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Unifying Energetic Disorder from Charge Transport  
and Band Bending in Organic Semiconductors

Akchheta Karki, Gert-Jan A. H. Wetzelaer, Gollapalli Narayana Manjunatha Reddy, 
Vojtech Nádaždy, Martin Seifrid, Franz Schauer, Guillermo C. Bazan, Bradley F. Chmelka, 
Paul W. M. Blom, and Thuc-Quyen Nguyen*

Characterizing the density of states (DOS) width accurately is critical in 
understanding the charge-transport properties of organic semiconducting 
materials as broader DOS distributions lead to an inferior transport. From a 
morphological standpoint, the relative densities of ordered and disordered 
regions are known to affect charge-transport properties in films; however, 
a comparison between molecular structures showing quantifiable ordered 
and disordered regions at an atomic level and its impact on DOS widths and 
charge-transport properties has yet to be made. In this work, for the first 
time, the DOS distribution widths of two model conjugated polymer systems 
are characterized using three different techniques. A quantitative correlation 
between energetic disorder from band-bending measurements and charge 
transport is established, providing direct experimental evidence that charge-
carrier mobility in disordered materials is compromised due to the relaxation 
of carriers into the tail states of the DOS. Distinction and quantification of 
ordered and disordered regions of thin films at an atomic level is achieved 
using solid-state NMR spectroscopy. An ability to compare solid-state film 
morphologies of organic semiconducting polymers to energetic disorder, and 
in turn charge transport, can provide useful guidelines for applications of 
organic conjugated polymers in pertinent devices.
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1. Introduction

An accurate depiction of the electronic 
structures of organic semiconducting 
polymers can have important implica-
tions in understanding their performances 
when incorporated in organic solar cells,[1] 
organic field-effect transistors (OFETs),[2] 
and organic light-emitting diodes 
(OLEDs).[3] Unlike ordered crystalline sem-
iconductors such as silicon, which have 
clearly defined conduction and valence 
bands, disordered organic systems such as 
polymeric semiconductors have a broad-
ened electronic density-of-states (DOS) 
distribution.[4] This broadening is a result 
of the different types of intra- and intermo-
lecular interactions, rotation and kinking 
of polymer chains, and conformational 
diversity that gives rise to a morphologi-
cally diverse film.[5] The DOS distribution 
is frequently described by a Gaussian func-
tion, where the extent of broadening is 
determined by the variance sigma (σ). A 
consequence of a broadened DOS is that 
low-energy tail states extend far into the 

bandgap, which give rise to thermally activated hopping trans-
port. In fact, different experimental and theoretical studies 
have characterized these tail states in organic semiconductors, 
revealing either Gaussian or exponential shaped tails.[6–23] Char-
acterizing energetic disorder accurately is important in under-
standing the charge-transport properties of organic polymer 
semiconductors as broader DOS distributions generally give 
rise to an inferior transport. In turn, the performance of organic 
semiconductor devices largely depends on the charge-transport 
properties of the organic semiconductor.[24–29] From a morpho-
logical standpoint, the relative densities of ordered and disor-
dered regions in thin films are known to affect charge-transport 
properties with crystalline regions enhancing charge transport 
due to the high degree of π–π stacking of backbone moieties and 
lamellar structural order of sidechains.[30,31] However, to this 
end, a comparative study between molecular structures showing 
clearly distinguishable ordered and disordered regions at an 
atomic level and its impact on the DOS widths and ultimately 
the charge-transport properties have yet to be established.

Additionally, while there exist several techniques in the 
literature that give relevant information on the shape or width  
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of the DOS distribution, efforts to try and unify these different 
techniques are lacking. In this work, we characterize the DOS 
distribution widths of two structurally unique organic semicon-
ducting polymers using temperature-dependent current density–
voltage (J–V) measurements, Kelvin probe measurement (KP) of 
band bending, and energy-resolved electrochemical impedance 
spectroscopy (ER-EIS). In order to eliminate unexpected changes 
in morphology due to additional post-processing steps, both poly-
mers were dissolved in the same solvent (chlorobenzene), and 
spin-coated for all characterization techniques. From a compar-
ison of the DOS widths measured using these three techniques to 
a parallel measurement of charge transport, we establish a quan-
titative relationship between charge transport and band-bending 
measurements for the first time. For a standardized and com-
parative study incorporating all three techniques, two conjugated 
polymers (Figure  1), poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)
benzo[1,2-b;4,5-b′]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) 
and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] 
(MEH-PPV) were selected with clearly distinct charge-transport 

properties. MEH-PPV is a conjugated polymer commonly used 
in OLEDs and PTB7-Th is a conjugated polymer commonly used 
as a donor material in organic bulk heterojunction solar cells.

