymer. A high precision
capacitance bridge is used to measure the capacitance and dielectric
loss of P3HT films at varying frequencies (50 Hz to 20 kHz). This
work mainly focuses on how the electric field modifies the carrier
density and mobility and alters the flatband potential and its effect
on capacitance, providing insight into the sample’s domains, traps,
and interfaces.

Il. EXPERIMENTAL AND CHARACTERIZATION

Solution processed free-standing films of purified P3HT
(Rieke metals, Inc.) of thickness around 20 um are used in this
study. The free-standing films are prepared by drop-casting
methods on glass substrates with chlorobenzene as solvent. The
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regularity and uniformity of the sample can be ensured by a slow
evaporation rate of chlorobenzene, as the sample is prepared in
very slow drying condition to enhance the morphological order
of the film. We observed that this occurs in samples of thickness
10-20 um range. Keithley Source-Measure Unit (SMU 2400) is
used for dc current-voltage (I-V) measurements to find out the
charge transport mechanism. Andeen-Hagerling capacitance bridge
(Model: AH 2700A) is used in parallel mode configuration to pre-
cisely measure the capacitance and dielectric loss values. The
capacitance bridge makes the measurements in the form of parallel
capacitance (Cp) and loss [in terms of conductance, G = 1/Rp, Rp
is the resistance parallelly connected with Cp]. Electric field depen-
dent measurements of both current and capacitance are carried out
in four-electrode geometry on 2 X 2mm? free-standing films with
carbon paint contacts with low contact resistance. The contact pad
area is 0.78 cm®. Thin copper wires (20um) are attached to the
edges of the sample with carbon paints for applying the electric
field to the entire bulk of the sample. For measuring current and
capacitance, the wires are glued in the middle top-bottom of the
sample with carbon paints so that the electric field response is mea-
sured from all the different morphological domains within the bulk
of the sample. Since the sample consists of both ordered and amor-
phous domains with several interfaces, along with low mobile carri-
ers amidst various trap states, this electrode configuration is quite
appropriate to explore the role of in-homogeneous morphology in
capacitance, especially for free-standing samples. The schematic of
the measurement technique is shown in the inset of Fig. 3.

X-ray diffraction measurement is performed by a Rigaku
SmartLab high-resolution x-ray diffractometer (XRD) in grazing
angle (GI angle=0.5°) mode (GIXRD) to access the quality of
sample. The grazing-incidence x-ray diffraction of P3HT films is
shown in Fig. 1. The diffraction pattern shows one sharp peak at

Intensity (a.u.)

20 (degree)

FIG. 1. X-ray diffraction (XRD) pattern of regioregular P3HT. The inset shows
the P3HT chain and picture of free-standing films.
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26 = 5.25° and two other peaks at 10.64° and 15.96°, respectively.
These peaks are attributed to (100), (200), and (300) planes, respec-
tively, which signify the well-organized domains due to stacking of
thiophene rings as expected in the regioregular structure of
polymer chains with ordered hexyl-groups;’’™** hence, the quality
and morphological order of P3HT films is very good.

lll. RESULTS AND DISCUSSION
A. IFV analysis

In this high quality P3HT sample, as the structural order is
very high (confirmed by XRD data) the delocalized electronic states
are quite large. This gives rise to better semiconducting properties
to the sample, even in thicker films. In our studies, the low field
I-V characteristics of free-standing P3HT films is linear, and the
measured conductivity of the sample is 5.5 x 107 S/cm, which is
quite good for a semiconductor. Logarithmic plot of -V character-
istics of P3HT films is shown in Fig. 2; the inset shows the I-V
data. The lower voltage I-V of the contacts are linear, indicating
that contact barriers are low; hence, the role of contact resistance is
negligible. Higher voltage I-V data show non-linearity due to for-
mation of space-charges within ordered domains, domain boundar-
ies, and ordered-disordered interfaces region. The experimental
data are fitted using Ohm’s and Mott-Gurney space charge limited
conduction (Mott-Gurney SCLC) laws for two different regions, as
shown in Fig. 2. The low voltage region (0-0.54 V) is mainly domi-
nant by the thermally generated free carriers, and it follows Ohm’s
law (I = eANp,V /d, where e is the electron charge, A is the con-
tacts area, N is the free carrier density, x, is the mobility of carriers,
V is the applied voltage, and d is the sample thickness). At higher
voltage region (0.54-5V), injected charge carriers are forming

