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ABSTRACT: Using cross-sectional scanning tunneling microscope
(XSTM) with samples cleaved in situ in an ultrahigh vacuum
chamber, this study demonstrates the direct visualization of high-
resolution interfacial band mapping images across the film thickness
in an optimized bulk heterojunction polymer solar cell consisting of
nanoscale phase segregated blends of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl C61 butyric acid methyl ester
(PCBM). We were able to achieve the direct observation of the
interfacial band alignments at the donor (P3HT)-acceptor (PCBM)
interfaces and at the interfaces between the photoactive
P3HT:PCBM blends and the poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) anode modification layer
with an atomic-scale spatial resolution. The unique advantage of

-

Sample bias (V)
(=]

ra

-
T

4 8 J2 16
Distance Enm)

using XSTM to characterize polymer/fullerene bulk heterojunction solar cells allows us to explore simultaneously the
quantitative link between the vertical morphologies and their corresponding local electronic properties. This provides an atomic
insight of interfacial band alignments between the two opposite electrodes, which will be crucial for improving the efficiencies of
the charge generation, transport, and collection and the corresponding device performance of polymer solar cells.
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P olymer solar cells'™* have attracted significant interest in
the fabrication of low-cost and mechanically flexible
photovoltaic devices in the past decade because they enable
solution processing and patterning on flexible substrates. The
most intensively studied materials for bulk heterojunction
(BHJ) polymer solar cells consist of poly(3-hexylthiophene)
(P3HT) and fullerene derivative phenyl-C61-butyric acid
methyl ester (PCBM) blends, which have power conversion
efficiencies of approximately 4—5%."° Researchers have
recently achieved high photovoltaic efficiencies close to 7—8%
by incorgorating new small band gap semiconducting
polymers.® Because of the short exciton diffusion length (<20
nm) of a semiconducting polymer,””® electron acceptors
usually mix with polymers at a nanometer-length scale to
form BHJs with a nanoscale interpenetrating donor/acceptor
network. Neutral bound electron—hole pairs (excitons)
represent the dominant photogenerated species in a conven-
tional BHJ polymer solar, and these excitons can be dissociated
from Coulomb attraction by offering electrons an energetically
favorable pathway from the polymer (donor) to an electron-
accepting specie (acceptor). It is concluded that the device
performance strongly depends on the optimized phase
separated donor—acceptor morphology of the BH]J, which
ensures efficient dissociations of photogenerated excitons and
continuous pathways for transporting charge carriers to
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electrodes.'® The most popular device structure usually consists
of a polymer/fullerene blend sandwiched between an
PEDOT:PSS-coated indium tin oxide (ITO) anode and a low
work function metal cathode.® Thus, the interfacial energy band
structures at the donor/acceptor interfaces and the photoactive-
layer/electrode interfaces have a crucial effect on the efficiency
of photoinduced charge separation, transport, and collection
and the corresponding device performance. Researchers have
used many high-resolution characterization tools, including
scanning probe microscopy (SPM)S’H_20 and transmission
electron microscopy (TEM),'®*"** to probe the nanoscale
morphology of BHJ solar cells. Three-dimensional (3D)
electron tomography®” has recently provided insight into the
nanoscale organization of BHJ polymer solar cells, providing
the critical morphological parameters of both the lateral and
vertical directions of the films. Compared to the TEM
technique, the unique advantage of using SPM to characterize
BHJ solar cells is that it can explore the quantitative link
between nanoscale morphologies and their local electronic
properties simultaneously. However, most SPM studies on BHJ
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morphology have been conducted on or through the top
surface of the film. Because photogenerated carriers must move
toward the two opposite electrodes across the film thickness
rather than parallel to the film surface, an understanding of the
correlation between the cross-sectional nanoscale morphology
and the local electronic structures of BHJ materials in the
vertical direction is of crucial importance for further improving
device performance. Because scanning tunneling microscope
(STM) combined with scanning tunneling spectroscopy (STS)
measurements can provide spatially resolved tunneling spec-
troscopy and the local density of states (LDOS) information of
the organic samples simultaneously, this study demonstrates
the interfacial band mapping images of an optimized
P3HT:PCBM bulk heterojunction solar cell using cross-
sectional scanning tunneling microscope (XSTM) with samples
cleaved in situ in an ultrahigh vacaum (UHV) chamber. The
results allow us to visualize the vertically phase-separated BH]
morphology of a P3HT:PCBM hybrid solar cell device at a
subnanometer resolution. Most importantly, this method
enables the direct observation of the interfacial band alignments
at the donor—acceptor interfaces and the interfaces between
the P3HT:PCBM blends and PEDOT:PSS layer with atomic-
scale spatial resolution. This type of analysis reveals the
interplay between the vertical phase-segregated nanomorphol-
ogy and local interfacial electronic structures of the polymer/
fullerene bulk heterojunctions, which are crucial for improving
the efficiencies of charge generation, transport, and collection
of polymer solar cell devices.

