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ABSTRACT

Organic electronic applications are envisioned to address broad markets, which includes flexible displays, electronic papers, sensors, dispos-
able and wearable electronics, and medical and biophysical applications, leading to a tremendous amount of interest from both academia
and industry in the study of devices. These fields of science and technology constitute interdisciplinary fields that cover physics, chemistry,
biology, and materials science, leading, as a wanted output, to the elucidation of physical and chemical properties, as well as structures,
fabrication, and performance evaluation of devices and the creation of new knowledge underlying the operation of organic devices using
new synthesized organic materials—organic semiconductors. We testify the situation when the available organic electronic applications
sometimes lack a theoretical background. The cause may be the complicated properties of disordered, weak bounded, molecular materials
with properties different from their inorganic counterparts. One of the basic information-rich resources is the electronic structure of organic
semiconductors, elucidated by the methods, hardly possible to be transferred from the branch of inorganic semiconductors. Electrochemical
spectroscopic methods, in general, and electrochemical impedance spectroscopy, in particular, tend and seem to fill this gap. In this
Perspective article, the energy resolved-electrochemical impedance spectroscopic method for electronic structure studies of surface and bulk
of organic semiconductors is presented, and its theoretical and implementation background is highlighted. To show the method’s properties
and strength, both as to the wide energy and excessive dynamic range, the basic measurements on polymeric materials and D-A blends are
introduced, and to highlight its broad applicability, the results on polysilanes degradability, gap engineering of non-fullerene D-A blends,
and electron structure spectroscopy of an inorganic nanocrystalline film are highlighted. In the outlook and perspective, the electrolyte/
polymer interface will be studied in general and specifically devoted to the morphological, transport, and recombination properties of
organic semiconductors and biophysical materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022289

I. INTRODUCTION organic compounds presents the prospect of tailoring materials to
have any desired properties. Organic-based applications are envi-
sioned to address a broad market, which includes flexible displays,
electronic papers, sensors, disposable and wearable electronics, and
medical and biophysical applications. Therefore, there is a tremen-
dous amount of interest from both academia and industry in

A. Organic semiconductors

Research on organic electronic materials has thrived and
expanded due to their promise to deliver applications with novel
functionalities complementary to existing silicon technology. It is
even possible that plastic electronics may replace silicon in applica-

tions that operate under modest performance requirements due to the study of devices such as organic field-effect transistors
their reduced-complexity processing, compatibility with arbitrary =~ (OFETs), organic photovoltaics (OPVs), organic light-emitting
substrates, and versatile chemistry. The seemingly infinite variety of diodes (OLEDs), and organic sensors."
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In recent years, new fields of organic electronics, organic opto-
electronics, and organic photonics using organic materials have opened
up, paved by the work of numerous laboratories and Nobel prize
winners in the field.” These fields of science and technology, which are
mostly related to information and energy, are mainly concerned with
thin-film, flexible devices using organic materials, constituting interdis-
ciplinary fields that cover physics, chemistry, biology, and materials
science. The science and technology of these fields, which can be
termed organic functional materials science or organic device science,
include wide areas from the molecular design and synthesis of photo-
active and electroactive organic materials to the elucidation of their
physical and chemical properties, as well as their structures, fabrication,
and performance evaluation of devices and the creation of new knowl-
edge underlying the operation of organic devices using new synthesized
organic materials—organic semiconductors (OS).”

Organic semiconductors, amorphous molecular films, molecu-
lar crystals, and the polymer film differ from their inorganic coun-
terparts by extrinsic conductivity, resulting from the injection of
charges at electrodes, from intentional or unintentional doping and
from the dissociation of photogenerated electron-hole pairs that
are bound by their mutual Coulomb attraction. Organic semicon-
ductors possess two major characteristic features influencing deeply
their properties—first, absorption and emission take place in the
range of 600-400 nm, which precludes creating any significant
charge-carrier concentration by thermal excitation at room temper-
ature; second, the low permittivity implies that Coulomb interac-
tions are significant so that any electron-hole pair created by
optical excitation is bound by strong coulomb energy. The over-
whelming majority of textbooks on semiconductor devices are con-
cerned with inorganic semiconductors, and, as a consequence,
concepts originally developed to explain photophysical processes in
crystalline inorganic semiconductor devices are sometimes employed
to account for the operation of devices made with amorphous
organic semiconductors. In most cases, this does not work. One may
conclude that the underlying physics of organic semiconductors is
very different from that of their inorganic analogs. This is not the
case. The laws of physics are very same ones, yet some parameters
take on different values (Ref. 4, p. 171). Also, the fact that in amor-
phous organic semiconductors the charge-transporting moieties are
coupled by weak van der Waals force has two important conse-
quences: first, when abandoning the crystallographic order in molec-
ular crystal, no bond breaking occurs, that is, there are no dangling
bonds; second, valence and conduction bands are completely decom-
posed into a manifold of localized state and charge carriers hop ran-
domly between the structural elements (Ref. 4, p. 175).