10° ——————r
<
3
L £
£
-1 n -
N £ s
<3_ -0.8 " 1
- -5 0
t Voltage (V)
£
310k | 5
s | Onset of SCLC k
| V =0.54
[}
[}
[}
-3 1 2 " " Pl EP R | 2 2 2 1
10 0.1 1 5

Voltage (V)

FIG. 2. |-V characteristics using a two-probe configuration of regioregular
P3HT samples in logarithmic scale and data fit to Ohm’s and the Mott-Gurney
SCLC law for lower and higher voltage regions, respectively. The inset shows
the I~V data and onset of SCLC at V = 0.54.

J. Appl. Phys. 133, 095102 (2023); doi: 10.1063/5.0139079
Published under an exclusive license by AIP Publishing

133, 095102-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

space-charge regions and the transport is followed by the Mott-
Gurney SCLC [I =9eu,V?/84°, where € is the dielectric
permittivity].””™** The charge carrier mobility and carriers concen-
trations are calculated by equating two equations at V' = 0.54, and
this gives u, = 7.40 x 1072cm?/Vs and N = 3.15 x 10!!/cm?,
respectively.”>”” The carrier density, space charge formation, and
its variations with an electric field as a function of frequency are

further discussed in Sec. III B.

B. Electric field dependent analysis

The variation of current, in this four-electrode configuration,
with applied electric field is shown in Fig. 3. The initial sharp
increase in low field is due to thermally generated carriers. The
slope change at higher field is due to the onset of space charge for-
mation as the rate of injected charge carrier increases. The combi-
nation of low mobility and traps in interface regions facilitates the
formation of space charge. The inset in Fig. 3 is to highlight the
onset of SCLC from Ohmic conduction at V' = 0.5. This is being
quantified by how much the value of dI/dV has changed. The
value of dI/dV increases by a factor of 22, which is quite large and
shows the dominance of SCLC. This value is quite consistent with
the observation of the onset of SCLC of the two probe I-V mea-
surements (V = 0.54) as in Fig. 2. This increase in current with the
applied field shows that the four-electrode configuration is quite
appropriate to find the correlation among morphology and charge
transport in semiconducting polymers. Hence, a similar four-
electrode configuration is used in the field dependent capacitance
measurements. Since the electric field is applied all through the
bulk of the sample, the capacitance measurements across the thick-
ness can give insight into the carrier density, flatband potential, etc.
As the field dependent capacitance measurement is more sensitive,
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FIG. 3. The variation of current with electric field of regioregular P3HT samples.
The inset shows the schematic of measurements and the differentiation of
current for varying voltage (dl/dV). It shows the onset of SCLC is at V = 0.5.

ARTICLE scitation.org/journalljap

the role of in-homogeneous morphology in charge transport can be
explored in more detail as discussed below.

The same sample with the above electrode configuration is
used in the field dependent capacitance measurements. The applied
dc voltage creates electric field within the bulk of the sample, and
the capacitance is measured by applying a small ac field in the per-
pendicular direction. The constant dc electric field creates polariza-
tion within the sample, and this is varied as we increase the applied
electric field; the variation is being probed by capacitance-
frequency measurements. Moreover, the amplitude of the ac field is
kept very low to work in the linear regime, and the applied dc field
is varying from low to high fields.

Capacitance in this semiconducting polymer is mainly arises
due to the accumulation of charges in domain boundaries, traps,
and sample-electrode interfaces. In P3HT polymer matrix, the
co-existence of amorphous and crystalline regions (see Fig. 1)
creates interfacial polarizations; hence, the measured capacitance
is different from geometrical calculated values. Geometrical
capacitance [Cg,] is defined as Cg, = €A/d (e = keg, k is the
dielectric constant). Dielectric loss is mainly due to the polariza-
tions within the sample. The loss of energy is caused by the move-
ment of charges, as the alternating electromagnetic field switches
the direction of motion of carriers. In P3HT, the capacitance and
dielectric loss depend on many factors like crystallinity, traps dis-
tribution, sample-electrode interface trap states, carrier density,
and mobility.