2. Results and Discussion

2.1. Temperature-Dependent Mobility Measurements  
for Characterizing Charge Transport and Energetic Disorder

To characterize hole transport and energetic disorder of transport 
sites in these polymers using J–V measurements, symmetric 
hole-only devices were fabricated. Films of the pristine 
polymers were sandwiched between an indium tin oxide 
(ITO)/PEDOT:PSS (35 nm) bottom contact and an MoO3 layer 
(10 nm) capped with Ag (100 nm) top contact. A previous study 
has shown that the work functions of PEDOT:PSS (≈5.2  eV) 
and MoO3 (≈6.9  eV[32]) are sufficient to act as Ohmic hole-
injecting contacts into the MEH-PPV HOMO level of ≈–5.3 eV 
and produce symmetric J–V curves[33]; this is also shown to be 
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Figure 1.  a) Chemical structures of PTB7-Th and MEH-PPV. b) Energy levels showing highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) levels of the two polymers. c) Normalized absorption spectra of the polymers.
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the case for the PTB7-Th polymer in this study, which has an 
HOMO of ≈–5.2 eV (see Figure S1, Supporting Information).[34]

Measurement of space-charge-limited currents (SCLC) is a 
widely established method to characterize charge transport in 
conjugated polymers.[35,36] The expression for an SCLC in a 
diode sandwiched between two metal contacts derived by Mott 
and Gurney is

J
V

L
r9

8
0

2

3

ε ε μ
= 	 (1)

where, ε0is the vacuum permittivity, εr is the relative permit-
tivity of the material, μ is the charge-carrier mobility, and L is 
the active layer thickness. In order to determine the mobility 
from experimental data, it should first be verified that the 
measured currents are indeed limited by space charge.

The experimentally measured J–V characteristics of PTB7-Th 
(Figure  2a) and MEH-PPV (Figure  2c) hole-only devices on a 
double logarithmic scale show Ohmic currents at low voltages 
and a transition to a quadratic voltage dependence at higher 
voltages. The quadratic voltage dependence is characteristic of 
SCLC, with the Ohmic current at low voltage being due to the 
diffusion contribution to the current, which is neglected in the 
derivation of equation  (1). As established from equation  (1), a 
pre-requisite for satisfying the criterion for SCLCs in a diode 
is that the current has an L−3 dependence on the thickness of 
the diodes. As shown in Figure  2b,d, when multiplying the 
current density by L3 the current densities almost coalesce—
now with little deviation between the highest current density 
(thinnest) and the lowest current density (thickest) device—
confirming that the thickness dependence behavior expected 
for SCLCs is indeed satisfied. The thickness dependence 
is slightly stronger than L−3, which is due to the density 
dependence of the mobility.[33] Fits to equation  (1) shown by 

the black dotted lines in Figure  2b,d give average mobilities 
of 2.7  ±  0.7  ×  10−3  cm2  Vs−1 for PTB7-Th and 4.2  ±  2 × 
10−5 cm2 Vs−1 for MEH-PPV for the range of layer thicknesses.

A limitation of using equation  (1) to extract the charge-
carrier mobility is that while it describes the experimental data 
well in low electric field regimes and at room temperature, it 
fails to describe the current density–voltage characteristics at 
higher fields—especially at lower temperatures. The reason for 
this discrepancy is the fact that the mobility is not constant, 
as assumed in equation  (1) (see Figure  S2, Supporting 
Information).

As a result of energetic disorder of hopping sites, the mobility 
in organic semiconductors is charge-carrier density, electric 
field, and temperature dependent.[37] In 2005, Pasveer  et  al. 
developed a model referred to as the extended Gaussian disorder 
model (EGDM) that describes the density, electric field, and 
temperature dependence of mobility in a system with localized 
states having a Gaussian distribution of energy.[38] The parame-
ters describing transport in the EGDM are the width of the DOS 
distribution (σ), the lattice constant (a), and a mobility pre-factor 
(μ∞). The temperature-dependent mobility at zero field and 
density is given by

T c c
kT

exp0 1 2

2

μ μ σ( ) = − 



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







∞ 	 (2)

where, c1 = 1.8 × 10−9 and c2  = 0.42 are constants derived 
from the EGDM,[38] k is the Boltzmann constant, and T is the 
temperature. The temperature dependence of mobility is exclu-
sively determined by the energetic disorder σ, which enables 
us to extract the energetic disorder from the temperature 
dependence of mobility. We have incorporated the EGDM 
mobility function in a drift-diffusion model[39] to simulate the 
full current density–voltage characteristics.

