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Photo-Responsive Molecular Junctions Activated
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1. Introduction
Photoresponsivity is a fundamental process that constitutes optoelectronic

devices. In molecular junction devices, one of the most adopted strategies is
to employ photoactive molecules that can undergo conformational change
upon light illumination as the conduction channel. However, such devices
suffer from their relatively low photoresponsivity, long switching time, and
unidirectional switching. In this study, the authors employed organohalide
perovskite (OHP)/graphene heterojunction as a photoactive electrode that
acted a source of photo-generated carriers collected as photocurrent in self-
assembled monolayer (SAM)-based molecular junctions. This hybrid device

In the field of molecular electronics,
various studies have been conducted to
achieve the ultimate miniaturization of
electronic circuits.'® Many significant
developments have been made to utilize
single or bundles of molecules as elec-
tronic components such as molecular
wires, rectifiers, transistors, memories,
switches, and thermoelectric devices.!*-8l
Regardless of the types of devices, it is

architecture of perovskite/graphene/SAM allows the molecular junctions

to attain a high photoresponsivity with molecules that have intrinsically
little photoresponse. The authors elucidate the role of the molecular SAM in
enhancing the photoresponsivity by systematically examining the transport
and charge transfer processes at the graphene/SAM interface via molecules
with different intrinsic dipole moments. This, corroborated with a theoretical
analysis, reveals the origin of the observed photoresponsivity as light-
induced coupling between the SAM and the OHP/graphene electrode within
the orbital-mediated resonant tunnelling transport regime. These findings
advance the understanding of photo-induced charge transport in molecular
junctions with heterointerfaces, providing a road-map for designing high-

crucial to understand and control the
charge transport characteristics through
molecular junctions. Charge transport
phenomena in molecular junctions are
influenced by not only the electrical
characteristics of molecules but also the
interactions that occur at the interfaces
between molecules and electrodes.%-23]
Therefore, taking into account the elec-
trical properties of the electrodes and their
interaction with molecules, the choice of
electrode material is important in deter-
mining the overall charge transport prop-

performance molecular optoelectronic devices based on hybrid device

architecture.
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erties of the molecular junctions.

Since the self-assembled monolayers
(SAMs) of molecules are typically chem-
isorbed onto the bottom electrodes, the
choices of the bottom electrodes are limited; for example,
the end groups of molecules such as thiol group form cova-
lent bonding on the electrodes such as Au and Ag.?¥l For this
reason, changing top electrodes has been used as a preferred
way to tailor the charge transfer through molecular junc-
tions. Several materials and methods have been suggested as
top electrodes of molecular junctions, such as liquid metals,
evaporated or transferred metals, conducting polymers, gra-
phene film, etc.?>?] The development of these junctions
has contributed to producing stable molecular junctions with
high yield and enabled charge transport modulation using
engineering treatments for the top electrodes.l?®?°l However,
once a molecular junction is manufactured, these conductive
materials of electrodes have a fixed work function regardless
of using pristine or engineered materials, thus limiting the
further modulation of charge transport properties of the mole-
cular junctions.

In this context, illuminating light can be an attractive tool
to make in-situ controllable molecular junctions due to its
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continuous characteristics, good addressability, and com-
patibility with solid-state device structures. Conventionally,
optical control of the charge transport in a molecular junc-
tion was implemented by employing intrinsically photo-active
molecules whose molecular conformation changes upon
photo-excitation.[*-321 However, SAM-based molecular junc-
tions with photo-switching molecules suffer from either long
switching times or irreversible switching properties.[3-3°l
Therefore, rather than relying on the intrinsically photo-
active molecules, functionalizing other device components
(e.g., electrodes) can be a suitable engineering option to
explore the photo-modulated conduction properties in mole-
cular junctions.

