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Nanoscale Mapping of Wavelength—Selective Photovoltaic
Responses in H— and J—Aggregates of Azo Dye—based Solar Cell
Films

Shashank Shekhar,? Inkyoung Park,? Jeongsu Kim,? Myungjae Yang,? Duckhyung Cho? and Seunghun
Hong *2

Nanoscale wavelength—selective photovoltaic activities in H— and J—aggregates of azo—dye—based solar cell films are
mapped by a wavelength—dependent photoconductive noise microscopy. In this strategy, local conductivities and
charge—traps in dye films are mapped by a conducting probe scanning on the surface while illuminating the lights with
selected wavelengths. We observed the formation of localized domains exhibiting wavelength—dependent
photoconductivities. The individual domains could be identified as J— and H—aggregates, which show dominant
photoexcitations at wavelengths 600 and 450 nm, respectively. Notably, the short—circuit currents /. and
photoconductivities Aoy of the film show power—law dependences with the trap densities under illuminated conditions
(N7 ) and the trap density change by illuminations (AN;), respectively, like Acpc oc |AN7|*2 and Iy oc Ny 3/ for each
wavelengths illumination. These results reveal the carrier recombination process cooperated by traps which can be a major
factor determining the performance of solar cells. Significantly, J—aggregates show lower trap densities than those of
H—aggregates, resulting in superior solar cell characteristics of J—aggregates, such as higher /. and larger open circuit
voltages. Since our method allows one to map the nanoscale photovoltaic activities of solar cell film aggregates, it can be a

powerful tool for both basic researches and applications of photoelectronic devices.

1. Introduction

Dye—based solar cells can be a promising source of clean energy
due to their high performances, easy—processabilities and a low
cost.’ 10 Dyes’ superb characteristics, such as high absorption
coefficients, high luminescence efficiencies, the wide range of
absorption bands, and the efficient generation of photocarriers
in solar spectra at low intensities, make them suitable for light
harvesting materials.3~7 Particularly, metal—free azo—dyes such
as methyl red (MR) have unique optoelectronic properties
originating from delocalized photoexcited carriers from a lone
pair of electrons existing in them, and, thus, they have recently
attracted significant interests for solar cell devices.312715

On the other hand, dye—molecules usually form various
aggregates in thin films due to m—m interactions, which may
affect the structural and spectral properties of the films as well
as the performance of dye—based photovoltaic devices.3:16-1°
Previously, extensive efforts have been devoted to investigate
the effects of aggregates on the optoelectronic properties of
dye films wusing various spectroscopic and microscopic
techniques.?%?! However, these studies usually showed only
accumulative effects of all aggregates on the film without
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elaborating the nanoscale effects of individual ones. In this
regard, the mapping of localized aggregates in a film and
understanding their photophysical properties in an operational
solar cell device still remain a challenging issue, though those
are essential for the further improvement of dye—based
optoelectronic device performances.

Herein, we report the nanoscale mapping of
wavelength—dependent  photoresponses in H-—  and
J—aggregates of azo dye—based solar cell films using a
wavelength—selective photoconductive noise microscopy. In
this strategy, we quantitatively mapped the localized variations
of conductivities (o) and electronic trap densities in an azo—dye
film by a conducting probe scanning on the surface while
illuminating the lights with various wavelengths. The results
showed localized individual domains exhibiting the
wavelength—selective excitations of carriers, allowing us to
identify the domains as H— or J—aggregates. Furthermore, we
obtained wavelength—dependent maps of short—circuit
currents (/4), photocurrents, and charge—trap densities in the
aggregates of the dye—film. Interestingly, the short-circuit
currents I of the dye—based solar cells and photoconductivities
Aopc of the dye—film exhibited power law dependences with
trap densities under illuminated conditions (Nt 1) and trap
density change by illumination (ANt), respectively in both
aggregates like Isc ¢ Ny 7% and Aogpc o |ANT|Y2. The results
were attributed to the carrier recombination process enhanced
by charge—traps in the film, revealing that charge—traps are one
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of the major factors determining the performances of
dye—based solar cell devices. Importantly, J—aggregates
exhibited a lower trap density than H—aggregates, and, thus,
they had higher short—circuit currents as well as larger open
circuit voltages, indicating that J—aggregates are favorable
structures for a solar cell application. Our method allowed us to
map the nanoscale optoelectronic properties of solar cell films
in a wavelength selective manner and provided an important
guideline in improving the performance for solar cell devices
based on the film. Thus, it can be a powerful tool for both basic
researches and applications for optoelectronic devices based on
dye molecules.

2 Results and discussion

2.1 Wavelength—selective photoconductive noise microscopy
set—up on dye-based solar cells

pry Excited-state
- L =
) J
-Aggregates
= ggreg
=
S,
H-dimer Molecule J-Dimer H-Aggregates

= Spectrum

Fig. 1 Schematic diagram of a wavelength—selective scanning

photoconductivity—noise measurement set—up and energy levels of a methyl red
based solar cell film. (a) Photoexcitation diagram of J— and H— dimers (aggregates).
(b) Experimental set—up for the wavelength selective scanning
photoconductive—noise microscopy on a MR based solar cell. (c) Diagram showing
the energy levels of the MR—PCBM bulk heterojunction solar cell.

