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O
ver the past two decades, dye-

sensitized solar cells (DSCs) with

the highest performance have

generally been those fabricated using

TiO2 nanoporous films as the electron-trans-

porting electrode.1 However, a significant

amount of effort is currently being invested

into trying to find alternative metal-oxides,

such as SnO2, ZnO, Nb2O5, andWO3,
2�6 that

may offer additional advantages in terms of

device fabrication and characteristics. ZnO

and SnO2 are two particularly promising

candidates because the electron mobility

in their bulk single-crystal phases7�10 is over

2 orders of magnitude higher than that for

TiO2.
11 As a result, it should also be possible

to achieve higher overall electron mobility

in the respective nanostructured films of

ZnO and SnO2, which may in turn minimize

interfacial charge recombination losses to

oxidized redox species in the electrolyte

or solid-state hole transporter, thus improv-

ing device performance.

For comparison, the conduction band

(CB) and valence band (VB) energies of

TiO2, ZnO, and SnO2
2�5,12,13 are illustrated

schematically in Figure 1. The band gap of

ZnO is similar to that of TiO2 at 3.2 eV, while

SnO2 displays a significantly larger band

gap of 3.8 eV. As a result, SnO2 is less likely

to generate holes in the VB through direct

photon absorption, and devices based on

the material ought to be more robust under

UV illumination than those made from TiO2

or ZnO. In addition, the CB edge of SnO2 is

about 500mVmore positive than that of TiO2,

thus suggesting that charge injection in SnO2-

based DSCs could be faster than in their TiO2

counterparts, even thoughat thecost of lower

open-circuit device voltage (VOC).

Despite the apparent advantages of ZnO

and SnO2, photovoltaic cells based on thin

nanostructured films incorporating these

materials have so far failed to overtake the

best TiO2-based devices in terms of perfor-

mance. In order to examine the reasons for

this discrepancy, we have conducted a

combined study correlating the terahertz

conductivity dynamics of dye-sensitized

thin films made of sintered pastes of TiO2,

ZnO, and SnO2nanoparticles, with the prop-

erties of photovoltaic cells incorporating

identical films. Optical pump terahertz probe

(OPTP) spectroscopy is a highly useful
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ABSTRACT High-performance dye-sensitized solar cells are usually fabricated using nano-

structured TiO2 as a thin-film electron-collecting material. However, alternative metal-oxides are

currently being explored that may offer advantages through ease of processing, higher electron

mobility, or interface band energetics. We present here a comparative study of electron mobility and

injection dynamics in thin films of TiO2, ZnO, and SnO2 nanoparticles sensitized with Z907 ruthenium

dye. Using time-resolved terahertz photoconductivity measurements, we show that, for ZnO and

SnO2 nanoporous films, electron injection from the sensitizer has substantial slow components

lasting over tens to hundreds of picoseconds, while for TiO2, the process is predominantly concluded

within a few picoseconds. These results correlate well with the overall electron injection efficiencies

we determine from photovoltaic cells fabricated from identical nanoporous films, suggesting that

such slow components limit the overall photocurrent generated by the solar cell. We conclude that

these injection dynamics are not substantially influenced by bulk energy level offsets but rather by

the local environment of the dye�nanoparticle interface that is governed by dye binding modes and

densities of states available for injection, both of which may vary from site to site. In addition, we

have extracted the electron mobility in the three nanoporous metal-oxide films at early time after

excitation from terahertz conductivity measurements and compared these with the time-averaged,

long-range mobility determined for devices based on identical films. Comparison with established

values for single-crystal Hall mobilities of the three materials shows that, while electron mobility

values for nanoporous TiO2 films are approaching theoretical maximum values, both early time,

short distance and interparticle electron mobility in nanoporous ZnO or SnO2 films offer considerable

scope for improvement.

KEYWORDS: dye-sensitized solar cells . metal-oxides . nanoporous films . terahertz
spectroscopy . charge injection . electron mobility . TiO2

. ZnO . SnO2
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technique allowing measurement of the charge con-

ductivity of a medium with subpicosecond time

resolution.14,15 As an all-optical technique, it avoids

issues arising from the possible existence of non-

Ohmic contacts and hence yields charge mobility

values directly attributable to the properties of the

embedded active material. In addition, for dye-sensi-

tized metal-oxide nanoporous films, OPTP allows the

direct observation of time-dependent charge injection

in the dye/semiconductor system,4,16without the need

for complex analysis of multiple overlapping signals of

different origins that often arise with more common

measurement techniques, such as transient absorption

spectroscopy.17

Our investigations show that, for ZnO and SnO2

nanoporous films, electron injection from the sensi-

tizer contains significantly slow (∼tens to hundreds of

picoseconds) components that are correlated with

lowered injection efficiencies determined for corre-

sponding devices. In contrast, for TiO2, the injection

efficiency is found to be near-unity. In addition, we

demonstrate that while terahertz and device electron

mobility values for nanoporous TiO2 films approach

theoretical maximum values, for ZnO and SnO2 both

early time, short-distance and long-range, interparticle

electron mobility could be improved by several orders

of magnitude.

