Nanoscale mobility mapping in semiconducting polymer films
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Abstract

Local electric properties of thin films of the polymer PTB7 are studied by conductive atomic force
microscopy (C-AFM). Non-uniform nanoscale current distribution in the neat PTB7 film is revealed and
connected with the existence of ordered PTB7 crystallites. The shape of local /-} curves is explained by
the presence of space charge limited current. We modify an existing semi-empirical model for estimation
of the nanoscale hole mobility from our experimental C-AFM measurements. The procedure of nanoscale
charge mobility estimation was described and applied to the PTB7 films. The calculated average C-AFM
hole mobility is in good agreement with macroscopic values reported for this material. Mapping of
nanoscale hole mobility was achieved using the described procedure. Local mobility values, influenced by
nanoscale structure, vary more than two times in value and have a root-mean-square value 0.22x10
m?/(Vs), which is almost 20% from average hole mobility.
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1. Introduction

The remarkable progress in development of bulk heterojunction polymer solar cells during last decade
enable to routinely achieve more than 10% power conversion efficiencies (PCE) by single junction devices
and recently achieved 16% power conversion efficiency[1-3]. The most significant driving force of such
progress is the synthesis of new materials. One of the most important achievements of the last decade was
the introduction of a new benzodithiophene based polymer electron donor with abbreviation PTB7 [4]. The
improved processing conditions and device architecture helped to achieve 9.2% [5] and later 10.02% PCE
[6] on solar cells with PTB7:PC7:BM active layers. Thus, the PTB7:PC7BM blend has seen significant
investigation since its first introduction and the structure-property relationship of this blend have been
extensively examined by different methods [7-13]. One of the important parameters in organic
semiconductors, drastically influencing device performance, is the charge carrier mobility, which can be
determined by different methods, in particular, by measurements of the space charge limited current
(SCLC) [4,12,14-18]. Influence of the hole mobility on the performance of PTB7:PC7,BM solar cells was
established in [12]. Beside the structure of the bulk heterojunction, characterization of electrical properties
of organic semiconductors at the nanoscale is one of the most promising directions in trying to understand
the physics of organic electronic devices and improving their performance. The use of small electrodes to
form local contacts is required for such nanoscale measurements. Thus, atomic force microscopy (AFM)
equipped with a conductive probe (conductive-AFM or C-AFM) is a convenient tool for probing local
electrical properties of materials. Previously, C-AFM was employed for nanoscale -electrical
characterization of different organic materials and blends [10,11,19-25]. Visualization of the donor and
acceptor phases in bulk heterojunction polymer solar cell as well as a local (photo)conductivity study were
performed using this technique. Different electronic properties of components in bulk heterojunction layers



allowed different components in blends to be successful distinguished. Additionally, the local /-V curve
measurements are helpful tool for analysis of the local electrical properties, such as charge carrier mobility,
quantum efficiency, local open circuit voltage and short circuit current [11, 20-23]. Quantitative analysis
of local I-V curves can be very efficient tool for characterization of the local electrical properties of organic
solar cells. However, complicated geometry of the electrodes in C-AFM makes any quantitative analysis
much more difficult than characterization of the device with flat electrodes. For example, it is known that
the standard Mott-Gurney law is not applicable for C-AFM geometry when space charge limited current is
used for charge mobility estimation [22]. Values of local mobility in OPV materials were more than an
order of magnitude higher than macroscopic data obtained by standard macroscopic SCLC method when
Mott-Gurney law was used. The first semi-empirical model for local mobility measurements by C-AFM
was introduced by O. Reid et al. [22] and it was applied to well-known standard OPV materials such as
P3HT and MDMO-PPV. The measurements of the local charge carrier mobility based on the proposed
method showed good agreement with macroscopic SCLC data.

Here, we use C-AFM for analysis of the local conductivity in a neat PTB7 film and use a modified semi-
empirical model of SCLC [22] for calculation of the nanoscale mobility and its variations caused by film
structure. A distribution of hole mobilities over the film surface is mapped using local /-7 data, and
statistical data for the local electrical parameters are obtained.