Fig. 1a shows an optical excitation diagram of different dye
aggregates. When two molecules come close, they form a dimer
to minimize their energy, and the overlap of electronic wave
functions results in the splitting of energy levels as shown in the
diagram.?! It was previously reported that two dye molecules
could align in a parallel (face—to—face stacking) or a
head—to-tail arrangement (end—to—end stacking).?* A parallel
or a head—to—tail stacking of two molecules is known as a H— or
a J—dimer, which leads to the formation of H— or J—aggregates,
respectively (Fig. 1a). The formation of H—aggregates may
require a high density of molecules, because the effective
overlaps between molecules are much larger in H—aggregates

2 | J. Mater. Chem. A, 2020, 00, 1-3

than those in J—aggregates. When the lights of a.suitable
wavelength are illuminated, electrons in B dyeXFfoRaduiessean
be excited to the higher energy levels of antibonding orbitals.
The parallel transition dipoles (face—to—face) of H—aggregates
produce a blue shift in the transition spectrum as formulated by
the molecular exciton theory.?! Conversely, the staggered
(head—to—tail) transition dipoles of J—aggregates produce a red
shift in the transition spectrum. MR dye films have shown a
rather large cluster size by molecular assembly due to strong
intermolecular m—m  interactions and  substrate—-MR
interactions, resulting in a well-packed formation of stable J—
and H—aggregates with different photo-excitation and noise
properties.’?2272> Due to such stable aggregates with versatile
properties, MR dye films can be an ideal sample for the
researches to develop a new analysis tool for mapping the
wavelength-dependent photophysical properties of such
microstructures in solar cell films and their effects on a solar cell
efficiency.

Fig. 1b is the schematic illustration showing our
experimental set—up for the mapping of wavelength—selective
local photocurrents and charge—trap activities on the
dye—based solar cell film. The details of a solar cell fabrication
and photoconductive noise microscopy measurements are
described in the Experimental Section. In brief, the
MR—Phenyl-C61—-butyric acid methyl ester (PCBM) film of ~80
nm thickness was prepared on the poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)—coated indium tin oxide (ITO) glass via a solution
process strategy.?622 The dye—PCBM layer acted as a
photoactive material, while the PEDOT:PSS coated ITO layer
worked as a hole—collecting layer.?° For the photoconductive
noise microscopy measurements, a Pt—based conducting probe
installed on the conducting atomic force microscopy (AFM)
(XE=70, Park Systems) made a direct contact with the
dye—PCBM film and was used to measure the electrical currents
through it. Further, we integrated a wavelength controllable
light source with the AFM set—up enabling wavelength selective
photoconductive noise measurements.?830-32 Here, the local
currents and current noises through the probe were measured
while the film was illuminated by lights with different
wavelengths. The measured current noises were analyzed by
the home—built spectrum analyzer, a band pass filter, and a
RMS—to—DC converter.33:34 By scanning the probe over the film,
we were able to obtain the maps of the local currents and
electrical noises of the same area, simultaneously. The
measured maps were analyzed to obtain the distribution maps
of the conductivity and the charge—trap density. The
photoconductive  noise  microscopy can provide a
comprehensive picture of photo—induced charge transports
and charge—trap activities in solar cell films.

Fig. 1c is an energy—level diagram of the MR—PCBM bulk
heterojunction solar cell. The energy diagram shows the
conduction band minimum (CBM) and the valence band
maximum (VBM) of MR and PCBM along with the Fermi levels
of the Pt tip and the ITO electrode. By the light illumination, the
electrons of the MR dye, the strong absorber of the visible
spectrum, are excited from the valance band to the conduction

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Optical characteristics of methyl red dye and the solar cell film. (a)
Concentration dependence optical absorption spectra of the methyl red (MR) dye
in dichlorobenzene solvent, showing formation of aggregates. (b) Absorption
spectra of films of pristine MR, PCBM and the mixture of MR:PCBM (1:1) prepared
under similar conditions. (c) Current—Voltage (I-V) curves in dark and
light—illuminated conditions, providing evidence of photovoltaic characteristics.

band through the transitions from bonding orbitals to
anti—bonding orbitals such as n—* and n—=*,1217 leaving holes
in the valance band. The excited electrons at the CBM of MR
(~—3 eV) can be easily transferred to the CBM of PCBM which is
a lower energy level (~—4.3 eV). The electrons are finally
collected at the metal electrode. The holes at the VBM of MR
dye (~5 eV) are favorably collected by the PEDOT:PSS—coated
ITO due to the lower Fermi level of the ITO (~4.7 eV) as
compared to the VBM of MR.

