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Abstract

Generally, p—n junction-based solar energy conversion has the disadvantage of a loss in potential gain in comparison
with the photon energy. In this study, we found a more positive potential for a lateral domain interface of p—n junction
than for a conventional p—n junction. A terrace bilayer (TB) p—n junction of phthalocyanine (H,Pc) and 3,4,9,10-

perylenetetracarboxylic-bis-benzimidazole (PTCBI) was studied using scanning Kelvin probe microscopy (SKPM), and its
electronic properties were analyzed using the contact potential difference (Vpp) data. The analysis of Vpp in the single
layer region and the bilayer region (BLR) indicated a vacuum level shift through the electron transfer from PTCBI into
indium tin oxide (ITO), from H,Pc into ITO and from H,Pc into PTCBI. Furthermore, the comparison of these Vpp data
indicated a micrometer-localized positive potential in the boundary region (BDR) of the terrace bilayer structure of p-
type on n-type. The gain difference of the Vpp reached +0.1V in comparison with the BLR. The phenomena can be
explained as a lateral dipole at the p—n junction. Similar phenomena were observed in TB-H,Pc/Cgo/ITO and TB-H,Pc/
PTCBI/Au. The gain was extracted as oxidation power in photoelectrochemistry; i.e, at —0.2V vs. Ag/AgCl a greater
anodic current was observed for a patterned terrace bilayer electrode. Additionally, as a photocatalyst film (i.e., a HyPc
(dot)/PTCBI/PTFE membrane filter), the p—n dot terrace structure showed a higher quantum efficiency (5.1%) than that
of the bilayer (3.2%) for the decomposition of acetic acid. The present design and method were utilized to obtain an
efficient photocatalyst, especially through the mitigation of potential loss from the photon energy to redox powers

without changing the molecular component.

Introduction

Organic semiconductor materials (OSMs) have been
studied for many photovoltaic applications, such as solar
cells'™"?, through the design and synthesis of new mole-
cules, morphology control'™*?, and extension to photo-
catalysts'>™*°, The Fermi level (Er) of an OSM is useful for
analyzing its characteristics, such as band bending and
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transport performance®® %, Scanning Kelvin probe

microscopy (SKPM) as a surface potential analysis
method is a technique for analyzing the Fermi level of an
OSM and strongly affects its photogenerated carriers and
open circuit voltage (Voc). The SKPM technique can
obtain quantitative information about an OSM without
high energy photon or vacuum conditions.

In photovoltaic applications, the OSM heterojunction
structure has been commonly used to maximize the car-
rier generation performance during photoirradiation. A
disadvantage of p—n junctions is the drastic loss of the
exciton energy compared to the energy difference
between the edges of the n-type conduction band and the
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p-type valence band. Although the levels can be tuned by
molecular design and synthesis, there is a trade-off rela-
tion with a large band gap as well as light absorption of
high energy photons. To focus on the charge separation
site, the p—#» junction interface, we utilize SKPM. Most
past research on bulk heterojunctions (BHJs), the
morphologies of p-type and n-type domains, and their
interphases focused on investigating the performance of
the photovoltaics. Using conductive atomic force micro-
scopy (CAFM), Coffey et al. mapped the morphological
photocurrents with a 20 nm resolution for the BHJ of
MDMO-PPV:PCBM and discussed the significant varia-
tion of the short-circuit current, which depended on the
local mobility difference due to the BHJ*. Using SKPM,
Chiesa et al. discussed the surface potential variation not
only for the lateral direction but also for the vertical
direction of a solar cell’’. Other studies clarified the
heterojunction domain interface and the domain-
dependent surface potential®*>~>!, while the domain
interface potential has not been well investigated.

The present study reveals phenomena of the lateral
contact potential difference (Vcpp) distribution at a
greater than 1pm scale based on the heterojunction
arrangements. We focus on studying p—n junctions using
two terraced-bilayer (TB) structures consisting of a well-
known and typical combination as the photovoltaic®
materials, namely, PTCBI and H,Pc on an ITO
substrate [PTCBI = 3,4,9,10-perylenetetracarboxylic-bis-
benzimidazole (n-type); HoPc = 29H,31H-phthalocyanine
(p-type); indium tin oxide (ITO)]. The combination of
phthalocyanine and PTCBI was the first organic photo-
voltaic p-n junction%'? and is stable for photoelec-
trochemical’®™** and photocatalysis'*'®>  processes.
Typically, each of the PTCBI and H,Pc layers had a ca. 50
nm thickness. As shown in Scheme 1, the two TB samples
were in the form of (top layer)/(bottom layer)/ITO. TB-
H,Pc/PTCBI/ITO and TB-PTCBI/H,Pc/ITO denote each
of the terraced bilayer samples. The TB samples have a
single layer region (SLR), a bilayer region (BLR), and a
boundary region (BDR).

