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1.  Narrative 

Introduction 

Efficient conversion of solar radiation into electricity is a compelling scientific and economic 

goal.  As the world’s energy demands continue to grow it has become clear that burning fossil fuels for 

energy is unsustainable and detrimental to global health and geopolitics.  More than any other 

renewable resource, solar energy conversion has the potential to meet human energy needs with a total 

yearly insolation of 120,000 TW/year.1   

While organic photovoltaics (PVs) are currently not as efficient as their inorganic counterparts, 

their efficiencies have been steadily increasing over the past decade.  The most significant advances 

are attributable to greater control over the donor-acceptor interface where photogenerated excitons are 

dissociated into electrons and holes.2-4  We hypothesized that by shrinking the heterojunction 

dimensions to the molecular scale such that every donor is in contact with acceptor molecules (and 

vice versa), the issue of exciton diffusion could be fully mitigated.  By depositing each phase 

independently we believed formation of isolated heterojunctions could be avoided. 

Slow charge transport dynamics in our organic heterojunctions shifted our focus to the mixed 

organic/inorganic heterojunction of dye-sensitized solar cells (DSSCs).  These photoelectrochemical 

cells use molecular dyes to sensitize high area, wide band gap semiconductor oxide anodes built on 

conductive glass.  Since the electron collection efficiency is a measure of the competition between 

transport and recombination we hypothesized that faster transport would make the cells tolerant to 

faster recombination dynamics.  In principle, faster redox shuttles could then be employed. As dye 

regeneration by inherently faster shuttles need not be accelerated by large overpotentials, this change 

could directly address the problem of low photovoltage that has plagued DSSCs since their inception.    

 



Results 

 Multilayers of 1 and 2 were grown using well-established layer-by-layer deposition techniques 

with aqueous Zr4+, as reported previously.5-7  Since each chromophore has phosphonic acid 

functionalities on both ends, the cycle may be repeated indefinitely. Given that the modeled width of 3 

is 6.6 Å we expected it to readily 

infiltrate multilayer frameworks of 

1 and 2. Thus, iterative exposure of 

completed films of 1 or 2 to Zr4+ 

and 3 should grow the acceptor 

material as strands both within and 

upon the porphyrin frameworks. 

The degree to which excitons are quenched by these heterojunctions may be probed by 

examining thin-film photoluminescence.  While films of 1 show insignificant emission, the non-

aggregating nature of 2 leads to readily observable film emission with a 

maximum near 655 nm.  When multilayers of 3 are interdigitated the 

emission from the selective excitation of 2 is quenched by up to 70%. For 

comparison, two other chromophore/quencher geometries were examined, 

as sketched qualitatively in Figure 1.  In one, which we will designate b, 

the growth order of 2 and 3 was reversed. Because the footprint of 3 is 

smaller than 2, interdigitation should be absent and an electrode-

supported bilayer structure (ITO/3/2) should form instead.  Quenching 

was less efficient for this structure. In the third case, which we will 

designate c, 2 and 3 were grown from the same solution to give a 

randomized structure.  Photoluminescence quenching here was nearly 
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quantitative. 

For a completed cell with 8 layers of 2 interdigitated and coated with 10 layers of 3 and an 

evaporated Al anode, the maximum IPCE at short circuit conditions is ~1% (Figure 2).  Typical open 

circuit voltages (VOC) under white light illumination for cells incorporating at least 4 layers of either 1 

or 2 are greater than 300 mV.  For comparison, we also fabricated devices with traditional bilayer (type 

B) and co-deposited (type C) heterojunctions that exhibit similar LHE to the interdigitated structure. 

The IPCE values for devices utilizing these traditional cell architectures are more than an order of 

magnitude lower and the Voc values are less 

than 1 mV.  Given the similar LHE yet 

inferior exciton dissociation efficiency of the 

interdigitated devices, explanations other than 

exciton transport and splitting must be 

considered. We suggest that the result can be 

understood in terms of enhanced phase 

connectivity and vectoral charge transport 

leading to greater effective charge migration and 

hence, better performance.  

Figure 2: LHE (dashed line) and short-circuit photocurrent 
action spectra (solid line) of a cell composed of 8 layers of 2 
and 10 layers of 3. 

 

To study the effect of charge migration on device efficiency, we compared the transport 

dynamics and recombination dynamics for sintered nanocrystalline particle versus nanorod array 

electrodes of zinc oxide within operating DSSCs featuring the Grätzel group’s ruthenium 

chromophore, “N719”. Average electron transport times, τd, were evaluated by intensity modulated 

photocurrent spectroscopy (IMPS), while average recombination times were determined by intensity 

modulate photovoltage spectroscopy (IMVS).8-11 The transport time and effective diffusion coefficient 

are inversely related: 
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τd = 0.25•L2/ Dn     

where L is the thickness of the photoelectrode.  Using such cells, we find that nanorod geometries 

clearly do offer substantial dynamical advantages relative to nanocrystalline particulate (np) 

geometries. 

 The protocol in photomodulation experiments is to systematically (sinusoidally) vary a small 

fraction of the light intensity, thereby systematically varying the number of charge carriers (i.e. 

injected electrons). The external electrical response – either the photocurrent at short circuit (IMPS) or 

photovoltage at open circuit (IMVS) – is then monitored as the modulation frequency is increased.8,9   

At some point the electrical response begins to lag behind the optical perturbation, indicating rate-

limiting dynamics for either charge transport or recombination. 