2.2 Optical characterization of methyl red dye and dye based solar
cell films

Fig. 2a shows UV—Visible absorption spectra of the MR dye in a
dichlorobenzene (DCB) solution at various MR concentrations.
Here, MR (10 mg) was first dissolved in DCB (10 ml) by applying
a sonication for 90 minutes. And, the UV—Visible spectra were
measured in a 350-700 nm range by an Agilent 8430
spectrophotometer. The UV-visible spectra of the dilute
solutions (~1pug/l) exhibited an absorption maximum peak (Amayx)
at ~490 nm which is close to the A a2 (~484 nm) of an individual
strand of the MR dye.3> As the concentration of the MR was
increased, another absorption peak with a relatively low
intensity appeared at the wavelength of ~430 nm. However, at
high concentrations (~1 mg/ml), the peak at the 430 nm
became prominent and blue—shifted. In previous reports, a very
dilute solution or an individual strand of MR dye shows a peak
near ~500 nm, while the absorbance peak near ~430 nm
becomes prominent at a high concentration solution possibly
due to the formation of H-aggregates, which is consistent with
our results.3>-3% |t should also be noted that the peak at a rather
long wavelength of ~490 nm showed a tendency of a red—shift,
whereas the one with a rather short wavelength of ~430 nm

This journal is © The Royal Society of Chemistry 2020
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showed a blue shift as the concentration of the sMR owas
increased in the solution from ~1 ug/l to RPMEAN OVEraNsthe
absorption spectra and peaks of the dye were strongly
dependent on the concentration of the dye in the solution. The
blue and red shifts in the respective peaks could be attributed
to the formation of aggregates in the concentrated
solution.117:19-21,35 When small molecules come close to each
other, they interact through transition dipoles and form
aggregates, resulting in an overlap of the molecular orbitals and
electronic wave functions.?%2! These lead to two characteristic
peaks in the absorption spectra of the dye molecules. One peak
gets blue—shifted (hypsochromic), whereas another peak is
red—shifted (bathochromic) when compared with the
absorption peak of a monomer molecule. The molecular
aggregates depending on their side—wise or head—to—tail
alignments are commonly denoted as H—aggregates (or
hypsochromic—aggregates) or J—aggregates (or
bathochromic—aggregates), causing hypsochromic or
bathochromic absorption peaks, respectively. It is worth
mentioning that previous works report the emission spectra of
MR dye exhibiting the mirror-image characteristics of those of
the absorption spectra.34041 The emission spectra were
reported to have two peaks at 450 nm and 600 nm, and the
dominant peak showed a red shift at an increased dye
concentration, which is somewhat consistent with our optical
measurement data.374041 Our results show that dye films
include H— and J—aggregates, and inter—molecular interactions
play a decisive role in the photophysical properties of the film
as reported previously.?!

Fig. 2b shows UV—Visible absorption spectra of the thin films
of MR, PCBM and MR—PCBM blend spun on glass substrates,
which are plotted with red, black and green colours,
respectively. The details of the film preparation method are
described in the Experimental Section. The UV—Visible spectra
were measured in the range of 300—700 nm by an Agilent 8453
spectrophotometer. The MR (graph plotted with red line)
showed two absorption peaks at ~450 and ~550 nm, which
were similar to the absorption peaks of the concentrated
solution of MR as shown in the Fig. 2a. This implicates that J—
and H—aggregates were also formed in the solid state. Notably,
the intensity of the absorption peak of the H—aggregate was
higher than that of the J—aggregate, indicating the large fraction
of H—aggregates. The PCBM film (graph plotted with black
coloured lines) showed an absorption peak in the UV—region
(~350 nm) as reported previously.3? We could not observe the
formation of any aggregates in the PCBM film spun from the 1
mg/ml solution in DCB, presumably due to the non-linear
structure of the PCBM and a lack of m—m interactions as reported
previously.*? The spun film from the mixture of dye—PCBM
exhibited an intense peak at ~450 nm predominantly due to the
formation of H—aggregates.3>4! The intensity of the peak due to
J—aggregates was negligibly small, implicating a low fraction of
J—aggregates in the film. However, after annealing the sample
at 130 °C for 90 minutes, we observed the recovery of a
bathochromic peak (graph plotted with blue line) with the
broad range of absorption in a visible regime. It implies that the
annealing process enabled the rearrangement of molecules in

J. Mater. Chem A, 2020, 00, 1-3 | 3
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Fig. 3 Wavelength dependent photoconductive mapping in H— and J— aggregates of a solar cell film. (a) AFM topography image of the surface of the solar cell film showing two
kinds of structures. (b) Dark current map measured at 0.1 V. (c) Normalized noise power spectral density map of same region as the current map. (d) Photoconductivity map

measured at 0.1 V while the film was illuminated with blue lights of wavelength ~450 nm. (e) Photoconductivity map measured at 0.1 V while the film was illuminated with red

lights of wavelength ~600 nm. (f) Change in trap density map by blue light. (g) Change in trap density map by red light. (h) Scatter plots showing photoconductivity dependence

on the trap density change by illumination in resonance and off-resonance cases in J—aggregates. (i) Scatter plots showing photoconductivity dependence on trap density change

by illumination in resonance and off-resonance cases in H—aggregates.

the thin film presumably due to the evaporation of the trapped
solvent, leading to the reemergence of J—aggregates. These
results indicate that the microstructures of our dye films can be
tuned externally by providing a physical or chemical treatment
to the film.%12

Fig. 2c shows the current—voltage (I-V) characteristics of a
solar cell film measured with (olive colored line) or without
(inset graph) the illumination of the white light (intensity ~100
mW-cm~2). Here, the currents were measured through the
MR—-PCBM film between the Pt electrode and an
electrically—grounded PEDOT:PSS—coated ITO substrate. In the
dark conditions, a typical asymmetric I-V curve of a junction
behaviour was observed with a very low reverse bias current.?8
When the film was illuminated with white lights, the currents
increased significantly as compared to currents in the dark
condition, implying the generation of photoexcited carriers. In
addition, even at the zero external bias, we observed a nearly
100 nA of short-circuit currents, showing the proper operation
as a solar cell. The open circuit voltage (Voc) measured at the

4 | J. Mater. Chem. A, 2020, 00, 1-3

zero current value was close to 500 mV. Presumably, the large
band gap of the MR makes the dye suitable for solar cell
applications with a large open circuit voltage.*?