To obtain high-quality cross-sectional polymer/fullerene
hybrid samples, a Si(100) wafer was selected as the supporting
substrate because it exhibits an excellent cleaved surface in
previous XSTM measurements.”> 2® For device fabrication, a
30 nm thick layer of PEDOT:PSS (Baytron P 4083) was first
spun-cast onto the Si(100) substrate. After baking the
PEDOT:PSS films at 120 °C for 1 h, the devices were
moved into a nitrogen-purged glove box for subsequent
deposition. The photoactive layer was deposited on top of
the PEDOT:PSS layer by spin coating using a 1:0.8 weight ratio
blend of P3HT:PCBM dissolved in chlorobenzene. The
photoactive layer was approximately 100 nm thick. The device
was thermally annealed at 150 °C for S min in the nitrogen
glove box. Next, in our STM studies, experiments were all
performed in an UHV chamber with base pressure of
approximately 5X 10™"' Torr. A common thickness of the
sample (~0.5 mm) was used in our experiments. Before loading
the sample into the UHV chamber, a notch across the sample
of a ~0.3 mm length at the middle position was suitably
prepared on the organic film side.’” The sample was then
transferred to an UHV chamber and cleaved in situ at room
temperature to obtain the cross-sectional slice of the Si/
PEDOT:PSS/P3HT:PCBM film as shown schematically in
Figure 1la,b, respectively. Such an approach may avoid possible
surface contamination of the films.”® The chamber was
equipped with a variable temperature STM, which is able to
perform STS measurements. The tunneling spectra were
acquired by using the current imaging tunneling spectroscopy
(CITS) mode, where a series of tunnel current images was
obtained at different sample bias voltage V. In this work, V, was
varied from +4.0 to —4.0 V for STS measurements. STM and
STS images were simultaneously acquired at temperature of
~100 K. STM combined with STS can provide relevant
information directly on the local electronic structure at
interfaces of PCBM:P3HT/PEDOT:PSS. Figure lc shows the

(a) UHV cleave (b) XSTM measurement
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Figure 1. (a) Schematic illustration of the cleaving sample procedure
in XSTM measurements. (b) Schematic description of XSTM
measurements. (c) Typical cross-sectional STM topography image
of the Si/PEDOT:PSS/P3HT:PCBM film. The image was taken at a
sample bias of +4 V and tunneling current of 150 pA.

typical XSTM topography image of the P3HT:PCBM hybrid
film on PEDOT:PSS/Si(100) substrate at a sample bias of +4.0
V. Three different regions with distinct interfaces at
P3HT:PCBM/PEDOT:PSS and PEDOT:PSS/Si can be clearly
revealed from the specifically electronic characteristics of the
substrate Si, PEDOT:PSS, and P3HT:PCBM blend film as
shown in Figure 2a—d. The position of the zero sample bias in
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Figure 2. Specifically normalized dI/dV curves of (a) silicon (Si), (b)
PEDOT:PSS, (c) P3HT-rich (P3HT"), and (d) PCBM-rich (PCBM")
region of the thermally annealed sample, respectively. The current
onsets in filled and empty states were indicated each by dark ticks.

