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Light-Stimulated Charge Transport in Bilayer Molecular

Junctions for Photodetection

Shailendra K. Saxena, Scott R. Smith, Mustafa Supur, and Richard L. McCreery*

Eleven bilayer molecular junctions (M]s) consisting of two different

5-7 nm thick molecular layers between conducting contacts are investigated
to determine how orbital energies and optical absorbance spectra of the
oligomers affect the photocurrent (PC) response, the direction of photoin-
duced charge transport, and maximum response wavelength. Photometric
sensitivity of 2 mA W' and a detection limit of 11 pW are demonstrated for
MJs, yielding an internal quantum efficiency of 0.14 electrons per absorbed
photon. For unbiased MJs, the PC tracks the absorption spectrum of the
molecular layer, and is stable for >5 h of illumination. The organic/organic
(O/O) interface between the molecular layers within bilayer MJs is the
primary determinant of PC polarity, and the bilayer M) mechanism is con-
ceptually similar to that of a single O/O heterojunction studied in bilayers
of much greater thickness. The charge transport direction of the 11 MJs is
completely consistent with hole-dominated transport of photogenerated
carriers. For MJs illuminated while an external bias is applied, the PC
greatly exceeds the dark current by factors of 102 to 10°, depending on bias,
bilayer structure, and wavelength. The bilayer M)s are amenable to flexible
substrates, and may have applications as sensitive, wavelength-specific

photodetectors.

1. Introduction

Stimulation of charge transport by incident light has long been
studied and exploited in both inorganic and organic semi-
conductors, with familiar examples being the charge-coupled
device, photodiodes, photocells, and light-emitting diodes.
For organic semiconductors such as thin-film transistors
and organic photovoltaic devices, transport distances gener-
ally exceed 50 nm since spin coating is a common fabrication
technique. When the charge transport distances in organic
electronic devices are below =15 nm, the realm of molecular
electronics emerges, with often very different transport mech-
anisms such as coherent tunneling!!! and field ionization.?
Molecular junctions (M]s) consisting of single molecules or
arrays of parallel molecules between conducting contacts have
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been studied extensively.’] The field is
driven in part by the possibility of new
electronic functions in molecular devices
and the wide variety of molecular struc-
tures available, presumably with a broad
range of electronic behaviors.l “Large
area” or “ensemble” MJs with partially
transparent contacts enable the use of
optical spectroscopy for characterization
and monitoring of molecular electronic
devices using infrared absorption,P
Raman,® and UV-vis spectroscopy.*d”]
While optical spectroscopy is normally
a probe of device structure during fabrica-
tion and operation, the field of “molecular
optoelectronics” investigates stimulation
of transport with light or generation of
light in response to an external bias.®!
Photocurrent (PC) generation and changes
in MJ conductance by incident light have
been reported for single molecules and
molecular ensembles and examined
theoretically.[*>] We have reported PCs and
photoconductance changes in carbon-based
MJs, mediated by internal photoemis-
sion (IPE)!% and optical absorption in the
molecular layer.'!] The observed PC tracks the in situ UV-vis
absorption spectrum of the molecular layer when the transport
distance exceeds 5 nm, and the PC polarity (i.e., the charge
transport direction) and induced photovoltage correlate strongly
with which orbitals mediate transport (highest occupied mole-
cular orbital (HOMO) or lowest unoccupied molecular orbital
(LUMO))." Carbon-based MJs also exhibit photoemission
from hot electrons,®!2 and transport in thiol-based large-area
M]Js can couple to plasmons in the contacts to emit light.3413]
For PCs in wunbiased, Au/carbon/molecule/carbon/Au
MJs with identical top and bottom electrodes, the direction
of illumination did not cause a change in PC sign, indicating
that there must be some inherent asymmetry in the device. We
attributed the asymmetry in single-component carbon-based
MJs to a difference in electronic coupling at the two electrode
contacts, one of which is covalent and the other physisorbed.!!1?]
This effect was predicted theoretically by Galperin et al.®>4
Since the internal electric field generated by the effect is small
(10-30 mV), the resulting PCs are also small for single-compo-
nent MJs, and would likely be absent if the electronic coupling
to both electrodes were identical. We recently reported a dif-
ferent approach in which a molecular bilayer was used to create
asymmetry, leading to significantly larger PCs.® Successive
reduction of two diazonium reagents!'®l resulted in a covalent

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Table 1. Summary of single-layer PC and molecular orbitals energies.