2.3 Mapping effects of charge—traps on photoconductivity in
aggregates of dye—based solar cell films in resonance and off-
resonance cases

Fig. 3a shows an AFM topography image of an MR—PCBM film
on the PEDOT:PSS—coated ITO substrate in a solar cell
configuration. The 1 pN of contact force was maintained to
provide a good contact between the probe and the film surface
during imaging. The topography image shows a height variation
in the film due to the formation of the domains of ~500 nm
sizes, which were similar to previous results.’® We could
repeatedly image the surface without any changes in the
topography, indicating the stable formation of our films.1>-17

A local conductivity map measured in a dark condition on
the same region as in the Fig. 3a, is shown in the Fig. 3b. Here,

This journal is © The Royal Society of Chemistry 2020
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we first measured a current map at the bias voltage of 0.1 V (Fig.
S1, Electronic Supplementary Information (ESI)) and used it to
calculate the conductivity (o) map using the method reported
previously.?6?” The details of the calculation method are
described in the Experimental and method sections. In brief, we
assumed that charge carriers flowed mainly in a vertical
direction from the ITO electrode to the conducting probe
through the dye film, and parasitic currents in a lateral direction
inside the film was limited due to the low conductivity of the
dye film. In this case, a conductivity can be written as ¢ =
1d/(VA), where I, d, V, and A represent a measured current, the
thickness of the film, an applied voltage, and the contact area of
a conducting probe, respectively. The estimated local
conductivity map indicates a stable electrical contact between
the tip and the film regardless of the topological roughness of
the dye film (MR—PCBM). The film showed the conductivity up
to 1073 Scm™! which was similar to the previously observed
values in PCBM films.** Notably, we did not observe any
correlation between the topography and the conductivity maps,
indicating that the conductivity variation came from the
electronic properties of aggregates rather than the surface
roughness.

Fig. 3c shows a distribution map of charge—trap density
under dark conditions (N1) obtained from the noise and current
maps (Fig. S1 and S2, ESI) which were measured simultaneously
on the same region as in Fig. 3a. The details of Ny calculations
are described in the Experimental Section.?%?7 Note that the Ny
showed a rather large value with some random variations as
large as 10%® cm™3eV~1.2627 presumably, in an organic materials
such as a dye, electrical noises can be generated by various
localized traps such as defects, impurities, entanglements,
disorders, and structural inhomogeneities, resulting in high
NT_26—28,45,46

Fig. 3d and 3e show photoconductivity maps in the same
region as in the Fig. 3a while illuminated by the lights with the
wavelengths of 450 and 600 nm, respectively. Here, we
measured the current map at 0.1 V with a specific wavelength
light filtered from the white light of the power of 100 mW-cm~=2.
The measured current map was subtracted by the
corresponding current map in the dark condition to obtain the
photocurrent map, from which we estimated photoconductivity
map as explained in the description of Fig. 3b. Note that the
domains with relatively high heights (protruded regions marked
by red dotted circle in the topography image Fig. 3a) exhibited
high photoconductivities when illuminated with the blue lights
of the wavelength 450 nm. To the contrary, the complementary
domains with relatively Jow heights showed high
photoconductivities with the red lights of the wavelength 600
nm. On the basis of correlation between the topography and
photoconductivity maps, we could envisage the formation of
different kind of aggregates with different resonance
absorption wavelengths at the sub—micron level. More
specifically, the domains showing high photoconductivities at
excitation wavelength of 450 nm or 600 nm could be attributed
to the regions with H— or J—aggregates, respectively, as their
carriers can be easily excited by the resonance wavelengths.>?
These results are in accordance with the absorption spectra

This journal is © The Royal Society of Chemistry 2020
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(Fig. 2a,b) where we observed two different absogption peaks
corresponding to H— and J—aggregates.35E821: 10.1039/D0OTA07328H

Fig. 3f and 3g shows the mapping of the charge—trap density
change AN; measured on the same region as in the Fig. 3a when
illuminated with lights of wavelengths 450 (blue) and 600 (red)
nm, respectively. In the case of the blue light illumination to the
dye film (Fig. 3f), protruded regions (H—aggregates) showed a
relatively large decrease in the trap density. Similarly, the trap
density decrement was large in lower height regions
(J—aggregates) when the film was illuminated with the red light
(Fig. 3g). Significantly, there was an overall decrease in the trap
density by ~5x10'” cm~3 eV~ when the dye film was illuminated
with blue or red lights. These results show that the resonance
absorption of lights induced larger decrease in the trap density
than non—resonance absorption in both H— and J—aggregates.
Presumably, the excess resonant photocarriers could have filled
the charge—traps, resulting in an overall decrease in the trap
density.%”

