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ABSTRACT

The photoconductivity of nanorods self-assembled from meso-tetrakis(4-sulfonatophenyl)porphine is described. The nanorods are insulating
in the dark. Upon illumination with 488 nm light, the nanorods become photoconductive, exhibiting a rapid turn on/off (<100 ms) of the current
when the light is turned on/off. This photoconductivity grows over hundreds of seconds with light exposure and decays slowly when the light
is off. The nanorods can be trained via an applied bias to exhibit a short-circuit photocurrent (with corresponding open-circuit photovoltage)
that flows in the direction opposite that of the training bias. A qualitative model is proposed, in which conduction occurs through the tightly
coupled LUMOs of close-packed porphyrin molecules.

Introduction. Of the options available to manufacture transfer or delocalization of the excitation energy. Light ab-
nanometer-sized objects, none is more versatile than molec-sorption and energy transfer by closely packed chromophores
ular self-assembly, which is driven by noncovalent inter- are central to the mechanism of light harvesting in photo-
molecular interactions. Porphyrins offer several attractive synthetic organisnm®.A relevant example is the chlorosome,
features for molecular self-assembi¥ including a large,  the light harvesting apparatus of the green photosynthetic
flat, conjugated central tetrapyrrole macrocycle that can be pacteriumChloroflexus aurantiacyswhich contains rod-
decorated with hydrophobic and hydrophilic substituents. The shaped aggregates of bacteriochloroplayllith diameters
assembly of porphyrin aggregates can be promoted byof 5.2 nm. The bacteriochlorophydl molecules are chemi-

intermolecularz—z interactions, which are known to be a  cajly similar to porphyrins and are closely packed to allow
significant driving force for self-assembly of a number of 5, efficient energy capture and transfép?

materials>8131519Second, with appropriate choice of sub-
stituents, noncovalent self-assembly can occur via intermo-
lecular electrostatic interactiofshydrogen bonding*1518

and metal coordinatioft:810.11.1418 Additionally, substituents . ;
can impart desired properties on the molecule and/or the port, we presen_t results |IIust_rat|ng the tWO_ rem_arka_b_le
assembly. As a result, a wide variety of nanometer-sized Self_facets of porphyrin molecules discussed so far: their ability

assembled structures have been described using porphyrins‘.t,0 .s.elf-assemble Into ngnometer sized strugtures and their
including nanoporous solid materidl<: rigid and ordered ability to transport electrical charge. In a previous study, we

monolayer&: rings? columnar stack8linear tapeg; ! rigid showed that the porphyrin meso-tetrakis(4-sulfonatophen-
rods2 nanoparticled? cyclic tetramerd415 pentameras yl)porphine (TPPg self-assembles in acidic aqueous solu-
cyclic hexamers? and nonamerg?s tion into rods with a well-defined height of 38 0.3 nm
Porphyrins absorb certain wavelengths of visible light @nd lengths ranging from 0.2 to2.'? These aggregates
strongly, and the close molecular packing in self-assembled€Xhibit a characteristic electronic transition with a peak at

porphyrin arrays offers the possibility for intermolecular 492 nm. In this study, these porphyrin nanorods were
deposited onto an array of electrodes spaced 350 nm apart,