In the present SKPM study, we have obtained distinctive
lateral Vepp characteristics at the BDR of TB-H,Pc/
PTCBI/ITO and TB-PTCBI/H,Pc/ITO. The lateral dis-
tribution of Vcpp had a positive peak for the case of
p-type on n-type structures (i.e., TB-H,Pc/PTCBI/ITO)
and a gradient for the case of the n-type on p-type
structure (i.e., TB-PTCBI/H,Pc/ITO). These two char-
acteristics were also shown in the case of the other p—n
combinations of H,Pc and fullerene Cgy (i.e., TB-H,Pc/
Ceo/ITO and TB-Cgo/H,Pc/ITO). Based on these obser-
vations, we designed terrace dot electrodes and prepared
one using vapor deposition with a mask. Using such an
electrode, a more negative threshold potential of the
photoanodic current was observed. We also utilized the
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Scheme 1 Terraced-bilayer structures of PTCBI (n-type) and H,Pc (p-
type) on an [TO substrate, a TB-H,Pc/PTCBI/ITO and b TB-PTCBI/H,Pc/
ITO. Each of the PTCBI and H,Pc layers was 50 nm. The TB structure has
a single layer region (SLR), a bilayer region (BLR), and a boundary
region (BDR), where (i) the SLR consisted of either a p-type or n-type
layer, while the BLR consisted of both p-type and n-type layers; (i) the
BDR is between the SLR and the BLR

positive potential as an enhanced oxidation power in a
photocatalyst application by using the same molecule,
based on micrometer geometry control.

Experimental methods
Sample preparation

The ITO glasses (sheet resistance <15 )/sq; transmit-
tance > 85%; ITO thickness =150 nm; Kuramoto Co.,
Ltd., Tokyo, Japan.) were cut into a 3 cm x 1 cm size and
cleaned using ultrasonication with acetone and then
ethanol. PTCBI was synthesized*® and purified according
to a previously described procedure®®. The sublimation of
PTCBI was performed in a tubular furnace (ATF350-
AST3), custom made by Alpha Giken Co. H,Pc (Tokyo
Chemical Industry Co. Ltd.) is commercially available and
was purified by sublimation prior to use®. Cg (Tokyo
Chemical Industry Co. Ltd.) was used as received. PTCBI,
H,Pc and Cgy were individually vapor deposited (using a
ULVAC VPC-250) to a ca. 50 nm thickness at a speed of
0.010~0.020 nm/s and were monitored with a quartz
crystal microbalance (QCM) device. Terraced-bilayer
samples of TB-H,Pc/PTCBI/ITO and TB-PTCBI/H,Pc/
ITO were prepared by depositing the second (top) layer of
material using a paper mask (RMS edge roughness was ca.
7 pum) covering approximately half of the first (bottom)
layer area. For the photoelectrochemical study, the bilayer
electrode was prepared using vapor deposition as pre-
viously described. For the dot pattern terrace bilayer
electrode, a shadow mask (nickel, diameter =200 pm,
pitch =400 um, 8 x 8 dots, line-edge roughness =1 pm)
was used for the deposition of HyPc on PTCBI. The active
area of the electrode was fixed to be 3 mm x 3 mm. For
the photocatalyst film preparation (H,Pc(50 nm)/PTCBI
(50 nm)/PTFE membrane), commercially available PTFE
membrane filters (MILLIPORE, JMWPO01300, pore size =
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5pum and thickness = 80 um) were used as the substrate
for the deposition of the bilayer and dot terrace bilayer
structure.

Surface potential measurement

Samples were measured in the ambient condition using
an Asylum Cypher S for atomic force microscopy (AFM)
with a controller to stabilize the environment tempera-
ture. The operation mode for the SKPM measurement
was based on the amplitude modulation (AM) mode®’.
Non-contact mode cantilevers (OCML-AC240TM,
OLYMPUS) were used with a typical resonant frequency
and a spring constant of approximately 70 kHz and 2 N/
m, respectively. The tip-sample distance and the applied
AC voltage were set to 50 nm and 3V, respectively. The
SKPM images and sectional analysis (Scheme S1) were
obtained and processed using a procedure implemented
in Igor Pro (Wavemetrics), which is an AFM software
controller. The scanning locations of the BLR and the SLR
were set at a lateral distance of at least ca. 3—5 mm from
their respective BDR. For the measurement at the BDR,
the tip was positioned between the BLR and SLRs within
the maximum 30 um size scan area available in our AFM.

A halogen light source (Megalight 100, SCHOTT) was
used for irradiation with white light. The light intensity
was ca. 9 mW/cm?.

Photoemission spectroscopy

To measure the ionization potential (HOMO) of an
organic semiconductor, photoemission yield spectroscopy
in air (PYSA) was performed using a Riken Keiki AC-3
(photon energy: 4.0 ~ 6.2 eV, photon power: 740 W). A
Riken Keiki AC-2 (photon energy: 3.4—6.2 eV, photon
power: 500 nW) was used to perform PYSA to measure
the work function of the ITO and Au/Cr substrates.