the STM measurements indicates the Fermi level of the system.
The current onsets in the occupied/unoccupied states, which
correspond to valence and conduction bands (VB/CB) or
(highest occupied molecular orbitals/lowest unoccupied
molecular orbitals (HOMO/LUMO)) edges, are extracted
and indicated by tick marks following the methodology
developed in ref 29. (also see the Supporting Information
Figure 1). The precision of the onset energy determined by this
method was estimated to be +0.10 eV in this study. A very
sharp identification at the boundary between Si and
PEDOT:PSS can be clearly distinguished due to their specific
individual tunneling spectroscopy characteristics (Figure 2a,b).
In addition, two types of dI/dV curves appear in the

dx.doi.org/10.1021/nl400091f | Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/nl400091f&iName=master.img-001.jpg&w=159&h=155
http://pubs.acs.org/action/showImage?doi=10.1021/nl400091f&iName=master.img-002.jpg&w=193&h=169

Nano Letters

P3HT:PCBM hybrid region. One curve demonstrates a hole-
conducting (p-type) semiconductor behavior with the specific
LUMO and HOMO levels located at +1.4 and —0.7 V,
respectively (Figure 2c). This type of curve resembles the
typical (dI/dV) curve obtained from the pristine P3HT
(Supporting Information Figure 2). The other dI/dV spectrum
has the specific onset bias of LUMO and HOMO levels located
at +0.7 and —1.6 V (Figure 2d), showing the typical
characteristics of an electron-conducting (n-type) semiconduc-
tor. This type of curve primarily results from the contribution
of PCBM (Supporting Information Figure 2). Referring to
electronically specific tunneling spectra of these materials,
XSTM measurements with a subnanometer resolution in the
vertical direction of the polymer/fullerene BHJ solar cell device
make it possible to investigate the interfacial electronic
properties of the donors (P3HT) and acceptors (PCBM) and
those at the interfaces between the P3HT:PCBM hybrid blends
and the PEDOT:PSS layer.

Figure 3a,c shows the XSTM topography images of the
P3HT:PCBM hybrid films without and with the post-thermal
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Figure 3. Cross-sectional STM topography images of (a) the as-cast
and (c) the thermally annealed P3HT:PCBM sample. Normalized dI/
dV images probed at +1.33 V sample bias of (b) the as-cast and (d) the
thermally annealed P3HT:PCBM sample. The regions colored by
green and red in the dI/dV images are electronically identified and
represented as the portions of P3HT" and PCBM, respectively.

annealing treatment. The post-thermal annealed sample shows
a more phase-separated morphology than the as-cast sample
with the more recognizable P3HT-dominant and PCBM-
dominant regions. Mappings of the corresponding tunneling
conductance were recorded simultaneously with topographical
images by acquiring the differential tunneling current (dI/dV)
characteristics as a function of the sample bias (Figure 3b,d).
The dI/dV spectrum of PCBM exhibits the typical character-
istics of an electron-conducting (n-type) semiconductor. Thus,
the regions with higher tunneling current recorded at +1.33 V
sample bias, which is below the characteristic current onset of
P3HT at positive sample bias, are primarily associated with the
contribution of PCBM. These two regions can be clearly
identified by their differential electronic characteristics
(Supporting Information Figure 3). The red areas in Figure

