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ABSTRACT We report here the exploitation of ultrathin layers of Al2O3 deposited
via atomic layer deposition (ALD) on SnO2 photoanodes used in dye-sensitized
solar cells featuring the I3

-/I- couple as the redox electrolyte. We find that a single
ALD cycle of Al2O3 increases the lifetimes of injected electrons by more than 2
orders of magnitude. The modified SnO2 photoanode yields nearly a 2-fold
improvement fill factor and a greater than 2-fold increase in open-circuit photo-
voltage, with a slight increase in short-circuit photocurrent. The overall energy
conversion efficiency increases by roughly 5-fold. The effects appear to arise pri-
marily frompassivation of reactive, low-energy tin-oxide surface states, with band-
edge shifts and tunneling based blocking behavior playing only secondary roles.

SECTION Energy Conversion and Storage

D ye-sensitized solar cells (DSSCs) have garnered con-
siderable attention within the solar cell community.
With comparatively low manufacturing cost, ease of

fabrication, and fair solar-to-electrical efficiency, these cells
are potential candidates to replace conventional Si-based
solar cells in specialized applications. A standard DSSC emp-
loys a Ru-based dye, which has a moderate molar absorption
coefficient.1-3 With this limitation on the absorption coeffi-
cient, the system needs a high surface area substrate for the
dye;typically nanoparticulate TiO2;in order to achieve
good light harvesting efficiency (LHE). Since electron trans-
port is fairly slow in nanoparticulate TiO2,

4,5 the system also
requires a slow redox shuttle (i.e., slow with respect to inter-
ception of injected electrons), usually I-/I3

-. Due to the other-
wise sluggish reactivity of the shuttle, an energy of roughly
600mV is required for regenerating the initial state of the dye
molecule at an acceptable rate. The inclusion of this driving
force reduces the achievable open circuit voltage almost by
half. Many groups have experimented with alternative redox
shuttles to address this loss in voltage.6-8 Conversely, if another
semiconductorwith higher electronmobilitywere used as the
high-area substrate, electron transport would be faster, and a
more reactive redox shuttle could be employed.9

Of the semiconductors that have been considered to re-
place TiO2, SnO2 is a recurring candidate. The use of SnO2 as
the high area electrode is not without drawbacks. Namely, the
rate of electron interception by the redox electrolyte is much
faster with SnO2 than with traditional TiO2. Durrant and co-
workers found that the back electron transfer rate from SnO2

(to the redox shuttle) is in the microsecond range, roughly
3 ordersmagnitude faster thanwith TiO2.

10 This is possibly due
to the reactive, low-energy trap states in SnO2.

11 In principle,
coating the electrode with a layer of a high-bandgap metal

oxide such asMgO,10 ZrO2,
12 SiO2,

13 or Nb2O5
14 could passi-

vate these states and make the rate of electron interception
slower. Typically, the technique referred to as “dip-coating”
has been employed to apply the barrier layer. However, this
technique often creates layers with irregular, unpredictable
thicknesses, as well as pinholes that reach the surface of the
semiconductor.15 In contrast, atomic layer deposition (ALD)
conformally coats high surface area materials.16 The self-
terminating process in ALD enables angstrom-scale control
over the coating thicknesses. The deposited layer's thickness
is precisely controllable based on the number of ALD cycles.
All of these benefitsmakeALD suitable for applying ultrathin
barrier layers onphotoelectrodes. In fact, ALDhas beenutilized
inmany recent alternative photoanode configurations.2,3,17-24

In this letter, we show that coating a SnO2 electrode with a
fraction of a monolayer of redox-inactive Al2O3 via ALD
effectively slows down the rate of electron recombination
with triiodide by 2 to 3 orders of magnitude, while substan-
tially boosting the attainable photovoltage.With the addition
of Al2O3, SnO2 becomes viable as an electrode for DSSCs. In
particular, because the conduction band-edge for SnO2 is ca.
0.4 V less negative than that for TiO2, incorporation of tin oxide
in DSSCs should make possible the use of far-red-absorbing
chromophores having excited states too low in energy to
inject into TiO2.

