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1. Introduction

Organic semiconductors (OSCs) have ena-
bled a variety of (opto-)electronic devices 
including organic field-effect transistors 
(OFETs), organic light emitting diodes 
(OLEDs), and organic photovoltaics 
(OPV). Critical performance metrics of 
these devices are strongly affected by the 
physical processes that occur at interfaces 
between layers of different materials, or, 
different phases within the same mate-
rial. Examples are the interface between 
the organic layer and contact metal [1–3]; 
between the OSC and the gate insulator in 
an OFET,[4] or between different OSCs at 
donor–acceptor interfaces in organic solar 
cells.[5] While such interfaces have been 
studied in great detail, an interface that 
is comparably not well understood is the 
interface between individual (nano-)crys-
talline domains within an OSC layer of an 
OLED, OFET or organic solar cell, known 
as grain boundaries. Inevitable defects 

at each of these interfaces can act as sources of trap sites for 
mobile charge carriers,[6] leading to losses in efficiency of 
transformation of energy excitations in devices,[7–10] initial and 
time-dependent degradation,[11–13] hysteresis,[14,15] and reduced 
charge-carrier mobilities.[4,14,16–18]

Advances in the fundamental understanding of the physical 
processes at these interfaces and their potential impacts on 
charge-carrier transport have therefore been essential for ena-
bling improvements to the performance of all optoelectronic 
devices based on OSCs. However, the detection and simulta-
neous electrical characterization of grain boundaries has been 
challenging due to their inherently statistical nature, small 
scale, and the fact that they are typically hidden within the 
organic layer.

The most direct impact of grain boundaries on charge trans-
port is typically investigated in FET devices, which is why most 
impact of grain boundaries on device performance is reported 
for FETs.

It has been observed that the existence of grain bounda-
ries affects air and bias stability,[11,13] the on–off ratio,[14] the 
threshold voltage,[14,19] and leads to hysteresis effects.[14] How-
ever, the greatest consensus is on the finding that grain bound-
aries lead to charge-carrier density-dependent,[20,21] and overall 
reduced mobilities.[16–18,22–24]

In organic electronics, local crystalline order is of critical importance for the 
charge transport. Grain boundaries between molecularly ordered domains 
are generally known to hamper or completely suppress charge transfer and 
detailed knowledge of the local electronic nature is critical for future minimiza-
tion of such malicious defects. However, grain boundaries are typically hidden 
within the bulk film and consequently escape observation or investigation. 
Here, a minimal model system in form of monolayer-thin films with sub-nm 
roughness of a prototypical n-type organic semiconductor is presented. Since 
these films consist of large crystalline areas, the detailed energy landscape at 
single grain boundaries can be studied using Kelvin probe force microscopy. By 
controlling the charge-carrier density in the films electrostatically, the impact of 
the grain boundaries on charge transport in organic devices is modeled. First, 
two distinct types of grain boundaries are identified, namely energetic bar-
riers and valleys, which can coexist within the same thin film. Their absolute 
height is found to be especially pronounced at charge-carrier densities below 
1012 cm–2—the regime at which organic solar cells and light emitting diodes 
typically operate. Finally, processing conditions by which the type or energetic 
height of grain boundaries can be controlled are identified.
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Of course, this mobility reduction does not only influence 
the performance of FETs but also of OLEDs and OPV because 
here free charge carriers have to diffuse from(to) the electrodes 
before(after) exciton recombination (dissociation). Moreover, 
traps in general have been observed to decrease the efficiency of 
OLEDs by increasing the rate of nonradiative recombination of 
electron–hole pairs,[8,10] and analogously, the efficiency of OPV 
by increased recombination rates of excitons, i.e., decreased 
exciton dissociation.[7,9,12] While this general impact on recom-
bination rates and device efficiency can likely be attributed to 
grain boundaries, it is rarely reported[25–27] and grain bounda-
ries are mostly avoided in OLEDs and OPV without further 
explanation.[28]