www.advopticalmat.de

Oligomer subunit DFT? HOMO [eV] TD-DFT LUMO [eV] DFT |H-L| [eV] Abs Az [€V] PC Amax [eV] Peak PC yield [e~ per photon]
Anthraquinone® AQ -7.00 -2.79 4.21 4.80 4.3 -3.2x107°
Nitroazobenzene NAB —6.65 -3.04 3.61 3.54 3.54 -7.2%x107°
Fluorene FL -5.74 -0.71 5.03 4.69 4.28 +2.8x107°
Bis-thienyl benzene BTB -5.29 -1.48 3.81 3.46 3.44 +4.0%x 1074
Tetraphenyl TPP —4.92 -2.19 2.73 2.88 2.88 +1.79x107*
porphyrin

AMolecular orbital energies were calculated using DFT on Gaussian 09 at B3LYP 6-31g(d) level of theory; ®Molecular structures are provided in Scheme S1 in the

Supporting Information.

bilayer of oligomers of anthraquinone (AQ, 5-7 nm thick) and
bis-thienyl benzene (BTB, 7-8 nm). The PC and photovoltage of
the bilayer M] were much larger than for either single layer, and
the sign of the PC was reversed when the order of deposition
of the two layers was also reversed. In addition, the bilayer PC
spectrum peaked at the optical absorption maximum of BTB,
and exhibited a shoulder peak near the absorption maximum
of AQ. Unlike many existing photosensitive and photovoltaic
devices,'”! the carbon-based bilayer MJs used electron beam-
deposited carbon (eC) for both electrodes, and did not rely on a
work function difference to drive observed PCs.

The current investigation was undertaken to determine the
generality of bilayer PCs in MJs and to determine how the photo-
response of covalent bilayer MJs varies with molecular structure
and orbital energies. The role of electronic coupling at both
electrodes and at the organic/organic (O/O) interface between
the molecular layers as well as the effect of an applied bias are
considered, and the results provide useful conclusions about
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the mechanism of PC generation. These insights should prove
valuable in designing photosensitive devices with particular
optical and electronic properties, possibly leading to sensitive
molecular photodetectors with narrow wavelength selectivity
which are amenable to a variety of substrate materials.

2. Results

Device fabrication and PC measurements were conducted as
described previously,''*"] and all structures had identical elec-
trodes using eC, denoted as Ausg/eCjo/molecular layer/eC,,/
Auyg. The subscripts indicate layer thicknesses in nm and the
molecular layers consisted of one or two of the components
listed in Table 1. Device structure is shown schematically in
Figure 1A, along with the sign convention used to indicate
negative PC, i.e., electron flow from the bottom to top electrode
in the external circuit. Conversely, positive PC corresponds to
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Figure 1. A) Schematic of a Auzg/eCyo/AQg/FLg/eCqo/Auyg bilayer M) structure containing AQ and FL oligomeric layers. eC is electron beam—deposited
carbon. Light enters through an =30% transparent top contact as shown, and bias values are stated as the bottom electrode relative to the top.
B) Optical image of a completed quartz chip containing nine MJs. C) Energy levels for frontier orbitals of AQ and FL relative to vacuum, with red
indicating LUMO and blue indicating HOMO. Horizontal dashed line indicates the Fermi level of the e-beam carbon.
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Figure 2. A) Uncorrected PC spectra for five single-layer MJs containing 5-7 nm layers of AQ, NAB, FL, BTB, and TPP. B) Normalized PC spectra from
panel (A). C) PC yields in electrons/incident photon determined from source output power in Figure S3E of Supporting Information. D) Normalized

PC yields from panel (C).

electron flow from the top to bottom electrodes in the external
circuit. Additional fabrication details including molecular layer
thicknesses are provided in Sections S1 and S2 in the Sup-
porting Information, and Figure 1B is an optical image of a
completed sample with nine MJs. Table 1 includes calculated
orbital energies for isolated single molecules and the maximum
UV-vis absorption energy predicted by time-dependent density
functional theory (TD-DFT) calculations. The energy levels
for an AQ/fluorene (AQ/FL) bilayer junction are shown in
Figure 1C, referenced to the vacuum level.