Adv. Funct. Mater. 2019, 29, 1901109

Figure 2.  J–V characteristics of symmetric a) PTB7-Th and c) MEH-PPV diodes of different layer thicknesses at 300 K. The current density is multiplied 
by L3 for b) PTB7-Th and d) MEH-PPV to show the layer-thickness dependence of current. The dotted black lines on Figure 2b,d represent the average 
fits to equation (1) for different thicknesses.
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Figure 3a,b shows the experimental temperature-dependent 
J–V curves for PTB7-Th and MEH-PPV in the forward bias 
along with the simulations (dotted lines) obtained from a 
numerical drift-diffusion model, which now takes the charge-
carrier density, electric field, and temperature dependence 
into account, according to the EGDM. For PTB7-Th, best fits 
were obtained using σ  = 75 meV and a  = 4.5  nm. This set 
of parameters was found to be consistent across devices with 
different layer thicknesses (see Figure  S3, Supporting Infor-
mation). The fits to the experimental data for three different 
layer thicknesses gave a mobility of 1.6 × 10−3 cm2 Vs−1 at 
vanishing charge-carrier densities and electric field at room 
temperature. This mobility is slightly lower than the mobility 
obtained from fits to equation  (1) shown in Figure  2b,d and 
relatively high for a bulk value, which is consistent with weak 
temperature dependence[22] and a small value for the energetic 
disorder.

It is visually apparent that the MEH-PPV J–V curves have 
a stronger temperature dependence than PTB7-Th, indicating 
a stronger temperature dependence of the mobility. The J–V 
characteristics were fitted with the drift-diffusion model 
using σ  = 125 meV and a  = 2.2  nm. Also, in this case, this 
set of parameters was found to be consistent across all layer 
thicknesses (see Figure  S5, Supporting Information) and 
fits to all the experimental data gave a room-temperature 
mobility of 5.9 × 10−6 cm2 Vs−1 at vanishing charge-carrier 
densities and electric field. The lower value of a for MEH-
PPV is consistent with its disordered and amorphous nature 
in comparison to the highly crystalline PTB7-Th film. The 
lower mobilities obtained at vanishing charge-carrier densi-
ties and electric field compared to mobilities from the SCLC 
fits (Figure 2b,d) confirm the density and electric-field depend-
ence of mobility—which is more pronounced in the more dis-
ordered MEH-PPV polymer. The higher energetic disorder for 
MEH-PPV is consistent with its lower charge-carrier mobility.

It is worth noting the slightly lower σ and higher μ for MEH-
PPV reported in this study from that reported in literature[33,40] 
is likely due to the difference in the Mw of MEH-PPV used 
(1000  000  Da[33,40] versus 125  000  Da in this study). This dis-
crepancy alludes to the fact that the molecular weight (Mw) of 
polymers can play a rather significant role in the orientation of 
polymer chains in a film, thereby giving rise to the observed 

differences in the energetic disorder term, σ, as well as the 
charge-carrier mobility, μ.[41,42]

2.2. Kelvin Probe Method for Characterizing Tail States Disorder

The width of the Gaussian DOS distribution obtained from 
the charge-transport measurements was determined to be 
75 meV for PTB7-Th and 125 meV for MEH-PPV. We now 
compare these values to the DOS distribution widths obtained 
by a second technique, where a KP is used to measure band 
bending in the conjugated-polymer films. KP is a capacitive, 
non-contact measurement that measures the contact potential 
difference (CPD) between a tip and a semiconductor film of 
interest, deposited on a conductive substrate. The CPD gives 
the Fermi energy at the surface of the semiconductor with 
respect to a calibrated tip.[43,44]

One of the first ever studies of band bending of conjugated 
polymer layers was done by Blakesley and Greenham.[45] When 
a semiconductor is in contact with an electrode with a high 
or low work function, such that an Ohmic contact is formed, 
the semiconductor exhibits band bending in the vicinity of 
the electrode due to the charge transfer to establish thermo-
dynamic equilibrium across the interface. The high carrier 
density at the interface results in a gradient in the electrostatic 
potential, giving rise to a diffusion of carriers, accompanied 
by band bending.[45,46] It has been shown that the amount of 
bending is a function of energetic disorder, with a broader DOS 
distribution resulting in more band bending. The KP technique 
can probe this gradient in electrostatic potential, which allows 
for extraction of the width of the DOS distribution.