In this work, we present a model system to study the local 
contribution of grain boundaries in organic semiconducting 
devices using Kelvin probe force microscopy (KPFM).[29–31] 
KPFM has proven useful to locally characterize grain bounda-
ries both structurally and energetically,[32–35] but until now 
solely applied to films that are several tens of nm thick and/
or exhibiting a high density of grain boundaries. Recently, we 
have demonstrated a drop-casting method for surface-mediated 
crystallization yielding monolayer-thin films of the prototypical 
small-molecule OSC N,N′-di((S)-1-methylpentyl)-1,7(6)-dicyano-
perylene-3,4:9,10-bis(dicarboximide) (PDI1MPCN2) with 
sub-nm roughness even across well-defined grain boundaries 
and large areas that can be understood as single crystalline thin 
films.[36] While this drop-casting method in its current form is 
not suitable for large-scale processing, it is sufficient for the 
current investigations where sample dimensions below 1  cm2 
are required. The high purity of the resulting films is compa-
rable to recent works focusing on low-dimensional organic 
crystals as the active layer in, e.g., OFETs,[37–40] and allows pre-
cise examination of the surface potential of individual grain 
boundaries. In particular, this allows detailed local electrostatic 
examination of grain boundaries and thereby enables identifi-
cation of the mechanisms by which grain boundaries can affect 
charge transport. In addition, using electrostatic gating, the 
charge-carrier density in the monolayer-thin films can be tuned 
in situ up to ≈1012  cm–2, allowing measurements of the ener-
getics at grain boundaries at charge-carrier densities relevant 
in organic solar cells (operated typically at charge-carrier densi-
ties of 109–1010 cm–2),[41,42] OLEDs (1010–1011 cm–2),[7] and OFETs 
(109–1012 cm–2).[4]

2. Surface Potential Within A Single Crystal Grain

A schematic of the measurement setup and the devices under 
investigation is shown in Figure 1a. The samples consist of a 
PDI1MPCN2-covered Si/Al2O3 wafer (see the Experimental Sec-
tion for fabrication details). The organic films are characterized 
by large, highly crystalline grains, separated by well-defined 
grain boundaries (e.g., cf. Figure 2).[36] According to X-ray dif-
fraction measurements, films of 1.8  nm thickness correspond 
to monolayers.[36] In the shown setup, the charge-carrier den-
sity n in the PDI1MPCN2 thin films can be tuned precisely by 
the gate voltage VGS. Its impact on the surface potential USP 
is detected after reaching electrostatic equilibrium, that is, no 
additional electric field is applied parallel to the molecular layer 

and we have not performed time-dependent measurements on 
electric charging or current flow. The surface potential USP is 
the sum of the potential induced by VGS and the contact-poten-
tial difference (CPD) UCPD measured at VGS =  0 (see the Sup-
porting Information for details). If VGS = 0, no external charge 
carriers are induced in the OSC and we refer to zero external 
charge-carrier density n = n0. In the following, measurements 
at n0, where USP = UCPD, serve as reference for measurements 
with increased charge-carrier density.

As baseline for our measurements, we first discuss the sur-
face potential within a crystalline grain of the PDI1MPCN2 mon-
olayer-thin film. A typical topography and surface-potential map 
of such a region including a monolayer-trilayer step is shown in 
Figure 1b,c. The topographical smoothness of the clean solution-
deposited thin-films can be discerned by the small values for the 
rms roughness of 0.6 nm. To quantify the variation of the surface 
potential within a single grain, the rms(USP) was extracted, e.g. 
to 15 mV for the scan at n0 (dashed line in Figure 1d). Since the 
detected potential landscape does not change during subsequent 
scans and is well above the noise level of 8 mV (Figure S1, Sup-
porting Information), it can be attributed to defects or charge 
inhomogeneities at the semiconductor-dielectric interface. This 
is consistent with the observation that OSC films on Al2O3 show 
smaller rms(USP) than films on SiO2 (see Table S1, Supporting 
Information), highlighting the role of the substrate.