and the electrical properties of the nanorods were measured

Various macroscopic devices have been fabricated from
porphyrins that are photoconductit®* photovoltaic?>28
or capable of light mediated charge stordyén this re-
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bridging the 350 nm gap between the interdigitated electrodes (blue).
Time (s)
toelectrgmc dewcgs can be fabricated using seIf—assembIedFigure 2. Measured current (in black) as a function of applied
porphyrinic materials. voltage,Vap, (in red), demonstrating a slow increase in photocon-
Experimental Methods. AuPd interdigitated metal elec-  ductivity of porphyrin nanorods (see Figure 1) under continuous
trodes (15 nm thick ®m a 3 nm Cradhesion layer) were light exposure. The blue line indicates the time the sample was
fabricated by electron beam lithography on p-doped Si €XPosed to 488 nm, 11.0 kWrhlight.
substrates with a 400 nm oxide layer. Solutions of aggre-
gated TPPSwere prepared as previous|y descriBedn- Figure la, were acquired from different areas of the
mediately prior to immersion of the electrode substrates in electrodes. The nanorods bridging the electrode gaps in these
aggregate solution, the substrates were cleaned for 30 mirfifteen images were counted, and the resulting number of
in a UV/ozone cleaner (Bioforce Nanosciences Tipcleaner) nanorods was normalized to the total electrode length
and subsequently baked in a 3W oven fo' 1 h inair. The appearing in all fifteen images. From this procedure, it was
electrode substrates were then immersed in the aggregatéletermined that the average spacing between nanorods is 1.1
solution for 2-3 h, quickly transferred to a spin coating u«m. The electrode arrays used in this study contain 98 gaps,
platform, and then rapidly dried by spinning the substrates each 56um long. Therefore, we estimate that approximately
for 60 s at 4000 rpm. The depositions of nanorods as well 6100 nanorods span our electrodes.
as the electrode geometries were then verified by AFM  In our previous workZ the porphyrin nanorods used in
imaging of the samples. All AFM images were acquired this study were shown to have a well-defined height of 3.8
using a Digital Instruments Bioscope operated in tapping + 0.3 nm. However, the widths of the nanorods are more
mode at~300 kHz. difficult to determine. The average nanorod cross section
Conductance measurements were performed using a Keiindicates that the nanorod has a flat top with a width-aD
thley 6517A electrometer, which contains a programmable nm, meaning that the nanorods have a rectangular or a
voltage source set t6-0.50 V, 0.00 V, or—0.50 V for all trapezoidal cross section rather than a circular cross section.
measurements exceptV curves. lllumination was provided  Similar observations were made using a variety of standard
by a Spectra Physics 177-G02 Ar ion laser, with a mono- AFM tips as well as tips based on very sharp carbon
chromator at the output to select the 488.0 nm wavelength. asperities (“Hi-res” tips, MikroMasch Inc.). Though a crystal
The laser beam was directed through a small fixed iris and structure has not been determined for the porphyrin used in
was focused onto the sample with an achromatic doublet lensthis study, crystallographic studies on similar porphyrin
(focal length= 300 mm) to a final beam diameter 6f0.3 molecules yield theoretical densities between 1.2 and 1.4 g
mm. To measure light power in situ, a small fraction of the cm™3.3°-32 Assuming a density for our porphyrin nanorods
beam was reflected onto a calibrated, amplified Si photodiodeof 1.2 g cnt3, and using the nanorod dimensions quoted
(ThorLabs PDAS0). The beam intensity was calculated by above, we estimate that a total of 94102 g of porphyrin
simply dividing the beam power by the spot size. The focused material bridges the gap between the electrodes, correspond-
spot was centered onto the interdigitated electrodes asing to 5.6 x 107 porphyrin molecules contributing to the
observed with an overhead stereomicroscope. All conductiv- conductance studies presented in this paper. All measure-
ity measurements were performed under argon gas, with aments reported here were from a single sample for internal
measured @ level inside the measurement chamber of consistency, but they are representative of similar results
0.4—0.6% (Vernier O2BTA O, gas sensor). obtained on several samples.

Results. AFM images obtained from the interdigitated The porphyrin nanorods were insulating in the dark; at a
electrodes after immersion in the porphyrin aggregate solu-bias voltage of 0.5 V, a current of less than 0.2 pA was
tions are shown in Figure 1. The AFM images clearly show observed through our array of 6100 nanorods. However,
the presence of porphyrin nanorods and that these nanorodsginder illumination several distinct photoconduction phe-
bridge the gap between the electrodes. nomena were observed. In Figure 2, a series of voltage pulses

To estimate the number of nanorods bridging the two were applied under continuous illumination. The measured
electrodes, fifteen AFM images, similar to that shown in currents coinciding with the voltage pulses showed that the
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= Figure 5. lllustration of the training effect of the short-circuit
o -40 1 photocurrent. (a) The current was measured as (b) the applied
5 voltage (in red) was switched between 0.00 or 0.50 V and as the
O -60+ 7 488.0 nm light intensity (in blue) was switched on and off. A series
o N of alternating light and applied voltage pulses were applied to the
0 200 460 6{']0 860 10'00 12'”0 14'00 16'00 sample, each 1 min in duration. The negative short circuit
Time (s) photocurrent, observed when the sample electrodes are short-

circuited {/app = 0) and illuminated (intensity- 0), increased in
magnitude after each application of applied voltage, illustrating the

Figure 4. Short-circuit photocurrent produced by exposing the short-circuit photocurrent training effect.