Photoelectrochemistry

The electrochemistry measurement was performed in
the dark and under the illumination (70 mW/cm?) of a
halogen lamp (Megalight 100, SCHOTT) whose spectrum
of the white light has been shown elsewhere'* and under
the illumination of a solar simulator (PECCELL PEC-L15)
with an intensity of 100 mW/cm”. The electrolyte was 10
mM 2-mercaptoethanol in KOH (pH: 11) unless a dif-
ferent concentration is mentioned in the figure caption.
The scan rate was 0.5 mV/sec unless otherwise stated in
the figure caption. A Pt electrode was used as the counter
electrode. The reference electrode was a Ag/AgCl (in
saturated KCl electrolyte) electrode.

Photocatalysis

In the photocatalysis study, LED ring lights (PROFO-
TONIX) with A = 630 nm were used as a light source. The
fabricated photocatalyst films (i.e.,, H,Pc/PTCBI/PTFE
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Table 1 The contact potential difference (Vcpp), @sampie
estimated from Eq. (2), and HOMO level from the vacuum
level estimated with PYSA (present study) and UPS
(reference) data for the substrate and OSM

Sample Vepp [V] (psamp|ea[eV] PYSA [eV] UPS [eV]
Au/Cr +0.05 487 479¢ 479%
ITO —008 ~ 022 470 ~500 469 420~ 4787,
485 ~5.10 *%°!
(O, plasma)
HoPc/Au/Cr 4032 460 5.11 495 (on Au)*®
4.44%8
PTCBI/Au/Cr 40.17 475 6.09 6.2 (on Au)>®
49%
H.Pc/ITO® 4017 475 532
PTCBI/AITO®  +0.28 464 6.06
49>

“Estimated by Eq. (2). The thickness of the OSM was 50 nm.
Depending on ITO.
“Work function value.

membrane filter) were individually kept in 1 ml of a 3 wt%
aqueous solution of acetic acid in a gas chromatography-
type vial (size 1.5 ml) and irradiated for 1h with a light
intensity of 1 mW/cm? The photocatalytic performance
was evaluated using the CO, generation. The concentra-
tion of CO, generation was monitored using gas chro-
matography (Shimadzu GC 2014) for vials with and
without the presence of a HyPc/PTCBI/PTFE membrane
filter. The external quantum efficiency of CO, generation
(EQEco3) was calculated using:

EQE(%) = nN4Mx 100/IAt, (1)

where 7 is the number of positive holes needed to pro-
duce a CO, molecule, N, is Avogadro’s number (particles
mol ™), M is the amount of CO, generated (in mol), [ is
the incident photon flux (in photons cm *s™ %), A is the
area of the photocatalyst film (in cm?), and ¢ is the irra-
diation time (in s).

Results and discussion
Contact potential difference (Vcpp) analysis of substrates
First, the electrical connection was confirmed, using an
independent measurement of the potential difference
between the substrates and the electrical ground terminal
of the SKPM system, to be ca. 0V (<0.1 mV). Next, Vcpp
(in V) was measured for the ITO-coated glass and the Au-
coated Cr electrode, which are conducting substrates
without the deposited OSMs. Some of the Vpp mappings
are shown in Figure S1 for a 30 pm x 3 pm area, and the
average values are summarized in Table 1. The Vcpp
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values were 0.05V and —0.08~0.22 V for Au on Cr and
ITO, respectively, with a sample-dependent error of +35
mV and +150 mV. The Vcpp value is the bias potential
between the probe (¢probe) and the sample (¢sampie) When
the coulomb interaction is nullified between them®’.

Verp = <¢pmbe - ¢sample) /e (2)

For the conductive sample, the ¢gmpie value (in eV)
should equal the work function (Eg in eV). According to
previous studies, ¢probe = 4.92*8.56% [eV] for Pt-coated
Ir, and here, we adopt ¢probe = 4.92 [eV]. Then, ¢rro and
Pawcr Were estimated to be 4.81 and 4.98 eV, which are
slightly deeper than the work functions of 4.20-4.78 eV
(chemically washed ITO)**~>* and 4.79 eV (Au), respec-
tively, as shown in Table 1. There have been discussions
about the pretreatment effect of ¢10°°">%, where oxygen
plasma cleaning induced a positive shift to ¢ro > 5.02
eV°°™2 and a return to ¢;ro ~ 5.02 eV upon exposure to
air’'. The present sample difference in ¢;r¢ is within the
difference discussed in the previous papers.