The surface-potential variations can be understood as ener-
getic disorder which may hinder charge-transport even within 
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Figure 1. Detection of the surface potential under varying charge-carrier 
density. a) Scheme of the device geometry and the measurement setup. 
b,c) Topography and surface potential at zero external charge-carrier 
density n0, respectively, with profiles across the indicated lines and indi-
cated position of monolayer (ML) and trilayer (TL). d) Charge-carrier 
density-dependent rms(USP). Data were extracted from the scans shown 
in Figure S2 in the Supporting Information. The gray dashed line is the 
mean value of rms(USP) at n0 taken from (c) and serves as a reference. 
The black dotted line is the resolution limit taken from Figure S1 in the 
Supporting Information. Data points are the rms value extracted from a 
slab of 0.5 µm in the y-direction; the errors are estimated to 1.5 mV due 
to extraction uncertainties in the choice of the slab width. All scale bars 
are 2 µm.
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single grains and thereby lead to a reduction of charge-carrier 
mobility. To study the impact of the observed surface-potential 
variations on charge transport, we increased the charge-car-
rier density by electrostatic gating and detected the change in 
rms(USP), shown in Figure  1d. If n is increased above n0 (by 
application of a positive VGS), the rms(USP) is found to decrease 
until saturating above n ≈ 2 × 1012 cm–2 to the resolution limit, 
while it increases significantly if n is reduced to zero due to the 
absence of screening caused by the depletion of charge carriers 
within the film. Since we are able to tune the charge-carrier 
density between n =  0 and above 1012  cm–2, our investigations 
are performed under conditions in which OLEDs, OFETs and 
organic solar cells typically operate. Especially in the density 
region below 1012  cm–2 (typical for OLEDs and organic solar 
cells), notable surface-potential variations are present, even 
though our films are highly crystalline. It can be expected that 
the potential landscape of OSCs in OLEDs and organic solar 
cells shows even higher energetic disorder and therefore a 
stronger impact on charge-carrier mobility, as these films are 
typically disordered.

In passing we note, that at the step edge, no spike in the sur-
face potential is present as has been found by KPFM in bulk 
single crystals.[43] Instead, the trilayer shows an overall smaller 
surface potential than the monolayer (cf. Figure S4, Supporting 
Information). This can be attributed to screening of the built-
in gate potential by the sheet of mobile charges that forms in 
the molecular layer close to the insulator.[44] This is further  

confirmed by the observation that in the absence of screening, 
i.e., at n = 0, the potential step at the monolayer-trilayer transi-
tion disappears (cf. Figures S2, S4, Supporting Information).

3. Surface Potential at Grain Boundaries

In Figure  2, we show a polarized optical microscopy (POM) 
image and a KPFM scan at n0 of two exemplary monolayer-
thin regions of the PDI1MPCN2 film including grain bound-
aries. The corresponding topography scans are displayed in  
Figure S5a,b in the Supporting Information. From the given 
line profiles in Figure  2c,d across four representative grain 
boundaries, it becomes clear that the grain boundaries observ-
able in POM are not accompanied by a change in film height. 
This is in direct contrast to OSC films evaporated onto insu-
lating substrates, which predominantly display some degree of 
3D island growth with a high density of step edges during the 
sub-monolayer growth stage before connected monolayers can 
grow to cover a significant area.[32,34,35] Here, only the KPFM 
scans in Figure 2 clearly reveal the grain boundaries by a con-
trast in the CPD and a dip or a peak in the line profile. The 
CPD contrast can be translated into a local work-function 
variation and therefore to the bending of the semiconductor’s 
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO). Moreover, a clear differentia-
tion can be made between grain boundaries showing a smaller 
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Figure 2. Kelvin probe force microscopy at grain boundaries. a,b) POM image (left) and surface potential (right) at two positions of a monolayer film 
displaying (a) barriers and (b) valleys at n0. The insets show the schematic of HOMO and LUMO for the barrier and valley, respectively. The visible 
shadow of the cantilever highlighted by the yellow dashed line is discussed later in the main text. c,d) Extracted profiles of topography (cf. Figure S5, 
Supporting Information) and surface potential along the shown lines in (a) and (b), respectively, with Lorentzian fits and calculated barrier heights (fit 
error 0.7 meV) and valley depths (fit error 2.7 meV), respectively. The graphs are artificially offset for clarity. All scale bars are 20 µm.