RESULTS AND DISCUSSION

Figure 2 shows the OPTP normalized conductivity

curves for the three dye-sensitized metal-oxide nano-

porous films as a function of time after excitation of the

Z907 dye. All three metal-oxide materials have suffi-

ciently large band gaps (see Figure 1) in order for the

VIS excitation pulses to generate excitations almost

solely on the dye sensitizers.16 The measured photo-

conductivity signal originates from mobile electrons

subsequently injected into the metal-oxide films since,

in comparison, the remaining holes on the dye mol-

ecules are essentially stationary. Such measurements

allow an investigation of both the dynamics of the

conductivity and the initial electron mobility achieved

in the material.16 In the first part of this discussion, we

will focus on analyzing the electron injection dynamics

and then proceed in the second part to examine the

achieved terahertzmobility and compare it to bulk and

device mobilities.

Multiphasic electron injection dynamics are dis-

played by all three metal-oxide films, with an initial

fast injection component followed by slow rise phases,

albeit with different weightings. In order to quantify

the components contributing to the conductivity dy-

namics of electrons in the CBs or the metal-oxides, we

have fitted the sumof three exponentials to the curves,

as displayed in Figure 2, together with the data. Table 1

shows the time constants and weightings extracted

from these fits. Remarkably, all three systems display a

fast component with rise time of ∼1 ps followed by a

slower electron injection phase with time constants of

a few tens of picoseconds. Overall, electron injection

from Z907 into TiO2 evidently proceeds fastest, fol-

lowed by that into SnO2, while ZnO shows the slowest

overall injection rate.

Multiphasic charge injection involving slow delayed

components has been previously reported for dye-sensi-

tized ZnO,4,5,19�22 TiO2,
16,23�26 and SnO2

4,5,17,27,28 stu-

died by various experimental techniques such as ultra-

fast transient absorption spectroscopy,19,20 mid-IR

probe,4,21,22 and microwave5 or terahertz16 conductiv-

ity measurements. However, absolute rise times re-

ported even for the same metal-oxide material vary

substantially between the different studies. These dis-

crepancies should not be surprising since these studies

involved films made with nanoparticles of varying

Figure 1. (a) Schematic diagram illustrating the energy
levels of the conduction band (CB) and valence band (VB)
of TiO2, ZnO, and SnO2 as taken from refs 2�5. Also shown is
the approximate redox potential of ground and excited
states of Z907 ruthenium-based dye18 (molecular structure
shown in inset). The red arrow indicates electron injection
from the dye LUMO states into the respective metal-oxide
CB. (b) Steady-state absorption spectra measured for sen-
sitized nanoporous films of ZnO (blue solid line, film thick-
ness 0.6 μm), SnO2 (red dash-dot line, film thickness 1 μm),
and TiO2 (black dashed line, film thickness 3 μm) using an
integrating sphere. Spectra were taken for film samples
used in the terahertz photoconductivity measurements,
and these datawereused to calculate the terahertz effective
mobility φinjμTHz. We note that the films used for the solar
cells below are much thicker and therefore display a higher
optical density (OD> 2) at the absorptionmaximum. Details
of film preparation and thicknesses are given in the Ma-
terials and Methods section.
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shapes and sizes, with varying recipes, sensitized with

different ruthenium dyes and with different surface

conditions. As demonstrated byAi et al.,27different film

environments can change the flatband potential of the

semiconductor and the reorganization energy which

affects the injection rate as a result of its dependence

on the interfacial proton concentration. In our study

presented here, we aim to minimize such effects by

preparing films in a comparable manner and sensitiz-

ing them with an identical and commonly used dye

(Z907); see Materials and Methods section.