An expression for the distribution of charge carriers (n(x)) 
diffusing in from the electrode into the polymer semicon-
ductor and the subsequent change in the electrostatic potential 
(V(x)) in the film can be found by solving an expression for 
the charge-carrier density (n) from a certain distance (x) of the 
polymer–electrode interface using a combined expression of 
the Fermi–Dirac distribution and the DOS of the polymer, as 
shown in equation (3) below

∫ [ ]( )( ) ( )=
+ −

+
−∞

∞ 1
1 exp[ / ]F B

n x
E E k T

g E eV x dE 	 (3)
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Figure 3.  Temperature-dependent J–V characteristics of a) PTB7-Th and b) MEH-PPV hole-only diodes with a layer thickness of 481 and 244 nm, 
respectively. Dotted lines correspond to calculations obtained from a drift-diffusion model.
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where E is energy, kB is the Boltzmann constant, T is tem-
perature, g(E) is the model DOS, and V(x) is the electrostatic 
potential. V(x) is obtained by solving the 1D Poisson’s 
equation (4) below

d V

dx

en x2

2 ε
( )= 	 (4)

with the assumption that the electric field vanishes at the 
polymer surface, e is the elementary charge, and ε is the 
permittivity of the polymer film.[46] Equation (5) is the Gaussian 
DOS function that was used to fit the data.
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Here, N0 is the integrated state density, σ is the width of the 
Gaussian DOS, and E0 is the center of the distribution. The 
Gaussian DOS model can only be solved numerically by varying 
E0 and σ to obtain the best fit to the experimental data. For an 
exponential DOS distribution, on the other hand, an analytical 
model was expressed as a function of the film thickness, d.[46,47]
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In equation (6), d is the film thickness, Et is the exponential 
disorder term of the DOS, εr is the relative dielectric constant, 
ε0 is the vacuum permittivity, N is the DOS maximum, and 
ϕ(d) is the net potential shift at a distance d from the electrode.

Figure  4 shows the band-bending fits for a Gaussian and 
exponential DOS distribution to the experimentally measured 
work function values at different layer thicknesses for the two 
polymers. Both polymers were spin coated on top of the high 
work function electrode MoO3, to ensure diffusion of holes 
from the electrode into the HOMO of the organic semicon-
ducting polymer, giving rise to band bending. The Gaussian 
and exponential models describe the DOS function in char-
acteristically different ways with the Gaussian DOS tailing off 
faster as a function of site energy than the exponential DOS.[48] 

The band-bending method is only sensitive to the tail states and 
it is not possible to distinguish a preference between the two 
models from this analysis. Therefore, fits to the experimental 
band-bending profiles can give estimates for both disorder 
parameters—σ for the Gaussian model and Et for the exponen-
tial model.

As shown in Figure  4a, in the case of PTB7-Th, there is 
minimal change in the work function of the film with increasing 
thickness. This is equivalent to a small degree of band bending. 
A fit to equation (6) gives an exponential disorder (Et) term of 
26 meV—which is almost equivalent to kT and is the limit for 
the application of the exponential DOS model. The disorder 
width (σ) obtained from the Gaussian DOS model is 70 meV. 
Furthermore, previous reports have shown that band-bending 
profiles that show a quick, sharp plateau at relatively small  
(<10  nm) thicknesses—which is the case for PTB7-Th—is 
indicative of highly ordered films.[46,49,50] On the other hand, the 
band-bending profile for MEH-PPV (Figure 4b) shows a larger 
change in the work function of films with increasing polymer 
thickness. Both exponential DOS and Gaussian DOS fits to 
the band-bending profiles for this polymer reveal large DOS 
widths, giving Et of 52 meV and σ of 130 meV, respectively.

2.3. Energy-Resolved Electrochemical Impedance Spectroscopy 
Method for Characterizing Tail States Disorder

Using the KP method, we obtain exponential DOS widths of  
52 and 26 meV for MEH-PPV and PTB7-Th, respectively. These 
values are now compared to the exponential widths of the DOS 
distributions from a third technique, namely ER-EIS. There 
has been significant progress in the last few decades on EIS 
methods.[51] Recently, a novel ER-EIS method was developed as 
a way to measure the DOS of organic polymers over wide energy 
ranges.[52,53] The ER-EIS technique is based on the reduction-
oxidation reaction occurring at the interface of a polymer semi-
conductor film and an electrolyte. In the experimental set-up, 
an electrochemical cell is placed on a conductive ITO substrate 
spin-coated with an organic polymer semiconductor film. The 
DOS of an organic polymer film can be measured by sweeping 
an externally applied potential (U) of the polymer thin film in 
order to modify the Fermi level. At each applied potential, U,  

Adv. Funct. Mater. 2019, 29, 1901109

Figure 4.  Band-bending profiles of a) PTB7-Th and b) MEH-PPV films cast on 70 nm thick MoO3 layer.
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impedance spectroscopy is performed by applying a small 
perturbing potential at different frequencies. A few assump-
tions are made in order to derive the DOS from the measured 
redox current at the semiconductor–electrolyte interface.[52] The 
charge-transfer current density between the electrolyte and the 
semiconductor surface can be written as

j ek n Aet s [ ]= 	 (7)

where e is the elementary charge, ket is the charge-transfer coef-
ficient, ns is the semiconductor surface carrier concentration at 
the Fermi level, and [A] is the electrolyte concentration.