Although free molecule orbital energies are often sig-
nificantly perturbed from interactions with the electrodes in
the solid state, they do provide an initial approximation for
designing devices. The optical absorption energies for single-
component layers were determined in completed large-area
devices, as the difference between the absorbance of a “blank”
Ausg/eCyo/eCyp/Auy electrode and a completed single-layer MJ,
as described previously.*11% Table 1 shows that the absorp-
tion maxima predicted from TD-DFT are approximately equal
to the experimentally observed in situ absorbance maxima in
intact MJs. The in situ UV-vis absorption spectra for single-
component MJs are provided in Figure S2 in the Supporting
Information. Figure 2A shows the PC spectra for single-layer
MJs which are uncorrected for variations in incident light inten-
sity with wavelength, and Figure 2B displays the same spectra
after normalization of the maximum response to +1.0. PC mag-
nitudes should be considered approximate, since they depend
on molecular layer thickness, number of incident photons, and
electrode transmission, but the PC sign is reliable and provides
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useful information about energy level alignment.''"! After
measurement of the source intensity spectrum, the PC was
converted to PC yield as electrons per incident photon!'™® or
external quantum efficiency (EQE), as described in Section S4
in the Supporting Information. Figure 2C shows PC yield
versus wavelength for single-component MJs, and the corre-
sponding peak PC magnitudes and photon energies are listed
in Table 1. The qualitative similarity of the tetraphenylpor-
phyrin (TPP) absorption and the PC yield spectra confirms the
previous observation that PC tracks the optical absorption of the
molecular layer for BTB, AQ, and nitroazobenzene (NAB).'"
Normalized spectra of Figure 2B,D highlight the clear differ-
ences in spectrum shape and maximum response for the five
single-layer MJ structures.

Bilayer MJs consisting of 11 different combinations of single
components were constructed by successive reduction of the
appropriate diazonium reagents.'18] In all cases, the thick-
nesses (d) determined by atomic force microscopy “scratching”
were 5-7.5 nm for each layer, with the deposition conditions
and measured thicknesses listed in Table S1 in the Supporting
Information. Bilayers are designated with the first layer on
the left and the second on the right, e.g., AQ/FL refers to the
structure illustrated in Figure 1A, and the second listed compo-
nent is always closest to the illumination source in the current
experiments unless noted otherwise. Figure 3A shows PC yield
spectra for four bilayers having AQ as the first component and
the single-layer spectrum for AQ alone. The AQ/BTB example
was presented previously,[”! but repeated here to assure iden-
tical fabrication conditions across the bilayers studied. The

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. PCyields for 11 bilayer MJs with molecular layer thicknesses of 5-7.5 nm. A) PC yield for four bilayer MJs having AQ as a first (bottom) layer
and single-layer AQ. B) PC yield for four bilayers MJs having BTB as a first (bottom) layer and single-layer BTB as a reference. C) Additional bilayers
not shown in panel (A) or (B). D) PC yield spectra for three pairs of bilayer MJs with the layer order reversed. Vertical dashed lines in panels (A) and

(B) indicate the absorption maxima of AQ (264 nm) and BTB (356 nm).

dark current/voltage response was unchanged by 407 nm laser
illumination (Figure S7B, Supporting Information), and as
discussed below, AQ is an electron acceptor with a low-lying
LUMO energy (—2.79 V vs vacuum) and the uniformly nega-
tive observed PCs indicate electron flow away from the AQ elec-
trode in the external circuit (as shown in the AQ/FL example
in Figure 1A). Figure 3B compares three bilayers with BTB as
the first component, and Figure 3C presents the additional four
bilayer combinations to reach a total of 11 bilayer MJs studied.
Note that the PC sign, magnitude, and spectrum shape vary
significantly for the various combinations, even though the
thicknesses of all individual molecular layers are in the range
of 5-7.5 nm (Table S1, Supporting Information). The vertical
dashed lines in Figure 3A,B indicate that the MJs containing
BTB all have a PC feature close to the absorption maximum
of BTB (356 nm) and the AQ containing MJs have a peak or
shoulder at AQ’s absorption maximum (264 nm). Figure 3D
shows PC yield spectra for three bilayer pairs in which the layer
order was reversed: FL/AQ, FL/BTB, and NAB/AQ. As noted
previously for AQ/BTB,I! reversal of the layer order caused
reversal of PC sign accompanied by approximate reversal of the
PC magnitude. The result is reversal of the relative magnitudes
of the HOMO and LUMO energy levels of the two layers, which
controls transport direction as discussed below. However,
reversal of the direction of illumination from top to bottom
as shown in Figure S6 in the Supporting Information did not
change the PC sign for any of the M]Js studied. Bilayers with
NAB as the first layer were difficult to make reliably, likely due

Adv. Optical Mater. 2019, 7, 1901053

1901053 (4 of 11)

to irreversible reduction of the nitro group during the second
layer deposition, similar to that reported by in situ Raman
spectroscopy of MJs.[ol Table 2 summarizes the wavelengths,
energies, signs, and magnitudes of the 11 bilayer examples
shown in Figure 3.