sample to 488 nm light (10.6 kW T) with the sample’s electrodes
short circuited. The first and second vertical blue lines indicate the
times the light source was turned on and off, respectively. Prior to of 10.6 kW n12 with Vapp = 0.5 V. The light source was
this measurement, positive currents of 0.6 to 1.0 nA were passedthen blocked, and the terminals short-circuited. Data collec-
through the sample for roughly 1000 s. tion began and the light was unblocked after several seconds,
photoconductivity slowly increased upon light exposure and mdmaﬁed by the first yertlcal, blge I!ne In Figure 4. The
magnitude of the resulting short-circuit photocurrent quickly

did not require constant applied voltage or current flow. increased upon light exposure and then slowly decreased in
When light was removed, the photoconductivity (defined magnitude. The light source was again blocked aft650

as conductivity under illumination) slowly declined. Mea- . L .
surement of this decline is challenging because light exposures to illustrate further that light is necessary for the generation

is necessary to produce photoconductivity and hence 1o Of this photoc.urre.nt. . )
measure it. Additionally, as shown in Figure 2, light exposure "€ short-circuit photocurrent can be trained to occur in
increases the photoconductivity. The key, therefore, is to limit either direction. Forcing a positive current through the sample
light exposure by using short duration pulses of light to probe Vi@ application of a positive bias voltage led to a negative
the photoconductivity under a constant applied voltage as Short-circuit photocurrent when the bias was removed and
illustrated in Figure 3. The average current measured duringVice-versa. Additionally, the training of the short-circuit
the light pulse decreased from pulse to pulse, indicating thatPhotocurrent did not require simultaneous light and applied
the photoconductivity slowly decreased, though it also bias voltage, but could also be accomplished by alternating
increased during the duration of the each probing light pulse. @Pplied voltage and light exposure, as shown in Figure 5.
Figure 3 also shows that the current turned on and off rapidly The sample was subjected to alternating pulses of light
when the light was turned on and off; with the characteristic €xposure and applied voltage, each 1 min in length. The
turn on/off time being less than the instrumental resolution application of positive applied voltages slowly built up a
of <100 ms. negative short-circuit photocurrent. Nanorod covered elec-

When the bias voltage was reduced to zero after a set oftrodes that are kept in the dark, however, did not develop a
photoconductivity measurements, a zero-bias photocurrentshort-circuit photocurrent regardless of how long a voltage
was observed that flowed in the opposite direction of the Was applied to the sample. This experiment demonstrates
previously applied bias voltage. This short-circuit photocur- that the training of the short-circuit photocurrent requires
rent only flowed when the sample was exposed to light as light exposure and applied voltage, but not simultaneously.
demonstrated in Figure 4. The magnitude of this currentwas As might be expected, we could also measure an open-
about 10 times smaller than the photocurrent with 0.5 V bias circuit photovoltage that scaled with the short-circuit pho-
applied. Prior to the data presented in Figure 4, currents oftocurrent. For example, an open-circuit photovoltage of
0.6 to 1.1 nA were passed through the sample for a total of —15.3 mV was observed with a corresponding short-circuit
roughly 1000 s by exposing the sample to a light intensity photocurrent of-60 pA.
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Current-voltage characteristics obtained betweef.5 -
and+0.5 V consistently showed a linear relationship, with Ebi@
aresistance of 2.4 10° Q under the 11.0 kW n? intensity
used here. To obtain meaningfatV curves, it was necessary _— N
to wait abou 1 h for the photoconductivity to complete the r & % nn
slow growth phase and stabilize. —
Discussion.First we consider whether the currents ob-
served in our porphyrin nanorods can be supplied by
electrochemical oxidation or reduction reactions, or by the
release of stored charge. The ability of porphyrins to store
charge for long periods of time has been illustrated in studies
on 1um thick films of zinc-octakis(b-decoxyethyl) porphyrin.
The stored charge could be released by subsequent light
exposure under short-circuit conditioff$® For our experi- Figure 6. Relative energy levels in qualitative model for photo-

ment, assuming one electron contributed by each porphyrinconductivity with a bias voltage applied. Prior to the instant shown
molecule, a maximum charge of 9010 *? A s, i.e., 9.0 here, one electron from all but one of the HOMOs has been
pA for 1 s, could be supplied by such mechanisms. However, photoexcited to the LUMO, and then has drained away into the
our samples sustain nA photocurrents for hours, meaningelectrodes, leaving half-occupied HOMOs. The positive charge left

that th t tb d d by electrochemi ehind creates a curved distribution of energies as shown. Sub-
at tnese currents cannot be produced by elecirochemica quently, electrons entering the HOMO from the left can be

reactions or stored charge. photoexcited into the LUMO (as shown) and travel quickly through

The quantum efficiency of the photoconductivity of the tightly coupled LUMOs. Such an electron is unable to move
porphyrin nanorods can be estimated from the dimensions®nto a molecular group with a filled HOMO, since the level for