The variation of capacitance and dielectric loss with frequency
at different electric fields is shown in Figs. 4(a) and 4(b). Electric
field varies from 5 to 55 V/cm in steps of 10 V/cm. The capacitance
decreases significantly at lower frequency (50 Hz to 2 kHz), while at
higher frequencies (2-20kHz) the variation is less. The low fre-
quency decrease in capacitance with electric field can be explained
by using the space charge effect. The capacitance is mainly due to
the geometrical contributions and interfacial polarizations, in
which the former is not field-dependent. The calculated C,, is
122.43 pF (considering k = 3.75% € = 3.75€y); this value is cons-
tant as geometric capacitance dependent parameters like film thick-
ness, contact area, and dielectric constant of the film are
unchanging during measurements. C; is the capacitance mainly due
to the charges at domain boundaries and sample-electrode inter-
faces, and these vary as a function of frequency and applied electric
field. The interfacial polarizations are mainly due to the
co-existence of ordered and amorphous regions and the interfaces
within the sample, and this is the dominant part in the measured
capacitance, and this varies with the applied field. The sample elec-
trode interfacial polarization can also contribute, especially at high
field. These are the major contributions to capacitance. Rp is the
summative resistive contribution mainly due to the polarizations
(interfacial: R;, bulk: R) of the sample and contact resistances (Rs).
The effective capacitance [Cp = CgeoCi/(Cyeo + C;)] and dielectric
loss in the form of conductance (G = 1/Rp) are measured with
capacitance bridge, as shown in the insets of Figs. 4(a) and 4(b).
From Fig. 4(a), for low applied electric field, injected charge carri-
ers diffuse rapidly and reduce the local charge carrier density
variations within domains and domain boundaries. Hence the
polarization effects due to injected carriers are negligible, as
the capacitance consistently decreases with the applied field. As the
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FIG. 4. Electric field dependent (a) capacitance (b) dielectric loss values of regioregular P3HT at varying frequencies. The same schematic is used for capacitance mea-
surement by varying electric field as shown in the inset of Fig. 3; the inset shows the equivalent model [in panel (a)] and instrument measurement mode [in panel (b)].

value of electric field increases, this reduction of capacitance value
increases even more, as shown in Fig. 4(a). At 45 V/cm, the varia-
tion of capacitance is minimal with frequency, which suggests that
the local variations of the dielectric properties from injected carri-
ers are getting saturated at higher fields. As we scaled the dielec-
tric loss in the form of conductance (G = 1/Rp), the value of
conductance is increasing. The data show that the dielectric loss
(resistance part) increases (decreases) with electric field, and this
shows that the injected carriers are diffusing and contributing to
the enhancement in conductance [see Fig. 4(b)]. A negative
capacitance value is observed at low frequencies upon a further
increase in the electric field (55 V/cm). At high electric fields, a
large number of charge carriers cannot homogeneously diffuse
throughout the sample; and this results in the formation of space-
charges in domains, boundaries, and electrode-interface regions.
At low frequencies, charge carriers have sufficient time to accu-
mulate in domains and interface regions, and this results in local
built-in potentials that alter the small ac signal in capacitance
measurements. Dipoles due to interfacial polarizations find it dif-
ficult to synchronize with the small ac signal at lower frequencies,
and this results in a negative phase angle between the dipole elec-
tric field and the applied ac signal.”” This gives rise to the
observed negative capacitance. At higher frequencies, the ac signal
changes quickly, and the accumulation of charge carriers becomes
a less dominating factor, and the negative capacitance effect
cannot be observed. The measured corresponding dielectric loss
(conductance) increases as the electric field increases, as in Fig. 4
(b). When the injected charge carriers increase with electric field,
the sample resistance decreases, resulting in higher dielectric loss
(conductance). At high applied electric field (55 V/cm), the loss
value (conductance: 186 nS or resistance: 5.37 MQ, 50 Hz) is
present, as there still exists a non-zero polarization and this leads
to the dielectric loss. The rather smooth and systematic variation
of capacitance with field is consistent with the models, and this
further authenticates the measurement method, as discussed in
the below paragraph.