2. Materials and methods

Neat PTB7 films were produced by spin-coating from solution in chlorobenzene on glass/ITO/PEDOT:PSS
as described elsewhere [10,11]. In total 8 samples of the neat PTB7 films were prepared by using various
rotation speed, resulting in 8 different film thicknesses in the range 50-120 nm as determined by AFM. The
thicknesses of films were measured near a deliberate scratch by AFM operating in tapping mode.
Noncontact probes NSG10 (NT-MDT) were utilized. The result of scanning is shown in Fig. 1a, where
three levels of surface are seen. The thickness of film was determined by using statistics as distance between
peaks, which correspond to three levels of surface: ITO, PEDOT:PSS and PTB7 (Fig. 1b). The ITO is at
bottom of scratched area.
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Fig. 1. a) Topography of the scratched area and cross-section of topography; b) determination of film
thicknesses by using distribution of the number of pixels over z-coordinate.

C-AFM measurements were performed by AFM Smart1000 (Horiba) in contact regime. The Au-coated
probes CSG10/Au were utilized for C-AFM. An alternating mode of current measurements implemented
in software was employed, which implies the lift of the probe from surface when movement from point to
point is executed in order to reduce sample damage. The average tip-sample force was estimated from
several force-distance measurements for each experiment. The cantilever force constant was calculated by
using the Sader method embedded into AFM software [26]. The tip-sample area was estimated
corresponding to Hertzian contact theory with modulus elasticity of PTB7 of 0.44 GPa, which was taken
from recently published data [13]. Force-distance curves were obtained for each set of local -V
measurements and used for estimation of the tip-sample force (see Supplementary Information for details).
For all calculations the tip was treated as semi-sphere with radius R=45 nm, which was determined by



scanning electron microscopy (Fig. S4). The wavelength of the AFM laser is 1300 nm, which is far from
the light absorption maxima of PTB7 [10]. All samples were prepared and stored inside a nitrogen filled
glove-box and taken out just before AFM measurements. Local /-V curves were corrected by subtraction
of I-V data obtained out of contact in order to compensate both for the current, which is proportional to
dV/dt, and leakage current. Zero current correction was performed before each C-AFM measurement. All
C-AFM measurements were executed by using the same probe in order to provide better reproducibility of
the conductivity data, since nanoscale structure of the tips is unknown and may vary from one probe to the
next. Each investigated area on the sample surface was measured only one time.
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Fig. 2. a) Electronic structure of materials used: Fermi levels of the electrodes and HOMO/LUMO values
for PTB7 [4]; b) scheme of C-AFM measurements of heterogeneous film.

Conventional SCLC measurements were performed on devices with the structure
glass/ITO/PEDOT:PSS/PTB7/Au by using probe station Autolab. The hole mobility was calculated
following the protocol published in [18]. Details on macroscopic SCLC data and C-AFM measurements
are described in Supplementary Information. We assume ohmic contacts to the PTB7 in both C-AFM and
conventional SCLC measurements. This assumption is based on electronic structure of the materials shown
in Fig. 2a. The values of the electrodes work function and HOMO and LUMO of PTB7 were taken from
literature [4,11,18,27]. Fermi level of electrodes may be slightly different when layers are contacting each
other, e.g. Fermi level of gold can be lower than standard value 5.1-5.2 eV shown in Fig. 2a [18,28,29]. It
is seen that difference between the HOMO of PTB7 and work functions of both electrodes is smaller than
0.2 eV, which confirms our assumption about presence of ohmic contacts for hole transport [30]. Additional
support for ohmic contacts in the structure PEDOT:PSS/PTB7/Au is the successful use of conventional
SCLC theory for hole mobility estimations in PTB7-based films by others [12]. Based on the
abovementioned suggestions, we assume that bulk-limited current dominates in our measurements, which
allows us to estimate charge carrier mobility in polymer film both locally and macroscopically.

3. Results and discussion

The current distribution measurements obtained by C-AFM in the neat PTB7 film (Fig. 3) reveal non-
uniform conductivity with current features similar to that of PTB7:PCBM:DIO [10,11]. This observation
indicates inhomogeneity of PTB7 organization. The electrical structure in neat PTB7 may be connected to
existence of PTB7 nanocrystallites, which were previously detected by XRD [7-9]. Then the question
arises: what is actually seen in current distribution image? Fig. 2b demonstrates the scheme of C-AFM
measurements of a heterogeneous PTB7 film, consisting of nanosized n-stacked crystals distributed inside
the film. In each point of the scan the current is flowing between the tip and PEDOT:PSS through the
volume, with a gradually increasing cross-section. This implies that the current signal at each point of Fig.
3b is averaged over a volume, which is approximately a truncated cone with diameters of each end d and
h, where d is tip-sample contact diameter and % is diameter of current at the PEDOT:PSS interface (Fig.
2b).
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Fig. 3. Neat PTB7 film: a) topography, b) current distribution, c) cross-section of b) at y=0.6 um.