In order to construct the DOS from the ER-EIS method, it 
is defined as the number of states at a given energy E in an 
energy interval dE, such that g(E) = dn/dE. With the assump-
tion that the surface electronic structure of the polymers is well 
represented by that of the bulk, the DOS can now be written in 
the form below

( ) ( )
= =g E eU

dn

d eU
F

s
	 (8)

Since the application of the perturbing potential varies ns, the 
charge-transfer resistance can be found experimentally, where 
Rct = dU/d(jS).

Substituting equation  (7) to equation  (8), and replacing the 
expression for Rct, the DOS function at the Fermi energy, g(EF), 
can now be expressed in terms of the charge-transfer resistance, 
Rct, under an applied voltage U, as follows:

( ) [ ]
= = 1

2g E eU
e k A SR

F
et ct

	
(9)

where, S is the active sample surface area. 
From equation  (9), the reconstructed DOS, 
g(EF), is found to be inversely proportional to 
the experimentally measured charge-transfer 
resistance term, Rct.

[52]

Figure 5 shows the ER-EIS measurements of the electronic 
structures of the polymers. In contrast to other competing  
methods,[7,8,54–56] information about the DOS parameters 
can be directly obtained from the measured spectra by using 
ER-EIS. By fitting the extremities of the HOMO DOS with 
an exponential dependence, the exponential disorder param-
eter ΔE0 can be found, which corresponds to the exponential  
disorder arising from the tail states of the HOMO DOS dis-
tribution. In this analysis, a steeper slope obtained from the  
exponential fit corresponds to a narrower DOS width. The 
exponential disorder terms obtained from fitting the DOS 
extremities using this method is 25 meV for PTB7-Th and  
51 meV for MEH-PPV.

2.4. Connecting the DO(T)S: Unification of Charge Transport 
and Band Bending

The energetic disorder terms for the HOMO DOS from the 
Gaussian and exponential models using different techniques 
are summarized in Table 1. A measure of disorder using these 
different techniques give agreeable estimates of disorder values. 
A good agreement is found between the Gaussian widths 
estimated using the KP and temperature-dependent J–V meas-
urements—with values for both polymers falling within error 
of each other. The exponential widths estimated from KP and 
ER-EIS methods are also in agreement. It is worth noting that 
the correlation observed between the Gaussian and exponential 

Adv. Funct. Mater. 2019, 29, 1901109

Figure 5.  HOMO DOS functions of a) PTB7-Th and b) MEH-PPV films measured by the ER-EIS method.

Table 1.  Comparison of Gaussian and exponential energetic disorder terms obtained from 
Kelvin probe, temperature-dependent J–Vs (EGDM), and ER-EIS methods.

Donor polymer σt (Kelvin probe) 
[meV]a)

σo (Temperature-
dependent J–V) 

[meV]a)

Et (Kelvin probe) 
[meV]a)

∆E0 (ER-EIS) [meV]a)

MEH-PPV 130 ± 25 125 ± 10 52 ± 3 51

PTB7-Th 70 ± 15 75 ± 10 26 ± 3 25

a)Measurements for each technique were repeated three times for reproducibility.
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DOS width values obtained from this work for both polymers is 
equivalent to the correlation reported in the literature.[37]

The similar values obtained from the different techniques 
can be attributed to the common assumptions and conditions in  
each measurement. Discrepancies in mobility values between 
hole-only diodes and field-effect transistors have been shown to 
be due to differences in the values of charge-carrier densities 
at operating conditions (1021–1023 m−3 for diodes versus 
1023–1025 m−3 for FETs).[37] The similar DOS widths obtained 
from all three techniques in this study can likely be attributed 
to the similarities in charge-carrier densities in all three tech-
niques (1021–1023 m−3).[33,49,52]

KP and ER-EIS techniques are both based on the 
band-bending phenomenon happening at a semiconductor–
electrode or semiconductor–electrolyte interface, which is 
independent of any influence of electric field or light inten-
sity. While temperature-dependent J–V measurements are 
done under the influence of an applied electric field and at 
different temperatures, the EGDM model takes the electric 
field, charge-carrier density, and temperature dependence 
into account, thereby bearing out a disorder value that has 
no influence on such extrinsic effects. While KP and ER-EIS 
techniques specifically probe only the tail states of the DOS 
distribution, EGDM assumes that the whole DOS distribution 
is described by a single Gaussian. An important assumption 
in obtaining the DOS width is that charge carriers be under 
no influence of applied electric field or light intensity, and 
so the assumptions during the measurements (from KP and 
ER-EIS) and in the analysis for the EGDM (from J–V meas-
urements) ensure that in the DOS width being probed, the 
effect of charges near the tail states of the DOS distribution—
where the number of charge carriers are much less than the 
number of hopping sites—are taken into account.