The background of the electrochemical systems with disor-
dered organic semiconductors is rather complicated, lying at the
border of electrochemistry and solid-state physics, encompassing
transport of several types of species charged and neutral, ionic and
electronic, with rather different properties as ions intercalation and
pore structure, deteriorating conductive polymer (CP) structure
and properties. All these circumstances make also the branch of
electrochemical spectroscopic systems with disordered organic
semiconductors rather demanding.

Current and near-future applications and information™ and
future trajectory of organic electronics® are to be found in recent
materials.
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B. Electronic structure of organic semiconductors

Organic semiconductors may be divided into three groups:
molecular crystals, amorphous molecular films, and polymer films.
Semiconductor properties in all types of organic semiconductors
have a similar origin: the energy levels of the prevailing 7 electrons.
Polymeric films, in the molecular-based case approach, may be
considered a polymeric chain, as a sequence of molecular repeat
units such as alternating single and double bonds coupled with
covalent bonding. As a result of coupling, the orbitals of adjacent
units interact and split. This process takes across the entire chain
leading to the formation of bands. Thus, n and n* bands arise, and
they take the role of a valence and conduction band. A critical
quantity, however, is the relative size of the coupling energy
between the repeat unit compared to the energetic variation of each
unit (Ref. 4, pp. 176-177).

In an amorphous polymeric film, an energetic disorder due to
the polarization of the surroundings is strong, so that electronic
coherence is only maintained over a few repeat units, that is, the
conjugated segment. Accidental or deliberate doping leading to
reduction or oxidation, as well as charge injection or exciton disso-
ciation, creates charged chromophores. The chromophores may be
entire molecules or conjugated segments of a polymer chain. The
electronic structure of disordered organic solids is used, in connec-
tion with neutral and charged states, to explain on the microscopic
level the charge transport, trapping, and recombination using the
Gaussian disorder model, also known as the Bissler model.” It is
based upon the notion that charge carriers hop within a manifold
of sites that feature a Gaussian energy distribution and Gaussian
distribution of inter-site spacing.

The energy levels of molecules are described by Gaussian dis-
tribution as

g(E) =

1
\V2no

where E is the energy of an individual molecule, and the standard
deviation o (as a disorder parameter) characterizes the width of the
Gaussian distribution. The distribution results mainly from the van
der Waals coupling with the neighboring sites and due to the varia-
tion in the length of conjugated elements of the polymer chain. An
equivalent to the valence and conduction bands in inorganic solids
emerges HOMO and LUMO as the highest occupied and lowest
unoccupied molecular orbitals, respectively. Due to the low dielectric
constant and electron—electron interaction, when charge carriers are
transported, the molecule will adapt to the (single) positive or the
negative charge in the HOMO or LUMO level, respectively, resulting
in positive or negative polaronic hopping transport levels (in contrast
to the delocalized bands in inorganic semiconductors). They are sepa-
rated by the transport gap, also called the single-particle gap (Fig. 1).
The electronic structure of intrinsic and extrinsic defects in
organic semiconductors is a major topic of organic electronics. The
former arises from the morphological disorder inherent in the
amorphous nature of a typical organic film and the latter stems
from extrinsic defects, such as chemical impurities introduced
during material synthesis, device fabrication or exposure to oxygen
or moisture, and an electrochemical process involving oxygen. The
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FIG. 1. Schematic diagram of the electronic structure with the HOMO, LUMO,
and DEFECTS bands.