From Figure 3, the measured ratio of recombination time (τn) to transport time for the nanorod 

electrode varies from 280 to 1850.  If the 

results are extrapolated to the number  of 

photons incident in the absorbing range of the 

dye under AM 1.5 illumination, the ratio 

becomes ~64 – or about 18 times that seen 

with the np electrode geometry. Thus, 

nanorod array cells should be capable of 

sustaining efficient charge collection over 

much greater thicknesses than nanoparticle-

based cells. 

 

In summary, photomodulation experim

electron transport is tens to hundreds of times fa

particulate electrodes. Recombination, on the 

 

Figure 3:  Electron lifetime (triangles) and average transit time
(circles) over a range of illumination intensities.  Arrows 
highlight the difference between τn and τd for nanoparticle 
(filled symbol) and nanorod (open symbol) devices. 
ents with dye-sensitized ZnO solar cells show that 

ster in nanorod array electrodes than in nanocrystalline 

other hand, is slightly slower. Taken together, these 
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findings support the contention that nanorod geometries are likely to provide very substantial 

dynamical advantages in operating dye-sensitized solar cells. 

 

Significance and Impact 

Our work on interdigitated heterojunction photovoltaics represents some of the first examples of this 

promising new geometry for solar energy conversion.  The interlaced organic chromophores highlight 

the importance of continuous connectivity for efficient charge collection and directly led to our 

insights into charge transport in dye-sensitized solar cells.  The observation of enhanced transport 

through ZnO nanorod photoanodes in operational cells reveals the benefit of alternative photoanode 

geometries and moves us one step closer to a breakthrough in DSSC performance. 

 

Where might this lead? 

The next step toward more efficient DSSCs is to exploit the increased charge transport rates by 

replacing the slow redox couples.   As dye regeneration by faster shuttles need not be accelerated by 

large overpotentials, this change could directly address the problem of low photovoltage in DSSCs. 

Rapid progress in these and other new photovoltaic technologies will open doors to clean and 

sustainable energy that must be our future.       

 5



 

References: 

1. “Basic Needs for Solar Energy Utilization”  Report of the Basic Energy Sciences Workshop, 

April 18-21, (2005) 

2. G. Yu and A. J. Heeger, J. Appl. Phys., 78, 4510 (1995). 

3. F. Padinger, R. S. Rittberger and N. S. Sariciftci, Adv. Func. Mater., 13, 85 (2003). 

4. J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. Friend, S. C. Moratti and 

A. B. Holmes, Nature, 376, 498 (1995). 

5. P. Peumans, A. Yakimov and S. R. Forrest, J. Appl. Phys, 93, 3693 (2003). 

6. L. Schmidt-Mende, A. Fechtenkotter, K. Mullen, E. Moons, R. H. Friend and J. D. MacKenzie, 

Science, 293, 1119 (2001). 

7. T. J. Savenije, J. E. Kroeze, M. M. Wienk, J. M. Kroon and J. M. Warman, Phys. Rev. B, 69, 

155205 (2004). 

8. L. M. Peter and K. G. U. Wijayantha, Electrochim. Acta, 2000, 45, 4543-4551. 

9. G. Schlichthorl, S. Y. Huang, J. Sprague and A. J. Frank, J. Phys. Chem. B, 1997, 101, 8141-

8155. 

10. F. Cao, G. Oskam, G. J. Meyer and P. C. Searson, J. Phys. Chem. B, 1996, 100, 17021-17027. 

11. L. Dloczik, O. Ileperuma, L. Lauermann, L. M. Peter, E. A. Ponomarev, G. Redmond, N. J. 

Shaw and I. Uhlendorf, J. Phys. Chem. B, 1997, 101, 10281-10289. 

 6



2.  Journal Papers 

 

"Organic Photovoltaics Interdigitated on the Molecular Scale" A. B. F. Martinson, A. M. Massari, S. J. 

Lee, R. W. Gurney, K. E. Splan, J. T. Hupp, and S. T. Nguyen, J. Electrochem. Soc., 2006, 153, A527-

A532. 

 

"Atomic Layer Deposition of In2O3 Using Cyclopentadienyl Indium: A New Synthetic Route to 

Transparent Conducting Oxide Films" J. W. Elam, A. B. F. Martinson, M. J. Pellin, and J. T. Hupp, 

Chem. Mater., 2006, 18, 3571-3578. 
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3.  Spending 

 Discretionary funding was allocated to research supplies including conductive glass, chemicals, 

solvents, pipets, and gloves.  Funding also paid for sample analysis including scanning electron 

microscopy. 
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4.  Fellowship Impact 

 The Link Energy Fellowship has allowed me to explore the field of photovoltaics with a focus 

and rigor that is uncommon in graduate research.  With it I am able to devote the majority of my thesis 

work to the understanding and advancement of solar energy conversion.  Pairing a student with the 

project he is passionate about benefits both tremendously.  The support of a foundation whose mission 

is clean energy innovation is a constant reminder of the value of this field of research.  
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