In case of crystallites with sizes of few nanometers, approximately uniformly distributed within film
volume, the measured current variations are mainly determined by the top part of the conical volume just
under the tip, were sizes of crystallites are closer to the tip-sample contact diameter d (Fig. 2b), which is
typically in the range of 14-18 nm in our experiments as estimated by using Hertzian contact theory (see
Supplementary Information). Total local resistance of the film can be written as a sum of the resistance of
a thin top layer R, and resistance of the bottom part R;. The latter one is nearly uniform when the size of
inhomogeneities is much smaller than the analyzed volume. Then current variations in Figure 3b are mainly
determined by R/(x,y), i.e. by variations of the polymer structure just under the tip. Corresponding to a
numerical simulation, the cross-section of current flow near the PEDOT:PSS electrode, 4, can be as large
as #=120 nm for 100 nm thick film [22], which limits volume resolution of the method. The lateral
resolution of the measurements is determined by tip-sample contact diameter d. It is important to note that
current contrast in Figure 3b has almost no correlation with topography image (Fig. 3a), which indicates
nearly no influence of surface roughness on the measured current.

In order to perform a detailed study of the charge transport in the PTB7 film, an array of 25 I-V curves (5x5
square) was obtained on the surface of 8 separate PTB7 films of various thicknesses. It is important to
determine the film thickness accurately, since current has a strong power dependence on it [18,22]. Here
we use a method which is based on AFM measurements of the scratched sample. The scratched locations,
consisting both PTB7 and PEDOT:PSS terraces, were measured and, by using statistical analysis, thickness
of both films was determined (see Fig. 1). Such measurements were performed within 2 mm from the areas
were current was measured in order to reduce influence of possible thickness variations over the film
surface. The advantage of this method is that film thicknesses are determined for both PTB7 and
PEDOT:PSS individually. The 25 I-V curves measured of the PTB7 film with a thickness of 102 nm are
shown in Figs. 4a and 4b.
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Fig. 4. a) Cross-section of array 5x5 I-V curves at 3.5 V, b) 25 local I-V curves, ¢) average local I-V curve
in double logarithmic scale without (1) and with V3 (2) taken into account.

The contrast in Fig. 3b is formed by differences between /- curves in Fig. 4b at voltages applied during
measurements. The nonlinear character of /- curves is clearly seen. For further analysis, we will use part
of the I-V curves at positive voltage since such polarity provides higher current values (Fig. S1). Under
such conditions the hole current through the polymer is observed, corresponding to energy levels of the



materials used: the Fermi level of gold is close to the HOMO of PTB7 (Fig. 2a) [4,10-12]. At positive bias
on the tip, the holes are injected from the tip into the polymer. For analysis of 8 samples with different
thicknesses we use /-V curves averaged over 25 curves for each sample. The average local I-V curves are
linearized with a double logarithmic scale and the slope of /-V curves a; above 0.5-1 V is typically between
2 and 3 or higher. Thus, we assume that in our measurements SCLC takes place at high voltages [14].
Further analysis is based on an algorithm described by Blacksley for macroscopic SCLC measurements
[18] and adapted here for our C-AFM setup. First of all, the built-in voltage V;; was determined from
average [-V curves for each sample and then used in analysis. The estimated value V; reduces the slope of
the average local I-V curves with a double logarithmic scale to pure quadratic with @,=2.0+0.1, which
implies trap-free space charge limited current, as shown in Figure 4c. Fitting of standard macroscopic I-V
curves with the Murgatroyd equation [31] gives the field parameter y equal to 0 (see Supplementary
Information), which confirms trap-free SCLC described by the Mott-Gurney law for our samples. The value
of Vi estimated by using v/I-¥ plot was significantly higher for C-AFM results than for macroscopic SCLC
data: in the range 1-2 V for C-AFM vs. 0.25 V for conventional measurements. Observed difference can be
explained by an influence of the measuring conditions, first due to the AFM tip-sample interaction. An
estimation of the local hole mobility from C-AFM measurements requires a modified Mott-Gurney
equation, which was previously introduced by O. Reid et al. [22]. This approach is based on experimental
C-AFM data and numerical calculations. The main idea is to find the dependence of current density J on
sample thickness L from experimental data and then modify the Murgatroyd equation for a C-AFM
geometry. The proposed equation is written as [22]:

I =Agpragyepexp(0.89y (%)1/2 Z—: ) (2)1'6, (D)

where =8.2 is the parameter from numerical calculations [22], ¢ is the permittivity of material, u is the
hole mobility at zero field, ¥ is the field dependence parameter of the mobility, V is the tip-sample voltage,
L is the sample thickness, d is the tip-sample contact diameter, 6=7.8 is the scaling factor for fitting the C-
AFM mobility to the macroscopic data [22]. The model described in [22] was used by authors for
calculations of the local mobility in various organic semiconductors, in particular polymer donors P3HT
and MDMO-PPV. Here, we use this approach to calculate and map local mobility in PTB7 films. First of
all, the dependence of average current density on sample thickness J-L was determined by C-AFM
measurements of 8 samples of the neat PTB7 films with different thicknesses (J=//4.5). The results of J-L
at Vi;=12.9 V are shown in Figure Sa.
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Fig. 5. Neat PTB7 films: a) J-L dependence, b) average local hole mobility calculated for different
thicknesses.

The linear character of dependence in the range of thicknesses used by us is clearly visible, which confirm
results found before by O. Reid et al. [22]. However, the slope of the J-L curve is larger in our results: J~L
7 vs J~L'* in [22]. This fact can be explained, first of all, by different type of probe with a larger size of



the tip used in this work (R=45 nm here and 40 nm in [22]) and, possibly, different tip geometry, determined
by individual nanoscale features of each probe. The method of V3 estimation is also important, since this
value has a drastic influence on the shape of local /-V curves as shown in Fig. 4c. If V}; is not taken into
account, then data in J-L plot are scattered and no monotonic dependence occurs. Corresponding to standard
theory, developed for geometry with flat electrodes, the J~L* dependence should be expected if condition
L<<d is satisfied and, thus, standard a Mott-Gurney model is applicable [18,32]. For thick samples when
L>>d, the hole injection from a point electrode takes place with J~L' dependence [32], which was
experimentally observed for L>200 nm in [22]. The dependence J-L is expected to also be shifted to lower
L values for a sharper tip due to the smaller contact diameter when similar conditions of measurements are
used. It can also be expected that the power of L is monotonically changing from ~-3 for thin samples to -
1 for thick films. However, the accuracy of our data is not enough for the introduction of any nonlinearity
to a logJ/-logL plot and then the same power of L -1.7 should be used for whole range thicknesses. Similar
results with a linear logJ-logL. dependence in a wide range of thicknesses were described in [22]. In order
to count V}; and a different slope of logJ/-logL, we rewrite equation (1) in the form:

Vv \/2 L (v-vp)? (L\37F
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where fis the slope of logJ-logL (Fig. 5a), which, in general, is adjusted from 1 for thick films to 3 for very
thin films and semi-empirical parameter 7=ad. The equation (2) was used for calculations of the hole
mobility in the neat PTB7 films with different thicknesses (Fig. 5b). A relatively good agreement of
mobility values for different thicknesses is observed, which is confirmed by very small slope of linear
approximation of the data in Fig. 5b. The obtained value of C-AFM hole mobility =(1.40+0.12)-10® m*V-
sl averaged for all thicknesses is close to the average macroscopic mobility u=1.34-10% m*V-!s'! (see
Supplementary Information). The difference between values of x and  is less than 10% and it may be
result of errors in determinations of different parameters in model (2). Still, the values are close enough to
each other to prove the ability of the model to estimate hole mobility in PTB7.

The next step is the application of this modified model for mapping of the hole mobility over a sample’s
surface. The same procedure of mobility calculations as described above was applied to a matrix of 5x5 /-
V' curves obtained on area 500x500 nm for a sample with thickness of 102 nm (Fig. 4a). Distributions of
built-in voltage and hole mobility over same surface area are shown in Fig. 6a and 6b respectively. The
image in Fig. 6b was obtained by using equation (2) with values of V;; shown in Fig. 6a.
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Fig. 6. Distributions of V}; (a) and hole mobility (b) on the same area as shown in Figure 4a. The total area
of each plot is 0.5x0.5 microns.