nature of these induced defects, their energy state distribution, the
physical and chemical mechanisms of their creation and creation
kinetics, and their relation to native defects are important prob-
lems. In any microelectronic device, fundamental physical parame-
ters including the electron structure of defects must be well
understood for successful electronic optimization.”®

C. Electronic structure methods

Determination of the electronic structure of organic semicon-
ductors has major relevance for studies of charge/energy transport

PERSPECTIVE scitation.org/journalljap

and recombination phenomena in organic electronics. The major
differences between organic and inorganic semiconductors demon-
strate that detailed knowledge on the electronic structure is needed
to understand their photophysical properties, and even more if one
wishes to design and improve the semiconductor device. However,
weak molecular coupling and disordered structures often preclude
the application of the spectroscopic methods used for inorganic
semiconductors (Ref. 4, p.171). In principle, for studying the elec-
tronic structure of organic semiconductors, the following methods
are suitable: capacitance methods,” sub-bandgap photoconductiv-
ity,'’ photoelectron spectroscopies UPS (Ultraviolet Photoelectron
Spectroscopy) and IPES (Inverse Photoelectron Spectroscopy),’
and electrochemical methods.'>"”

For studying the electronic structure of defect states in organic
semiconductors, several methods were accommodated for the eluci-
dation of defects: thermally stimulated current (TSC), fractional ther-
mally stimulated current (FTSC), space charge limited (SCL)
current, capacitance vs voltage (CV), capacitance vs frequency (CF),
and drive-level transient spectroscopy (DLTS) (see details in Ref. 14).

There is a gap in existing methods for studying the exclusive
electronic structure of organic semiconductors. It is desirable to
have a method, providing information concerning the electronic
structure of progressive blend systems with organic semiconduc-
tors, as depicted schematically in Fig. 2 (left) and the result of elec-
tronic structure spectroscopy in Fig. 2 (right). Electrochemical
spectroscopic methods, in general, and electrochemical impedance
spectroscopy, in particular, tend to fill this gap, as explained next.

D. Electrochemical methods

Electrochemical Impedance Spectroscopy (EIS) has been
known for decades and has served many purposes, from studies of
electrochemical reaction mechanisms to investigations of passive
surfaces. EIS development has also been positively influenced by
the activities related to clarification of solid-electrolyte processes
over the last 40-50 years."

25 ELECTRONIC STRUCTURE - P3HT:PCBM blend
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FIG. 2. Schematic representation of the blend system of donor polymer (P1), acceptor nanoparticle (NP), and polymer crystallite (CRYSTAL) (left) and electronic structure

(here P3HT: PCBM, measured by ER-EIS method) (right).
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A new dimension in using electrochemical methods for study-
ing the electronic structure of organic semiconductors offers the
concept of the Helmholtz double-layer (HDL) formed at the inter-
face of an electrolyte/OS by the controlled density of ions (anions
and cations) in the electrolyte and by equal, but opposite charge
surface density, of electronic charge carriers in the semiconduc-
tor.'™"” The ions and electronic charge carriers screen in equilibrium
more or less completely the electric field outside HDL. Because the
distance between ions and electronic charge carriers ranges from
1 to 10 nm, internal electric field strength results in the range of
1-10x 10°V em™ with a charge-carrier density of the order of
10" cm™2."® For using the HDL in the study of organic semiconduc-
tors, various charge-transfer processes must be recognized both at
the interface and in the bulk of OS. The field is the basis of chemical
reactions, cultivated from the 50th of 20th century by Marcus, who
elaborated successively the general theory of electronic transfer,'”
liquid/liquid interfaces,”” and electrolyte/solid-state materials with
delocalized transport, as are electrolyte/metal interfaces’’ and inor-
ganic crystalline semiconductors with diffusion-limited process and
the overall bimolecular rate of the diffusion-limited process kep.
=10""-10""® cm*s™".** Many theoretical and experimental works
followed, proving the theory of Marcus, with barrier-breaking papers
on glassy organic molecular materials by Miller,” electrolyte/graph-
ite electrodes,”* and electrolyte/molecular spacers and wires.””