In order to effectively achieve photo-modulated charge
transport characteristics of molecular junctions via engi-
neering the electrodes, a well-designed electrode with the fol-
lowing features are required: high light absorption coefficient,
efficient carrier photo-generation, and effective charge transfer
to the active SAM. In this regard, organohalide perovskite
(OHP) is an excellent candidate as a photo-active layer that
can be integrated to the top electrode of the molecular junc-
tions. OHPs have recently attracted significant attention due to
their outstanding photophysical properties, such as their high
absorption coefficient, low exciton binding energy, and long
carrier lifetime.}*%8 Owing to their high quantum efficiency,
numerous carriers can be generated when exposed to light,
which can enhance the current of the molecular junctions.
However, the OHP itself is not a suitable electrode material
due to its poor conductivity.?**! Thus, it is better to use OHP
as a light-absorbing layer and use another conductive mate-
rial that is capable of effectively accommodating the photo-
generated charges in the OHP. For this purpose, monolayer
graphene, which has the advantage of the atomically thin fea-
ture, allows photo-generated carriers to transit easily from the
photo-active OHP layer to SAMs. In addition, the well-known
electronic structure of graphene helps to analytically investi-
gate the interfacial phenomena that occur when in contact with
SAMs and OHPs.*!

In this study, we implemented photo-modulated molecular
junctions by employing an OHP/graphene heterostructure on
SAMs. Through a single-source flash evaporation, we depos-
ited the patterned and uniform methylammonium lead iodide
(denoted as MAPbI3;) OHP film as a photo-active layer on the
graphene. The electronic band properties of MAPbI;/graphene
interface were then investigated, and their response to light illu-
mination was observed. To distinguish the role of SAM in the
charge modulation, we fabricated two-terminal control devices
without SAMs and quantitatively examined the electrical prop-
erties under dark and light illumination conditions. Then, we
fabricated molecular junction devices with MAPbI;/graphene/
SAMs/Au structure to demonstrate the dependence of their
charge transport modulation characteristics on light intensity.
For further improvement in photocurrent to dark current ratio
(PDR), we explored several molecules with different electric
dipole moments to vary the MAPDbI;/graphene/SAM interface
effect. Theoretical analysis based on Landauer formalism was
performed to corroborate our experimental results and eluci-
date the role of SAMs and their interaction with MAPbI;/gra-
phene heterostructure.
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2. Results and Discussion

Figure 1a shows the schematic image of the fabricated OHP/
graphene/SAM/Au structure. Patterned holes and photoresist
walls were made by conventional photolithography. Chemical
vapor deposition (CVD)-grown monolayer graphene was trans-
ferred via wet transfer method.* The perovskite film was then
deposited through the single-source evaporation method, as
we previously reported.**] The detailed fabrication process is
described in the Experimental Section and depicted in Figure S1,
Supporting Information. Figure 1b shows images sequentially
magnified from a whole substrate piece to a molecular junc-
tion from left to right in order: entire and enlarged optical
microscope images of fabricated molecular junction devices
on substrates, an atomic force microscope (AFM) image of a
hole with a radius of 2 um, and a cross-sectional transmission
electron microscope (TEM) image of a molecular junction. The
molecules used in this study are listed in Figure 1c. To achieve
efficient charge transport modulation via electrode engineering,
we selected several conjugated molecules rather than saturated
molecules (e.g., alkanethiols) due to their relatively better con-
ductivity, which originated from the small gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).*#1 According to the
direction of the intrinsic electric dipole moment, we used
biphenyl-4-thiol (denoted as BPT), 1,4-benzenedithiol (BDT),
and pentafluorobenzenethiol (PFBT) in this study. BPT has an
electric dipole oriented upwardly away from the thiol (—SH)
group, whereas PFBT has an electric dipole in the opposite
direction (i.e., toward the thiol group). BDT is considered to
have the weakest electrical dipole moment due to its symmetric
structure. The monolayer graphene was characterized by meas-
uring the Raman spectroscopy through the G and 2D peaks at
energy shifts of 1580 and 2680 cm™, respectively (Figure 1d).
As shown in Figure le, OHP has the crystal structure of ABX;,
where A is a small cation (e.g., methylammonium, denoted as
MA), B is a metal ion (e.g., Pb?* or Sn?*), and X is a halide
(e.g., I, Br, or CI). In several studies, OHP films were
deposited on graphene through the spin-coating method.[*$4]
However, it has been challenging to form a uniform, full-cov-
erage OHP film using the typical solvents for OHP solutions
such as dimethylformamide, dimethyl sulfoxide, and gamma-
butyrolactone due to their polar characteristics.’”) Therefore,
we used the single-source evaporation method to deposit a
high-quality film of OHP with high uniformity and without
pinholes, regardless of the surface energy on the substrate
material.>* First, MAPbI; powder, which can be used as the
flash-evaporation source, was synthesized with high purity
and characterized by powder X-ray diffraction (XRD) spectra
(Figure S2, Supporting Information). Field-emission scanning
electron microscope (FE-SEM) images, shown in Figure 1f,
confirmed that a pinhole-free and uniform MAPDI3 film with
a film thickness of =200 nm was formed by the flash evapora-
tion (bottom image of Figure 1f). The quality of the deposited
MAPDI; film was characterized by XRD (Figure 1g), absorb-
ance, and AFM images (Figure S3, Supporting Information),
indicating that MAPbI; film was formed with good quality. In
Figure 1g, large diffraction peaks of MAPbDI; film were located
at 14.08° and 28.44°, corresponding to the crystallographic
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Figure 1. a) Schematic illustration of a fabricated molecular junction. b) Optical, AFM, and TEM images of the fabricated molecular devices. From left
to right in order, entire and enlarged optical images of fabricated molecular junctions on substrates, AFM image of a hole, and cross-sectional TEM
image of a molecular junction. c) Molecules used in this study. From left to right in order, biphenyl-4-thiol (BPT), 1,4-benzenedithiol (BDT), and pen-
tafluorobenzenethiol (PFBT). d) Raman spectrum of the monolayer graphene. ) Schematic illustration of MAPbI;. f) Topological and cross-sectional