Figure 1 shows the effect that coating one cycle of Al2O3

has on DSSCs based on nanoparticulate SnO2 electrodes. The
short-circuit current density from the naked electrode is nearly
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10 mA/cm2, which is almost as large as the values obtained
from transparent TiO2 of the same thickness. The open-circuit
photovoltage (Voc), however, is significantly lower. With only
one ALD cycle of Al2O3, the short-circuit current density
marginally increases. As in other reports involving thicker
layers,10,13 the Voc increases substantially; here it more than
doubles, from 230 mV to 510 mV. The fill factor also improves
from 35% to 65%, indicating near ideal diode-like behavior
and an increase of the shunt resistance in the cell. The results
were replicatedwith two additional sets of naked and alumina-
coated photoelectrodes, showing very similar trends (ca. (
5% deviation).

Several factors could contribute to the observed Voc enhan-
cement. First, the conduction band-edge of the SnO2 elec-
trodemaybenegatively shiftedby the layerof Al2O3, resulting
in a higher quasi-Fermi level under illumination and a higher
Voc. A conduction band-edge shift of a few hundred millivolts
in response to a submonolayer coating of metal-oxide, how-
ever,would be unprecedented;more typical are shifts of around
100 mVor less.25 Cyclic voltammetry experiments with and
without an alumina coating (see Supporting Information)
imply little shift in the conduction band edge (e.g., ca.-10mV
for one cycle of alumina and -60 mV for five cycles). We
therefore disregard this possibility as the primary explana-
tion. Second, Al2O3 could act as a tunneling barrier, slowing
the rate of electron interception by the redox electrolyte.
From the diode equation,26 for every order of magnitude
that the rate of interception decreases (for whatever reason),
the photovoltage will increase by γ 3 59 mV. (γ is the diode-
quality factor; ideally its value is 1, but experimentally it
typically ranges from 1 to ca. 1.5.) The observed photovol-
tage increase is 280 mV, corresponding to a ca. 3 order-of-
magnitude decrease in the interception rate. Recall that the
average thickness of one cycle of Al2O3 is only 1.1 Å;far too
thin to engender a tunneling based attenuation of this
magnitude. Thus, we also disregard the tunneling possibility
as the primary explanation. (See below for further discussion
of tunneling.)

Bisquert et al.27 have suggested that electron interception
can occur not only via thermal population of the conduction
band, but also directly via trap states (surface states) below
the conduction band. The origin of these states (surface states)
could be incomplete (or “incorrect”, e.g., hydroxyl rather
than oxo) coordination of Sn(IV) sites on the surface of the

nanoparticles. When the semiconductor surface is exposed
to a single pulse of the aluminum precursor and a single
pulse of water in ALD, the tin presumably achieves complete
oxo coordination, resulting in diminished surface electronic
states on the SnO2. While there might be other contributors
to the observed increases in the overall performance, we
suggest that the chief cause is passivation of sub-band-edge
surface states in the semiconductor. Figure 2 illustrates the
idea.

The survival times of injected electrons (τn) in both cells
were measured by the open-circuit photovoltage decay tech-
nique. The relationship between photovoltage decay and
charge carrier lifetime is given by28

τn ¼ kBT

q

dVoc

dt

� �- 1

where kB is the Boltzmann constant, T is the absolute tempe-
rature, and q is the positive elementary charge.

As shown in Figure 3, with only one ALD cycle of Al2O3 on
the SnO2 electrode, the charge lifetimes increase by more
than 2 orders of magnitude, indicating a reduction in the rate
of electron interception, in good agreementwith expectations
from the observed increase in Voc.

With the aim of producing additional increases in photo-
voltage and overall performance, the Al2O3 thickness was
increased. Although the charge lifetime and the photovoltage
increased as the thickness of Al2O3 increased (demonstrated
in Figure 3), the current densities decreased (see Supporting
Information). This likely reflects slowing, by the blocking-layer,
of the kinetics of electron injection, resulting in lower injec-
tion yields and, therefore, lower current densities. In principle,
this problem could be overcome by turning to dyes featuring
longer-lived excited states.