The occurrence of OS with electronic transport, followed by
an overwhelming range of applications, left the field with many
unsolved problems, both in electrochemistry and in solid-state
physics. Several groups made progress in interface charge transport
in the electrolyte.”"** Two excellent papers dealing with the elec-
tronic structure of semiconductor nanoparticles occurred.”””"

Heterogeneous interface electrolyte/OS constitutes a multistep
reaction in the environment electrolyte/solid electrode. Its basis is
the branch of chemical reactions present in various environments
encompassing reactions in chemistry via biology to biophysics.”"**
Charge-carrier in heterogeneous D-A (or A-D) reaction, from the
solvated ion as a donor D to charged acceptor A as a scavenger in
OS, is governed by the slowest hopping step in OS by many orders
of magnitude,” and, thus, hopping transport cannot be properly
inserted in the diffusion-limited transport framework. The contem-
porary models of de Vries et al.”* do not provide closed solutions to
be inserted into semiclassical Marcus models. This is the reason for
embarking on the outlining of the consequences of the sluggish
transport in an OS and finding the pre-exponential term for the
transport in OS only. Already the first works on electrolyte/redox
polymers, albeit very limited, indicated and foresaw the peculiarities
with the predominant reaction-limited (in contrast to diffusion-
limited) type of transport in the electrolyte/OS systems.’”°

The spectroscopic method of Energy Resolved-Electrochemical
Impedance Spectroscopy (ER-EIS) for the elucidation of the elec-
tronic structure of OS published in 2014 (and preliminary results in
2013) is described below.””

Il. ER-EIS SPECTROSCOPY

A. ER-EIS method principle

If an OS is immersed in the electrolyte with the negatively
biased Pt electrode, with respect to the OS (Vp<0), the HDL is

PERSPECTIVE scitation.org/journalljap

established, formed by the negative salt ions in the redox electrolyte
and positively charged surface of the HOMO states of the OS with
density po,r In Fig. 3(a), the detail of the charge transfer at the
surface of OS is depicted. [Note: In the case of the positively biased
electrode, with respect of OS (Vp,>0), HDL with a negatively
charged surface of the LUMO states of OS with density #,,¢ occurs
and spectroscopy of LUMO states is possible; for simplicity, we will
describe the former case with HOMO charged states throughout
this paper, and application to LUMO states is straightforward.] If
the Pt electrode and the OS sample form a closed circuit, the
surface concentration of positive holes is neutralized (reduced) by
electrons incoming from the electrolyte by diffusion, forming
recombination current j.. [carrying the first of the spectroscopic
information of the method ER-EIS; see Eqs. (A5) and (A6)] and
establishing the Fermi energy Eg, in OS."”” We will denote in
Eq. (A5) the product k..g=k.:(E)V¢ as the effective bimolecular
electronic transfer rate, where V¢ is the volume fraction of electrons
in 1cm’ that are able to participate in the transfer reaction, deter-
mined by the effective coupling length of the acceptor species in
the semiconductor electrode. It has been estimated that adiabatic
charge transfer can occur for species up to 1 nm from the electrode
surface, and thus V;=1077 (Refs. 40 and 41) and k,(E) is the
bimolecular electronic transfer rate. To support the steady-state
current in the bulk of the OS, the electric field strength in the bulk
of the OS, followed by the injection of holes from the back (rear)
contact of OS, forms the current in the OS bulk, fpuik = jrec.

The majority of pertinent literature deals with the systems’
electrolyte/metal or electrolyte/poly (or nano) crystalline semicon-
ductors*>*’ based on the Marcus theory,”” not touching the electro-
lyte/OS system. It may be caused by the differences the system
electrolyte/disordered OS represents, which may be summarized as
follows:*® (1) the homogeneous thin OS layer, prepared under the
optimized conditions with the clean surface without any adsorbed
species, kept in a protective atmosphere (glovebox) during both
preparation and experiment and the absence of any inhomoge-
neous structures. (The influence of pores in OS on the spectro-
scopic results of ER-EIS results will be discussed in the subsequent
paper.) OSs for organic electronics are intentionally produced with
a negligible apparent Brunauer-Emmett-Teller (BET) surface area
of less than 50 m* g~ ';** (2) charge transport by hopping with a
defined transport path; (3) the bulk of the polymer, characterized
by the continuous DOS function g(E) of hopping sites; and (4) sup-
posing, along with Salaneck et al,”” the surface electronic structure
of polymers is well represented by that of the bulk, in other words,
there are no surface states in OS.