3b,d represent the PCBM-rich (PCBM") regions, whereas the
green areas represent the P3HT-rich (P3HT") regions. The
PCBM molecules in the as-cast P3HT:PCBM hybrid sample
are more uniformly distributed within the P3HT matrix with a
smaller domain size of approximately 2—4 nm. Post-thermal
treatment causes the PCBM molecules to aggregate, forming
larger clusters with a domain width of approximately 10—20
nm. These domains tend to form an interpenetrated network
within the P3HT matrix along the vertical direction, providing
the pathways required for charge transport. This result is also
consistent with a larger current density and a higher power
conversion efficiency of ~4.2% in the annealed device
compared to the as-cast sample of ~2.4% (see Supporting
Information Figure 4). Also, the morphological results obtained
from the XSTM measurement show excellent agreement with
the observation of the cross-sectional TEM images.’”>" These
results suggest that the XSTM can be a unique tool to
simultaneously probe the vertical nanoscale morphology and
locally corresponding electronic properties of P3HT:PCBM
BHJs across the film thickness at a subnanometer resolution
(Supporting Information Figure S). It is worth noting that the
degree of the fullerene aggregation will result in some
fluctuation in electronic behaviors and the corresponding
energy levels in the P3HT:PCBM samples.

Figure 4a—d shows the analysis of interfacial electronic band
mapping using spatial spectroscopic measurements through the
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Figure 4. (a) Normalized dI/dV images of the P3HT:PCBM active
layer with the thermal annealing treatment. (b) A magnified sliced
image across the PCBM*(1)/(P3HT"*)(2)/PCBM*(3) heterojunction.
(c) Local density of states (LDOS) measurements from PCBM* to
P3HT" across the interfacial region are indicated by red, green, and
yellow curves. (d) Atomic-scale evolution of band alignment across the
P3HT*/PCBM" heterointerface. Scientific position numbering is made
in panel b, and the corresponding numbers by the electronic curves in
panel ¢, and above the band structure in panel d are also indicated.

P3HT and PCBM heterojunctions. Figure 4a shows the
normalized dI/dV images of the P3HT:PCBM active layer
with the thermal annealing treatment, while a sliced image
across the PCBM'/P3HT*/PCBM" heterojunction is magni-
fied in Figure 4b. The areas numbered (1) and (3) in Figure 4b
represent the PCBM* domains, whereas the area numbered (2)
is the P3HT* domain. To investigate the subnanometer
electronic properties, the colored solid bars of Figure 4b
indicate the scanning profile positions with a spatial separation
of 0.4 nm across the regions numbered from (1) to (3). Figure
4c shows some representative tunneling spectra acquired across
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the P3HT:PCBM heterojunction with the differential tunneling
current dI/dV as a function of the sample bias. The
approximate locations of HOMO and LUMO levels, which
result from the offsets of the tunneling current in filled and
empty states, are extracted and indicated by solid and dashed
triangle marks in Figure 4c. On the basis of the electronic
characteristics of these spatial spectroscopic measurements,
Figure 4d shows the XSTM mapping image of LDOS and the
band alignment across the heterointerfaces of PCBM'/P3HT"/
PCBM" at a spatial resolution of 0.4 nm. The offsets of the
HOMO and LUMO levels for P3HT and PCBM are those of a
typical type II heterojunction. The offset in the LUMO level
between P3HT and PCBM is approximately 0.7 eV, which is
larger than the typical binding energy of excitons in polymer
(~0.2—0.5 €V).**** This suggests that charge separation may
occur at the interface with electron transfer from P3HT to
PCBM. The offset in the HOMO levels between P3HT and
PCBM is approximately 0.9 eV. The energy difference between
the HOMO level of P3HT and the LUMO level of PCBM,
which is usually related t0 the open circuit voltage of a donor—
acceptor BH]J solar cell,** is estimated to be approximately 1.4
eV. The atomic-scale resolution band energy diagram at the
P3HT/PCBM heterojunction based on the XSTM measure-
ment shows a consistent trend with the values reported in
previous studies which measured the bulk active layer films by
comparing the ionization potential or electron affinity of the
active layer components.>> Most importantly, the atomic-scale
evolution of the local electronic structure across the P3HT/
PCBM interface makes it possible to directly visualize the
distinct band bending characteristics and electronic config-
urations at the interface. The lateral extension (D) at the
interface between the P3HT and PCBM domains has an
estimated width of 1.6 nm. Because the typical diffusion length
of excitons in conjugated polymer is approximately 10 nm,” the
mean domain width of P3HT within 10—20 nm (Figure 3d)
suggests that excitons can reach these interfaces during their
lifetime. Accordingly, the large potential gradient developing at
the P3HT/PCBM interface leads to efficient charge separation
of photogenerated excitons into free electrons or holes. This in
turn may account for the ultrafast electron transfer for the
polymer/fullerene heterojunction interface.®® In addition, the
normalized dI/dV curve at the interfacial region between the
PCBM" and P3HT" domains has the position of the LUMO
level close to the Fermi level, suggesting an n-type electronic
characteristic at the interface. The electronic configurations and
LDOS at the interfacial region are closer to those at the
PCBM" region than at the P3HT"' region (Supporting
Information Figure 6), implying that electron transporting
might be more efficient than hole transport at the interfacial
region.”” Previous research has also proposed that there would
be more significant charge transfer through interfacial bridge
states from the excited state of P3HT to the ground state of
fullerene atoms when the photoactive layer is under
illumination.*® Thus, it would be expected that more distinct
n-type transporting of carriers through these interfacial states
would be observed as the P3HT:PCBM blend film is under
illumination at an operating device. However, it is still not clear
whether these interfacial states are responsible for the
filamentary transport in polymer solar cells with current
confinement in nanodomains'>* as a consequence of energetic
disorder in the donor/acceptor blend film. The subnanometer
resolution measurement of local current distributions of a BH]
solar cell device under illumination will be performed in our