A plot of the light intensity dependence of the open-circuit
photovoltage of the coated electrode had a slope of 79 mV/
decade (see Supporting Information). This near ideal diode-
like behavior of the coated electrode indicates that the back
electron transfer from the coated semiconductor has first-
order kinetics, as seen in the literature for naked and coated
electrodes.8,29,30 The measured lifetime of an injected elec-
tron in the photoelectrode is proportional to the inverse of the
rate of electron interception [τnR(1/kET)]. If the Al2O3 coating

Figure 1. J-V curves for DSSCs based on naked SnO2 (solid red
line) and on SnO2 coated with one cycle of Al2O3 (dashed green
line). Figure 2. Proposed schematic diagramof electron interception at

the SnO2 electrode/solution interface: (a) without and (b) with an
Al2O3 passivation layer.
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acts as a simple tunneling barrier, a plot of ln (1/τn) and the
thickness of the coating Al2O3 should yield a straight linewith
a slope of-β, the damping constant for the Al2O3 barrier.

31,32

Given that the growth rate of the Al2O3 is 1.1 Å/cycle, the
graph in Figure 4 gives a β value of 1 Å-1, similar to the result
observed in another coated electrode system, albeit with
ferrocenium/ferrocene as the redox shuttle.8

In summary, we have shown that only one ALD cycle of
Al2O3 (i.e., a fraction of a monolayer) on a SnO2 photoelec-
trode is sufficient to extend the electron survival time within
the electrode by 2 to 3 orders of magnitude. The immediate
consequences are (a) an approximate doubling of open-
circuit photovoltages in ruthenium-based DSSCs (230 mV f
510 mV), (b) a near doubling of the fill factor, (c) a modest
increase in short-circuit photocurrent, and (d) a ca. 5-fold
increase in energy conversion efficiency (0.76% f 3.7%).
Thicker layers of Al2O3 act as a simple tunneling barrierwith a
β valueof 1 Å-1.With thesemodifications, the SnO2 electrode
could potentially be useful for dyes that are known to be
energetically incapable of injecting into TiO2. Such studies are
underway.

EXPERIMENTAL SECTION

All chemicals, unless otherwise noted,were purchased from
Sigma-Aldrich and used without further purification. Fluorine-
doped tin oxide (FTO)-coated glass was sonicated in an ace-
tone bath for 20 min and dried. Twenty nanometers of
SnO2 blocking layer was deposited by ALD (Savannah 100,

Cambridge Nanotechnology) using tetrakis(dimethyamino)tin
(TDMASn, Gelest) andH2O2 as precursors. Filmswere grown
at 150 �C using exposure times of 1 and 0.03 s for TDMASn
and H2O2, respectively, and 30 s of nitrogen between the
pulses. This blocking layer was deposited to create effective
shunt resistance between the FTO-coated glass and the elec-
trolyte as was demonstrated in previous work.8 The SnO2

was deposited concurrently on a Si chip. Ellipsometry (AJA
Woolam Co. M2000)was performed on the silicon chip, and
the obtained deposition rate was 1.2 Å/cycle, in good agree-
ment with the published value.33 SnO2 nanoparticles (∼20 nm
in diameter) were fabricated according to a published pro-
cedure10 and placed on the FTO-coated glass by a doctor
blade using Scotch tape as a spacer. The samples were then
heated in air at 500 �C for 30 min. The thickness of the
transparent SnO2 electrode, as measured by profilometry
(P10, Tencor), was ∼4 μm.

Ultrathin layers of Al2O3 were deposited using trimethyl-
aluminum (TMA) and water as precursors. The layers were
deposited at 200 �C using exposure times of 8 s for TMA
and for water, with 30 s of nitrogen between each pulse. After
ALD, electrodes were immediately soaked in an ethanolic solu-
tion of 0.5 mM (Bu4N)2[Ru(4,40-dicarboxy-2,20-bipyridine)2-
(NCS)2] (“N719” Dyesol, B2) overnight. The samples were
then rinsed with ethanol and dried with a N2 stream. A
25 μm-thick Surlyn spacer was used tomeld the photoanode
to a predrilled platinized piece of FTO-coated glass. A solu-
tion consisting of 0.6 M butylmethylimidazoliumiodide
(TCI America), 0.03 M I2, 0.1 M guanadinium thiocya-
nate, and 0.5 M 4-tert-butylylpyridine in 85:15 acetronitrile/
valeronitirile was introduced to the cell by vacuum back-
filling through the hole on the dark electrode. A cover glass
and a second piece of Surlyn spacer were used to seal the
hole on the dark electrode.