The relative rates of electron injection we observe

for the three different oxides (Figure 2) are surprising at

first: for ZnO, injection is slower than in TiO2, even

though both metal-oxides have almost identical inter-

face band energetics (Figure 1). For SnO2, we observe

somewhat slower electron injection than for TiO2, even

though the CB edge of SnO2 is more positive by ∼500

meV compared to TiO2, which should increase the

number of the SnO2 acceptor states at the excited-

state energy. There are, however, a number of other

factors contributing to the electron transfer kinetics at

the dye/metal-oxide interface. One possibility is that

different amounts of dye loading for the three materi-

als may result in slow charge injection caused by the

presence of dye agglomerates on the metal-oxide film,

Figure 2. Early and later timephotoconductivity dynamics in nanoporous ZnO, TiO2, and SnO2 films sensitizedwith Z907 dye.
Early time trends (up to 16 ps) are shown on the left and later time trends (up to 1.1 ns) on the right. Dye-sensitized ZnO and
SnO2were photoexcited at 550 nm, while TiO2was excited at 475 nm. Identical dynamics were observed for Z907/TiO2when
the excitationwavelengthwas varied across the dye absorption spectrumbetween 475 and 700 nm, and a linear dependence
of the photoconductivity on excitation fluence was found at these excitation densities.16 In all three cases, incident
photoexcitation fluencewas∼3� 1014 photons/cm2, with a pulse duration of∼40 fs. The curves have been normalized at the
respective maxima measured for each material. Solid lines are the result of fitting the sum of three exponentials to the data,
with the extracted parameters given in Table 1.

TABLE 1. Parameters Extracted from Exponential Fits to the Time-Dependent Photoconductivity Data on Sensitized

Nanoporous Films of ZnO, TiO2, and SnO2
a

τ1 (ps) τ2 (ps) τ3 (ps) A1 A2 A3

ZnO 1.0( 0.1 31( 2 335 ( 42 �0.232 ( 0.006 �0.49( 0.02 �0.29( 0.02

TiO2 1.4( 0.1 51( 25 3000 (set) �0.88( 0.02 �0.16 ( 0.02 0.61( 0.09

SnO2 1.6( 0.1 24( 1 3000 (set) �0.538( 0.008 �0.47( 0.01 0.10( 0.02

a A fitting function of Δσ = ∑i = 1
3 (Aiexp(�t/τi)� Ai) was used, and the resulting curves are shown in Figure 2 together with the data. Negative amplitudes Ai reflect rise

components, while positive ones correspond to intensity decay.

A
R
T
IC
L
E



TIWANA ET AL. VOL. 5 ’ NO. 6 ’ 5158–5166 ’ 2011

www.acsnano.org

5161

as proposed previously.26,29 However, Anderson et al.

used detailed experimental pump�probe studies car-

ried out on N3/ZnO and N719/ZnO to show that

although excess dye loading can lead to reduced

overall injection yield, it does not affect the ultrafast

injection rate.21,22 Similarly, we have observed pre-

viously that the slow injection component in mesopor-

ous TiO2 sensitized with Z907 was unaffected by

moderate changes in dye loading. We therefore as-

sume that, given the standard optical densities for dye

absorption for our samples (Figure 1), changes in dye

loading are not the cause of the observed slow injec-

tion phases. As an alternative explanation, multiphasic

electron injection into TiO2
23,24 and SnO2

17 has been

attributed to different injection speeds from the singlet

and triplet excited states of the dye's ruthenium com-

plex with the femtosecond component arising from

the initially excited singlet state (1MLCT) and the

picosecond part from the thermalized triplet 3MLCT

excited state. However, since we use the same dye as

sensitizer for all metal-oxides, this mechanism alone

cannot explain the differences in injection speeds

between the three metal-oxide films.

A likely scenario is that electron injection between

the three oxides is influenced by the electronic struc-

ture of the CB of the metal-oxide and the coupling of

the dye molecule to the interface. The CB structure of

the metal-oxides investigated differs drastically be-

tween TiO2 on the one hand and ZnO and SnO2 on

the other hand. The effective mass of CB electrons in

TiO2 is about 5�10 me as opposed to a corresponding

value of ∼0.3 me for ZnO and SnO2.
27,30,31 Therefore,

the available density of states (DOS) is almost 2 orders

of magnitude higher in TiO2 than in ZnO or

SnO2,
4,22,27,30 which should facilitate faster injection

into TiO2. An additional prerequisite for efficient elec-

tron injection is that there has to be significant exten-

sion of the dye excited-state wave function into the

metal-oxide. The electron-donating π* orbital of the

carboxylated bipyridine unit on Z907 has a stronger

overlap with the electron-accepting d orbitals of Ti4þ

than with the 4s orbital of Zn2þ.4,22,32 Similarly, for

SnO2, a weaker electronic overlap at the interface with

N3 or N719 dyes has been suggested,27,28 which is

consistent with the slower injection we observe.