next project to explore the physics of microscopic carrier
generation and transport using the cross-sectional STM
technique as developed here.

In addition to the band mapping across the heterointerfaces
of P3HT and PCBM, the energy level alignment at the
interfaces between the photoactive layer of P3HT:PCBM
hybrids and the interfacial anode modification layer of
PEDOT:PSS has also generated immense interest because of
the crucial roles these materials play in charge transport and
collection. The uniqueness of cross-sectional STM measure-
ments makes it possible to explore the interfacial electronic
structures between PEDOT:PSS and P3HT:PCBM hybrid
layers, which cannot be usually done using the conventional
SPM in the lateral direction. Figure Sa shows the normalized
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Figure S. (a) Normalized dI/dV images of the PEDOT:PSS and
P3HT:PCBM active layer. The corresponding band alignments across
the red arrow (PEDOT:PSS/PCBM') and the green arrow
(PEDOT:PSS/P3HT") heterointerfaces in (a) are mapped in (b)
and (c), respectively. Comparisons of LDOS between the
PEDOT:PSS layer and the interfacial regions consisting of (d)
PEDOT:PSS/PCBM" and (e) PEDOT:PSS/P3HT". Scientific posi-
tion numbering is made in panel a, and the corresponding numbers
above the band structure in panel b and in panel c are also indicated.
The numbers 9 and 10 represented the position of the interface of
PEDOT:PSS/P3HT* and PEDOT:PSS/PCBM".

(dI/dV) images obtained at +1.33 V, in which the interface
between PEDOT:PSS and P3HT:PCBM hybrid was marked by
the white dash line. The green and red arrows indicate the
positions of the spectroscopy measurements scanned across the
PEDOT:PSS/P3HT* or PEDOT:PSS/PCBM* interfaces,
respectively. Figure Sb,c shows the corresponding band
mapping images at the PEDOT:PSS/PCBM* and PE-
DOT:PSS/P3HT" interfaces. Both the LUMO and HOMO
energy levels of PEDOT:PSS are higher than those of PCBM
molecules and the corresponding LUMO and HOMO energy
band offsets at the PEDOT:PSS/PCBM" interface are

dx.doi.org/10.1021/nl400091f | Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showImage?doi=10.1021/nl400091f&iName=master.img-005.jpg&w=238&h=269