The electrical characteristics andphotovoltaic properties of
each cell were measured with a CH-Instrument 1202 electro-
chemical analyzer interfaced with a Jovin Yvon Spex Fluoro-
Log-3 fluorometer. The slit width was adjusted to achieve
illumination of 100 mW/cm2.

SUPPORTING INFORMATION AVAILABLE Plots of photo-
voltage as a function of light intensity, J-V curves of naked and
coated SnO2 photoelectrodes, and cyclic voltammograms of naked
and coated photoelectrodes. Thismaterial is available free of charge
via the Internet at http://pubs.acs.org

Figure 3. Open-circuit charge lifetimes and photovoltage of SnO2 electrodes with different numbers of coating cycles of Al2O3. For clarity,
data for two and four cycles are omitted from the voltage decay plot.

Figure 4. Plot of the logarithm of the electron interception rate by
the redox shuttle (1/τn) as a function of number of cycles of Al2O3
deposition. Comparisons were made at V = 400 mV. The dotted
line shows the tunneling-attenuation region for the coated photo-
electrode.

http://pubs.acs.org/action/showImage?doi=10.1021/jz100361f&iName=master.img-003.jpg&w=319&h=117
http://pubs.acs.org/action/showImage?doi=10.1021/jz100361f&iName=master.img-004.png&w=155&h=116


r 2010 American Chemical Society 1614 DOI: 10.1021/jz100361f |J. Phys. Chem. Lett. 2010, 1, 1611–1615

pubs.acs.org/JPCL

AUTHOR INFORMATION

Corresponding Author:
*To whom correspondence should be addressed. E-mail: j-hupp@
northwestern.edu.

ACKNOWLEDGMENT C.P. would like to acknowledge funding
from the Strategic Fellowships for Frontier Research Networks from
the Commission on Higher Education, Thailand, for his graduate
fellowship. J.T.H. gratefully acknowledges BP Solar and the ANSER
Center (an EFRC sponsored by the Office of Science, U.S. Dept. of
Energy) for financial support.

REFERENCES

(1) Gratzel,M. Solar EnergyConversion byDye-SensitizedPhoto-
voltaic Cells. Inorg. Chem. 2005, 44, 6841–6851.

(2) Martinson, A. B. F.; Hamann, T. W.; Pellin, M. J.; Hupp, J. T.
NewArchitectures for Dye-Sensitized Solar Cells. Chem.;Eur. J.
2008, 14, 4458–4467.

(3) Hamann, T. W.; Jensen, R. A.; Martinson, A. B. F.; Ryswyk,
H. V.; Hupp, J. T. Advancing Beyond Current Generation Dye-
Sensitized Solar Cells. Energy Environ. Sci. 2008, 1, 66–78.

(4) Wang, Q.; Ito, S.; Gratzel, M.; Fabregat-Santiago, F.; Mora-Sero,
I.; Bisquert, J.; Bessho, T.; Imai, H. Characteristics of High
Efficiency Dye-Sensitized Solar Cells. J. Phys. Chem. B 2006,
110, 25210–25221.

(5) Martinson, A. B. F.; Goes, M. S.; Fabregat-Santiago, F.; Bisquert,
J.; Pellin, M. J.; Hupp, J. T. Electron Transport in Dye-Sensitized
Solar Cells Based on ZnO Nanotubes: Evidence for Highly
Efficient Charge Collection and Exceptionally Rapid Dyna-
mics. J. Phys. Chem. A 2009, 113, 4015–4021.

(6) Sapp, S. A.; Elliott, C. M.; Contado, C.; Caramori, S.; Bignozzi,
C. A. Substituted Polypyridine Complexes of Cobalt(II/III) as
Efficient Electron-Transfer Mediators in Dye-Sensitized Solar
Cells. J. Am. Chem. Soc. 2002, 124, 11215–11222.

(7) Hattori, S.; Wada, Y.; Yanagida, S.; Fukuzumi, S. Blue Copper
Model ComplexeswithDistorted Tetragonal Geometry Acting
as Effective Electron-Transfer Mediators in Dye-Sensitized
Solar Cells. J. Am. Chem. Soc. 2005, 127, 9648–9654.