www.advancedsciencenews.com www.small-journal.com

2200605 (4 of 9) © 2022 The Authors. Small published by Wiley-VCH GmbH

CPD than surrounding grains (called barriers in the remainder, 
Figure  2a,c) and those with higher CPD (called valleys, 
Figure 2b,d). Finally, we would like to point out that in thicker 
films on the same substrate (bottom of Figure 2b) even though 
grain boundaries are visible in the POM images, they are not 
visible in KPFM (compare also Figure S5c, Supporting Infor-
mation). Hence, grain boundaries in films that are several tens 
of nm thick and therefore suitable for OLEDs and OPV cells, 
will likely not be identifiable with this technique. This finding 
underlines that monolayer films are an ideal model system to 
investigate energetics at grain boundaries.

Grain boundaries of different type (i.e., barriers and val-
leys) have been theoretically predicted, e.g., for pentacene thin 
films,[45] and monolayers of PDI1MPCN2,[46] but have not been 
observed in experiment. Specifically, the HOMO and LUMO 
at grain boundaries bend in an inverted manner,[46] i.e., bar-
riers are characterized by upward(downward) bending of the 
LUMO (HOMO), resulting in an increased band gap (cf. inset 
of Figure 2a), and vice versa for valleys (inset of Figure 2b). This 
is the reason for the above assignment of barriers(valleys) to 
grain boundaries with a smaller(higher) CPD than surrounding 
grains (see the Supporting Information for a full derivation). In 
experiments however, it has not been clear if measured differ-
ences in CPD at grain boundaries are due to processing con-
ditions,[6,23,47] the sign of trapped charges,[17,19] the n- or p-type 
character of the semiconductor,[32] or variations in the film 
thickness.[34] Our measurements reveal that none of these con-
ditions can be the only determining factor for the existence 
of barriers or valleys, since all our films are deposited under 
similar conditions and are smooth across the grain bounda-
ries. Figure 3 even displays both types in the same film. To our 
knowledge, this is the first time that the theoretically predicted 
coexistence of two distinguishable types of grain boundaries 
was experimentally proven.

To quantify the differences between valleys and barriers, we 
determined valley depths and barrier heights by extracting the 
difference of the CPD between grain boundaries and neigh-

boring grains[48] (for evaluation details see Section C in the Sup-
porting Information). While valleys act as traps thereby leading 
to a reduction of the mobility,[6,49] just recently it was shown 
that barriers impede charge transport more significantly than 
valleys due to a back-reflection of charges.[46] Because of these 
different mechanisms of trapping and backscattering, pre-
vious reports on “barrier heights” or “trap depths” determined 
by c-AFM,[19] or activated charge-transport,[50] can only refer to 
trap-like grain boundaries, that is, valley depths. As indicated in 
Figure 2 and Figure 4, we find valley depths around 10–20 meV 
and barrier heights from 30 to 60 meV. Note that the valley 
depths and barrier heights given here, in contrast to transport 
measurements, do not include transport-limiting factors such 
as contact resistance or trapping at the semiconductor-insulator 
interface. Additionally, it is per se unclear how the process of 
backscattering of charge carriers at barrier-like grain bounda-
ries will show up in activation measurements.

4. Impact of Charge-carrier Density on Barrier 
Height and Valley Depth
OLEDs and organic solar cells operate at different charge-car-
rier densities (109–1011  cm–2),[7,41,42] than OFETs (1012  cm–2).[4] 
Since absolute values of the observed barrier heights and valley 
depths have been predicted to decrease with increasing charge-
carrier density,[21] a careful analysis of the barrier height/valley 
depth at different charge-carrier densities is required. This 
investigation will help to assess the respective relevance of 
grain boundaries for charge transport in the different device 
types. To this end, we have used two strategies of charge-carrier 
density control, namely electrostatic gating and photoexcitation. 
Please note that the influence of only one type of charge carrier 
is investigated within one experiment (electrons in electrostatic 
gating and holes via optical excitation, cf. Section D, Supporting 
Information), so that the results are relevant to transport pro-
cesses in OFETs and in OLEDS(OPV) before(after) exciton 
formation(separation). Even more, both injection strategies are 
assumed to be reversible processes, that is, the surface potential 
reaches its original distribution after discharging the thin film.