The limited number of pixels is a result of slow standard technique of /-/ mapping, taking into account the
8 samples measured here. An increased number of pixels will make Fig. 4a look similar to Figure 2b.
However, better resolution requires much longer acquisition time as well as an automated procedure for
data treatment due to large data arrays. From the comparison of current distribution in Fig. 4a, V3 and
mobility maps in Fig. 6, it can be concluded that in general there is no direct correlation between all three



images. Despite some features appearing similar, e.g. in the bottom right corner of V3 and mobility maps,
decomposition of the /-V map into V3 and mobility maps produces significantly different images. The
average value of nanoscale mobility is 1.17x10® m?/(Vs), which is close to the macroscopic value of
1.34x10® m?/(Vs) obtained by regular SCLC on the same structure. At the same time, variations in mobility
of more than 2 times, from 0.69 to 1.59 10® m?/(Vs) may be explained by some non-uniformity in the
structure of PTB7 films, which was revealed earlier by XRD [7,8], and which is possibly observed in Figure
3b. The rms value of the hole mobility is 0.22x10®* m?/(Vs), which is almost 20% from the average mobility.
In the SCLC regime each pixel in Figures 4a and 6 represents the electrical properties inside a volume of
the PTB7 film, which is an approximately truncated cone limited by the tip-sample contact diameter d on
top and diameter /4 at PEDOT:PSS interface as it was discussed above. Thus, similar to discussion of current
contrast, we suppose that variations of hole mobility in Fig. 6 reflect the ratio of ordered and amorphous
PTB?7 in the probed volume under the tip between d and 4.

The use of local SCLC measurements by C-AFM is a promising tool for nanoscale mobility measurements,
however, further development and improvements of this technique are required. At the moment the main
questions and sources of error of the method are: unknown J-L dependences for an arbitrary AFM probe,
significant influence of precision of film thickness measurements, and, a standard problem in AFM
measurements, the unknown shape of tip and tip-sample contact area at the nanoscale. One of possible way
to simplify local SCLC measurements is the use of probes with highly reproducible parameters, e.g. probes
with spherical colloidal particles. It can also be expected that measurements of thick films with J-L!
dependence can significantly simplify the local mobility estimation, however, such thicknesses >200 nm
[22] are typically larger than the thicknesses of most successful OPV devices. In addition, there are still
questions about large values of Vj; in nanoscale /-V measurements, obtained by same method as
macroscopic values of V. All abovementioned analysis was based on the suggestion that SCLC occurs in
C-AFM results. This suggestion implies the existence of ohmic contacts to the film and confirmed by
standard macroscopic measurements on the same structure as well as by the shape of the nanoscale I-V
curve. However, nanoscale conditions of measurements with strong probe-sample interaction in normal
conditions may influence built-in voltages and be responsible for larger values of V;, which was determined
from /-V curves in the same way as the macroscopic value. Similar large values of V; was observed by us
on the neat MDMO-PPV (HOMO=5.2-5.4 eV) in a nitrogen atmosphere and thus the influence of humidity
on V5 is expected to be minor. SCLC measurements on a PTB7 film performed in [4] with a relatively low
work function Al film instead of Au electrode have also demonstrated a large value of V,=1.5 V. Thus, at
this moment we suppose that modification of Au work function due to strong tip-sample interaction is
responsible for an increased built-in voltage [28,29]. However, this conclusion requires additional
experiments. Still, despite some questions, the method of mobility mapping described here allows for
investigation of charge carrier mobility distribution over sample surface with nanoscale resolution and leads
to reasonable agreement with macroscopic data.

4. Conclusions

In this work the nanoscale hole transport in PTB7 films was investigated by C-AFM. It was found that the
current distribution is not uniform in a neat PTB7 film. The inhomogeneity of the current image was
explained by the existence of ordered PTB7 crystallites. The presence of SCLC current was suggested and
confirmed by local /-V measurements. A procedure for local /-/ measurements at each point of the scan
was performed and a modified semi-empirical equation was used to determine the nanoscale hole mobility.
It was shown that the same procedure of built-in voltage estimation applied to macroscopic and nanoscale
I-V curves lead to significantly different values, which can be explained by strong tip-sample interaction in
the AFM experiment. The two-dimensional array of /-V curves was decomposed into two images with
distributions of local built-in voltage and hole mobility by using a semi-empirical equation, which describes
local -V dependences in the SCLC regime. Local mobility values on the surface of PTB7 films are
influenced by the local structure and differ by more than two times and have rms value 0.22x10® m?/(Vs),
which is almost 20% from the average mobility.
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Supplementary Information

1. Macroscopic mobility measurements of PTB7 films by SCLC.

Structure glass/ITO/PEDOT:PSS/PTB7 film/Au was used for SCLC measurements. PTB7 film was spin-
coated from solution in chlorobenzene at different rotation speed of substrate. Au electrodes were thermally
evaporated with an active area of device of 8 mm?. The unified protocol of mobility measurements and
calculations was used [S1]. The results of SCLC measurements are shown below:

Table 1. SCLC measurements of the neat PTB7 films.