FE-SEM images of the deposited MAPblI; film. g) XRD pattern of the deposited MAPblI; film.

planes (110) and (220), respectively. Minor peaks of the (200),
(211), and (202) planes were also detected at 26 values of 19.98°,
22.76°, and 24.58°, respectively. From the absorbance spectra of
the MAPbI;/graphene, the absorption edge was measured at
772 nm (optical bandgap =1.6 eV), representing that MAPbI; on
graphene absorbs over the entire visible-light range (Figure S3,
Supporting Information).”” The roughness of the deposited
MAPDI; film was found to be =3.3 nm through the AFM meas-
urement (Figure S3, Supporting Information).

Before investigating the molecular junctions, we examined,
as a control group, the electrical properties of the MAPbI;/
graphene heterostructure in the absence of molecules. We
used ultraviolet photoelectron spectroscopy (UPS) to verify the
known work functions of monolayer graphene (=4.4 eV) and
MAPDI; (=3.9 eV) (Figure 2a).5%%3 As depicted in Figure 2D,
contact between MAPDI; and graphene initiates an internal
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electric field at the MAPDI;/graphene interface due to the
work function difference. Since the work function of the gra-
phene is deeper than that of MAPDI;, the energy band is bent
down toward the MAPDI; direction. Under light illumination,
electron-hole pairs are generated and form excitons in the
MAPDI; film. Then, the charge carriers (electrons and holes)
are separated from the photo-generated excitons and injected
into graphene with the aid of the internal field at the MAPbI;/
graphene interface. This charge transfer phenomenon between
the MAPDI; and graphene can be understood by observing the
photoluminescence (PL) quenching phenomenon (Figure 2c).
The PL peak positions of both MAPbI; film and MAPbI;/gra-
phene heterostructure are located =770 nm, which corresponds
to the band-to-band transition peak of =1.6 eV, similar to the
previously reported values.’) Without the PL peak shift, the
maximal PL intensity of the MAPbI;/graphene was quenched

© 2022 Wiley-VCH GmbH
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Figure 2. a) UPS spectra of the MAPbI; film using the single-source flash evaporation method and the monolayer graphene. b) Energy band diagram
when the graphene and MAPbI; form a contact. c) PL spectra of the pristine MAPbI; film and MAPbI;/graphene heterostructure upon 532 nm excita-
tion. d) l4s—Vjs characteristics of a pristine GFET (denoted as Gr, black curve) and MAPbI;/graphene hybrid FET (denoted as MAPbI3/Gr, red curve).
The inset shows the schematic image of a MAPbI;/Gr FET device. e) Iq—V, curves of a MAPbI;/Gr FET showing a gradual p-doping effect as the light
intensity increases. f) Electrical characteristics of a control device (MAPbI;/graphene/Au without SAM) under the light intensity of 3.82 mW cm™2. The
left inset shows the I~V curve on linear scale and the right inset presents the schematic image of the fabricated control device.

by 55% compared to that of pristine MAPbI; film. This PL
quenching phenomenon represents the effective charge
transfer between the MAPDI; and graphene, resulting from the
internal field at the interface and 7—r interaction between sp?
hybridized graphene and MAPDI; 4854