The measured capacitance in P3HT is characterized by the
Mott-Schottky equation,”™’" as given by Eq. (1),

1 2 kgT
—:—(V—VFB—B?) (1)

where C is the measured capacitance at potential value V, Vgp is
the flatband potential, kg is the Boltzmann constant, and T is the
absolute temperature. 1/C* vs V is plotted for different frequency
values, and a linear fit is obtained by using the Mott-Schottky
equation as shown in Fig. 5. It is observed that as frequency
increases both the slope of the linear fit and intercept value
increase. From the slope and intercept value of the fit, free carrier
density and flatband potential can be calculated, which are given by
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FIG. 5. 1/C* vs voltage plot for various frequencies and data fit to the
Mott-Schottky equation.
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Egs. (2) and (3), respectively,
2 1

Teear” (Slope)’ @
_ |Intercept  kgT
Ves = [ Slope T ] )

The frequency dependent free carrier density and flatband
potentials are plotted, as shown in Fig. 6. The calculated free
carrier density at 300 Hz is 2.55 x 10'!/cm?. This carrier density is
nearly consistent with the value obtained from the fit to I-V data
(see Fig. 2), as discussed in Sec. III A. The carrier density decreases
to 5.08 x 10'°/cm® at higher frequencies and this is due to the
trapping of carriers. De-trapping of the carriers cannot be accom-
plished at smaller time scales at higher frequencies, and the carriers
lag-behind in following the ac signal. This indicates that the relaxa-
tion processes take a longer time at higher frequencies, especially as
the carrier density decreases due to trappings. The flatband poten-
tial increases with frequency to 5V as shown in Fig. 6. The mea-
sured system is symmetric and, hence, the dc flat band potential is
zero; in our analysis, also the low frequency flatband potential is
almost zero (at 300 Hz, Vg ~ 0); it increases to 5V at higher fre-
quency. At lower frequencies, injected charge carriers are diffusing
rapidly throughout the sample as carriers get sufficient time and
the resulting potential difference between ordered and amorphous
regions is less, and this results in lower flatband potentials, as in
Fig. 6. As frequency increases, the associated time scale decreases
and the charge carriers tend to accumulate at ordered and amor-
phous interface regions. This creates build-in potential differences
within the sample and an increase in flatband potential, as deter-
mined from the Mott-Schottky plot analysis. Also, the trapping-
detrapping processes involved in the charge transport, as the
applied field varies, contribute to this build-in potential; and this,
in turn, depends on the nanoscale morphology of the sample.
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FIG. 6. Variation of carrier density (left axis) and flatband potential (right axis)
with frequency.
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Hence, the variation of capacitance as a function of the electric
field and built-in potential as a function of frequency can be used
to probe the variations in nano-morphology and its role in charge
transport in samples prepared under various conditions. This inter-
esting observation in the field induced negative capacitance in
semiconducting polymers also gives information about the role of
morphology in charge transport. In earlier reports, the negative
capacitance observed in ferroelectric field effect transistors
(FeFETs) can be used in non-volatile and flash memory applica-
tions.””” This study has shown that the field induced negative
capacitance in semiconducting polymers, especially at lower fre-
quency and higher fields, has potential applications in negative
capacitance-based devices.

IV. CONCLUSIONS

In summary, charge carrier mobility and concentration are
calculated from current-voltage measurements in semiconducting
polymer P3HT. This work has shown that precise capacitance mea-
surements as a function of electric field can provide a comprehen-
sive electrical characterization of semiconducting polymer,
especially from the variations in capacitance and dielectric loss.
The capacitance values reduce as the electric field increases, espe-
cially at a lower frequency range. The negative capacitance at lower
frequency and higher fields gives insight into space charge forma-
tion and the role of traps in transport. The Mott-Schottky model
analysis shows that as frequency increases the free carrier density
decreases and flatband potential increases. This indicates that the
charge carriers are weakly following the ac signal at higher frequen-
cies. The Mott-Schottky analysis at varying frequencies can be
used for the electrical characterization of semiconducting polymers
and devices.
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