Figure  4 displays KPFM scans of areas with a barrier 
(Figure  4a) and three valleys (Figure  4c), where the charge-
carrier density was increased electrostatically, analogously to 
the measurements for the single grain shown above. The bar-
rier heights and valley depths clearly decrease with increasing 
charge-carrier density, and completely disappear in the noise 
floor at the highest investigated charge-carrier densities. We 
anticipate that the processes leading to the disappearance of 
valleys and barriers differ for the two types: In valleys, the elec-
trons are trapped due to the band bending where they act as 
repulsive sites for subsequently injected electrons,[45] thereby 
making the valley itself energetically less favorable. This is 
equivalent to the flattening of the LUMO and a decrease of the 
CPD contrast between grain and grain boundary, i.e., a reduc-
tion of the valley depth up to its complete disappearance as 
seen in Figure  4b,d (for line profiles see Figures S6 and S7, 
Supporting Information). Conversely, electrons are backscat-
tered from barriers and remain within the energetically more 
favorable grains,[21,51] and raise the LUMO levels of the grains 
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Figure 3. Coexistence of barriers and valleys. a) Surface potential of 
two barriers. b) Surface potential of two valleys. c) POM image of a thin 
film of PDI1MPCN2, where the areas of (a) and (b) and the courses of 
the respective grain boundaries are marked. A large-scale scan was per-
formed to exclude degradational effects, shown in Figure S11 in the Sup-
porting Information.
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until the bands are flat,[52] and the energetic landscape for all 
following electrons is the same for grains and valleys.

Notably, the barriers and valleys are only screened if the elec-
trostatically induced charge-carrier density increases to values 
above 1012  cm–2. While OFETs are typically operated at such 
high charge-carrier densities, OLEDs and organic solar cells 
typically operate at n < 1011 cm–2 and therefore barriers and val-
leys, as well as charge inhomogeneities within the film, will sig-
nificantly impact charge transport in these devices.

So far, we have successfully demonstrated the impact of elec-
trons on the energetic landscape by injecting them electrostati-
cally. Since in OLEDs and organic solar cells it is also possible 
that small densities of holes accumulate in the electron-con-
ducting film, which then act as recombination sites for subse-
quently injected electrons, we further studied the impact of a 

small density of holes on the potential distribution. However, 
the electrostatic injection of holes into PDI1MPCN2 is hindered 
by the high hole-injection barrier of gold, the small HOMO-
overlap in PDI1MPCN2, as well as deep hole traps at 6.0  eV 
(the EHOMO of PDI1MPCN2 is 6.74 eV[53]) localized in clusters 
of residual water,[54] small amounts of which can be present in 
our inert atmosphere.[55] Therefore, we illuminated our sam-
ples with a standard halogen lamp (150 W) to form excitons in 
the OSC thin film (cf. Table S2, Supporting Information), part 
of which are separated into electrons and holes by the built-in 
potential at the insulator–semiconductor interface or within the 
semiconductor. Since our data are consistent with no additional 
electrons in the film, as we will discuss below, we anticipate 
that the optically induced electrons are drained by water ions.[56] 
To directly compare the pristine to the slightly hole-doped film, 
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Figure 4. Charge-carrier density dependent barrier height and valley depth. a) KPFM scan of a barrier at n0 (top) and varying electron density as indi-
cated (bottom). The arrow corresponds to the scan direction; scale bars are 1 µm. b) Barrier height extracted from (a) as function of electrostatically 
induced charge-carrier density. The dashed line is the mean barrier height at n0. The dashed-dotted line serves as guide to the eye. c) Surface potential 
of three valleys at n0 (top) and varying charge-carrier density as indicated (middle, bottom). Arrows indicate the scan direction; scale bars are 2 µm. A 
plane level fit was done for the figures with varying n, but further evaluation was conducted with nonflattened images. d) Valley depth of gb3 as func-
tion of electrostatically induced charge carrier density. The dashed line is the mean valley depth at n0. The dashed-dotted line serves as guide to the 
eye. Each data point was extracted from Lorentzian fits at line profiles leveled over a) 15 or c) 35 lines; errors are calculated from fit errors using error 
propagation. For evaluation details see the Supporting Information.
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we have shadowed part of the film with the approached canti-
lever during illumination and mapped the potential landscape 
in the dark subsequently (Figure 2a and Figure S8, Supporting 
Information). Notably, the surface potential increases by 20 mV 
in the illuminated part, while neither the rms(USP) nor the bar-
rier height seem to be affected by the small density of induced 
charge carriers (cf. Figure S9, Supporting Information). The 
increased USP, the sharpness, as well as the observed stability 
of the potential difference over several hours in the dark, are 
consistent with an increased density of immobile positive 
charge carriers generated by light (that are most likely trapped 
in deep traps in the film). We assume that these hole traps 
are the same that have previously been identified by transport 
measurements,[54] now first observed in real space by our meas-
urements. Since those traps are presumably located not in the 
OSC molecules and deeper in energy compared to the potential 
irregularities within single grains or at grain boundaries, the 
density of trapped holes increases homogeneously in the entire 
organic thin film and the barrier heights remain constant. Our 
measurements thus reveal that while trapped minority carriers 
will act as recombination sites for majority carriers, they do not 
change the energetics at the grain boundaries.