Contact potential difference (Vcpp) analysis in the single
layer films PTCBI/ITO and H,Pc/ITO

Single layer films on ITO, i.e.,, PTCBI/ITO and H,Pc/
ITO, were individually prepared, and the contact potential
difference was obtained together with topographic images
(Figures S2 and S3, respectively). The mean surface
roughness of PTCBI was ca. + 5 nm, while that of H,Pc
was ca. + 10 nm. From the map, a scan line of the contact
potential difference was obtained as the average of the
rectangular direction (256 pixels) and is shown in Fig-
ure S4. The total average contact potential difference on
the line was 0.28 and 0.17 V for PTCBI/ITO and H,Pc/
ITO, respectively, under the dark condition.

In this work, the error for the samples was ca. +10 mV,
as seen in the lines in Figure S4. Generally, for the SKPM
measurement, a source of error was the sample-tip probe
capacitance due to the geometrical effect of the tip apex*.
The tip dependence was within the error for the sample
above, as shown in Figure S5, where a sample was mea-
sured using two different tips of the cantilever. However,
the sample dependence of Vcpp was larger than the tip
dependence, as shown in Figure S6, for the same type of
sample series. Interestingly, the difference in the Vpp of
the sample from that of the substrate did not depend on
the samples within the error of +0.1 V. In this study, we
chose ITO having 0.1 V< Vepp <02 V.

From Eq. (2), the ¢gmpie value of the OSM was esti-
mated to be 4.60 eV for HyPc/Au and 4.75 eV for PTCBI/
Au, as shown in Table 1. These ¢sampie values approxi-
mately agreed with the previous reports of 4.44 eV for
H,Pc/Au®! and 4.9 eV for PTCBI/Au®.

633

In previous studies on phthalocyanines® and PTCBI®
using UPS, the Ep depended on the substrate material,
such as a metal or ITO, and was ascribed to more than the
factors in the conventional Mott-Schottky model: (1) The
Fermi levels were unaligned at the substrate/OSM junc-
tion. The nonalignment was discussed in connection with
the incorporation of O, and/or H,O into the OSM*2, (2)
The metal-OSM charge transfer and formation of
polaron-like states at the OSM-substrate interface affec-
ted the vacuum level shift.

Using PYSA, the HOMO levels were estimated and are
shown in Table 1. When these values were compared with
the ¢smple Values for H,Pc, the latter were ca. 0.5 ~ 0.8 eV
shallower than the HOMO level, while PTCBI exhibited a
level that was ca. 1.3 ~ 1.4 eV shallower than the LUMO
level. When ¢gmple is treated as the Ep of the OSM, the
difference would agree with the p and # character of H,Pc
and PTCBI, respectively, for the ambient condition.

Figure 1 shows the electronic energy level for each of
the single layer OSMs on ITO. There is a clear shift of
@sample for PTCBI/ITO and H,Pc/ITO, suggesting that the
vacuum level shift is 0.24—0.25eV>% For the OSMs, a
thickness dependence of ¢gmple Was observed for both
PTCBI/ITO and HyPc/ITO. The PYSA data for the
thickness-dependent samples indicated that the HOMO
level of Hy,Pc/ITO shifted, while that of PTCBI/ITO did
not.

Under illumination, Vcpp shifted for PTCBI/ITO (20
mV), while that for H,Pc/ITO only slightly shifted (—10
mV), as shown in Figure S4. Itoh et al. found a similar
slight positive shift for Cgo/ITO and no change for CuPc/
ITO under light illumination. The difference between the
p- and n-type characters might induce the shift of Vpp by
light-induced electron transfer from the OSM to ITO".

Contact potential difference (Vcpp) analysis in a SLR of the
TB samples

From here, we discuss the Vpp characteristics in the
terraced-bilayer (TB) structure. Scan lines of Vcpp are
shown in Fig. 2 for both TB-H,Pc/PTCBI/ITO and TB-
PTCBI/H,Pc/ITO, in which the region consisted of either
PTCBI (50 nm) or HyPc (50 nm) on the ITO substrate.
For each of the SLRs (Fig. 2a, b, SLR), the Vcpp value of
TB-H,Pc/PTCBI/ITO (0.40V) was more positive than
that of TB-PTCBI/H,Pc/ITO (0.24V), similar to those of
the simple single layer samples (Figure S4).

Contact potential difference (Vcpp) analysis in the BLR of
the TB samples

Figure 2c¢, d show the 128 pixel-averaged Vpp for parts
of each BLR of TB-H,Pc¢/PTCBI/ITO and TB-PTCBI/
H,Pc/ITO, respectively, and the Vcpp values are 0.54V
and —0.02 V. The ¢gmpie values were estimated using Eq.
(2) as propc/prepr =438 €V and @prepitape = 494 eV.
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These Vepp and ¢gampre values are very different from
those of single layers and imply an effect on the OSM as a
substrate. Notably, the differences of the ¢gmple values
between the single and BLRs are coincidently 0.2V for
both cases; i.e.,

Prizpe/prcer — Prrce ~ —0.2[eV] (3)
Pprcpi/Hpe — Prope ~ 0.2[eV] (4)