Sample Vi, V. | o, m*/(Vs) | 3, (m/V)*3 | L,nm | logl-logU slope
PTB7 (neat) 1000 rpm | 0.25 1.34*%10°% 0 172 1.94
PTB7 (neat) 2000 rpm | 0.25 1.33*%10® 0 108 2.00

2. Protocol of SCLC measurements by C-AFM.

2.1. Samples for C-AFM were produced by same method as devices in part 1 but without top Au electrode.
The raw I-V curves are shown in Fig. S1. Strong asymmetry between dependences at positive and negative
biases are clearly seen, indicating more efficient hole injection from AFM probe.
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100 |

500 mV
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Fig. S1. PTB7 film: 10 raw /-V curves. The arrow indicates zero point.

2.2. The gold-coated probe CSG10/Au (NT-MDT) was biased during C-AFM measurements and sample
was grounded. Positive voltage on probe was applied, which implies hole injection from tip to the film. The
I-V measurements for SCLC were performed point-by-point at square area by using contact probe. It is
important that same probe is used for all samples, which are selected for comparison, since tip size and tip
shape are individual parameters, which cannot be controlled. In order to avoid currents caused by leakage
and voltage changes dV7/dr, the measurements of “zero” I-J out of contact were performed and then these
data were subtracted from initial curve (Fig. S2).



Fig. S2. I-V measurements on PTB7 film: 1 - raw /-} data; 2 — “zero” I-V curve; 3 - I-V curve (1) after
subtraction curve (2).

2.3. Tip-sample force during C-AFM measurements was minimized in order to reduce possible surface
damage. Total tip-sample force is calculated from force-distance curve (F-z) as a sum of adhesion force
and force caused by lever deflection F=F.+F,; (Fig. S3). Forces were calculated as F’=kDFL, where k=0.28
N/m is cantilever force constant determined by Sader method and cantilever deflection DFL is determined
from force-distance curve assuming 45 degree slope in contact region, as shown in Fig. S3a. Tip-sample
force was estimated for each set of /- measurements and then used for calculation of the contact area for
each experiment.
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Fig. S3. Force-distance curve: a) scheme of calculation of total tip-sample force; b) experimental
deflection(z) curve obtained by CSC10/Au probe on the neat PTB7 film.

2.4. The tip-sample contact diameter was determined by using Hertzian contact theory for contact of sphere

. . 3FR . . . 1
with plain surface: d = 2’ f e where reduced Young’s modulus £* is determined from equation ==

*

1;% + 1;1»5, R is tip radius determined from SEM image (R~45 nm for our probe, see Fig. S4), E is Young’s
t S




modulus, vis Poisson’s ratio, ¢ and s denote tip and sample respectively. Young’s modulus of PTB7-based
films were taken from recent work [S2]: £,~=0.44 GPa for neat PTB7. Poisson’s ratio 1=0.3 was used, since
no data on this value was found in literature. Same parameters for gold were 78 GPa and 0.44,
correspondingly. The calculated effective contact area A,y was used for calculations of current density
J=I/4.y. Standard values of tip-sample force were in the range 5-10 nN and tip-sample contact diameter d
was between 14-18 nm.
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Fig. S4. SEM image of the CSG10/Au tip used in measurements.

2.5. Next steps of local mobility calculations correspond to standard SCLC procedure [18]. The built-in
voltage Vj, is determined for average local I-V curve from VI-V plot. Then equation (2) from main text is
used for fitting experimental data. This procedure was also used for analysis of individual /-V curves.

References

[S1] J.C. Blakesley, F.A. Castro, W. Kylberg, G.F.A. Dibb, C. Arantes, R. Valaski, M. Cremona, J.S.
Kim, J.-S. Kim, Towards reliable charge-mobility benchmark measurements for organic
semiconductors, Organic Electronics 15 (2014) 1263-1272.
https://doi.org/10.1016/j.orgel.2014.02.008.

[S2] J.-H. Kim, J. Noh, H. Choi, J.-Y. Lee, T.-S. Kim, Mechanical properties of polymer—fullerene bulk
heterojunction films: role of nanomorphology of composite films, Chem. Mater. 29 2017 3954-3961.
https://doi.org/10.1021/acs.chemmater.7b00184.



https://doi.org/10.1016/j.orgel.2014.02.008
https://doi.org/10.1021/acs.chemmater.7b00184