Fig. 3h and 3i are scattered plots showing the

photoconductivity dependence on the trap density change by
the illumination of lights with the wavelengths of 450 and 600
nm, in J— and H—aggregates, respectively. The red (green) and
dark yellow (blue) coloured plots in Fig. 3h (3i) showed the
dependence for red and blue lights, respectively, in J— (—H)
aggregates. Each data point shows a pair of photoconductivity
and trap density change by the illumination at the same location
in the maps of the dye film. Note that, regardless of resonance
and off-resonance cases in J—and H-aggregates, the
photoconductivity was found to be directly proportional to the
0.5 power of the modulus of the trap density change by the
illumination of lights like Aopc oc |AN{|'2. Plausibly, the
dependence can be explained by trap—assisted recombination
process model as reported previously.?848 Briefly, the change in
conductivity Aopc can be mathematically expressed as,
Acpc = eun — eun= e(u+Ap)(n+An) —eun = euAn + enAu
+eAuAn, (1)
where n and g are carrier density and mobility, respectively. The
subscript L denotes illuminated conditions. A trap density Nt
under dark conditions can be expressed in terms of the mobility
u as, Ny=A.u?2 as formulated by an effective medium
approximation theory, where A is a proportionality constant
depending only on effective hopping energy.?64° Thus, a trap
density Nr under illuminated conditions can be written as
Nr 12A4.(u+Ap)~2. An illumination can affect a trap density by a
large extent, and it can also bring some small change in a
mobility.>%>1  Assuming, Au/p<<1 and applying Taylor
expansion to Nt |, we can obtain

_ 1 A\ —2 s Au
ANz = Np_ () — NT(H)=A.E.(1 +2) —Ap= - 24:%
Ap
= — ZA.W (2)

Thus, Ap dependence on Nt can be approximated as
Iy 3

Au=— A’; N, 2ANr, Substituting p and Ap values in Egn. (1),

we can obtain

J. Mater. Chem A, 2020, 00, 1-3 | 5
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1 _3 1
Aopc = eAY* N 2An — SeAY*nN ANy — 5eAY2Ni3/*AN7An,

3)

Let us assume that n’and p’ are electron and hole densities in
the material, respectively. Also Nt is the total trap density out
of which Nr, and Ny are traps occupied by holes and electrons,
respectively. Then, the charge neutrality requires3253

(n" = p’) + (Nre — Nrp)=0. (4)
Onillumination, we have the change in the respective quantities
by An’, Ap’, ANte and ANy

{(n"+An’) = (p'=Dp’)} + {(Nre +ANre) = (Nrp= ANT)}=0 (5)

An'+Ap’ + ANe+AN,=0, or An +AN7 =0, An = —ANy, (6)

where An= An’+Ap’ is the total change in the carrier density, and
ANre+ANr, = ANy is the total change in the trap density. By
substituting An = —AN+, Eqn. (3) can be modified as

_1 1 _3 1
Aopc = — eAY?N, ANy — 5eAY*nN, *ANy + 5eAY*Ni3/*ANy
AN, (7)

Experimentally, we observed the dramatic reduction of trap
density under illumination. Plausible explanation can be the
filling of traps by photocarriers. Analytically, change in trap
density make a shift in the Fermi level by the photocarriers.5253
Thus, at a higher trap density location, screening in trap density
would be rather large due to the filling of the traps by the
photocarriers, resulting in the larger trap density change at
larger Nt values.>?53 Therefore, |Nt| oc |[AN7|. Also, we observe a
similar behavior (Supplementary Fig. S3). Thus, |Ny| in Egn. (7)
can be substituted by C|ANy|. Then, Egn. (7) can be modified as

1 1 1 1 1
Aorc = — eCAY|AN7|'/2 — SeCAPn|ANy| =% + 5eC*A*| AN7| /2,

(8)

On an average, ANy (10 ~10'8 cm—3eV-1) is much larger than
the initial carrier density n under dark conditions (<<10%?
cm—3eV1)in adye,> which holds in our cases. Therefore, we can
neglect 2" term in the Eqgn. (8), and Eqn. (8) can be further
simplified as

1 c 1
Aovc = —eCA (L —3)| AN (©)
So,
AOpc = DlANTll/Z (10)

where D=(eC)AY2(C/2-1) is a constant. Eqn. (10) explains the
dependence of photoconductivity on the trap density change by
illumination, which is consistent with our observations in the
resonance and off-resonance cases of various aggregates. The
strong dependence between photoconductivity and change in
trap density indicates that the suppression of traps is an
important parameter to enhance the photoconductivity, and in
turn, it may enhance the performance of a solar cell device.
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Fig. 4 Mapping of short—circuit currents and noises in aggregates of dye solar cell
films. (a) Map of short—circuit currents when the film was illuminated with blue
light measured without an external bias (b) Map of short—circuit currents when
film was illuminated with red light measured without an external bias. (c)
Scattered plots showing the dependence of short—circuit noise power spectral
density on frequency in J— (H—) aggregates in resonance or off-resonance cases
at a zero bias, plotted with red or dark—yellow (blue or green) colour symbols,
respectively. (d) Scattered plots showing the dependence of noise power spectral
density on frequency in J— (H—) aggregates in resonance or off—-resonance case at
a bias voltage of 0.1 V, plotted with red or dark—yellow (blue or green) colour
symbols, respectively. (e) Scattered plots showing the dependence of short—circuit
current under illuminated conditions in resonance cases of J/— and H— aggregates
plotted with red and blue colour symbols, respectively. The short—circuit currents
were inversely proportional to the ~0.75 power of the illuminated trap densities
in J— and H— aggregates, separately. (f) Scattered plots showing the dependence
of short—circuit current on trap density under illuminated conditions in
off-resonance cases of J— and H-aggregates plotted with dark-yellow and green
color symbols, respectively. The short-circuit currents were inversely proportional
to the ~0.75 power of the illuminated trap densities in J— and H— aggregates,
separately.