The above difference appears consistent with the same
potential shift at the H,Pc/PTCBI interface. Here, again,
we have prepared a series of thickness-dependent samples
for the top layer and measured them using both PYSA and
SKPM. The data are shown in Fig. 3. The plots of the
HOMO level are obtained using the PYSA experiments
for the thickness-dependent bilayers. Because the surface
of the bottom layer in the BLR is not exposed to air, the
plots are not shown for the bottom layer at the p-n
junction, and the energy levels are drawn as dotted lines.
Based on Eq. (2), ¢sample can be estimated, as shown in the
filled plots. For HyPc on PTCBI, i.e., the top layer, ¢op.,
prcer was much shallower than that in the single layer,
¢Hope While for PTCBI on HyPc, ¢prcpymape Was deeper
than that of ¢prcpr These shifts are consistent with
electron transfer from p-type to n-type. For the top layer,
both the PYSA and SKPM measurements indicated band
bending for the cases of both H,Pc/PTCBI/ITO and
PTCBI/H,Pc/ITO. Interestingly, the observation of the
vacuum level shift was not consistent for the two bilayer
samples, i.e., from PTCBI to H,Pc for HyPc/PTCBI/ITO
and from HyPc to PTCBI for PTCBI/H,Pc/ITO. Similar
asymmetric phenomena were reported in Cgo/HyPc/Au
and H,Pc/Cgo/Au by Ishii et al.38,

Such a description is not simplified as described in Egs.
(3) and (4), as is apparent from the ¢prcp; for the 50 nm

top layer. At the p—n junction, the vacuum level shift from
p-type to n-type can be drawn if we assume a flat energy
level for the bottom layer, such as the dotted line shown in
Fig. 3, even in the dark.

From a separate experiment, Figures S7c and d show the
data taken under illumination, where Vcpp of the BLR
shifted to a deep level for TB-H,Pc/PTCBI/ITO, while it
shifted little for TB-PTCBI/H,Pc/ITO. In the cases of the
single layer, PTCBI/ITO showed a shift, while H,Pc/ITO
did not (Figure S4). The difference between the bilayers is
due to a similar reason as for the electron transfer from
the OSM to ITO seen in the SLR.

Contact potential difference (Vcpp) in the BDR of the TB
samples

Figure 2e shows a positive peak of the Vcpp value in the
BDR of TB-H,Pc/PTCBI/ITO. Vepp was continuous from
the far SLR to the far BLR, as shown in Fig. 4d (green line).
The amplification in the BDR (0.62 V) from the BLR (0.54
V) was +0.08 V, i.e,, 0.62—0.54 = +0.08 V, under the dark
condition. The BDR of TB-PTCBI/H,Pc/ITO (Fig. 2f)
showed no amplification.

As shown in Figure S7e (red line), under illumination,
the Vcpp characteristics at the BDR of TB-H,Pc/PTCBI/
ITO showed a positive peak similar to that in the dark and
had a shift to a more positive potential. For the BDR of
TB-PTCBI/H,Pc/ITO, as shown in Figure S7f (red line),
the Vcpp shift at the BDR was small. Such a bottom layer
dependence was similar for the cases of the SLR and BLR.

In the case of the Au/Cr substrate, Vcpp had a similar
peak, as shown in Figure S8, which supports that the
present peak is due to the p—# junction not the substrate,
such as ITO or Au. On the other hand, the ¢¢mple values
for a single layer on Au/Cr were different from the cases
with an ITO substrate, while the apparent relation shown
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Fig. 4 a Optical image of the cantilever positioning (white scale bar =
50 um) at the BDR. This position is referred as the original position. b
Topography image at the BDR. ¢ SKPM data for the same area as in (b)
where the Vpp peak was observed. d Vipp (green line) value on the
green arrow in (c) and the extended area from —200 um in the BLR to
+700 um in the SLR (not fully measured). The Vpp values for the SLR
(purple line) and the BLR (blue line, blue square plots) were obtained
for another step sample. These Vpp values are relative to the Vpp of
PTCBI/ITO. The thicknesses of the OSM (t) (black line) correspond to
the sectional data in (b) and are relative to the SLR thickness. The
dashed black line in (d) is the extrapolation of t to the BLR and SLR.
Note that the TB-H,Pc/PTCBI/ITO sample is different from that in Fig. 2

in Egs. (3) and (4) was observed for both TB-H,Pc/
PTCBI/Au/Cr and TB-PTCBI/H,Pc/Au/Cr in the dark, as
well as when they were illuminated.
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To investigate these Vcpp characteristics at the BDR
for another combination of the p—n junction in the
TB samples, TB-H,Pc/Cgo/ITO and TB-Cgo/H,Pc/ITO
(Cgo = fullerene molecule, n-type) were fabricated. The
SKPM measurement (in Figure S9) showed that the BDR
of TB-H,Pc/Cgo/ITO and TB-Cgo/H,Pc/ITO also had the
lateral distribution of Vpp of a positive peak and gradient
characteristics, respectively, for their structures of TB-p-
type/n-type/ITO and TB-n-type/p-type/ITO. These data
showed that the peak is due to the terrace bilayer struc-
ture with p-type on n-type.