The in situ UV-vis absorption spectra of the bilayer devices
were determined in the same manner as single layers*11l to
assess optical absorption in the presence of electronic coupling
or other effects which might alter absorption compared to free
molecules in solution. Figure S4 in the Supporting Informa-
tion shows the example of the AQ /TPP bilayer spectrum before
and after subtraction of absorption by the substrate and elec-
trodes. Figure 4 compares several in situ absorption spectra to
the PC yield spectra for bilayers, and additional comparisons
are provided in Figure S5 in the Supporting Information. Not
surprisingly, the bilayer absorption spectra are dominated by
the stronger absorber, although the UV region below 280 nm
was difficult to acquire due to the relatively small absorbance
of the molecular layers compared to that of the electrodes. For
BTB/FL, BTB/NAB, and AQ/TPP, the bilayer PC yield spectra
correlate closely with UV-vis absorption, as was the case for
single-layer MJs.'""! Note that photon absorption in the eC or
Au contacts can also occur, and may result in IPE observed
previously for very thin layers (d = 2-4 nm) of oxides!'” and
molecules!? in partially transparent devices. IPE in single-
layer devices is very weak when d exceeds 4 nm,!! hence the
PC spectrum is weakly dependent on light absorption by the
contacts. For AQ/FL in Figure 4D, the absorption and PC peaks

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Bilayer UV-vis absorption maxima and PCs.
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Molecule AP, o« for photocurrent [nm] Max PC energy [eV] Max absorption energy [eV] Peak PC yield [e™ per photon]
AQ/FL 300 4.13 4.67 -8.1x107
AQ/NAB 350 3.54 3.49 -3.2x107
AQ/TPP 451 2.75 2.81 -1.8x10™
AQ/BTB 360 3.44 3.44 -1.6x107
NAB/AQ 280 4.42 4.59 +2.6x107°
FL/AQ 289 4.28 4.80 +1.2x 107
FL/NAB 300 4.3 3.69 +6.4 x 107
FL/BTB 360 3.44 3.52 —4.5x107°
BTB/NAB 360 3.44 3.47 +2.4x 107
BTB/AQ 360 3.44 3.44 +6.1x 107
BTB/FL 370 3.35 3.49 +7.8x107°

do not precisely match, but that may be partly due to the short
wavelengths and the difficulty of subtracting the “blank” device
spectrum. The close correspondence of the six absorption fea-
tures of AQ/TPP with PC yield clearly indicates the importance
of molecular absorption for PC generation. Table 2 includes
cases which contain oligomers with the same two structures
but different order (AQ/FL, AQ/BTB, BTB/FL). For eight of
the 11 combinations, the maximum PC energy is within 0.1 eV
of the maximum UV-vis absorption energy, and the remaining
three are in the less accurate UV region below 300 nm.

We noted previously that increasing the thickness of the AQ
layer in BTB/AQ bilayers decreased the observed PC yield, by
~85% when the AQ layer was increased from 5.4 to 16 nm.["”
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This thickness dependence was examined here for two addi-
tional examples, AQ/FL and FL/NAB, shown in Figure 5. For
all nine bilayer combinations, the PC magnitude and PC yield
decreased when either molecular layer increased in thickness,
with the highest PC always observed for the thinnest mole-
cular layers. For FL/NAB in Figure 5C, the PC decreases even
when the stronger absorber (NAB) increases in thickness from
5 to 9.5 nm. Combined with the previously reported BTB/AQ
results, the results imply that the O/O interface is important
for PC generation, and dominates the PC response even when
more light is absorbed in thicker layers. If PC generation and
charge separation occur only at or near the O/O interface, then
thicker molecular layers would result in transport losses or
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Figure 4. A) Overlays of PC and PC yield spectra and absorption spectra for A) BTB/FL, B) BTB/NAB, C) AQ/TPP, and D) AQ/FL. The PC yield in
panel (A) ranged from 0 to 0.9 X 10* e~ per photon. Absorption spectrum of Au/C/C/Au electrode was subtracted from each molecular spectrum.
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Figure 5. Overlays of A,C) PC and B,D) PC yields spectra of indicated bilayer MJs showing the effect of molecular layer thickness. Layer thicknesses

(nm) are indicated for each spectrum in parentheses.

recombination which would decrease carriers reaching the elec-
trodes and external circuit.