(8) Hamann, T. W.; Farha, O. K.; Hupp, J. T. Outer-Sphere Redox
Couples as Shuttles in Dye-Sensitized Solar Cells. Perfor-
mance Enhancement Based on Photoelectrode Modifica-
tion via Atomic Layer Deposition. J. Phys. Chem. C 2008,
112, 19756–19764.

(9) Note that, in the limit where electron collection is efficient (as
it is formost cells featuring iodide/triiodide), Voc is unaffected
by increasing the rate of transport. When more reactive
shuttles are used, however, both Jsc and Voc can be reduced.
These effects can be mitigated, in part, by employing an
electrode featuring fast enough electron transport to make
electron collection efficient. Voc is reached when the dark
current density equals-Jsc. The rate of electron transport has
no effect upon Jdark, but can increase Jsc (and therefore Voc) if
electron collection is not already efficient.

(10) Green, A. N. M.; Palomares, E.; Haque, S. A.; Kroon, J. M.;
Durrant, J. R. Charge Transport versus Recombination inDye-
Sensitized Solar Cells Employing Nanocrystalline TiO2 and
SnO2 Films. J. Phys. Chem. B 2005, 109, 12525–12533.

(11) There is good evidence that sub-bandgap surface states also
exist for TiO2. (See, for example, Bisquert, J.; Cahen, D.;
Hodes, G.; R€uhle, S.; Zaban, A. J. Phys. Chem. B 2004, 108 (24),
8106–8118.) Apparently, however, these states are not reac-
tive enough to offer a fast pathway for electron transfer to

tri-iodide. We find, for example, that anodemodificationwith
a single ALD cycle of alumina increases the photovoltage in an
analogous TiO2-containing solar cells by only 6 mV, and that
four cycles yield only a 7 mV increase .

(12) Palomares, E.; Clifford, J. N.; Haque, S. A.; Lutz, T.; Durrant,
J. R. Control of Charge Recombination Dynamics in Dye Sensi-
tized Solar Cells by the Use of Conformally Deposited Metal
Oxide Blocking Layers. J. Am. Chem. Soc. 2003, 125, 475–482.

(13) Kay, A.; Gratzel, M. Dye-Sensitized Core-Shell Nanocrystals:
Improved Efficiency of Mesoporous Tin Oxide Electrodes
Coatedwith a Thin Layer of an Insulating Oxide. Chem.Mater.
2002, 14, 2930–2935.

(14) Zaban, A.; Chen, S. G.; Chappel, S.; Gregg, B. A. Bilayer
Nanoporous Electrodes for Dye Sensitized Solar Cells. Chem.
Commun. 2000, 2231–2232.

(15) Guo, J.; She, C.; Lian, T. Effect of Insulating Oxide Overlayers
on Electron Injection Dynamics in Dye-Sensitized Nanocrys-
talline Thin Films. J. Phys. Chem. C 2007, 111, 8979–8987.

(16) George, S. M. Atomic Layer Deposition: An Overview. Chem.
Rev. 2009, 110, 111–131.

(17) Hamann, T. W.; Martinson, A. B. E.; Elam, J. W.; Pellin, M. J.;
Hupp, J. T. Aerogel Templated ZnODye-Sensitized Solar Cells.
Adv. Mater. 2008, 20, 1560–1564.

(18) Hamann, T. W.; Martinson, A. B. F.; Elam, J. W.; Pellin, M. J.;
Hupp, J. T. Atomic Layer Deposition of TiO2 on Aerogel
Templates: New Photoanodes for Dye-Sensitized Solar Cells.
J. Phys. Chem. 2008, 112, 10303–10307.

(19) Martinson, A. B. F.; Elam, J.W.; Liu, J.; Pellin, M. J.; Marks, T. J.;
Hupp, J. T. Radial Electron Collection in Dye-Sensitized Solar
Cells. Nano Lett. 2008, 8, 2862–2866.

(20) Law, M.; Greene, L. E.; Radenovic, A.; Kuykendall, T.; Liphardt,
J.; Yang, P. ZnO-Al2O3 and ZnO-TiO2 Core-Shell Nanowire
Dye-Sensitized Solar Cells. J. Phys. Chem. B 2006, 110, 22652–
22663.