Figure 4a shows an optical image of the cantilever
placed in proximity to the BDR between the SLR and the
BLR of the TB sample. The structure of the cantilever was
that the tip of the probe was located at the exact end of
the cantilever so that the tip was easily positioned. Fig-
ure 4b, c show the topography and Vcpp mapping,
respectively, in the BDR of TB-H,Pc/PTCBI/ITO.

The maximum Vcpp value (~620mV) spanned the
boundary (Fig. 4d). Generally, when discussing the Vcpp
value, we must treat it is a weighted average of a certain
region below the tip due to the finite tip size. The spatial
resolution of SKPM is lower than that of AFM due to the
difference between the long-range electrostatic force and
the short-range van der Waals force. This problem is
discussed by Sadewasser et al. in detail, especially for
groove structures and step structures’?, the latter of which
is the same as the present topic. According to the study,
the peak height of the signal of the Vpp value was ~60 %
of the input Vcpp value, with broadening of the FWHM
being linear against the input space charge region of 50 ~
200 nm with 100 meV of contact potential difference for
the 50 nm tip-sample distance. Additionally, for the step
substrate, broadening of the contact potential difference
more than that of topography was simulated, with a < 10
nm shift (output of the simulation) of the step border area
to the lower step area for a 5nm tip-sample distance
(input of the simulation). Then, in this present study, by
assuming the linearity between the potential and the tip-
sample distance (50 nm), the broadening of the spatial
resolution might be 50 nm, which is less than the width of
the spatial resolution for the potential peak observed here
(~10 pm in Figs. 2e and 4d). This means that the 10 um
width of the peak is not an artificial error.

The topographical step may affect the local Vcpp as a
real and/or artifactual peak. The present step has a slope.
To evaluate the effect, a control TB-H,Pc/H,Pc/ITO
homo junction terrace bilayer sample was prepared
independently, and both the topography and Vcpp value
(Figure S10) were measured. The Vcpp data of Figure S10,
C3 and D3 show that there were no Vcpp peaks, irre-
spective of the slope steepness, and show that the Vpp
peak observed in Fig. 2e, ¢ was due to the terrace bilayer
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structure with p-type on n-type. This fact means that the
present peak is not an artifact due to the step structure.

Moreover, to investigate whether the peak is or is not
due to the steep step morphology, another control sample
was fabricated to be a planar p—» junction with small
angle crossing of H,Pc and PTCBI. As shown in Fig-
ure S11, the topography and the SKPM data were mea-
sured along the single layer PTCBI to the single layer
H,Pc. The data (for Figure S11, b and e, black filled circle)
show that there was a Vcpp peak that reached 650 mV
near the flat area (i.e., planar p-n structure). This
demonstrates that a Vcpp peak can also occur in a planar
p—-n structure and is not due to the steep morphology.

There have been reports of applying SKPM for the study
of the peak Vcpp at the edge of an OSM crysta121’57.
Sadewasser et al. simulated the peak Vcpp using a model
of the space charge region®*, for which the width and
carrier concentration determine the peak potential value
and width observed. The observed peak values were
simulated to be approximately half (40-60 mV) of the real
potential value (100 mV).

In a typical photovoltaic device, the p-n junction
direction is normal to the two electrodes, and then, the
potential changes to the normal direction due to the space
charge region, surface dipoles, etc. In such a case, the
potential difference should be observed as being thickness
dependent. We try to interpret the Vcpp in the BDR of
TB-H,Pc/PTCBI/ITO as a thickness-dependent Vcpp. In
Fig. 4d, the topography at the BDR is shown, and the
thickness of H,Pc is from zero to 50 nm. The thickness-
dependent Vcpp values are the purple-filled plots, which
also do not have a peak and are different from the Vcpp in
the BDR (Fig. 4d, green solid line). In comparison, it is
impossible to interpret the Vcpp peak at the BDR as a
thickness-dependent Vpp due to the normal direction of
the potential changing based on the lateral component of
the p—n junction on the substrate.

Considering these results, a reasonable interpretation is
that the Vcpp peak originates from the localization of
positive charges due to the lateral component of the p—n
junction, where the charge transfer occurs not only in the
substrate’s normal direction but also in the lateral direc-
tion. As a result of such a lateral polarization, a positive
peak might occur in the BDR, as shown in Fig. 5.