To directly verify the charge transfer from perovskite to gra-
phene, we fabricated a graphene field-effect transistor (GFET)
covered with the MAPDI; film as a light harvester and esti-
mated how many photo-generated carriers were transferred
and contributed to the photocurrent. As mentioned above, the
electron transfer from MAPDI; to graphene due to the work
function mismatch causes initial n-doping of the monolayer
graphene (Figure 2d). When the light is illuminated, a photo-
generated hole injection at the MAPbI;/graphene interface
promotes the gradual p-type doping of graphene (Figure 2e).
The increase in the number of charge carriers in graphene
with increasing light intensity can be calculated from the Dirac
voltage values obtained experimentally, according to the fol-
lowing relations:[>>>¢!

Ey

eAn
Vgs - VDirac = ? +

. (1)

2

An=A(n, — py) = ;( kT

th

] TR (+8) K (-&)) P
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where e is the elementary charge, C,, is the gate oxide capaci-
tance per unit area, n, and p;, are electron and hole densities,
respectively, kg is the Boltzmann constant, T is the tempera-
ture, h is the reduced Planck constant, vyis the Fermi velocity
of graphene (<10° m s™), Fy(n) is Fermi-Dirac integral Fy(7)

with j=1, &= %, and AE is the energy difference between

the Dirac point and the Fermi level of graphene. The detailed
calculation procedure is described in Section S4, Supporting
Information. Briefly, Equations (1) and (2) can be combined to
extract the value of An = 11.5 x 10" cm™ under a light inten-
sity of 3.82 mW cm™2. Given the intrinsic carrier concentration
of graphene (=9 x 102 cm™),”) the number of carriers in the
monolayer graphene channel increased by =13% with respect
to the intrinsic carrier concentration under a light intensity of
3.82 mW cm™2. In this manner, we measured the current-voltage
(I-V) characteristics of a two-terminal control device (MAPbI;/
graphene/Au without SAM) under dark and illuminated condi-
tions. Even with a high-intensity illumination (3.82 mW cm™) of
532 nm laser, the current enhancement due to the photocurrent
generation was rather modest, exhibiting an increase of =15%
with respect to the dark current (see Figure 2f). The consistency
of this result with the =13% increase of carrier concentration
derived from graphene field-effect transistor (GFET) measure-
ment under the same light intensity supports our argument.

© 2022 Wiley-VCH GmbH
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Figure 3. a) |-V characteristics of the representative BPT-based molecular junction according to the light intensity. b) Photocurrent ( = current when
illuminated — current at dark condition) and photo responsivity data plot of Au/BPT/Graphene/MAPbI; junction. c,d) Statistical data with Gaussian
fitting of logarithmic current densities of all BPT molecular junctions under the (c) dark and (d) light conditions. The mean logarithmic current densi-

ties at 1V were represented as green dashed lines.

Figure 3 shows the electrical characteristics of MAPbI;/gra-
phene/SAM/Au molecular junctions. We used BPT molecules
for the SAM, which is one of the suitable molecules for our
device structure due to the conductive nature originated from
delocalized m-electrons.’® As shown in Figure 3a, reversible
and light intensity-dependent photocurrent modulation was
observed for BPT molecular junctions. Specifically, the cur-
rent increased =250% at 1 V under the highest light intensity
(637 uW cm™2) compared to the dark condition. Figure 3b,c
shows the statistical analysis for the BPT molecular junctions.
We plotted the histograms of the logarithmic current density
(Log J) at 1 V of all working BPT molecular junctions and then
performed Gaussian fittings on the histograms. Extracted
average logarithmic current densities were found to be =3.04
(=1.10 x 10* A cm™ at 1 V) for the dark condition (Gaussian
standard deviation o of =0.33) and =3.20 (=1.59 x 10* A cm™
at 1 V) under the light illumination (o of =0.43), corresponding
to =145% photo-induced current enhancement. Note that PDR
of BPT molecular junctions outperforms that of the control
device without SAM (=15%) by an order of magnitude. Such
a significant difference between the systems with and without
molecules implies that SAM plays an essential role in the pho-
toinduced current enhancement, as discussed later.