2.4 Mapping of resonant and off—-resonant short—circuit currents
in H— and J—aggregates

In our experimental set—up, the dye films with an underlying
ITO electrode and a conducting AFM probe formed a solar cell
structure. Thus, we can map the short—circuit currents on the
different regions of the dye film to estimate the efficiency of the
regions as a solar cell component. Fig. 4a and 4b are
short—circuit current maps on the dye solar cell film while
illuminated with blue (450 nm) and red (600 nm) lights,
respectively. In this work, we mapped the wavelength
dependent photocurrents with a zero bias voltage while
illuminating with specific wavelength lights. The average level
of the short—circuit current was ~2.5 and 3.5 pA (current density
~1 mA—cm™2) under blue and red lights, respectively. These
currents are typical values for a MR dye—based heterojunction

This journal is © The Royal Society of Chemistry 2020
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solar cell.’> Note that the domains showing a larger
short—circuit currents with blue lights (marked with red dotted
circle) exhibited smaller currents with red lights and vice—versa.
These results indicate that the domains with high short—circuit
currents on illumination with blue or red lights can be attributed
to the formation of H— or J—aggregates, respectively. In the
resonance cases, both types of domains showed currents of
order of ~10 pA, whereas the off-resonant currents were less
than ~1 pA. Presumably, in a resonance absorption case, a high
absorption cross section and an efficient inter—molecular
transfer of energy between the molecules make efficient
conversion of photons into photocurrents.?6>> Notably, with
both on— and off— resonance cases, the short—circuit currents
in J—aggregates was higher than those in H-—aggregates.
Previous works show that J—aggregates have better efficiencies
in converting photons to currents in comparison to
H—aggregates.?® The strong vibronic interactions in
H—aggregates due to larger overlaps of molecules can lead to a
faster decay of the excited carriers, making J—aggregates better
for a short—circuit current generation. Importantly, our method
allowed us to map the different efficiency of the aggregates in
the dye film, providing important insights about the
photoconductive properties in aggregates.

Fig. 4c shows the scattered plots for normalized noise power
spectral density (PSD) S,//? spectra of short—circuit currents as a
function of frequencies at a zero bias voltage. The S/I? was
measured in J— aggregates (H—aggregates) of the dye film in
resonance or off-resonance cases plotted with red or
dark—yellow (blue or green) symbols, respectively. Here, the
probe made a stationary contact with a specific position on the
dye solar cell film, and the electrical currents were measured
and analyzed using a fast Fourier transform (FFT) signal analyzer
(SR770, Stanford Research Systems). All the measurements
were performed in presence of blue or red lights. The slopes of
all the curves of H— and J—aggregates (Fig. 4c) were close to ~—2
indicating that noise PSD followed 1/f?> behavior. Previous works
show that the noise PSD of traps of single relaxation time can
be expressed by a Lorentzian function like S/ oc 1/[1+
(2nft)?], and the dependence approximates to 1/f2 at
sufficiently high frequencies.'*

Plausibly, in our film, the intermolecular electron—phonon
(e—p) coupling in the aggregate of dye molecules could create
the dominant trap states with an identical potential depth and
relaxation time, resulting in 1/f> dependence.>®>7 It also should
be noted that H—aggregates showed higher noise PSD values
than J—aggregates. Presumably, the e—p coupling strength
varies from one type of aggregates to another due to different
intermolecular distance, resulting in different noise levels in
various aggregates as reported previously.®®>” In the
H—aggregates, high packing densities of molecules could
produce a strong e—p coupling due to formation of a large
number of junction potentials (traps), causing a high noise
level 578 Interestingly, the S,/ was higher in off-resonance
cases in comparison to resonance cases of J— and H—aggregates
(Fig. 4c), which could be due to the strong e—p coupling in
off-resonance cases. In off-resonance cases, there can be a
spatial variation in the absorption cross section of the dye and

This journal is © The Royal Society of Chemistry 2020
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a large absorption linewidth of the light, which cap.lead to,the
photocarrier inhomogeneity and enh@Rtéd 1BLUPOENUBHAE
resulting in a large number of trapping potentials.>>>8