In discussing the OS bulk charge transport in the system elec-
trolyte/OS, several circumstances have to be taken into consider-
ation. The interface electrolyte/OS absorbs majority of the applied
external voltage and induces current ji, in the bulk of OS and the
Fermi energy Ep, in the continuum of electron states of the
HOMO of the OS with DOS filled up to Eg,."*

This is the major difference from inorganic crystalline semi-
conductor electrodes, where the majority of the applied voltage is
absorbed by the semiconductor, causing depletion or accumulation
and the charge-carriers for the redox processes come from the con-
duction (valence) band edges, precluding semiconductor electron
structure elucidation. Next, there is also problem in the value of the
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FIG. 3. The steady-state charge transport via interface electrolyte/organic semiconductor: (a) HDL and recombination current j. and bulk SCLC current jsc, ¢, (b) detail of
the charge-transfer at the surface of OS and the volume fraction of electrons in 1 cm® able to participate in transfer reaction, determined by the effective coupling length of
the acceptor species in the semiconductor, and (c) the spectroscopic character of the method ER-EIS based on the measured phase-resolved impedance of the electro-
lyte/OS system Z = R + 1/jwCs., where Ry is the differential charge-transfer resistance, Cq. is the differential space—charge capacitance, and  is the angular frequency.

maximum necessary bulk current densities, in the extremities of
the HOMO with g(E) = 102 cm™eV™! (Ref. 47) and the corre-
sponding current densities of fractions of 1 A cm™ and more. Such
excessive values cannot be supported by common mechanisms of
charge transport in the disordered OS, except for the Space-Charge
Limited Currents (SCLC)."**’ For the occurrence of SCLC, two
basic conditions have to be fulfilled—the existence of the hole-
injecting and extracting contact and electric field strength in the
OS bulk. Compensating holes are injected from the back (rear)
electrode forming the (SCLC) jscrc = %%{18 Here, U, is
the voltage at the OS (U,s= 0V), €€, is the permittivity, o is the
electric conductivity, L is the thickness of the OS layer, and
Ha= 1, O (U,,) is the effective drift mobility, where u, is the mobil-
ity at the transport path and ©(U) is the quotient of the electrons
participating in the charge transport to all electrons in the system

(mobile by hopping to all electrons, including those in deep traps).
Injected charges (holes) may not be neutralized during the transit
time and are forming space-charge (SC) g, per unit volume in the
bulk of the OS [carrying the second independent spectroscopic
information of the method ER-EIS; see Eqgs. (A3) and (A4)].”" The
spectroscopic character of the method ER-EIS is based on the mea-
sured phase-resolved impedance of the electrolyte/OS system [see
Fig. 3(c) Z=Ry+ 1/joCs, where R is the differential charge-
transfer resistance, defined by Eq. (A6) and C is the differential
space—charge capacitance, defined by Eq. (A4), both as a response
to a small perturbation harmonic voltage AU sin(wt), where @ = 2rf
(f is the frequency). The instantaneous position of the Fermi level
Ep, is adjusted by the externally applied voltage ramp, Ep,=-eU.
Shifting the Fermi energy Ep, we obtain information on DOS
functions via quantities Re(Ep,) and Cy(Epp). Important point
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T T T worth stressing is that both quantities R.(Ep,) and Cy(Egp),
d provide an independent information on the electron structure of
—a—C OS, the former of about nm thickness of the OS surface [see
-F\:\.'A Figs. 3(b) and 3(c)] giving surface DOS g.(Egp) [Eq. (A6)] and the
f -.& latter giving bulk DOS g.(Egp) [Eq. (A3)]. The experiment ER-EIS
itself is relatively simple; the analyzer is connected in
? three-electrode configurations placed in a glovebox using a stand-
H ard impedance/gain-phase regime. In Fig. 4(a), the example of
] rough unprocessed ER-EIS data on the P3HT film plotted as
0.1/R. and C. vs applied voltage U with respect to the reference
k electrode Ag-AgCl. In Fig. 4(b), the product of R, and Ci. for the
.ﬁﬁm.' u calculation of coefficient kg o=3.12x 107> cm?*s™! [Eq. (A8)] is
h 1 provided, and, in Fig. 4(c), the final surface DOS function of g(E)