The results thus far involved unbiased MJs, but we reported
recently that JV curves of single-component layers obtained
under illumination can reveal distinct mechanistic differences
between the dark and PC responses.[''?l An example is shown
in Figure 6A for a BTB single-layer MJ (d = 12.8 nm) in the dark
and illuminated with increasing power from a 407 nm diode
laser. The increase in current under illumination is a factor
of 2.0-4.5 for the range of V = 0.2-0.9 V for laser power of
0.30 W cm™2. The PC increases linearly with light intensity and
has a JV shape similar to the dark current. The BTB/AQ bilayer
response shown in Figure 6B exhibits an offset for PC = 0 from
near zero (<5 mV) for BTB alone to +0.37 V for BTB/AQ, and a
much larger increase in PC compared to the dark current of a
factor of 91 at V=0.2 V and 6400 at V =-0.5 V. The PC mag-
nitude is lower for BTB/AQ than BTB with similar thickness
(see Table 3), due in part to the much larger currents observed
for BTB compared to AQ in the dark (a factor of >10* @ 0.5V
and d = 10 nm).2% While the PCs are smaller for BTB/AQ, the
“gain” of PC over dark current exceeds 10° @ V = -0.67 V, as
indicated in Table 3. As shown in Figure 6C, the PC increases
linearly with laser power for several bias values, but with
widely differing slopes and variations in PC polarity. The
photoeffect was completely reversible, with the dark response
recovered after illumination was halted (Figure S7B, Sup-
porting Information), and a slow decline in magnitude of <5%
over 5.8 h (Figure S7C, Supporting Information). Figure 6D
shows the response for the reversed AQ/BTB device, with a
similarly large photoeffect and a polarity change in the open
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circuit voltage (OPV) to —0.11 V. Table 3 lists dark and PCs for
the three cases shown in Figure 6 at bias values of £0.5 and
1.0 V, and the bias voltage where the maximum PC gain (i.e.,
light over dark current) was observed. Figure S9 in the Sup-
porting Information shows the ratio of light to dark current for
the three MJs on a log scale, with the ratio varying by five orders
of magnitude in the £1 V bias range. While the magnitude of
the PC gain depends strongly on thickness and bias voltage,
the maximum observed for BTB alone (12.8 nm) was 150 at
V = -0.005 V, 2300 for NAB (7.5 nm) at 0.1 V,[''a 52 x 10°
for BTB/AQ at —0.67 V, and 4.4 x 10* for AQ/BTB at —0.52 V.
Obviously the bilayer PC responses under bias are much
stronger than those for single layers, with significant changes
in shape, polarity, and OPV compared to the dark responses.
Using the definition of detection limit (LOD) as the incident
light intensity which produces three times the standard devia-
tion of the dark current, the LOD for BTB/AQ at V=-0.67 V is
10.8 pW on a junction area of 0.00125 cm?.

3. Discussion

The results extend the previously reported observations for
PCs in AQ/BTB bilayers to the nine additional bilayers listed
in Table 2, which include a wider range of molecular proper-
ties, notably the HOMO and LUMO energies listed in Table 1.
By keeping the electrode composition and layer thicknesses
equal across the series of 11 bilayer structures, the effects of
energy levels on PC spectrum and polarity were assessed. Sev-
eral aspects previously observed for AQ/BTBI! were retained
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Figure 6. Current density under 407 nm laser illumination for various power densities ranging from 0 to 0.30 W cm~2 for A) BTB single layer (12.5 nm),
B) BTB/AQ bilayer, and D) AQ/BTB bilayer MJs. C) PC density as a function of laser power for indicated bilayers and bias values. Vertical dashed line
across panels (B) and (D) at V = 0 illustrates the polarity change in the OPV with the order of the molecular layers.

across the entire bilayer series, including independence of the
direction of illumination (through top or bottom contacts) and
reversal of the polarity when the layer order is reversed. As
observed for single-layer MJs, the PC spectra shown in Figure 2

Table 3. PCs under bias for BTB, AQ/BTB, and BTB/AQ.

are strongly dependent on molecular structure, and track the
absorbance of the molecular layer inside the completed M]
(Figure 4). In the case of TPP, the four additional absorption
features (Q-bands) in the 500-700 nm range are reproduced

Molecule, bias

Dark current [nA]

PC, 407 nm, 0.30 W cm™2 [nA]

PC/dark ratio0.30 W cm~

AQ/BTB

V=05V 0.206 812 3.94x10
1.0V 8.49 1940 229 X102
-0.5V 0.017 —457 -2.65x10*
-1.0V -17.1 -1530 8.92x 10
-0.52V -0.011 -486 (Max) 4.42 x 10*
BTB/AQ