2.5. Quantification of Ordered and Disordered Regions 
in Thin Films Using GIWAXS and Solid-State NMR

For a better understanding of the origins in the differences 
of charge transport and DOS widths between these two struc-
turally distinct polymers, we complement the experimentally 
measured energetic disorder values with a suitable study of the 
solid-state film morphology. It has long been established that 
degrees of film crystallinity play crucial roles in determining the 
charge-transport properties; specifically, more crystalline films 
lead to higher charge-carrier mobilities.[57–59] Grazing-Incidence 
Wide-Angle X-Ray Scattering (GIWAXS) is a commonly used 
technique to probe the relative differences in the long-range 
order of films. Qualitative comparison of the 100 reflections 
in the GIWAXS patterns of PTB7-Th and MEH-PPV films 
(Figure  S4, Supporting Information) showed MEH-PPV with 
a broader peak indicative of more features that are randomly 
oriented in this film in comparison to the narrower reflection 
pattern of PTB7-Th.[60] Furthermore, the crystalline coherence 
length (Lc), which is a quantity related to the average crystal 
size in a film, is larger for PTB7-Th in both the in-plane and 
out-of-plane directions (Table S1, Supporting Information).[60]  
A drawback to GIWAXS, however, is that it only detects  
signals coming from the crystalline contents in a film and so, 

accurately quantifying the absolute amount of crystalline and 
amorphous regions in a film requires the use of additional 
complementary techniques.[61]

For the purpose of identifying and quantifying the ordered 
and disordered backbone regions in the spin-coated PTB7-Th 
and MEH-PPV thin films, solid-state magic-angle-spinning 
(MAS) NMR was used to probe the structures of these polymers 
at a molecular level. Solid-state MAS NMR is sensitive to local 
(ca. 1 nm) bonding environments and complements scattering 
analyses that are sensitive to long-range structural order (ca. 
100s nm).[62–65] Specifically, 1H, 13C, and 19F isotropic chemical 
shifts provide information on backbone conformation and inter- 
or intramolecular interactions. In this respect, the presence of 
well-ordered backbone moieties is expected to yield relatively 
narrow 1H and 19F signals, whereas disordered regions exhibit 
relatively broad signals that manifest distributions of polymer 
conformations and structural disorder associated with the back-
bone moieties. In addition, the ordered and disordered regions 
of alkyl sidechains can be distinguished on the basis of the 
γ-gauche effect[66]; for example, when two -CH2- groups are in a 
γ-position relative to one another and in trans/trans (tt) configu-
rations, the isotropic 13C chemical shifts are displaced to higher 
frequencies, compared to the same moieties with trans/gauche 
(tg) or gauche/gauche (gg) conformations that are displaced to 
lower frequencies. Analyses of 1H, 13C, and 19F NMR isotropic 
chemical shifts and integrated signal intensities are therefore 
expected to provide quantitative information on the relative 
populations of different polymer moieties in ordered and disor-
dered regions, which is difficult to obtain from X-ray scattering 
and electron microscopy techniques.

Analyses of 1D solid-state 1H MAS NMR spectra of PTB7-Th 
and MEH-PPV enabled numerous 1H signals associated with 
polymer backbone and sidechain moieties to be identified and 
distinguished (Figure S5, Supporting Information), but not all, 
as severely overlapped signals stemming from 17 chemically 
distinct 1H sites in PTB7-Th and 10 different 1H sites in MEH-
PPV hinder the assignment of these 1H signals. The 1H signals 
from the PTB7-Th sidechains are only partially resolved due to 
structurally identical sidechains substituted on the thiophene 
and thienothiophene moieties in comparison to the analo-
gous 1H signals from the MEH-PPV sidechains. Nevertheless, 
the high intrinsic sensitivity, high natural abundance (100%), 
and substantial chemical shift range associated with 19F MAS 
NMR permitted 19F signals to be resolved and assigned to spe-
cific fluorine atom moieties, on which the quantitative descrip-
tion of ordered and disordered backbone regions in PTB7-Th 
is based. The 1D 19F MAS NMR spectrum of PTB7-Th pow-
dered thin films acquired at 30 kHz MAS (Figure 6a) showed 
a narrow signal at −110  ppm that corresponds to 19F sites in 
ordered PTB7-Th backbone moieties, along with broad weak 
signals in the ranges −125 to −135 ppm and −155 to −170 ppm, 
which were attributed to fluorine atoms in disordered PTB7-
Th backbone moieties. Integration of the 19F signal intensities 
indicates that the vast majority (99 ± 1%) of the 19F atoms are in 
locally ordered PTB7-Th backbone environments (−110  ppm), 
with a very small percentage (<1%) in disordered backbones.