5. Toward Controlling Energetics at the Grain 
Boundary Through Processing
A final point pertains the question how the grain boundaries 
acting as valleys or barriers emerge physically. Identifying 
the structural cause and/or the parameters in film formation 
leading to valleys or barriers would be helpful to improve future 
OSC devices. It is known, that the direct surrounding of each 
molecule changes its polarization energy,[6] and consequently, 
structural changes such as differences in local packing and/or a 
change in the distance of the molecules across a grain boundary 
can lead to locally varying HOMO-LUMO gaps. While the reso-
lution of our measurements is not high enough to resolve the 
local molecular orientation within a grain, we have found exam-
ples in which noticeable dips in the topography of about 0.5 nm 
were visible (Figure S10, Supporting Information) going along 
with barriers in the energetic landscape (none were found for 
valleys). This indicates that larger intermolecular distances 
can lead to barriers, which is consistent with results obtained 
by simulations of the polarization field and charge-quadrupole 
interaction energies across grain boundaries in pentacene 
films.[45] However, we also found barriers in other parts of the 
film without such dips in the topography, indicating that also 
changes in molecular orientation, lowering the orbital overlap 
between neighboring molecules, can lead to both types of grain 
boundaries as proposed by theoretical calculations.[45,46]

In order to find a link between the film formation and the 
emergence of valleys and barriers, we have investigated the 
surface potential at 30 positions on 12 individual thin films, 
and related it to the processing conditions (Section E, Sup-
porting Information). Doing so, we found a relation between 
the nature of the grain boundaries within a thin film and its 
shape, emerging from the thin-film fabrication. During the 
deposition process, a solution of PDI1MPCN2 is drop-cast onto 
the substrate where the outline of the droplet can pin at its ini-

tial position due to the surface energy contrast on a patterned 
substrate.[36] While circular spots with a homogeneous outline 
are obtained from such pinned droplets, a smeared noncircular 
film with wavy or uneven borders can emerge if the droplet 
does not pin but moves or shrinks while drying. Using these 
definitions, we found solely valleys in perfectly pinned films 
and only barriers in depinned (smeared) films. Even more, both 
types of grain boundaries could be observed within the same 
organic thin film (Figure 3) in a region between a pinned and 
a smeared part (cf. Figure S11, Supporting Information). This 
implies that the complex and not yet fully understood dynamics 
of thin film crystallization during the PDI1MPCN2 deposition 
determines the type of the grain boundary. Summarizing, we 
can a priori control if a thin film will contain only one type of 
grain boundary by choosing the processing conditions such 
that the drop-cast solution will pin or smear while drying.