As an alternative explanation, Furube et al. sug-

gested that the presence of intermediate charge trans-

fer complexes may cause slow electron injection

dynamics from sensitizers into metal-oxide films.19,20

For ZnO nanoporous films sensitized with N3 dye, they

observed that the fast (subpicosecond) generation of

N3 cations following photoexcitation was notmatched

by the rise of the free-electron signal from ZnO, which

occurred on the time scale of ∼150 ps.19 They con-

cluded that electron transfer from N3 to ZnO occurred

via a two-step process involving an intermediate state

between the photoexcited dye and a surface state in

ZnO. For nanoporous TiO2 sensitized with N3, on the

other hand, fast electron injection was observed, sug-

gesting that intermediate states do not play a strong

role here. These measurements were corroborated

later for the same systems by Nem�ec et al., who

proposed that the slow injection was the direct result

of the higher static dielectric constant of TiO2 (∼100)

compared to that of ZnO (∼10), as in the former such

electron�cation complex interactions may be effi-

ciently screened.33 We observe slow injection dy-

namics for both ZnO and SnO2, both of which have

similar low static dielectric constants.34 However, the

presence of multiple rise times for all three metal-

oxides investigated suggests that such screening ef-

fects alone cannot be the explanation for the slow

injection dynamics. All threemetal-oxide systems have

a fast picosecond injection component suggesting

that, for all of them, fast injection pathways are avail-

able from certain sites. These findings are in agreement

with further studies by Furube et al.20 on nanoporous

ZnO sensitized with a coumarin dye and Ai et al.27 on

nanoporous SnO2 sensitized with various ruthenium

dyes, for which the authors observed multiphasic

electron injection into the metal-oxide with different

time constants ranging from a picosecond to tens of

picoseconds. To summarize these arguments, electron

injection from most dye/metal-oxide systems appears

to be influenced by site disorder with injection path-

ways and dynamics being governed by the local

interface environment which may vary considerably

between each dye/metal-oxide site. The particular

mode of coupling of the dye to the surface and the

local electronic density of states in the CB of the metal-

oxide have a strong influence on electron injection

dynamics, with pure energy level offsets and bulk

dielectric constant playing only a secondary role.

Another relevant piece of information that can be

extracted from OPTP measurements is the value of the

“effective terahertz mobility” φinjμTHz of electrons with-

in the nanoporous semiconductor film, as outlined in

detail in our previous work.16 Here, φinj is the charge

injection efficiency per absorbed photon and μTHz the

Figure 3. Current�voltage characteristics under simulated
solar conditions measured for three typical liquid-electro-
lyte photovoltaic cells fabricated from either TiO2, ZnO, or
SnO2 nanoporous films sensitized with Z907dye.
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peak value of the film's time-dependent terahertz

mobility. Being independent of sample geometry and

excitation fluence, carrier mobility is a more useful

material characteristic than conductivity. We have de-

termined φinjμTHz for the three sensitized metal-oxide

films from the respectivemeasured peak photoconduc-

tivity values, incident excitation fluences, and steady-

state absorption at the excitation wavelength (data

shown in Figure 1b). We obtain values of φinjμpeak =

0.08 ( 0.01 cm2/(V 3 s) for nanostructured ZnO, 0.1 (

0.03 cm2/(V 3 s) for TiO2, and0.8(0.14 cm2/(V 3 s) for SnO2.

In order to extract the actual mobility μTHz from

these values, we determined φinj from measurements

on liquid-electrolyte DSCs based on the three metal-

oxides films. Figure 3 shows the J�V curves measured

for three typical devices. As expected, solar cells based

on SnO2 show a markedly lower open-circuit voltage

than those based on TiO2 or ZnO
35,36 predominantly as

a result of the differing CB levels. However, recombina-

tion losses at open-circuit also contribute to the low-

ering of the open-circuit voltage for bare SnO2. We

determined the incident photon-to-electron conver-

sion efficiency (IPCE) for the devices, which is related to

the charge injection efficiency, φinj through

IPCE ¼ LHE� φinj � ηcoll (1)

Here, LHE is the light-harvesting efficiency of the

device as determined from absorption measurements,

and ηcoll is the charge collection efficiency which we

established from small perturbation transient photo-

voltage and photocurrent decay measurements. The

values determined for IPCE, LHE, and ηcoll are shown in

Table 2 with full details of the measurements and

calculation methods provided in the Materials and

Methods section.