To distinguish between ordered and disordered regions in 
MEH-PPV thin films, a single-pulse 13C MAS NMR spectrum 
was acquired and analyzed (Figure 6b). On the basis of isotropic 
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13C chemical shifts of MEH-PPV reported in the literature[67] 
and subsequent line shape analyses, the 13C signals in the aro-
matic region could be assigned to the backbone moieties, as fol-
lows: 151 ppm to carbon atoms C1 and C4, 126 ppm to C3 and 
C6, 120 ppm to C7 and C8, and the range 107–112 ppm to C2 
and C5. Similarly, in the alkyl region of the spectrum, the 13C 
signals are assigned to the alkyl sidechains, as follows: 71 ppm 
to carbon atom Ca, 55  ppm to Ci, 40  ppm Cb, 30  ppm to Cc 
and Cd, 23 to Ce and Cg, 14 to Cf, and 11 ppm to Cg. In par-
ticular, the 13C chemical shifts of carbon atoms C2 and C5 are 
expected to be sensitive to conformational differences across 

the C5–C6–C7–C8 dihedral angle that bisects the phenylene 
and vinylene moieties: the narrow 13C signal at 107  ppm is 
attributed to C2 and C5 atoms in ordered MEH-PPV backbones 
and the broad 13C intensity centered at 112 ppm is attributed to 
C2 and C5 atoms in disordered MEH-PPV backbones.[68] Line 
shape analyses of partially resolved signals were deconvoluted 
to estimate the relative fractions of ordered and disordered 
regions of MEH-PPV backbones. The average of integrals of the 
deconvoluted 13C signals associated with the C1–C8 moieties 
indicate that the MEH-PPV film consisted of 43 ± 5% ordered 
and 57 ± 5% disordered backbone moieties, respectively. Thus, 

Adv. Funct. Mater. 2019, 29, 1901109

Figure 6.  a) Solid-state 1D 19F MAS NMR spectrum acquired at 9.4 T, 298 K, and 30 kHz MAS for powdered PTB7-Th films. b) Solid-state 1D 13C MAS 
NMR spectrum of powdered MEH-PPV films acquired at 9.4 T, 298 K, and 15 kHz MAS. *correspond to spinning sidebands.
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quantitative solid-state 19F and 13C NMR analyses suggest that 
PTB7-Th films have relatively higher fraction of ordered con-
jugated backbone regions, compared to the backbone moieties 
in the MEH-PPV films, which is consistent with the measured 
differences in the DOS widths and with their distinct charge-
carrier properties.

3. Conclusion

To summarize, here for the first time by using three different 
techniques, a quantitative correlation between energetic dis-
order from band-bending measurements and charge transport 
is established. This work provides direct experimental evidence 
that charge-carrier mobility is compromised due to the relaxa-
tion of carriers into the tail states of the DOS. An amorphous 
and disordered polymer, MEH-PPV, with a low charge-carrier 
mobility and a crystalline and ordered polymer, PTB7-Th, with 
a high charge-carrier mobility both show trap-free hole trans-
port and reveal distinctly different energetic disorder values as 
a result of different film morphologies. By combining quanti-
tative solid-state film morphology studies of organic semicon-
ducting polymers at an atomic level to energetic disorder and in 
turn charge transport, this work presents useful guidelines to 
characterize organic semiconducting polymers for applications 
in pertinent devices

4. Experimental Section
Materials: Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5- 

b′]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]
thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) of Mw 145  000  Da and 
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) of 
Mw 120 000 Da were purchased from one material and used as-received.

Hole-Only Diode Fabrication: Diodes were prepared on Corning glass 
substrates patterned with 140 nm of ITO and scrubbed with detergent 
followed by sonication in soapy water, deionized water, acetone, and 
isopropanol. Substrates were then treated with O2 plasma for 30 min 
and spin-coated with a ≈35 nm thick poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS) (Clevios P VP Al 8043) layer and 
annealed in air for 20 min at 140  °C. Pristine polymer solutions in 
chlorobenzene were prepared inside the glovebox and left stirring on 
a hot-plate overnight before spin-coating the films onto the layer of 
PEDOT:PSS films inside a nitrogen-filled glovebox. In order to ensure 
an unchanged morphology for polymer films made with different 
thicknesses, the polymer solution concentrations were varied while 
keeping the spin speeds constant at 1500  rpm. The devices were 
finished with a deposition of a 10 nm MoO3 layer followed by a 100 nm 
Ag capping layer with a thermal evaporator at a pressure of less than 
1 × 10−6 Torr.