In this context, the substrate only plays a minor role: as men-
tioned before, we observed that the roughness of the film only 
impacts the energetic disorder and therefore the rms(USP) of 
the crystalline areas of the films (also compare Table S1, Sup-
porting Information). However, we could observe both pinned 
and smeared films, and therefore also the emergence of barriers 
and valleys, on two different insulators, that is, silicon oxide 
and aluminum oxide (cf. Table S3, Supporting Information).

Finally, we observed that the solvent choice impacts the ener-
getics at grain boundaries. Overall, less pronounced valleys and 
barriers at grain boundaries were measured in films produced 
from toluene-containing solutions (see Figures S12 and S13 and 
Table S3, Supporting Information).

In passing we note that an idealized thin-film fabrication can 
be formulated by the aim to achieve films without barriers (as 
they hinder charge transport more effectively than valleys[46]), 
as few valleys as possible with the smallest possible depth, and 
as smooth as possible crystal grains. According to our obser-
vations, these films are obtained by perfectly pinned drop-
lets containing toluene on smooth substrates. This summary 
matches with the preparation methods originally suggested for 
this molecule, as such films have consistently shown increased 
mobilities.[36]

6. Conclusion

By using high-sensitivity heterodyne KPFM imaging of grain 
boundaries within a monolayer thin, highly crystalline organic 
semiconducting PDI1MPCN2 film, we were able to identify 
energetic barriers and valleys at grain boundaries, define thin-
film processing conditions under which they emerge, and 
investigate their behavior under electrostatically controlled 
charge-carrier density. The use of monolayer-thin films was 
essential to characterize the highly pure, well-defined single 
grain boundaries in a minimal model system under inert and 
reversible conditions. By tuning the charge-carrier density elec-
trostatically, we could simulate the impact on charge transport 
during the operation of organic semiconductor devices. From 
the different energetic distributions of the two grain-boundary 
types, we were able to separate the different mechanisms of 
trapping at valleys and backscattering at barriers at charge-car-
rier densities less than 1012 cm–2. This importantly corresponds 
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to the density range where OLEDs and OPV cells typically 
operate, thus highlighting the role of grain boundaries as well 
as potential irregularities in the thin films that lead to a sup-
pression of charge transport in these systems. Likewise, OFETs 
will be significantly impacted in the transition between the “on” 
and “off” states of the transistor where low charge-carrier densi-
ties are also present.

We have focused our work on a prototypical perylene-diimide 
semiconductor, an organic dye which is often used in opto-
electronic devices, but the general concept of valleys and bar-
riers and their presence in thin films may also hold for other 
materials used as transport layers in OLEDs, OPV, and OFETs. 
In addition, the insights from this work may prove useful for 
researchers investigating charge transport in other optoelec-
tronic materials systems such as perovskites,[57] metal oxides,[58] 
and transition metal dichalcogenides,[59,60] where grain bounda-
ries might occur and lead to loss in transport or energy trans-
formation processes.

7. Experimental Section
Sample Preparation: The n-type OSC used in this work is the core 

cyanated perylene diimide N,N′-di((S)-1-methylpentyl)-1,7(6)-dicyano-
perylene-3,4:9,10-bis(dicarboximide) (PDI1MPCN2) shown in Figure  1a, 
whose crystallization behavior, mechanical, and electrical properties have 
been investigated before.[4,36,46,61,62] The preparation of monolayer-thin 
films by drop-casting was presented and established in previous work[36] 
and accordingly used here as follows: 15 × 20 mm2-sized substrates of 
highly doped silicon with 30 nm Al2O3 or 300 nm SiO2 were cleaned in 
acetone and isopropanol for 10 min each and by a subsequent etching 
step in an oxygen plasma at 50 W for 7 min (Diener Pico Plasmacleaner). 
The substrates were coated with a tetradecylphosphonic acid (TDPA, 
used for Al2O3 substrates) or octadecyltrichlorosilane (ODTS, used for 
SiO2 substrates) SAM, respectively, from which circles of 5 or 6  mm 
diameter were etched away using the same conditions as before. A 
solution of 0.1 wt% PDI1MPCN2 (BASF) in DMP or DMP:Toluene 
mixtures was dissolved, stirred, filtered, and drop-cast onto the etched 
circles. The samples were dried on a hotplate at 70 °C over night. Also 
see Figure S13 and Table S3 in the Supporting Information for details on 
how to achieve pinned or smeared films. As proposed by previous XRD 
measurements (cf. the Supporting Information of ref. [36]), to assure 
mono- (1.8 nm thickness) to bilayer (3.6 nm) thin films, the step height 
was measured down to the substrate for some samples using AFM 
(Bruker Dimension 3100) in tapping mode. 40  nm Au were thermally 
evaporated before(after) dropcasting in order to build bottom gate 
bottom(top) contact devices.