However, this current enhancement of BPT molecular junc-
tions is somewhat smaller than the previous results using
photo-stimulated molecules such as diarylethene or azoben-
zene which have shown increases of about an order of mag-
nitude.3%333%] In such context, for further improvement in
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current enhancement at molecular junctions, we chose to vary
the molecular dipole moment. Effect of dipoles on the trans-
port characteristics had often considered to be elusive, due to
depolarizations by disorders or interactions that occur among
the molecules in SAM layer. However, depolarization effect did
not appear to be dominant in our study in which the transport
properties showed a clear dipole dependence probably due to
a low packing density of phenyl-based molecule SAMs.[%%
Moreover, a series of recent studies!®-%2l have reported a critical
role of dipoles in the charge transport behaviors in large area
molecular junctions, which supports that the depolarization
effect can be neglected in these junctions. BPT has an intrinsic
dipole moment, oriented from the thiol group (") to the mole-
cular backbone (d"). Since the injected holes from MAPbI; are
major carriers of the photocurrent, the J" partial charge at the
side of BPT SAM hinders the charge transport of injected holes
(Figure 4a). Hence, adjusting the direction of molecular dipole
moments to facilitate hole injection would be expected to boost
photo-induced current enhancement. For this purpose, we
used BDT and PFBT molecules in addition to BPT. BDT has
no intrinsic dipole due to its symmetric structure, and PFBT
has a dipole moment in the direction opposite that of BPT,
that is, oriented from the molecular backbone (&) to the thiol
group (64).1°% The dipole moment of each molecule, as obtained
through density functional theory (DFT) calculation, was =1.01 D
for BPT, 0.00 D for BDT, and 1.55 D for PFBT (see Table S2,
Supporting Information). The interruption of hole injection by
dipole-induced field can be eliminated in the case of BDT, and

© 2022 Wiley-VCH GmbH
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Figure 4. Photo-induced current enhancement by dipole-induced field variation. a,b) Schematic mechanism of photo-induced current enhancement
by variating dipole moments. Band diagrams of a) BPT-based and b) PFBT-based molecular junction. c,d) Logarithmic average current densities
according to the voltage for c) BDT and d) PFBT molecular junctions. Red and black lines represent the photocurrent and dark current, respectively.
e) PL quenching characteristics according to the dipole direction. f) TRPL spectra of perovskite/graphene/SAM structure according to the dipole

moment variation.

the ¢ partial charge of PFBT SAM can provoke the injection
of photo-generated holes from the MAPDI; film to molecular
junctions (Figure 4b). Figures 4c and 4d show the average log-
arithmic current densities of BDT and PFBT molecular junc-
tions, respectively. On average, PDR of 220% and 450% were
obtained for BDT (Figure 4c) and PFBT (Figure 4d) molecular
junctions, respectively. Especially, a =1000% current increase
was observed for the best-performing PFBT molecular device.
We used PL quenching and time-resolved photoluminescence
(TRPL) spectra to corroborate this molecular dipole direction
effect on performance behavior. Figure 4e shows the PL spectra
of MAPDI;/graphene/SAM/Au junctions for all molecules
used in this study. The PL intensity decreased the most in the
PFBT case and the least in the BPT case. The stronger the 6~
partial charges on the graphene side of the molecular dipole,
the greater the PL intensity reduction due to the improved hole
injection. In Figure 4e,f, “Without SAM” refers to the MAPbI;/
graphene/Au junction lacking SAM. Figure 4f shows the TRPL
spectra of MAPbI;/graphene/SAM/Au junctions. Average car-
rier lifetimes, extracted via conventional biexponential fitting to
TRPL curves, were as follows: =5.9 ns for BPT, 3.0 ns for BDT,
2.6 ns for “Without SAM”, and 1.8 ns for PFBT. In agreement
with the PL quenching and electrical data, the carrier lifetime
decreased sequentially from BPT to PFBT as the strength of the
dipole-assisted hole injection effect increased, again suggesting
enhanced charge extraction from BPT to PFBT.