If the potential maximum at the BDR is real, then the
potential maximum would give a favorable oxidation
power. In a practical application, the greatest output is
desired. Additionally, not only a positive Vcpp peak but
also a considerable quantum efficiency, typically IPCE,
defined as the current per incident light, is required. To
confirm the lateral potential maximum effect, we have
prepared electrodes with more terraces and more BDRs
using vapor deposition with a mask, as shown in Fig-
ure S12. The positive Vcpp peak lay within the

637
( N
lateral
charge
\tra:sfer
F+++++++++

PTCBI

Fig. 5 A possible interpretation of the peak of Vcpp in the BDR of TB-
H,Pc/PTCBI/ITO due to the lateral charge transfer from H,Pc to PTCBI

. J

micrometer-wide BDR, as expected based on the previous
discussion. In addition to the Vcpp measurement, we
performed PYSA experiments and obtained a more
positive ionization potential value of 5.27 eV.

Figure 6a shows the I-V curve of an electrode designed
with more BDRs and prepared using vapor deposition
with the mask. The new electrode was compared with the
simple bilayer electrode (Fig. 6b) and the terrace bilayer
with a controlled area ratio between PTCBI/HyPc BLR
(~20%) and PTCBI SLR (~80%) (Fig. 6¢). In the absence of
incident light, no current was observed, while a photo-
anodic current was observed for all of the cases shown in
Fig. 6. The trend was the same as in previous studies, i.e.,
photoelectrochemical oxidation of thiol occurred under
illumination, while no conduction occurred in the dark®.
The designed and patterned electrode exhibited a more
negative threshold potential (~ —0.2V, seen in Fig. 6a,
red) for the photoanodic current. The threshold potential
was ~0.1V less positive than those for the conventional
bilayer and terraced bilayer (~ —0.1V, seen in Fig. 6b, c,
red). Figure 7 shows the light on/off response at the bias
potential of —0.2 V vs. Ag/AgCl, which is at the threshold
potential of the dot terrace bilayer electrode. Among these
electrodes, only the design-patterned electrode exhibited
a photoanodic current. In a separate experiment, the
bilayer and the dot terrace electrodes were tested under a
solar simulator (intensity =1 sun or 100 mW/cm?), with
double the concentration of donor molecule (20 mmol
dm ) and at the bias potential of +0.1V vs. Ag/AgCl.
Figure S13 shows that the photocurrent of the dot terrace
electrode was enhanced by ~30 pA/cm® compared with
that of the bilayer.

From these results, it was confirmed that the positive
Vepp peak at the BDR can be utilized for macroscopic
photoanodic current generation with a lower negative bias
potential.

Figure 8 shows the action spectra of the photoanodic
current at 0 V vs. Ag/AgCl At such a small bias potential,
the IPCE is at a small <1% level, while the dot sample
shows a value of ~4%. In addition to the greater external
quantum efficiency for the design-patterned electrode, the
shape of the spectrum is different from that for the con-
ventional bilayer. The results of the control experiment of
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Fig. 6 Voltammetry under dark (black line) and illuminated (red line) conditions for (a) dot-patterned TB-H,Pc/PTCBI/ITO (8 x 8 dot pattern of the
H,Pc layer on the PTCBI layer, diameter of each H,Pc dot = 200 um, pitch = 200 um; area ratio for H,Pc:PTCBI = 1:4). b H,Pc/PTCBI/ITO (bilayer),
and ¢ TB- H,Pc/PTCBI/ITO (H,Pc dimension = 0.3 cm x 0.058 cm, area ratio for H,Pc:PTCBI = 1:4). TB terraced bilayer. Effective electrode area =

0.3 cm x 0.3 cm. The thickness for both PTCBI and H,Pc was 50 nm. Scan rate = 0.5 mV/sec. Electrolyte: KOH (pH 11) and 10 mM 2-mercaptoethanol.
Light irradiation was from the ITO side using a halogen light source (70 mW/cm?)
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Fig. 7 Transient photocurrent generated at —0.2V (vs. Ag/AgCl) for (a) typical bilayer H,Pc/PTCBI/ITO, b dot terraced bilayer H,Pc/PTCBI/ITO (8 x 8
dot pattern of the H,Pc layer on the PTCBI layer, diameter of each H,Pc dot = 200 um, pitch = 200 um; area ratio for H,Pc:PTCBI = 20%:80%),

c terraced bilayer H,Pc/PTCBI/ITO (H,Pc dimension = 0.3 cm x 0.058 cm, area ratio for H,Pc:PTCBI = 20%:80%), and d single layer PTCBI/ITO. Effective
electrode area = 0.3 cm x 0.3 cm. The thicknesses for PTCBI and H,Pc were 50 and 150 nm, respectively. Electrolyte: KOH (pH 11) 410 mM 2-
mercaptoethanol. Light irradiation was from the ITO side using a halogen light source (70 mW/cm?)
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Fig. 8 a Action spectrum at 0V vs. Ag/AgCl for the typical bilayer H,Pc/PTCBI/ITO (black), dot terraced bilayer H,Pc/PTCBI/ITO (red) (8 x 8 dot patterns
of the H,Pc layer on the PTCBI layer, diameter of each H,Pc dot = 200 um, pitch = 200 pm; area ratio for H,Pc:PTCBI = 20%:80%), and terraced bilayer
H,Pc/PTCBI/ITO (green) (H,Pc dimension = 0.3 cm x 0.058 ¢cm, area ratio for H,Pc:PTCBI = 20%:80%). Effective electrode area =03 cm x 0.3 cm. The
thicknesses for the PTCBI and H,Pc were 50 nm and 150 nm, respectively. Light source wavelength: 300-900 nm, photon flux=10"°cm™'s.