(21) Klahr, B. M.; Hamann, T. W. Performance Enhancement and
Limitations of Cobalt Bipyridyl Redox Shuttles inDye-Sensitized
Solar Cells. J. Phys. Chem. C 2009, 113, 14040–14045.

(22) Lin, C.; Tsai, F.-Y.; Lee, M.-H.; Lee, C.-H.; Tien, T.-C.; Wang,
L.-P.; Tsai, S.-Y. Enhanced Performance of Dye-Sensitized
Solar Cells by an Al2O3 Charge-Recombination Barrier Formed
by Low-Temperature Atomic Layer Deposition. J. Mater.
Chem. 2009, 19, 2999–3003.

(23) Antila, L. J.; Heikkila,M. J.; Aumanen, V.; Kemell,M.;Myllyperkio,
P.; Leskela, M.; Korppi-Tommola, J. E. I. Suppression of Forward
Electron Injection fromRu(dcbpy)2(NCS)2 to Nanocrystalline
TiO2 Film as a Result of an Interfacial Al2O3 Barrier Layer
Prepared with Atomic Layer Deposition. J. Phys. Chem. Lett.
2009, 1, 536–539.

(24) Shanmugam, M.; Baroughi, M. F.; Galipeau, D. Effect of
Atomic LayerDepositedUltra ThinHfO2 andAl2O3 Interfacial
Layers on the Performance of Dye Sensitized Solar Cells. Thin
Solid Films 2010, 518, 2678-2682.

(25) Chappel, S.; Chen, S.-G.; Zaban, A. TiO2-Coated Nanoporous
SnO2 Electrodes for Dye-Sensitized Solar Cells. Langmuir
2002, 18, 3336–3342.

(26) The diode equation can bewritten as: J= Jsc- J0 3 exp(qV/γkT-
1)= Jsc - Jdark, where q is the unit electronic charge, V is the
cell potential, J0 is the exchange-current density, and J is the
current density at a particular potential,V. The applicability of
the diode equation to nanoparticle-based dye-sensitized cells
has been discussed by Lewis and co-workers ( Lee, J.-J.; Coia,
G. M.; Lewis, N. S. J. Phys. Chem. B 2004, 108, 5269–5281).
When γ= 1, the diode equation yields a large fill factor and
the familiar plateau-shaped J-V lineshape.



r 2010 American Chemical Society 1615 DOI: 10.1021/jz100361f |J. Phys. Chem. Lett. 2010, 1, 1611–1615

pubs.acs.org/JPCL

(27) Bisquert, J.; Cahen, D.; Hodes, G.; Ruhle, S.; Zaban, A. Physi-
cal Chemical Principles of Photovoltaic Conversion with Nano-
particulate, Mesoporous Dye-Sensitized Solar Cells. J. Phys.
Chem. B 2004, 108, 8106–8118.

(28) Zaban, A.; Greenshtein, M.; Bisquert, J. Determination of the
Electron Lifetime in Nanocrystalline Dye Solar Cells byOpen-
Circuit Voltage Decay Measurements. ChemPhysChem 2003,
4, 859–864.

(29) Bisquert, J.; Zaban, A.; Greenshtein, M.; Mora-Sero, I. Deter-
mination of Rate Constants for Charge Transfer and the
Distribution of Semiconductor and Electrolyte Electronic
Energy Levels in Dye-Sensitized Solar Cells by Open-Circuit
Photovoltage Decay Method. J. Am. Chem. Soc. 2004, 126,
13550–13559.

(30) Peter, L. M. Characterization and Modeling of Dye-Sensitized
Solar Cells. J. Phys. Chem. C 2007, 111, 6601–6612.

(31) The plot shows the average coating thickness. A single ALD
cycle deposits less than a monolayer of alumina.

(32) The rate of electron tunneling is expected to fall off with
tunneling barrier thickness, d, as follows: rate= rate(without
barrier) 3 exp(-dβ). The tunneling-limited rate is expected to
be proportional to 1/τn.

(33) Elam, J.W.; Baker, D. A.; Hryn, A. J.; Martinson, A. B. F.; Pellin,
M. J.; Hupp, J. T. Atomic Layer Deposition of Tin Oxide Films
Using Tetrakis(dimethylamino)tin. J. Vac. Sci. Technol. A 2008,
26, 244–252.