0.5V 0.080 38.1 4.75x 102
1.0V 0.165 243 1.47x10°
-0.5V 0.028 342 -1.24 x 10*
-1.0V -0.413 -917 2.22x10°
-0.67V 0.0009 —464 (Max) =5.15x 10°
BTB only

0.5V 1107 3437 3.10
1.0V 5518 11 500 2.08
-0.5V -1004 —4476 4.46
-1.0V -4830 ~12 400 2.57

0.005 V 971 -429 (Max) —441
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Figure 7. A) Schematic of a possible mechanism for PC production in an AQ/FL bilayer M) at zero bias, with HOMO orbitals blue and LUMOs red.
B) Same junction with the AQ electrode biased at +1 V relative to the FL layer. C) Same device with —1 V bias applied.

in the PC spectrum, confirming that photon absorption in the
molecular layer rather than the contacts is the primary process
underlying PC generation.

For the single-layer devices with d >5 nm, the sign of the
PC for eight different molecular structures correlates with
which frontier orbital, HOMO or LUMO, is closest to the elec-
trode Fermi level, Ep.'" As shown in Figure 2, the “acceptor”
molecules with low-lying LUMOs (AQ and NAB) yield nega-
tive PC in single-layer MJs, corresponding to electrons exiting
the bottom electrode into the external circuit, while “donors”
such as FL, BTB, and TPP have HOMOs close to Fp and exhibit
positive PCs. The PC sign of single-layer MJs at zero bias is
determined by asymmetric coupling between the bottom (i.e.,
covalent) and top electrodes which produces an internal electric
field which drives the PC.»110:14] In bilayers, not only will cou-
pling to the electrodes differ considerably since different mole-
cules are involved, but there is also an O/O interface between
the molecular layers with its own charge transfer and possible
local shifts in electrostatic potential. The free molecule energy
levels for AQ and FL shown in Figure 1B will be modified by
electronic coupling with the electrodes, with one possible result
for the completed bilayer shown in Figure 7A. In this case, FL
would be considered a donor molecule which generates an
upward potential shift of both HOMO and LUMO energies at
the right (top) electrode, while AQ is an acceptor with a poten-
tial shift of the opposite polarity (but not necessarily equal in
magnitude to that from FL). The magnitudes of the local poten-
tial shifts at the electrodes and the O/O interface are difficult
to assess, although their existence and consequences have
been discussed in significant detail, in the context of Fermi
level pinning, vacuum level shifts, and interface dipoles.l?!! For
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Figures 2-5, the combination of electrode/molecule and O/O
interfaces results in an internal electric field which drives the
PC, with electrons moving to the left in the molecular layer of
Figure 7A. The magnitudes and direction of the internal elec-
tric field and potential shifts at the electrodes and O/O interface
will vary with the molecular structure and the electronic cou-
pling to the electrodes, but in the AQ/FL case shown electrons
flow from the bottom (AQ) electrode to the top (FL), and the
PC is negative. The generation of carriers may occur by photon
absorption in either one of the bilayer molecules, but is domi-
nated by the stronger absorber, yielding the strong similarity of
absorption and PC spectra shown in Figure 4. As noted previ-
ously, the zero-bias PC spectrum can have features related to
both molecular components,I” but its polarity depends on the
relative magnitudes of the interfacial potential shifts. At least at
zero bias, the potential shifts determine the PC polarity, rather
than which bilayer molecule absorbs the photon. Furthermore,
the internal electric field at zero bias is determined by the mole-
cules and electrodes, so the direction of illumination does not
change the PC polarity.

A principle motive for studying bilayer PCs was determina-
tion of how molecular orbital energy levels affect PC polarity
and magnitude, as a component of the “molecular signature”
relating the structure to electronic behavior. While the donor/
acceptor (D/A) model common in organic photodiodes and
photocells!''®1722 agrees with the polarities of the PC observed
for D/A examples in the current MJs, several cases involve two
“donor” molecules (FL/BTB) or two “acceptors” (AQ/NAB),
resulting in uncertainty about using the D/A model. The cur-
rent results provide a consistent correlation relating orbital
energies to PC polarity, illustrated in Figure 8. The DFT energy
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Figure 8. Correlation of the PC polarity and molecular orbital energies with the molecules
arranged from left to right by increasing HOMO energy. Heavy lines are orbital energies from
DFT (Table 1) and nearby dashed lines are determined from the DFT HOMO level and the in
situ optical absorption maximum. Fermi level of eC (dashed black line) by UV photoelectron
spectroscopy is —4.83 V versus vacuum.dl Red arrows indicate positive observed PC and blue
arrows show negative PC yield. The length of arrows shows the difference of HOMOs energies
for particular bilayer combination which qualitatively corresponds to PC magnitude. AeV is the
DFT-predicted change in HOMO level in parentheses after the bilayer label.