2 -1 0 1 2 3 [Eq. (A6)] is provided.

b) B. EIS data—To obtain and process

10° T T T T The method EIS in its classical form provides rich information
HOMO LUMO on any examined object.”” In majority of the cases, the starting
point of any reasoning about EIS results rests in the Equivalent Circuit
lr=0.16 s 7=018s (EC) of the examined object, either lumped or space-distributed.

The most used is the Randles EC™ [see Fig. 5(a)], with elec-
trolyte resistance R, (possible to subtract from the measurement
data), electrolyte/solid electrode HDL capacitance C,, recombina-
tion resistance R, Wartburg impedance W, electrode bulk capaci-
tance C,, and transport bulk resistance R,.

The goal of the EIS method is to extract from a wide fre-
quency range measurements of complex impedance Z(w), the
sought components of EC. With the system electrolyte/OS, we
aim at the components R and C, = C,, where it is Cic > Cq and
10 . L L L R > 1/wCy. Then, for low enough frequency, where

2 - 0 1 2 3 1/(0Cq) > Ry, the EC simplifies to that depicted in Fig. 5(b),

VOltage V8. Ag/AgCl, U (\/) whose schematic Nyquist diagram is in Fig. 5(c). In Fig. 5(d), the

EIS data for the P3HT film for three overvoltages U= —0.3, —0.5,

c) and —1V (scanning HOMO of CP) are provided. The dependences
are probably influenced by the constant phase Wartburg term, and
102" ¢ g E the differences from the ideal plot are small when plotted in log
-~ scale. The painstaking search for the optimal ER-EIS measuring

3 frequency o is, thus, not necessary. Another asset of the simplified

LUMO EC for the system electrolyte/OS is shown in Fig. 5(e), depicting a
3 schematic Nyquist diagram for variable overvoltage U and constant

10-1 L

Recombination time, 7= RscCct (s)

=m

1020 L ,'I
n
10l HOMO ,'/
" ! measuring frequency, resulting in a constant phase shift of imped-
10°F 1] 1 ance tg ¢ = 1/(R wCy). In Fig. 5(f), the corresponding dependen-
J cies for the P3HT film of the real (showing Z.=R.) and
’ imaginary [showing Z;,=1/(wC,)] parts of the impedance (for
. Hl- frequency f=0.5Hz) on the overvoltage both for injection of holes
mﬂ o in HOMO (left) and also electrons in LUMO (right).
1015 l . . . . In Fig. 6, both surface and bulk features of ER-EIS spectro-
7 5 5 4 3 2 1 scopy are highlighted. The rough ER-EIS data of P3HT C,(Eg,)
(red curve) and R.(Eg,) (blue curve) are in Fig. 6(a). To obtain
Energy v§ vacuum energy, E (eV) DOS bulk function of IE)S, gsc(E), we use a simple transformation
[Eq. (A3)], with the result depicted in Fig. 6(b) (red curve). To
FIG. 4. ER-EIS spectra of P3HT films: (a) An example of rough unprocessed obtain the DOS function of the OS surface, g..(E), we use for trans-
EI?-EIS datla plot(ljed :s O.Llid grdszch Vs apdplied \f/o’gage (l’J évithfresr;])ect tlo tlhe formation Eq. (A6) with the result depicted in Fig. 6(b) (blue
e Sl 6. A0, e G o B0 i, B dependenes 3(5)and () xbi il e
surface DOS function g(E) [Eq. (A6)]. forms, except for the surface feature in dependence g.(E) peaking
at energy —0.15 eV corresponding to crystallites in P3HT.
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FIG. 5. Simplifying conditions for ER-EIS and system electrolyte/CP: (a) Randles equivalent circuit, (b) simplified equivalent circuit for the system electrolyte/CP, (c) the
schematic Nyquist diagram for constant voltage U, (d) the EIS data for P3HT films for overvoltages U= —0,3, 0.5, and —1V, (e) the schematic Nyquist diagram for constant
frequency o, and (f) the corresponding dependences for the P3HT film of the real (showing Z., = R;) and imaginary (showing Zim = 1/(wCsc) parts of the impedance (for
frequensc7y f=0.5Hz) on the overvoltage for both injection of holes in HOMO (left) and electrons in LUMO (right). Adapted from Schauer et al., J. Appl. Phys. 124, 165702
(2018).
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FIG. 6. Comparison of surface vs bulk DOS results of ER-EIS for the P3HT film: (a) The rough data of ER-EIS Cs. (Ery) (red curve) and Ry (Erp) (blue curve) and (b)
DOS bulk function of the OS, gs:(E) [Eq. (A3) (red curve)], DOS function of the OS surface, gu(E) [Eq. (A6) (blue curve)]. Both dependencies gs.(E) and gu(E) exhibit
similar cause with exception of the surface feature in dependence g.(E) peaking at energy —0.15 eV corresponding to crystallites in P3HT at the film surface. Comparison
of surface vs bulk DOS results of ER-EIS for the MeLPPP-PCBM blend film illuminated by a UV laser diode (290 nm): (c) surface g.:(E) DOS and (d) bulk gs.(E) DOS
(see text for details).