To elucidate the role of SAM on the photoinduced current
enhancement of molecular junctions, we applied Landauer for-
malism to the obtained electrical data. In the case of conventional
molecules with a large HOMO-lowest unoccupied molecular
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orbital (LUMO) gap (e.g., alkanethiols), where the frontier
orbital level is sufficiently far from the Fermi level, non-reso-
nant direct tunneling governs the charge transport, which is
usually described by the simplified Simmons model.*¥l Indeed,
the transport in our octanedithiol devices can well be described
by Simmons’ model and they exhibited the photoinduced cur-
rent enhancement of =11% (see Figure S9 and Section S10,
Supporting Information, for more details). However, this
simple direct tunneling model is unsuitable for justifying a sig-
nificantly large photo-induced current enhancement by several
hundred percent in a 7-conjugated molecular junction devices.
Since the HOMO level of the phenyl-ring-based molecules
used in our study is comparatively close to the Fermi level, the
resonant tunneling model is more relevant and useful than the
Simmons model.l®! Assuming that electrons are transported
coherently, we can describe the resonant tunneling current via
Equation (3), which is used to fit the average I-V curves of BPT
(Figure 5a) and PFBT molecular junctions (Figure 5b).[#:66]

1)= [TEV)[fo(B)- fr (E+ev)]dE 5

where E is the energy of the charge carrier, fy(E) is the Fermi-
Dirac distribution of each electrode given by Equation (4), and
T(E, V) is the transmission function given by Equation (5).

-1
fx (B)=(1+exp((E - pix) [ksT)) (4)
where (i is the Fermi level of electrodes and X = top or bottom.

4T, T,
(T +T5)" +(E-E,+0eV)’)

T(E\V)= 5)
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Figure 5. a,b) Fitting results of average I~V curves for a) BPT and b) PFBT molecular junctions by using Landauer formula. Black open circles: fitted
-V curves of the dark condition. Red open triangles: experimental data of the dark condition. Blue filled circles: fitted I~V data of the light condition.
Green filled triangles: experimental curves of the light condition. c,d) Schematic illustration of the charge transport modulation mechanism for c) BTP

and d) PFBT molecular junctions.

where T’y is the electronic coupling strength between SAM and
respective electrode X, Ej is the energetic difference between the
frontier orbital (HOMO level in this study) and the Fermi level
of each electrode, and ¢ is the asymmetric factor. Asymmetry
factor ¢, which indicates how much the molecular orbital level
is shifted when a bias is applied, takes a value of 0.5 for a sym-
metric junction. For example, the ¢ value was assumed to be
0.7 for the Au/ferrocene/eutectic gallium-indium (EGaln) struc-
ture, as in several previous studies.18%:286768] In our case,
respective asymmetric factors were determined through the fitting
process since there have been no known values for our molecular
junction structures. The detailed fitting procedure is described
in Section S11, Supporting Information. Briefly speaking, local
minimum values of E, and I'y were found by grid search, and
converged values were obtained by gradient-descent methods.
Extracted transport parameters are summarized in Table 1.

Table 1. Charge injection barriers (Ep), coupling constants (Ty), and
asymmetric factors () extracted from the averaged [-V fitting curves by
employing the Landauer formula.

T'g [meV] T'7[meV] Ey [eV] o
BPT Dark 44 23 0.56 0.43
Light 44 34 0.52 0.445
BDT Dark 49 21 0.52 0.44
Light 49 30 0.49 0.48
PFBT Dark 50 40 0.8 0.42
Light 50 15 0.75 0.45
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Generally, it was observed that E, (tunneling barrier)
decreased and I7 (coupling between SAM and graphene)
increased for all molecules under the light condition; both
cases improve the current enhancement of molecular junc-
tions. Specifically, the E, value decreased from 0.50 under
the dark condition to 0.48 eV under the light illumination for
BPT, from 0.52 to 0.49 eV for BDT, and from 0.8 to 0.75 eV for
PFBT. We inferred that such light-driven barrier (E;) reduction
occurred as photo-generated holes were transferred to gra-
phene (see Figure 2b for the band alignment). This phenom-
enon results in the further p-type doping of graphene, which
reduces the difference between the HOMO and the Fermi
level of graphene. The I'p values, which represent the coupling
strength between SAM and Au, did not change with illumina-
tion since the Au—S covalent bonding is almost unaffected by
light. Since BDT and BPT make van der Waals contacts with
graphene,®! their I values are relatively small under the dark
condition compared to those for PFBT junctions, which form
F—C semi-ionic bonding with graphene (see Section S15, Sup-
porting Information for details).””) Under the light illumina-
tion, Iy values increased from 23 to 34 meV for BPT, from 21 to
30 meV for BDT, and from 40 to 115 meV for PFBT. Naturally,
Iy values were less than ' (44-50 meV) except the light condi-
tion of PFBT, since covalent bonds are more robust than ionic
or van der Waals interactions. Asymmetric factor o values also
increased after the light illumination, but unlike E, or Iy, any
tendency by molecules was not observed. However, considering
that o values approach 0.5 (symmetric) under light conditions,
it seems that the light-induced p-doping of graphene helps to

© 2022 Wiley-VCH GmbH
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reduce asymmetry in the aspect of the band structure, further
reducing the gap between I'p and Ir.