Nano Letters

approximately 0.4 and 0.7 eV, respectively, with an estimated
interfacial width of approximately 2.4 nm. In contrast, the
LUMO and HOMO energy levels of PEDOT:PSS are slightly
lower than those of P3HT and the corresponding energy band
offsets at the PEDOT:PSS/P3HT" interface are approximately
0.3 eV for the LUMO level and 0.2 eV for the HOMO level
with an estimated interfacial width of approximately 2.3 nm.
The corresponding tunneling spectra with respect to the
evolution of band alignments across these interfaces are shown
in the Supporting Information Figure 7. To understand the
local electronic configurations at the PEDOT:PSS/PCBM" or
PEDOT:PSS/P3HT" interfaces, Figure S5d,e shows the
comparison of the normalized dI/dV curves obtained from
the PEDOT:PSS layer and these interface regions. The dI/dV
curve at PCBM'/PEDOT:PSS interface shows an n-type
characteristic when the LUMO level is closer to the Fermi
level. A significant difference in LDOS between the
PEDOT:PSS and PCBM'/PEDOT:PSS interface regions
suggests that electron transport through the PCBM'/
PEDOT:PSS interface to the PEDOT:PSS layer may be
ineffective. In contrast, the dI/dV curve at the P3HT"/
PEDOT:PSS interface demonstrates a p-type characteristic with
its HOMO level located closer to the Fermi level. The overlaps
in LDOS below the Fermi levels of PEDOT:PSS and P3HT"/
PEDOT:PSS interface are significant, suggesting that hole
transport through the P3HT'/PEDOT:PSS interface to the
PEDOT:PSS layer is favorable, consistent with the effective
hole collecting nature of the PEDOT:PSS layer in a
P3HT:PCBM BHJ solar cell. This result also accounts for the
significant enhancement in the electron-blocking and hole-
transporting ability of PEDOT:PSS by depositing a thin layer of
P3HT on top of PEDOT:PSS prior to the deposition of
P3HT:PCBM blend, which in turn produces larger overlaps in
LDOS below the Fermi levels of PEDOT:PSS and P3HT*/
PEDOT:PSS interface and a further improvement in power
conversion efficiency.*® Using the cross-sectional STM
technique, we are able to explore the interfacial energy band
diagrams and electronic structures across the P3HT:PCBM/
PEDOT:PSS interfaces, which is important for further
understanding the local carrier transport and collection
behaviors of polymer solar cells. Figure 6 shows a summary

PCBM P3HT PEDOT:PSS
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Figure 6. Schematic energy band diagrams for the device with a
structure of PCBM/P3HT/PEDOT:PSS.

of the interfacial band diagrams consisting of band alignments
and interfacial band widths at the interfaces between P3HT and
PCBM and between PEDOT:PSS and P3HT:PCBM hybrid
layers in a BHJ 4polymer solar revealed by the cross-sectional
STM technique.*' ~*

In conclusion, this study demonstrates the direct visualization
of interfacial band mapping images of an optimized P3HT/
PCBM bulk heterojunction solar cell across the film thickness
using cross-sectional scanning tunneling microscope (XSTM)
with samples cleaved in situ in an ultrahigh vacuum (UHV)
chamber. The unique advantage of using XSTM to characterize
BHJ solar cells makes it possible to simultaneously explore the
quantitative link between vertical morphologies and their local
interfacial electronic properties at an atomic-scale resolution
between the two opposite electrodes. Thus, this approach has
great potential to become a useful tool for the characterization
and optimization of nanoscale phase-separated organic hybrid
photovoltaic blends for understanding the local carrier
generation, transport, and collection.
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