Differences in surface and bulk DOS functions were observed
also MeLPPP-PC61BM 1:1 blend with expressed HOMO and
LUMO (—5.88 and —4.15¢V) illuminated with the UV laser diode
(290 nm). Figure 6(c) depicts surface DOS g.(E), whereas Fig. 6(d)
gives bulk DOS g,(E). The signature of probably charge-transfer
state (CT) at about —4.5eV is visible only on the surface DOS
function g (E) [Fig. 6(c)] due to the surface absorption of UV.

Both experiments in Fig. 6 testify the mapping surface vs bulk

ability of the ER-EIS method.™

1. APPLICATIONS OF ER-EIS SPECTROSCOPIC METHOD

To show possibilities of the method ER-EIS, let us show exam-
ples of published results with great application impact, summarized
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FIG. 7. Applications of the method ER-EIS: (a) The results of ER-EIS spectroscopy and gap engineering of the organic solar cell system with non-fullerene acceptors
PTB7:IOTIC, PTB7:10TIC-2Fa, and PTB7:IOTIC-4F, (b) the corresponding gap engineering results, (c) the results of ER-EIS spectroscopy on a wide bandgap silicon-
based polysilane, PMPSi, and its degradation spectra by the UV laser (345 nm), correlated with the photoluminescence (PL) spectra in corresponding energy regions, and
(d) ER-EIS results on PbS nanocrystal thin films. The necessary passivation of nanoparticle surface states, excluding obviously Fermi energy pinning, and calibrating of
the method, was achieved. (a) and (b) Adapted from Karki et al., Adv. Energy Mater. 10, 2001203 (2020).>* (c) Adapted from Schauer et al., Polym. Degrad. Stability 126,
204-208 (2016).>° (d) Adapted from Volk et al., J. Phys. Chem. Lett. 9, 1384-1392 (2018).”

in Figs. 7(a)-7(d). In Fig. 7(a), the results of ER-EIS spectroscopy In Fig. 7(c), ER-EIS results for silicon-based polysilanes,
and of gap engineering [Fig. 7(b)] on the organic solar cell system PMPSi, and its degradation results by UV radiation (345 nm),
with non-fullerene acceptors PTB7:I0TIC, PTB7:10TIC-2Fa, and correlated with the measured photoluminescence (PL)
PTB7:I0TIC-4F are provided. The excessive resolving power and spectra in corresponding energy regions 2.8 and 2.4eV, are
dynamics of ER-EIS are obvious. provided.”
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In Fig. 7(d), very encouraging results of ER-EIS on PbS nano-
crystal thin films are provided.”’ Surprising is the use of the
method ER-EIS on the inorganic crystalline material, where
the passivation of nanoparticles surface states, excluding obviously
the Fermi energy pinning and calibrating the DOS output of the
method, was the main result.