These barrier reduction and photoinduced coupling enhance-
ment effects were the smallest in BPT and largest in PFBT,
which is consistent with the observed photoinduced current
enhancement as described above. The significant difference in
their photoresponsivity can be accounted for by the dipole direc-
tion which is expected to modulate hole injection, and therefore
inducing the E, shift. Furthermore, given that the Iy increase
was higher for PFBT than for the other molecules, we can
deduce that the dipole moment is also related to the observed
photoinduced coupling enhancement. Unlike BPT or BDT, the
6 partial charges of PFBT SAM attract numerous holes to gra-
phene and strongly pull each other through Coulombic interac-
tion, causing a considerable I increase and thereby improving
the charge transport. Consequently, as depicted in Figure 5c,d,
the underlying mechanism of photoinduced charge transport in
MAPDI;/graphene/SAM/Au molecular junctions can be sum-
marized to the enhanced hole injection via E, lowering and I'r
enhancement at the interface between the SAM monolayer and
the top graphene/MAPDbI;/electrode, both of which are assisted
by the molecular dipole moments.

3. Conclusion

In summary, we implemented the concept of attaining photore-
sponsivity in molecular junctions with intrinsically low photore-
sponsivity by employing a photoactive electrode consisting of
MAPDI;/graphene heterostructure. The photogenerated holes
in MAPDI; undergo an internal-field-assisted charge transfer
to graphene which triggered a significant photoinduced cur-
rent enhancement in various molecular junctions. Our results
clearly indicate a critical role of the SAM channel in enhancing
the photocurrent generation. First, an order of magnitude
photoinduced current enhancement was demonstrated by
adopting different transport regimes from non-resonant to reso-
nant tunneling according to relative frontier orbital levels of dif-
ferent molecules. The photocurrent could be further enhanced
(maximum PDR of 1000%) by rationally selecting molecules
with intrinsic dipole moments that can field-assist the charge
transfer at the SAM/graphene interface. The theoretical analysis
using the Landauer formalism revealed that the photoinduced
energy barrier lowering and coupling effects are responsible
for inducing the photocurrent in the molecular junctions. Our
results demonstrate a heuristic design of photoresponsive mole-
cular junctions via the strategic construction of the molecular
active channel and heterointerfaces, in addition to the analytical
framework of the charge transport that can be expanded to var-
ious molecular-based hybrid optoelectronic devices.

4. Experimental Section

Synthesis of Perovskite Powder: The authors synthesized MAPblI; single
crystal powders as reported previously.** PbO powders, hydriodic acid
(HI, 57 wt% in H,0), and hydrophosphorous acid (H;PO,, 50 wt% in
H,0) were purchased from Sigma-Aldrich. Methylammonium iodide
(MAI) was purchased from Greatcell Solar Materials Ltd. The perovskite
powder was synthesized by the inverse temperature crystallization (ITC)
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method."! PbO (2.665 g) and MAI (1.898 g) powders were dissolved
into a mixture containing 18 mL of HI and 2 mL of H3;PO,. The mixed
solution was heated to 120 °C on a hot plate with stirring until all the
ingredients were dissolved. The solution was then cooled at room
temperature. As the temperature of the solution decreased, MAPbI;
powder was formed due to its decreasing solubility. After pouring the
solution through Whatman filter papers, they collected and dried the
synthesized MAPbI; powder in a vacuum desiccator overnight. Matching
the calculated and experimental powder XRD data confirmed that a
pure tetragonal phase of MAPbI; was obtained (Figure S2, Supporting
Information).