Optical Characterization: Grain boundaries were located using POM 
(Zeiss Axio Scope.A1) and a complete spot of the organic thin film was 
mapped. Large crystallites at the border and in the middle of the drops 
as well as thicker layers served as guides during KPFM measurements 
and for assembling the taken pictures to the overview images.

KPFM Measurements: All KPFM measurements were performed 
as sketched in Figure  1a in an Argon glove box at 26  °C to avoid bias 
stress and degradational effects (while perylene diimides are generally 
known to show minimal air degradation,[63] stability under bias stress 
has been observed to increase with the number of grain boundaries and 
can be assumed to be small at measurements in solution processed 
thin films[11,13]). An Asylum research MFP3D SFM and a PtIr coated tip 
(SCM-PIT-V2, with spring constant k = 3.0 N m−1, tip radius r = 25 nm) 
were used. The KPFM signal was detected in FM heterodyne mode 
using a Zurich Instruments HF2 Lock-in amplifier with AC and DC 
voltage applied to the tip (tip bias). For the exact circuit diagram cf. 
ref. [31]. The gate voltage was applied via Output 3 of the HF2 Lock-in 

amplifier. Source and drain as well as all outer conductors and the glove 
box casing were set to the same ground. For measurements at n0, the 
gate was set to ground as well. For the light-dependent measurements, 
samples were used without evaporated contacts, but grounded by 
silver paste at the border of the sample. The samples with the built-in 
halogen lamp (150 W) of the AFM camera were illuminated with the 
tip approached to the surface, then it was turned off and scanning 
was started. To reduce effects of the ambient light, the glovebox was 
covered with a curtain. Impact of the detection laser was excluded with 
a wavelength of 860 nm, as it was turned on all the time, such that the 
cantilever shadow would not be observed in Figure 2. An overview over 
differences in the conducted experiments is shown in Figure S8 in the 
Supporting Information.

Statistics: Within the scope of this work, the surface potential was 
investigated at 30 positions on 12 individual thin films (Table S3, 
Supporting Information). All presented AFM data were preprocessed 
using the software Gwyddion,[64] by the following procedure: 1) Rows of 
KPFM scans were aligned by the mean of differences. If necessary, the 
plane was leveled additionally by mean plane subtraction for a better 
view of the scans, but data were extracted from nonleveled scans. The 
lowest point was set to zero. Line-profiles were extracted with a width 
slightly smaller than the number of lines with constant gate voltage to 
account for the time-dependent charging effect of the semiconductor. 
rms(USP) values were extracted using the statistics tool of Gwyddion 
for areas with a corresponding slab width, by varying this width 
slightly, the error was estimated to 1.5  mV for all extracted rms(USP) 
values. 2) Topography scans were leveled by mean plane subtraction. 
For large scans (>50 × 50 µm2) a polynomial background of 2nd order 
was subtracted additionally. The rows were aligned by a polynom of 
2nd order while extracting high features by a mask tool. The lowest 
point was set to zero. Line profiles were extracted at the exact same 
conditions as for the corresponding KPFM scan and compared to 
them by position. 3) Extracted line profiles across grain boundaries 
were fitted by a Lorentzian using the software Origin, the mathematical 
details are described in Section C in the Supporting Information. The 
given barrier heights or valley depths refer to the fit values, errors are 
fit errors using error propagation. 4) Charge-carrier densities have been 
calculated from the applied gate voltage using a plate capacitor model 
for the field-effect transistor, detailed in Section B in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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