Table 2 lists the average values of φinj determined for

the three different oxides. For the case of Z907/TiO2, a

charge injection efficiency of 100% indicates that this

dye�semiconductor system is highly optimized, in

comparison to the other two materials. Interestingly,

ZnO performsworse (φinj= 0.47) than SnO2 (φinj= 0.79),

in agreement with our observations of delayed charge

injection components (Figure 2). Our combination of

OPTP with device measurements suggests that the

more pronounced a slow component is in the electron

injection dynamics for the metal-oxide films, the lower

the overall charge injection efficiency of the solar cell

will be. Better matched dyes thus need to be designed

specifically for ZnO and SnO2 that allow near-unity

charge injection from the dye at rates significantly

faster than the dye's excited-state lifetime. It is impor-

tant to note that the charge collection efficiency at

short-circuit for devices fabricated from all three oxides

is higher than 0.95, consistent with the change in the

injection efficiency being the performance-limiting

factor.T
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Using the values obtained for φinj, we thus extract

the terahertz peak mobility μTHz of the films as 0.17 (

0.04 cm2/(V 3 s) for ZnO, 0.10 ( 0.03 cm2/(V 3 s) for TiO2,

and 1.01 ( 0.20 cm2/(V 3 s) for SnO2. It should be

stressed that these results reflect the terahertz con-

ductivity conditions within the first nanosecond after

electron injection into the metal-oxide films, while in

the longer term, the conductivity is likely to be lowered

by charge trapping and surface scattering events.37 It is

therefore useful to compare μTHz with the electron

mobility obtained for devices incorporating the nano-

porous films. For this purpose, we conducted transient

voltage and current decay measurements that yield

the current collection rate ktrans in the photovoltaic

cells fabricated from the dye-sensitized films. The

device mobility was then calculated using the Nernst�

Einstein relation:38

μNE ¼
eDe

kBT
and De ¼

d2ktrans

2:35
(2)

where De is the effective electron diffusion coefficient

and d is the film thickness. A third measure of mobility

against which these results may be compared are the

values determined by others for bulk single crystals of

the three metal-oxides. In single crystals, surface scat-

tering and trapping are likely to be minimized and the

electron mobility determined can therefore be seen as

an upper limit of what may be achieved in the nano-

porous film. Table 2 lists bulk mobility values (μbulk)

found in the literature for room-temperature Hall

measurements on single crystals of ZnO,7 TiO2,
11 and

SnO2,
8 together with those we extracted from tera-

hertz (μTHz) and device (μNE) measurements.

A number of interesting observations can be made

by comparing these three measures of electron mobi-

lity for the three different metal-oxides. First, a com-

parison between μTHz and μbulk reveals that while for

TiO2 the terahertz mobility is within an order of mag-

nitude of the bulk mobility value, for ZnO and SnO2,

this discrepancy widens to 2�3 orders of magnitude.

Hendry et al. previously measured an early time ter-

ahertz charge mobility for unsensitized porous TiO2

films of 10�2cm2/(V 3 s), that is, 2 orders of magnitude

below the bulk crystal mobility.37 They attributed this

discrepancy to the nanoporous nature of the films in

which dipoles induced in the TiO2 particles with high

dielectric constant screen the applied electric field,

thus resulting in the flux density to be higher in the

medium surrounding the particle than within. As a

consequence, themobility of the nanoporous TiO2 film

is likely to be intrinsically lower than that of bulk, by a

factor which may be approximated from Max-

well�Garnett (MG) theory.37 The terahertz mobility

value we determine for nanoporous TiO2 is 1 order of

magnitude higher than that found by Hendry et al.,

which may be the consequence of the nanoparticles

being in our case embedded in a medium of higher

dielectric constant (the sensitizer) and perhaps differ-

ent fabrication protocols. We therefore conclude that

for sensitized nanoporous TiO2 films a slight (factor

∼0.1) reduction of the achievable mobility below that

of single crystals may have to be accepted as a result of

MG effects. However, for ZnO and SnO2, this situation is

markedly different: Table 2 lists values for the static

dielectric constant εrs, which approximate those at

terahertz frequencies, for the three different metal-

oxides as found in ref 34. For ZnO and SnO2, the

dielectric constant is over an order of magnitude lower

than that for TiO2, and thereforeMG effects are likely to

be much less significant for these two metal-oxide

nanoporous materials. Given that for TiO2 we find MG

effects to lead to a mobility reduction of at most a

factor 0.1, these effects are likely to be insignificant for

ZnO and SnO2. The observed terahertz mobility reduc-

tion for ZnO and SnO2 nanoporous films of over 2

orders of magnitude below the corresponding single-

crystal electron mobilities is therefore surprising and

points toward electron mobilities on the nanometer

scale that are significantly belowwhat should in theory

be achievable.