levels from Table 1 are shown, arranged arbitrarily from left to
right in order of the free molecule HOMO levels. As already
noted, these levels are perturbed by electronic coupling and
level shifts, but they at least provide a starting point for com-
parison. Below the energy levels are all 11 bilayer PC observa-
tions, listed in the same order as Table 2. The arrows indicate
the direction of electron flow within the bilayer for each case,
with blue indicating negative PC in the external circuit and red
indicating positive. Since the molecules are arranged in order
of HOMO energies, the longer arrows correspond to larger dif-
ferences between the two HOMOs of the bilayer, and the dif-
ference in HOMO energies is indicated in Figure 8 as “AeV”
after each bilayer label. Starting with the AQ /XX bilayer series
shown in Figure 3B, all four examples yield negative PC, and all
four second layers have HOMO energies higher than AQ. No
such correlation is observed for the molecular LUMOs deter-
mined from TD-DFT, nor with the LUMO energies based on
the observed in situ absorbance maximum (dashed lines in
Figure 8). For the remaining seven bilayer examples, the PC
polarity always corresponds to electron motion from the mol-
ecule with higher HOMO energy to that with lower, and no
apparent correlation exists with the LUMO energies. In addi-
tion, the largest PCs occur for the largest difference in HOMO
energy (AQ/BTB, 1.7 eV) and AQ/TPP (1.9 eV), and the
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smallest PC for the closest HOMO energies
(NAB/AQ, 0.35 €V) and FL/BTB (0.45 eV). It
is possible to attribute the HOMO correla-
tion to activated electron transfer from the
higher HOMO energy into a hole created in
the lower energy HOMO by photon absorp-
tion, and such a mechanism should be dis-
tinguishable from the temperature depend-
ence of bilayer PCs.

The open circuit photovoltages of single-
layer MJs under illumination were <50 mV
for FLI''™ and NAB,' indicating that the
internal potential drops from differential
electronic coupling to the electrodes is typi-
cally <50 mV. The bias range of £1 V used
for Figure 6 is much larger, implying that the
applied bias should overcome the internal
potential shifts at the electrode and O/O
interfaces. The AQ/BTB example is shown
schematically in Figure 7B for a bias of +1 V.
The applied voltage adds to the internal field
and further increases the orbital energy dif-
ference at the O/O interface, thus increasing
the device current as observed in Figure 6D.
As the bias is scanned negatively, the
internal electric field eventually exceeds that
at zero bias and changes direction, resulting
in the PC sign change for V < —0.11 V. The
energy diagrams of Figure 7 are approxi-
mate and qualitative, and the actual OPVs
and internal electric fields depend on several
factors in addition to unperturbed energy
levels. The slopes of the lines in Figure 6C
are direct indications of photometric sen-
sitivity, which varies with both wavelength
and bias. For AQ/BTB and V =+0.5 V, the slope is 2.1 mA W~!
@407 nm, corresponding to an EQE of 0.64%, which increases
to 2.8% at V = +1 V. The photometric “gain” equal to the illu-
minated current divided by the dark current at a given bias
and wavelength increases from 2 to 5 for single-layer BTB to
>5 x 10° for the BTB/AQ bilayer biased at —0.67 V (Table 3). The
magnitude of the gain for different bias values is determined by
the current—voltage behaviors of both the dark and illuminated
currents, which have different mechanisms and vary differently
with bias, as is apparent in Figure S9 in the Supporting Infor-
mation. The highest gains listed in Table 3 occur when the dark
current is minimized, and further improvements should be
possible through changes in molecular structure and junction
design. The internal quantum efficiency (i.e., the ratio of photo-
electrons to the number of photons absorbed in the molecular
layer) can be calculated from the eC/Au window transmission
shown in Figure S8 in the Supporting Information (30%) and
the absorbance of the molecular layer at 407 nm (0.037)1! to
yield internal quantum efficiency = 14%.