Fig. 4d shows the S,//? plot, the measure of the photocurrent
fluctuations with an applied bias of 0.1 V as a function of
frequencies. The experimental procedure was similar as
described in Fig. 4c. The S//> was measured in J— (H-)
aggregates in the resonance or off-resonance cases of the dye
film at an applied bias of 0.1V, plotted with red or dark—yellow
(blue or green) symbols, respectively. Here, we also observed
1/f? noise behaviors in different aggregates for both resonance
and off-resonance conditions. Notably, the resonance cases
showed two orders of magnitude lower noise in comparison to
off-resonance cases. Moreover, photocurrent noises were
much higher (two orders) than the corresponding short—circuit
noises. Presumably, an external bias could excite and inject
additional carriers in the aggregates, creating high lattice
distortion and significantly increased e—p coupling. That would
result in the enhanced electrical noises.>®

Fig. 4e and 4f are scatter plots showing the dependence of
the short—circuit current on trap densities in resonance and
off-resonance cases, respectively. The red and blue color
symbols in the Fig. 4e represent resonance cases for J— and
H—aggregates, respectively. Similarly, the dark—yellow and
green color symbols in the Fig. 4f represent off-resonance cases
for J— and H-—aggregates, respectively. Each data point
represents short—circuit current and corresponding trap density
values of a single type of aggregates at a specific position. The
results show that short—circuit currents I, were inversely
proportional to the ~3/4 power of the trap densities under
illuminated conditions N7, in both type of aggregates like I,
~N7 075 This behavior can also be explained by the
trap—assisted recombination process. In the short—circuit
condition with lights, the photocarriers generated in a solar cell
should diffuse to the electrodes to contribute to a current. Here,
the I, in the solar cell should be proportional to the
multiplication of the generation rate of photocarriers (G) and
the photocarrier collection length (L) of the solar cell like®®

Isex (G X L) (11)

In our case, the G is proportional to the carrier density under
illumination n, which is inversely proportional to the Ny %> as
shown in the previous report.28 On the other hand, the L is
approximately linearly proportional to carrier diffusion length
(Lp) of the photoactive layer in the solar cell.?861 [ is known to
be proportional to the square root of the carrier lifetime (7) as,®?

Lp= Dt (12)

where D is a carrier diffusivity. The carrier density n_is inversely
proportion to recombination rate.?® The recombination rate is
inversely proportional to carrier lifetime .22 Hence, the n_andr
have a direct correlation, and they are inversely proportional to
the Nt (5. So, Lp is inversely proportional to the Ny %25, Then,
from Eqgn. (11), the short—circuit current /. should be inversely
proportional to the N7 ,%7> which agrees well with the measured
result of /. ~N7 ;77 in both H— and J—aggregates.
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3 Experimental and methods section
3.1 Materials and device fabrication

The methyl red dye (2— (4—Dimethylaminophenylazo) benzoic
acid, 4—Dimethylaminoazobenzene—2—carboxylic acid)
(Product ID 250198, Mw ~270), PCBM (Product ID 684449), and
PEDOT:PSS (Product ID 655201) were purchased from
Sigma—Aldrich. The low sheet resistance (~8 2/0) ITO glass was
also obtained from Sigma—Aldrich (Product ID 703192). The 10
mg of each of the methyl red and PCBM were separately
dissolved in 10 ml of 1,2 dichlorobenzene. They were dissolved
by applying a sonication at 60 °C for 90 minutes. The prepared
solutions were then mixed together and sonicated for another
one hour to obtain the blend in a solution form. The blend
solution was spin coated on the PEDOT:PSS—coated ITO
substrate at 4000 rpm for 60 seconds. The dye film was heated
at 130° C for 90 minutes.

3.2 Wavelength selective mapping of photocurrents and electrical
noises

A Pt-based conducting probe (25Pt300B, Park Systems) installed
on an AFM (XE-70, Park Systems) was approached and
contacted to the surface of the dye solar cell film as described
in the Fig. 1b. Here, the contact force of the AFM probe to the
film surface was maintained as 1 puN via the contact force
feedback loop of the AFM system. A DC bias voltage was applied
between the AFM probe and the PEDOT:PSS on the ITO
substrate using a function generator (DS345, Stanford Research
Systems), and current signals through the probe were measured
and amplified by a low—noise preamplifier (SR570, Stanford
Research Systems) connected to the probe. The amplified
current signals were filtered by a band—pass filter included in
the preamplifier to obtain the electrical noise signal which is the
fluctuating component of the current signals. The RMS power
of the noise signal could be obtained using a RMS—to—DC
converter built using an AD737 chip (purchased from Analog
Devices). Note that the obtained noise power is the integrated
value of the noise PSDs over the frequency range of the pass
band of the used band—pass filter. Finally, we get the noise PSD
value at the central frequency of the pass band by dividing the
measured noise power with the bandwidth of the band—pass
filter. By scanning the AFM probe on the dye film surface, we
could obtain the current and noise PSD maps, simultaneously.
Further, we measured a current map while illuminating a
filtered (wavelength selected) light using a light source (LS-
F100HS) and compared the map with that obtained at a dark
condition to estimate a photocurrent map. The optical filters
(supplied by Edmund Optics, Product Id 88-700) of bandwidth
25 nm and optical density ~4 (transmitted intensity attenuated
by 10%) were used for a wavelength selection.