A second useful comparison to make is between the

electron mobility found in complete devices and that

found in bulk crystals. The values given in Table 2 show

that there is little positive correlation between μNE and

μbulk; in fact, TiO2 exhibits the highest device mobility

(0.017 cm2 V�1 s�1) but lowest bulk crystal mobility

(1 cm2 V�1 s�1), while SnO2 gives lowest device

mobility (0.003 cm2 V�1 s�1) at highest bulk crystal

mobility (250 cm2 V�1 s�1). The electron mobility

measured for the nanoporous thin-film devices (μNE)

reflects the time-averaged mobility throughout the

film and is therefore significantly affected by interpar-

ticle transfer, surface scattering, and trapping. In con-

trast, the terahertz mobility (μTHz) indicates conditions

within the first nanosecond after electron injection into

the metal-oxide films and is thus strongly affected by

short-distance electron transport and scattering. Over-

all, we note that while ZnO and SnO2 exhibit bulk

crystal mobilities over 2 orders of magnitudes higher

than that for TiO2, the early time, short-distance ter-

ahertz mobilities are similar for the three metal-oxide

nanoporous films, and the corresponding device mo-

bilities are almost an order of magnitude lower for ZnO

and SnO2 than for TiO2. Taken together, these compar-

isons show that while TiO2 nanoporous films are reach-

ing near optimum results for a porous effective

medium of high dielectric constant, the standard

ZnO and SnO2 nanoporous films investigated here

are still 4�5 orders of magnitude away from what

could theoretically be achieved in terms of electron

mobility. Our findings on ZnO are in agreement with

those of Baxter et al., showing that a wide variation in

terahertz mobility values can be found for samples
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fabricated from ZnO films, nanowires, and nanoparti-

cles, with the lowest mobility measured in the

nanoparticles.39 Improving both nano- and micro-

meter scale conduction pathways in ZnO and SnO2

should therefore allow significant advances to bemade

in photovoltaic device performance. Even though our

study demonstrates that the charge collection efficiency

at short-circuit is high for all three oxides, under forward

biasworking conditions, the charge collection efficiency

reduces considerably40 and almost by definition is

close to zero at open-circuit. Therefore, enhancing the

charge transport in the oxide will significantly improve

the photocurrent under working conditions and hence

the fill factor and efficiency for solar cells based on

nanostructured ZnO and SnO2.

CONCLUSION

In conclusion, we have conducted a comparative

study of electron injection and mobility in nanoporous

films of three different metal-oxides, TiO2, ZnO, and

SnO2 sensitized with Z907 dye. By measuring the

terahertz conductivity in the metal-oxide as a function

of time after photoexcitation of the dye, we were able

to examine the dynamics of electron injection from the

dye into the metal-oxide. We find significant slow

injection components lasting predominantly over a

few hundred picoseconds after excitation for ZnO

and tens of picoseconds for SnO2. For TiO2, on the

other hand, such delayed electron injection plays a

minor role and mostly features within the first few

picoseconds. These results correlate well with the

overall electron injection efficiencies we determined

from photovoltaic cells fabricated from identical nano-

porous films of the three oxides. Such slow injection

components thus allow effective competition between

charge injection and excitonic recombination on the

sensitizer and must be overcome for further device

efficiency gains. The extent to which slow injection

components are present was found to be largely

independent of the energetic positioning of the me-

tal-oxide conduction and valence bands. We therefore

conclude that other factors such as the density of

states for the bands and the local binding and orbital

overlap of the sensitizer on themetal-oxide surface are

more important. The design of dyes that are better

matched and attached to the electron acceptor should

hence lead to improvements in charge generation

efficiencies for ZnO and SnO2.

In addition, we have used a combination of terahertz

conductivity and transient device photocurrent mea-

surements in order to determine the electron mobility

in the nanoporous metal-oxide films both at early time

after injection (μTHz) and for the time-averaged long-

distance motion of electrons through the film (μNE).