. the negative ion that would be thus created (shown in red) is higher

of the nanorods, the current flowing through them, and the ;, energy.
photon flux from the light source. For a 488 nm beam
focused to 0.3 mm with a power of 0.78 mW, as used in
Figure 2, the photon flux is 2.% 10?2 photons m? s
The total area of the nanorods on the surface was<210’
nm? based on the assumptions described previously. The . i . ) .
maximum current passing through the nanorods was 2.1 r]Aopposne electrode. This explains the rapid turning on/off of
or 1.3 x 10° electrons st. Therefore. the number of current when the light is turned on/off, since each electron

electrons transported per photon striking a nanorod was 0.023ransported rpust.be photoexcited into the LUMO.
or an electron transport efficiency of 2.3%. When the light is turned off, much slower transfer occurs

via hopping through the weakly coupled HOMOs. Filled
three experimental observations must be addressed: (1) th&1OMOS represent an impediment to electron transport since
current turns on and off quickly when the light is turned on Movement of electrons onto molecules with filled HOMOs
and off; (2) the photoconductivity (as measured by the current '€duires access to the higher-energy negative ion levels
level while the light is on) grows slowly with light exposure  Shown in red in Figure 6. The filling of the HOMOs when
and decays slowly when the light is off; and (3) the polarity the light is off explains the slow decay of photoconductivity

of the short-circuit photocurrent is trainable by the polarity ©f the nanorods in the dark. By contrast, when light is first
of the previously applied bias voltage. applied, a distribution of half-filled HOMOs is rapidly

In our model, the electron energy levels are spatially c_reated, allowing cc_mduction as _shown by the initial rapid
localized, perhaps on single molecules or small groups of ''S€ Of current in Figure 2. In this model, the subsequent
molecules. For ease of discussion we call these electronicdradual increase in photoconductivity is due to a complex

energy levels orbitals and refer to them as we would the interplay between the removal of conduction impediments
orbitals of a single molecule: namely, the HOMO and the as more electrons are photoexcited out of filled HOMOs and

LUMO. The high-energy orbitals (the LUMOs) are expected the recreati.on'of these impediment§ by refilling of HOMOs
to have greater spatial extent and coupling than the lower rom deexcitation of electrons traveling through the LUMOs.
energy level orbitals (the HOMOSs). In the model, the In this model, the zero-bias photocurrent is explained by
HOMOs are below the Fermi energfr, of the metal the development of a built-in field. When a bias voltage is
electrodes, and the LUMOs are abokg When light is applied, the associated electric field (shown pointing to the
applied, electrons can be photoexcited from the HOMOs to left in Figure 6) drives the HOMO electrons toward the right
the LUMOs. Because the LUMOs are closely coupled, the through the weakly coupled chain of HOMOs, leaving net
electrons can move rapidly and drain out to the lower energy positive charge on the left. When the bias is removed, this
levels in the contact pads. Transport through the LUMOs asymmetric charge distribution in the HOMOS creates a built-
competes with relaxation from the LUMO back to the in field pointing in the opposite direction as the previously
HOMO. The main phototransport process is shown in Figure applied field. In our model, the zero bias photocurrent
6. An electron from the left pad moves into an available propagates through the LUMOSs, but the electrons are driven
HOMO at the left end of the nanorod, is photoexcited to the by the built-in field instead of the field due to the bias.

Er

At g

LUMO, and then moves rapidly across the sample through
the more closely coupled LUMOSs until it is de-excited, is
blocked by a molecule with a filled HOMO, or reaches the

In the formulation of a qualitative conductivity model,
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In conclusion, we have observed three distinct photoelec-
tronic behaviors in samples of self-assembled porphyrin
nanorods: (1) the nanorods only carry current when light is
applied, (2) when the light is first applied, the photocon-
ductivity rises quickly, and then grows further on time scales
of hundreds of seconds, and (3) under zero applied bias
voltage, we observe a sustained photocurrent with a direc-
tionality opposite to that of the previously applied bias
voltage. We propose a qualitative model which explains the
conduction in terms of excitation of electrons from HOMOs
to LUMOs, with the LUMOs of previously photoionized
molecules providing a conduction path for electrons between
the electrodes. Our interpretation of the conductivity results
in light of this model has certain consequences that can be
tested experimentally. Namely, the application of light to

the nanorods should cause them to develop a net positive

charge if they are in contact with AuPd electrodes. The slow
growth and decay of the photoconductivity are the predicted
consequences of this ionization. Under these conditions, this
net charge should be observable via electrostatic force
microscopy?® Furthermore, it should be possible to asym-
metrically distribute this charge by application of an external
bias, and this effect should also be observable with electro-
static force microscopy.
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