3.3 Calculation of conductivities of dye solar cell films

Since the conductivity of the dye solar cell film was rather low,
we can assume that charge carriers mainly flowed in a vertical
direction from an underlying ITO substrate to a conducting
probe through the film layer, and parasitic currents in a lateral

8 | J. Mater. Chem. A, 2020, 00, 1-3

direction inside the layer were limited. Thus, we calqulated the
conductivity of the dye film assuming a vePficdCcHaFge T raRspSI.
In this case, a conductivity ocan be calculated using o = Id/(VA),
where /, d, V and A represent a measured current, the thickness
of the film, an applied voltage, and the contact area of a
conducting probe, respectively. In our experiment, the thickness
of the film was ~80 nm. The contact area A of our conducting
probe was estimated as ~2000 nm? from the effective contact
radius.34

3.4 Calculation of charge—trap density in dye solar cell films

In this measurement, electrical currents flowed vertically
between a conducting AFM tip and an underlying ITO film. Thus,
the majority of electrical noises should be generated by the
charge—traps inside the small volume of the dye film between
the ITO electrode and the conducting AFM tip. Then, the PSD of
the mean—square fluctuation in the number of occupied
charge—traps in the small segment of the dye film within the
contact area A of the tip can be written as®364

Sn(fxy) =4

w0 41(E.x,y,z)
S oy ey FA— £ Na(Exy,z) - dz - dE
(13)

where the N5, 7, and f are the density of charge—traps over the
space and energy, a trapping time constant, and a frequency,
respectively. The integral over z ranged from 0 to the dye-film
thickness d. The trap occupancy function can be written as fi(£)
=[1 + exp{(E — E)/kT}]"! where E;is Fermi level. At a rather
low temperature condition including a room temperature, f(1-
1) behaves like a delta function around the Fermi level £y, and
the Eqn (13) after the integral over E can be simplified as®364

41(E /, X,y,Z)
Swalfxy) = Ak [ NiEexy.2) - dz (1)

Assuming that charge—traps are distributed uniformly over the
z direction, the Eqn. (14) can be approximated as

4t(x,y)
Sui(fxy) =A-d-kT - Nt(oy) oo oo (15)
The noise PSD AS; can be written as
SN = TS () 6
1Fxy) = oS, A7), (16)

where AC is the carrier number in the segment of the dye film.
Then, the charge—trap density Ny can be written like,

(AC)? 1 1+ [2nf - t(x))]?
Ne(ey) =SiFxy) e arair ™ aey) (17)

The average trapping time 7 and the carrier density in the dye
were reported as ~10"> seconds and ~102 cm7eV,
respectively.>465

3.5 Measurement of UV-Visible absorption spectra
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UV-Visible absorption spectra of our films were measured using
an Agilent 8453 spectrophotometer, where deuterium-
discharge and tungsten filament lamps were used to get UV and
visible ranges of lights, respectively. For the measurement, MR
solution with a known concentration was poured inside a quartz
cuvette, and the absorbance spectra were recorded in the
transmittance mode. Here, the incident or reference light

intensity (Po) through a solvent filled cuvette was first measured.

Then, the intensity P of lights through the dye solution was
measured. The transmittance (T) was measured as the ratio of
the output intensity like P/Py. From the Beer-Lambert Law, the
absorbance intensity A is estimated as —logT or log(Po/P).%¢ For
a dye solution with a high concentration, the transmittance
became very small, and the noise level of the photodetector
began to affect the measured absorption signals. Thus, we
observed a rather large noise level in the absorbance spectra,
determining the detection limit of our absorption
measurements.

4 Conclusions

We successfully performed the nanoscale mapping of the H—
and J—aggregates and their photovoltaic activities in a dye solar
cell film using a wavelength—selective photoconductive noise
microscopy. The H— and J—aggregates could be identified in
photoconductive mapping by their characteristic excitations by
selective—wavelength illuminations. Interestingly, the H—or
J—aggregates showed enhanced formations of photocarriers at
450 nm or 600 nm of wavelength, respectively, resulting in high
photoconductivities and low charge—traps. Furthermore, we
observed that the photoconductivity significantly depended on
the charge—trap density change by the illumination of
aggregates in the film, and they showed a power—law
relationship like Aocpc oo |AN;|Y2 for each individual
wavelengths illumination. Further, we observed that the
wavelength dependent short—circuit currents of the dye solar
cell was inversely proportional to the 3/4 power of the trap
density under illuminated conditions, which reveals that the
photocarriers and their recombination by charge—traps can be
the major factor governing the performance of dye solar cell
films. Importantly, J—aggregates showed higher short—circuit
currents and larger open circuit voltages due to lower levels of
the trap density, making J—aggregates favorable structures for
solar cell applications. Since our method allows one to map the
nanoscale wavelength—dependent photovoltaic activities in
various microstructures of a solar cell film, it can be a powerful
tool for both basic researches and applications of
photoelectronic devices.
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The dye film shows the formation of various aggregates which have the wavelength—dependent solar
cell performances.
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0 Fig. S3 Scatter plot showing the dependence of trap density
change by illumination on the trap density under dark conditions.
Fig. S1 Current map of dye solar cell film at the applied bias of 0.1
V under the dark condition.

Noise Map

Fig. S2 Normalized noise PSD (S,/I?) map of the dye solar cell film
under the dark condition at the applied bias of 0.1 V.
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