Electrical Measurements: Temperature-dependent J–V curves of diodes 
were measured using a liquid nitrogen cryostat with a Keithley 2602A 
system source-meter and a Lakeshore 321 temperature controller at a 
pressure of less than 1 × 10−6  Torr. Film thicknesses were measured 
using an Ambios XP-100 profilometer.

Kelvin Probe Measurements: Films of PTB7-Th and MEH-PPV were 
cast on ITO substrates with a 70  nm evaporated MoO3 layer. The 
concentration of films cast on substrates were varied to obtain a range 
of layer thicknesses. All polymer films were spin cast at 1500  rpm to 
avoid any morphological changes. CPD values were measured using 
a SKP 5050 (KP technology, UK) KP with a stainless-steel tip of 2 mm 
diameter. The probe work function was calibrated against freshly 
cleaved highly ordered pyrolytic graphite (HOPG), with its work function 

assumed to be 4.6 eV.[69,70] All measurements were done inside an inert 
nitrogen-filled glovebox.

Energy-Resolved Electrochemical Impedance Spectroscopy: 
Electrochemical microcells were formed on ITO substrates with deposited 
polymer thin films. All polymer films were spin cast at 1500 rpm to avoid 
any morphological changes. The solution of 0.1 m TBAPF6 in anhydrous 
acetonitrile was used as the supporting electrolyte. The dissociation of 
this electrolyte in the inert atmosphere occurred at an overpotential of 
63.5  V. The active polymer electrode area was 12 mm2. The potential  
of the working electrode with respect to the reference Ag/AgCl electrode 
was controlled via a potentiostat. Pt wire was used as the counter 
electrode. The potential recorded with respect to the reference Ag/AgCl 
electrode was recalculated to the local vacuum level assuming the Ag/
AgCl energy versus vacuum value of 4.66  eV. An Impedance/gain-phase 
analyzer, Solartron analytical, model 1260 (Ametek, Berwyn, USA), was 
used. The AC harmonic voltage signal frequency was 0.5 Hz, its amplitude 
was 100 mV, and the sweep rate of the DC voltage ramp was 10 mV s−1. 
Bode and Cole–Cole diagrams in the frequency range of 0.01–1 MHz were 
used as a preliminary ER-EIS method adjustment. The sensitive nature of 
the experimental method requires the experiment to be conducted in an 
inert atmosphere, yielding reproducible measured DOS spectra.

Solid-State NMR: Spin-coated thin films of PTB7-Th and MEH-PPV 
were scratched off by using a scraper blade and the extracted powdered 
films were packed into 1.3 and 2.5 mm (outer diameter) zirconia rotors 
fitted with Vespel caps. Single-pulse 1H MAS NMR spectra of PTB7-Th 
and MEH-PPV were acquired at 11.7 T, 298 K, and 58  kHz MAS on a 
Bruker AVANCE-II NMR spectrometer operating at a 1H frequency of 
500.2 MHz and equipped with Bruker 1.3 mm H-X MAS probehead; 32 
co-added transients were signal-averaged using a recycle delay of 3 s, 
corresponding to a total experimental time of 2 min for each spectrum. 
1D 19F and 13C MAS NMR spectra were acquired at 9.4 T and 298 K on 
a Bruker AVANCE-III NMR spectrometer operating at a 19F frequency of 
376.5 MHz and a 13C frequency of 100.6 MHz equipped with a 2.5 mm 
H-F-X MAS probehead. A 1D single-pulse 19F MAS spectrum of PTB7-Th 
was acquired at 30 kHz MAS with 512 co-added transients and a recycle 
delay of 15 s, corresponding to a total experimental time of 2 h. A 1D 
single-pulse 13C MAS spectrum of MEH-PPV was acquired at 15 kHz MAS 
with 7568 co-added transients and recycle delay of 10 s, corresponding to 
a total experimental time of 21 h. Heteronuclear decoupling was applied 
during acquisition using the SPINAL64 pulse sequence.[71]

GIWAXS: GIWAXS measurements were performed at beamline 7.3.3 
at the Advanced Light Source with an X-ray wavelength of 1.2398 Å at a 
300  mm sample detector distance. The measurements were calibrated 
using a AgB standard. Samples were scanned in a He environment at an 
incident angle of 0.14°.
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