Comparing these results with established values for

the Hall mobility in single-crystal of the three metal-

oxides (μbulk), we find that while ZnO and SnO2 have

μbulk values 2�3 orders of magnitude higher than that

for TiO2, the values obtained for the early time μTHz are

identical within an order of magnitude for the three

metal-oxides. Furthermore, device mobility values μNE
for the three different materials show the reverse trend

from those for μbulk: here, TiO2 yields μNE significantly

higher than those obtained for either ZnO or SnO2

nanoporous films. These results show that the early

time, short distance, and the interparticle electron

motion in ZnO or SnO2 are far from optimized. We

conclude that while electron mobility values for de-

vices incorporating TiO2 nanoporous films are now

approaching optimum theoretical values, those for

ZnOor SnO2 still offer room for improvement of several

orders of magnitude.

MATERIALS AND METHODS

Preparation of Dye-Sensitized Metal-Oxide Films. ZnO paste was
prepared using ZnO nanopowder purchased from Sigma

Aldrich (544906, <100 nm size). The powder was ground with

ethanol, dissolved in terpineol, and ethyl cellulose and soni-

cated to achieve a well-dispersed paste. The nanoparticle

concentration was adjusted depending on the method of film

preparation, spin-coating, or screen-printing. TiO2 paste (20 nm

particle diameter) was purchased from Dyesol (18NR-T) and

thinned with ethanol as required. The SnO2 paste was prepared

in Michael Grätzel's group at EPFL using an aqueous colloidal

suspension of SnO2 nanoparticles (10 nm wide, 20 nm long),

using the recipe detailed in ref 36. Following deposition into

thin nanoporous films, sensitization was carried out by immer-

sing them in 0.3 mM Z907 dye solution in acetonitrile/tert-

butanol (1:1 vol %) for 14 h at room temperature. The films were

then rinsed in acetonitrile to remove any dye not physically

adsorbed on the semiconductor surface. Z907 is a well-studied

amphiphilic ruthenium complex, cis-bis(isothiocyanato)(2,20-

bipyridyl-4,40-dicarboxylato)(4,40-dinonyl-20-bipyridyl)ruthenium(II),

which yields high performance DSCs.16,41

Samples for Terahertz Study. In all cases, the paste was spin-
coated on z-cut quartz substrates, and the films were sintered

slowly in air at 500 �C after which sensitizationwas carried out as

described above. This process yielded film thicknesses of 0.6 μm

for ZnO, 3 μm for TiO2, and 1 μm for SnO2 films, as measured

with a Veeco DekTak 150 surface profiler. Typical steady-state

absorption spectra measured using a Cary 300 spectrophot-

ometer integrated with a “Labsphere” integrating sphere are

shown in Figure 1b. Measurements were carried out using the

protocol outlined in our previous work.36Minimum exposure of

the dyed samples to UV light was ensured to prevent the dye

from being oxidized or degraded.

Optical Pump Terahertz Probe (OPTP) Spectroscopy. Details about
the OPTP setup used in this study can be found in ref 16. Dye-

sensitized films were photoexcited using 40 fs duration pulses

at 550 nm (ZnO and SnO2) or 475 nm (TiO2) wavelength. Photon

absorption causes electrons to be excited into the dye LUMO

states, which are subsequently injected into the semiconductor
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conduction band (CB) where they are relatively free to move.

The photoconductivity induced in the sample is then probed

using picosecond duration terahertz pulses generated using

optical rectification in a ZnTe crystal with 40 fs 800 nm pulses.42

Part of these terahertz pulses are absorbed by the mobile

charge carriers present in the sample. The remaining trans-

mitted terahertz signal is then measured using a double lock-in

technique and provides a direct measurement of the sample

carrier conductivity, as discussed in ref 16.
All pump�probe experiments in this study were performed

at room temperature and under vacuum (<10�3mbar pressure).
The incident pump fluence was kept low in order to avoid
charge�charge interactions,43 typically at about 1013�1014

photons/cm2 per pulse. This is equivalent to the solar energy
incident on a DSC under standard operating conditions. Sample
integrity was checked before and after the experiments by
measuring the steady-state absorption spectrum to verify neg-
ligible sample degradation.