Device Fabrication: Schematic images of the fabrication process
are provided in Figure S1, Supporting Information. Since the yield of
molecular devices was sensitive to the roughness of the bottom electrode,
the authors used the template-stripped method to form ultra-flat
surfaces.’2”3 Au bottom electrodes (50 nm thick) were deposited onto Si/
SiO, substrates at the deposition rate of =0.5 A s™' by using an electron-
beam evaporator. Meanwhile, glass substrates were cleaned with acetone,
isopropyl alcohol (IPA), and deionized (DI) water using a sonicator and
then dried under a stream of N,. The cleaned glass substrates were
further treated with reactive ion etcher using O, gas (30 sccm, 50 W,
120 s) to remove remaining organic residues. After the cleaning process,
a drop of optical adhesive (OA) (Norland, no.61) was applied onto the
Au-deposited Si/SiO, substrates. Then, the authors placed and pressed
the cleaned glass substrates onto the applied OA to spread it evenly
over each prepared Au film. All samples were exposed to ultraviolet
(V) light (1 h, 19.72 mW cm™2) to cure the OA, using a UV-ozone
cleaner (AH 1700, Ahtech LTS). Afterward, they split the glass/OA/Au
layers from the Si/SiO, template by inserting a razor blade into the edge
of the interface between the glass/OA/Au and the Si/SiO,, carefully
cleaving with gentle pressure. They made patterned device structures
on these exposed surfaces by performing conventional photolithography
and developing circular junctions with radii of 2 um. They used a diluted
photoresist (PR) (AZ 5214e) by mixing propylene glycol methyl ether
acetate (PGMEA) at 1:1 ratio to lower the PR wall (height of =250 nm),
so that top graphene could better contact SAM.

For the SAM formation, each sample was dipped into a 5 mm ethanol
solution for 48 h in an Ny-filled glove box. Afterward, the authors gently
rinsed the samples with anhydrous ethanol to wash out physisorbed
molecules from SAMs. For the next step, monolayer graphene was
transferred as a top electrode. Monolayer graphenes were purchased
from Graphene Square Inc. For this process, a poly(methyl methacrylate)
(PMMA) (MicroChem Corp.) layer was spin-coated onto the monolayer
graphene film as a supporting layer. To etch the Cu foil, each sample
was immersed in an ammonium persulfate aqueous solution for 1 h on
a 90 °C hot plate. After the etching of the Cu foil, remaining graphene
films were rinsed with DI water to remove the residual etchant. Then,
the floating monolayer graphene films were transferred onto the sample.
The supporting polymer was removed by soaking the samples in an
acetone bath, then rinsing graphene with IPA. They used the single
source flash evaporation method to deposit perovskite films onto the
molecular devices.[** The prepared MAPbI; and MAI powders (366 mg
of MAPbI; and 99.96 mg of MAI) were loaded onto a tungsten boat in
a vacuum chamber. The substrates were placed with shadow masks at
the height of 30 cm away from the source material. Under the vacuum
condition (107° Torr), the tungsten boat was rapidly heated by applying
an abrupt high current of 100 A in 3 s so that the source powder could
entirely be evaporated within 30 s. In addition, since MAPDbI; is easily
degraded when exposed to ambient condition, they maintained every
process involving MAPbI; from its deposition to electrical measurement
to be conducted under vacuum condition, and samples were exposed
to ambient only when transferring them from its production stage to
measurement system.

Characterization: The electrical characteristics of the molecular
devices were determined by using a semiconductor parameter analyzer
(Keithley 4200 SCS) and a probe station system (JANIS Model ST-500)
under vacuum condition (=107 Torr). The light source was a 532 nm
laser (Cobolt 04-01). Powder XRD and high-resolution XRD data
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were obtained by Rigaku SmartLab. Field-emission scanning electron
microscope (FE-SEM) images were collected with JSM-7800F Prime
(JEOL Ltd) at an accelerating 5-10 kV voltage. Absorbance spectra were
obtained using V-770 (Jasco). AFM and Kelvin probe force microscopy
(KPFM) data were collected using NX-10 (Park Systems). Raman and
PL spectra were measured by XperRAM 200 (Nanobase Inc.), and the
time-resolved photoluminescence (TRPL) data was collected by XperRF
(Nanobase Inc.). Ultraviolet photoelectron spectroscopy (UPS) spectra
were collected by using AXIS SUPRA (Kratos, U.K). FIB and transmission
electron microscope (TEM) data were obtained by SMI3050SE (Sl
Nanotechnology) and Tecnai F20 (FEI).

Supporting Information

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