Electrolyte: KOH (pH 11) 410 mM 2-mercaptoethanol. Light irradiation was from the H,Pc side. b Absorbance spectrum for PTCBI (50 nm) and H,Pc
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Fig. 9 Scheme for the experimental setup of the bilayer and dot terrace bilayer film photocatalyst to decompose 3 wt% aqueous solution
of acetic acid into CO, under monochromatic light irradiation (A = 630 nm, intensity = 1 mW/cm?). The dot terraced bilayer H,Pc/PTCBI/
Teflon membrane was prepared with a diameter of each H,Pc dot =200 um, pitch = 200 um. Membrane size =0.6 cm x 0.6 cm. The thickness of
both the PTCBI and H,Pc was 50 nm. The control sample was a container without any film that was kept under the dark condition. Light irradiation
was from the H,Pc side. The irradiation time was 1 h. The result from the gas chromatography analysis is shown for the amount of CO, evolution (in
mol) and EQE (in %). The amount of CO, in the blank sample was 0.02 umol, and the value was zeroed to be the baseline value for the bilayer and the
dot TB samples

the simple terrace sample were between those of the the merit of enhancing the photoanodic current in addi-
above two electrodes in terms of the EQE and spectral tion to the effect on the BDR positive Vpp peak.

shape. The spectrum shape of the bilayer with a filter To test the effect of the more positive potential in the
effect through H,Pc due to considerable quenching of the ~ BDR for an application, we fabricated H,Pc(50 nm)/
exciton of H,Pc was previously investigated40. For the PTCBI(50 nm) on a PTFE membrane filter (80 um) as the
present shape, the relatively higher EQE for ~600 nm is  bilayer and dot terrace bilayer (Fig. 9) to investigate the
due to less of a filtering effect due to the lack of full photocatalytic performance in decomposing acetic acid
coverage by the H,Pc layer. This phenomenon also has  under visible light irradiation (A =630 nm, intensity =1
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mW/cm?). The control sample was a container without
any film (i.e., a blank sample) that was kept under the dark
condition. From the gas chromatography analysis, the dot
terrace bilayer photocatalyst exhibited a higher perfor-
mance than did the bilayer photocatalyst for the decom-
position of acetic acid into CO, gas. By assuming the
following chemical equation:

CH3COOH + 2H,0 + 8h" — 2CO, + 8H* (5)

the quantum efficiency, EQE (%) (as in Eq. (1) and using
n =4) was estimated to be 5.1% for the dot terrace bilayer
sample and 3.2% for the bilayer sample. This result
demonstrates that a more positive potential at the BDR
can enhance the photocatalytic performance by enhan-
cing the oxidation power.

Conclusions

This paper described the lateral Vpp characteristic at
the BDR for the terrace bilayer electrode of n-type PTCBI
and p-type H,Pc and a comparison of the SLR and BLR.
The analysis of the Vpp values of the SLRs and BLRs was
consistent with the electron transfer and vacuum level
shift at the interfaces through the Fermi level alignment
that occurs from the OSM into the ITO. For the BLRs, a
0.2-V shift of Vcpp in the 50 nm top layer was observed,
and the thickness-dependent Vcpp gave a more compli-
cated energy level shift at the p—n junction and band
bending. For the BDR, there was a positive peak of Vcpp
(+0.1 mV for the BLR) for TB-H,Pc/PTCBI/ITO, while
for TB-PTCBI/H,Pc/ITO, there was a broad and small
peak of Vepp. The Vpp peak is not an artifact, and the
real value should be more than adequately observed due
to the experimental resolution limitation. The Vpp peak
was impossible to interpret from the thickness-dependent
Vepp values. We may interpret it as a lateral direction
charge separation. An enhanced oxidation power was
confirmed by the use of a dot terrace electrode through
photoelectrochemical observations at a smaller bias and
with a lower filter effect from the H,Pc absorption.
Moreover, the more positive potential at the BDR led to a
high performance in the photocatalyst film for the
decomposition of organic compounds. The enhancement
of the oxidation power was experimentally proven to be a
new design for a universal additional p—n junction-type
photocatalyst ~ without changing the molecular
component.

Data availability
All data are available from the corresponding author
upon reasonable request.
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