Device Preparation. A compact layer of the relevant metal-
oxide (e.g., SnO2 compact layer for SnO2 devices) was coated
using spray pyrolysis on FTO glass (15Ω/0, Pilkington) at 450 �C
to achieve a thickness of∼100 nm. For SnO2, butyltin trichloride
(95%, Sigma Aldrich) at a 250 mM concentration in anhydrous
ethanol was used; for TiO2, titanium diisopropoxide bis-
(acetylacetonate) (Sigma Aldrich, 75% by weight in isopropyl
alcohol) at a 250 mM concentration in anhydrous ethanol was
used; and for ZnO, zinc acetate dihydrate (99.999%, Sigma
Aldrich) at 100 mM concentration in anhydrous methanol was
used. The ZnO, TiO2, and SnO2 pastes were subsequently
screen-printed on the substrates and slowly sintered with a
slow ramp up to 500 �C, resulting ing7 μm thick films. The films
were subsequently sensitized with Z907 dye as detailed above
resulting in optical densities (OD) at peak absorption of OD > 2.
Counter electrodes were prepared by coating FTO glass with
0.05 M hexachloroplatinic acid in anhydrous isopropyl alcohol
at 400 �C for 15 min. This FTO glass was then assembled in a
sandwich-type configuration with the dye-sensitized metal-
oxide-coated FTO glass, using a “hotmelt” 25 μm thick Surlyn
spacer (Dupont) at 200 �C to seal the working and counter
electrodes together. A drop of “robust” electrolyte (0.8 M PMII,
0.15 M iodine, 0.1 M GuNCS, and 0.5 M NMBI in
3-methoxypropionitrile) was injected into the interelectrode
space from a predrilled hole in the counter electrode via

vacuum backfilling.44 The hole was then sealed with a Bynel
sheet (Dupont) and a thin glass cover slide by locally heating the
hole to 450 �C with a soldering iron.

Current Voltage Measurements. AM1.5 light at 100mW/cm2was
generated using an ABET solar simulator calibrated using an
NREL calibrated silicon reference cell with a KG5 filter to
minimize spectral mismatch. J�V curves were measured with
a Keithley 2400 unit. The solar cells were masked with a metal
aperture to define the active area and to eliminate any edge
effects.

Incident Photon-to-Electron Conversion Efficiency (IPCE) Measure-

ments. IPCE spectra were measured on thick electrolyte DSC
devices across the visible spectrum under short-circuit condi-
tions. The IPCE spectral response was taken under monochro-
matic light with an intensity of approximately 1 mW cm�2 and
the response calibrated with a silicon reference diode. Overall
low-light intensities were used because it is difficult in practice
to optically bias the cells under AM1.5 sun light whilemeasuring
the spectral response because the response speed of the DSCs
is often too slow for conventional choppers.45 The peak spectral
response was corrected by integrating the measured IPCE
spectra over the AM1.5 solar spectra at 100 mW cm�2, such
that the integrated short-circuit photocurrent was in close
agreement with the maximum photocurrent value measured
in the J�V curves under simulated solar conditions.

Determination of the Light Harvesting Efficiency (LHE). LHE is a
measure of the fraction of incident photons successfully ab-
sorbedwithin the active layers in the DSC. All nanoporous layers
(ZnO, TiO2, and SnO2) in our devices were thick enough (g7 μm)
to be fully absorbing. Hence, the main losses were due to
reflection and absorption in the light-facing FTO glass, mea-
sured to be 12.3 and 3.6%, respectively, at 550 nm using the

integrating sphere accessory of a spectrophotometer. The LHE
was thus determined to be 84% for all three sets of devices.

Small Perturbation Transient Photovoltage and Photocurrent Decay

Measurements. Measurements were carried out on the liquid
electrolyte DSCs in order to determine ηcoll using the setup
described in ref 46. The sample under measurement was biased
with a white light equivalent to 100 mW/cm2 intensity and
perturbed with a red light pulsed diode. The perturbation was
kept small enough to ensure that the voltage decay dynamics
were monoexponential. All data were collected under equiva-
lent to short-circuit conditions, that is, holding the bias at 0 V for
the photocurrent transients (potentiostatic mode) and holding
the current Jscgeneratedby thewhite-light bias constant for the
voltage perturbation measurements (galvinostatic mode). In
the latter case, because the current sourced through the device
is forced to be constant, any extra charges generated due to the
perturbation pulse must therefore recombine over time since
the extra charge cannot leave the device. These decay traces
therefore yield the recombination rate, krec. The decay usually
happens on a relatively long time scale of tens to hundreds of
milliseconds because the charge density in the film at short-
circuit is very low in comparison to that under open-circuit
conditions. On the other hand, in the case of current decay
measurement under short-circuit condition, charge transport
occurs in parallel with recombination. The decay rate of the
signal at 0 V (ksignal) therefore is a combination of krec and the
transport rate, ktrans, as ksignal = ktrans þ krec. The charge
collection efficiency was then estimated from the two mea-
surements as

ηcoll ¼
ktrans

ksignal
(3)
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