An important mechanistic insight is the large offset of the
OPV bias (where the PC = 0) from <5 mV for single-layer BTB
to 40.37 V for BTB/AQ and -0.11 V for AQ/BTB. These offsets
are too large to be due to an internal field from asymmetric elec-
trode coupling, and imply an optically generated potential offset

LUMOs

--Fermi level

HOMOs
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due to the O/O interface. If electron transfer in a BTB/AQ M]
occurs between the BTB LUMO and the AQ LUMO to result in
charge separation and exciton dissociation, it would polarize the
top (AQ) electrode in the negative direction and result in a more
positive OPV. Similarly, electron transfer from the BTB HOMO
to a photogenerated hole in the AQ HOMO (i.e., h* transfer from
AQ to BTB) would yield the same polarity shift. For either case,
exchanging the layer order to AQ/BTB causes the OPV to change
sign, and in both cases the photogenerated potential drop can
exceed those in the dark MJ. The observation that the PC polarity
correlates well with the HOMO energies but not the LUMO
energies (Figure 8) is substantial evidence that transport is hole
rather than electron mediated. Both possibilities are consistent
with the observation than the thinnest MJs produce the largest
PCs (Figure 5), which strongly indicates the importance of the
O/O0 interface. The bilayer junctions are conceptually similar to
organic heterojunctions in photocells and photodiodes,'7-22<]
with the O/O interface providing the site for charge separation.
However, the bilayer MJ has much shorter transport distances in
the organic layers (<7 nm) and more efficient transport than that
in thicker (i.e., >50 nm) devices. The observation that increasing
layer thicknesses always reduces the PC yield (Figure 5) not only
highlights the importance of the O/O interface but also implies
that slow carrier transport through thicker films impedes effi-
cient collection of the dissociated exciton.

4, Conclusions

For carbon-based MJs illuminated by UV-vis light the PC spec-
trum, magnitude, and sign depend strongly on molecular struc-
ture, and provides a clear example of a “molecular signature”
relating electronic behavior to device structure. The PC spectrum
closely tracks the absorption spectrum of the molecular layer,
indicating that electron/hole generation is the primary step in
producing a PC. Once the carriers are generated, they move in
response to the built-in electric field present at zero bias, which
results both from electronic coupling at the contacts and poten-
tial offsets at the O/O interface. The PC signs for 11 bilayer
combinations are consistent with hole transport in the mole-
cular layer, with electrons moving from higher to lower HOMO
energy at the O/O interface. This correlation is valid both for
bilayers containing donor and acceptor molecules as well as
those containing two donors and two acceptors. An external
bias applied during illumination greatly increases the PC by
factors exceeding 10° relative to the dark current, depending
on bias, structure, and illumination wavelength, resulting in a
detection limit as low as 10.8 pW on a 0.00125 cm? M]. Further
investigations of effects of thickness, structure, and bias range
are currently in progress for biased MJs, to examine the photon-
induced conduction mechanism and the possibility of high-
sensitivity, wavelength-selective molecular photodetectors.

5. Experimental Section

M]Js were fabricated on diced, fused quartz chips (Quartz Unlimited
LLC, nanograde polish). There are three main steps to produce the
M) sample shown in Figure 1B: i) deposition of bottom electrode, ii)
electrochemical grafting of the molecular layer(s), and iii) deposition
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of top contact. For bottom electrode, Cr (4 nm), Au (30 nm), and eC
(10 nm) were deposited using electron beam evaporation (Kurt ). Lesker
PVD75) through a shadow mask following a previously established
procedure.l''d The molecular layers on the bottom electrode were
deposited sequentially by electrochemical reduction of diazonium
reagents, as described previously."'®l The grafting parameters are
provided in Table S1 in the Supporting Information. The radical mediated
grafting process resulted in covalent bonds within and between the
molecular layers which was observable with Raman spectroscopy.l®d
After grafting the molecular layers, the top electrode was deposited
as eC (10 nm) and Au (20 nm) by electron beam evaporation using a
shadow mask.'" The optical transmission spectrum of the top contact
is shown in Figure S8 in the Supporting Information, and a magnified
optical image of the chip having nine MJs is shown in Figure S1 in the
Supporting Information. Optical absorbance spectra of completed MJs
were collected with an Agilent 8453 UV-vis spectrophotometer.

PC spectra were obtained using a 150 W Xenon arc source coupled
with a monochromator (bandpass = 13 nm) through an optical beam
chopper and focused onto the M] through the top contact. A lock-in
amplifier was employed for PC detection referenced to the optical beam
chopper. The detailed procedure for measurements and verification of
PC direction had been previously reported.l"'?! Photon power density for
each wavelength was measured using a Newport 1936-R power meter
for calculating of the EQE, i.e., yield. PC under bias was measured by
Keithley 2602A and Thorlabs 407 nm laser diode powered by a Thorlabs
LDC 210C controller and TED 200C thermoelectric temperature
controller. The laser power of beam at the sample was determined using
a Newport 1936-R power-meter.[112]

Supporting Information

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