IV. OUTLOOK AND CONCLUDING REMARCS

Examination of the phenomena at the interface electrolyte/OS
brings much information of the organic semiconductor. Surprisingly,
the critical structure—property relationships in the electrochemical
systems are still few in number relative to the synthetic knowledge
found in solid-state organic electronics. In particular, key structure-
property relationships to control electron transfer reactions between
CP backbones and redox species within an electrolyte have received
significantly less attention than the hybrid electronic-ionic conduc-
tion mechanism, despite the two processes being closely connected.
Let us mention a few to deal with in connection with the ER-EIS
method: The found range of the bimolecular recombination coeffi-
cients k. via the ER-EIS method for various organic semiconductors
and their systems [k = (1-10) 107* cm*s™'] seem to indicate k. to
be the figure of merit for the comparison of different material
systems and may express the properties of both the surface and bulk
of the organic semiconductor:”’

o The determination of the electronic structure of an organic semi-
conductor by ER-EIS has major relevance for studies of charge
and energy transport and recombination phenomena in organic
electronics both in the dark and the excited states. The method
may be with advantage used for the study of percolation trans-
port in D-A blends.

o The morphology and pore structure tell decisively on the elec-
tronic structure with organic semiconductor, and, thus, the
ER-EIS method may be used as the method for their study.

o The study by ER-EIS of the charge transfer at the surface of OS
and the volume fraction of electrons in 1 cm?® able to participate
in the transfer reaction, determined by the effective coupling
length of the acceptor species in the semiconductor of about
1nm.

o The system electrolyte/OS showed the way how to provide OS
with barrier-less injection and extraction contacts, leading to the
high achieved current up to ~1 Acm™>, electric conductivity
up to ~#10°Q ' cm™', and accumulated charge densities up to
~10°Ccm™> in the ER-EIS method indicate its high applica-
tional potential in the molecular electronics.

In conclusion, we may summarize the electrochemical ER-EIS
method, with success, used for measuring the electronic structure
of organic semiconductors and their blends and study their proper-
ties with all advantages the electrolyte/OS contact possesses for the
barrierless charge transport.

This Perspective article intends to show a new method for the
elucidation of electron structure of organic semiconductors and
filling the gap through the unconventional electrochemical spectro-
scopical method. The authors’ hope is to facilitate understanding
and background of the subject matter of the new spectroscopical
method and to help its wide dissemination.
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APPENDIX: ER-EIS EVALUATION IN A NUTSHELL

The measured quantity is the phase-resolved impedance,

. . 1
7 = Zre +]Zlm = Rct(EF) +]m (Ep = eU) (Al)

1. Bulk of conductive polymer
46,57

Space-charge due to SCLC in the bulk is
GelEr) = | g BB ~ En) di, (A2)
Eg

After zero temperature approximation, the conductive polymer
bulk DOS is™"

CSE
so(Ep) = > A3
8clBr) = (A3)
where the differential space-charge capacitance is
8Qsc a%c
Co = — LS ds Ad
oU. ~ U o
2. Interface electrolyte-conductive polymer
Recombination current density is**”
e = 41| SB Bga®has (BE. (45)
E
After zero temperature approximation, the surface DOS is*>”’
8a(Er) = [eRa(Ep)S[Alketerr] ™, (A6)
where the differential charge-transfer resistance is
— ajrec
Ry(Ep)] ' =S—=. A7
[Ret(Ep)] BTii (A7)
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We also have from Egs. (A3) and (A6)

L L
kaer(Br) = g EcoE) 41T wEoiall OY

Quantities used and their units are: e=1.63 x 107" C, @ = 2xf
(Hz) frequency, L (cm) sample thickness, S (cm?) sample area, (A)
(mol™) activity of electrolyte, jr. (A cm™2) recombination current
density, U(V) applied voltage, U, (V) bulk voltage g (cm™>eV™"),
g (cm™eV™") polymer surface DOS, R (Q) differential charge-
transfer resistance, C,. (F) space-charge capacitance, Q.. (C)
space—charge, g, (C cm™) volume density of charge, ke eff
(cm®*s™") the effective bimolecular electronic transfer rate, Ex (eV)
Fermi energy, Ep, (eV) steady-state Fermi energy, and Epy(ny (eV)
quasi-Fermi energy.
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