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Exciton-like trap states limit electron mobility

in TiO, nanotubes

Christiaan Richter’ and Charles A. Schmuttenmaer*

Nanoparticle films have become a promising low-cost, high-
surface-area electrode material for solar cells and solar fuel pro-
duction™. Compared to sintered nanoparticle films, oriented
polycrystalline titania nanotubes offer the advantage of directed
electron transport, and are expected to have higher electron
mobility3-7. However, macroscopic measurements have revealed
their electron mobility to be as low as that of nanoparticle
films®°. Here, we show, through time-resolved terahertz spec-
troscopy®, that low mobility in polycrystalline TiO, nanotubes
is not due to scattering from grain boundaries or disorder-
induced localization as in other nanomaterials™'?, but instead
results from a single sharp resonance arising from exciton-like
trap states. If the number of these states can be lowered, this
could lead to improved electron transport in titania nanotubes
and significantly better solar cell performance.

Alternative energy sources such as those based on solar power
must be developed in order to cut back on greenhouse gas emissions
and move away from fossil fuels, and in the last two decades there
has been an ever increasing effort to make use of nanomaterials
in alternative solar cell designs. One such nanomaterial, discovered
in 2001, is composed of ordered titania nanotubes!?. It has been pro-
posed that anodic titania nanotubes may have unique electron
transport properties that make them an enabling technology for
next-generation solar cells*!'*!>, including dye-sensitized solar cells
(DSSCs)*®, and in photoelectrochemical cells for the production
of solar hydrogen!®!”. Both applications require that free carriers
(electrons) be transported through an anodic TiO, electrode,
either along the length of nanotubes in the case of nanotube
electrodes, or through a porous nanoparticle network by means of a
random walk in standard DSSCs>*3. Several authors have suggested
that nanotubes would be superior to nanoparticle networks regard-
ing the vectorial electron transport required in applications such as
DSSCs*>*18, However, whole-cell evaluation of electron mobility
through nanotubes has found that they are not much better than
nanoparticle films®. In this study we use time-resolved terahertz
spectroscopy (TRTS) to directly probe and reveal the microscopic
electron transport properties of nanotube arrays.

We have previously used TRTS to directly probe electron trans-
port in TiO, nanoparticle films!2. TRTS revealed that electrons are
surprisingly mobile within nanoparticles, but that transport through
the nanoparticle film is impeded by the strong backscattering
and/or disorder-induced localization of electrons. In other words,
electron localization involves the whole particle and thus suggests
structural disorder as being the dominant impediment to transport
in nanoparticle films.

Ordered TiO, nanotubes are fabricated by anodizing titanium
foil in an electrolyte containing fluoride or chloride, as described
in the Methods*®!>15-18 The halogen anions in the electrolyte
disrupt passivation during the electrochemical oxidation of the

titanium foil, resulting in the formation of nanotubes (Fig. 1) as
the metal foil is transformed into the oxide!>!®. The as-anodized
nanotube films are amorphous and are subsequently transformed
into polycrystalline anatase by low-temperature annealing**1315-18,

Here, we probe electron injection, cooling and transport in TiO,
nanotubes on a sub-picosecond timescale using TRTS. We find that,
unlike nanoparticles, there is no evidence of significant backscatter-
ing or disorder-induced localization. Instead, the conductivity spec-
trum of the nanotubes reveals a distinct resonance at ~7.5 meV,
which corresponds to an exciton-like entity. Hence, even though
macroscopic measurements have shown similarly low electron
mobilities in TiO, nanoparticles when compared to nanotube
films, the underlying reasons for this are very different.

In previous work we obtained the frequency-dependent complex
photoconductivity, 6 (w) = o,(w) + io,(w), of rutile single crystals
and nanoparticle films over terahertz frequencies'?. As can be seen
in Fig. 2 the single crystal demonstrates ideal Drude conductivity.
On the other hand, anatase and rutile nanoparticle films of
various sizes (7-200 nm)'21%2%, as well as ZnO nanoparticle and
nanowire films'", do not all conform to classical Drude behavior,
but instead demonstrate behaviour that can be consistently fit by
the extended Drude-Smith model'>1*2122, In all of these samples,
the imaginary conductivity, o,(w), is negative at low frequencies,
corresponding to a Drude-Smith parameter ¢ close to -1, which
suggests transport dominated by backscattering and/or disorder-
induced localization.

A representative 6(w) spectrum for TiO, nanotubes is also
shown in Fig. 2. In both the nanotube and nanoparticle samples,
d.c. conductivity is suppressed, that is, 0 4 nano K 07 dc.crystal> S
®—> 0 (where o, is the real part of the complex-valued conduc-
tivity), suggesting comparably low electron mobility. However, the
nanotube spectrum is fundamentally different from that for
single-crystal or nanoparticulate TiO,, and is dominated by a
sharp resonance at ~1.8 THz (7.5 meV). Even though the exper-
imental bandwidth extends only up to 1.6 THz when probing the
single crystal and nanoparticle samples, it is clear from the lack of
downward curvature in o, that no oscillator component is
present. Furthermore, Tiwana and colleagues recently measured
the TiO, nanoparticle photoconductivity spectrum to 2.0 THz
and did not observe a resonant feature?* (see Supplementary
Information for a detailed discussion).

As can be seen in Fig. 3 and the plots in the Supplementary
Information, the resonance at 1.8 THz is present in all polycrystal-
line nanotube samples, whether annealed at 400 °C or 475 °C,
whether stained with N3 (also known as red dye) and photoexcited
at 400 nm, or N749 (also known as black dye) and photoexcited at
800 nm. The observed resonance can be fit in all spectra by a single
classical Lorentz oscillator (see Supplementary Information for
fitting equations and parameter values obtained). Our & (w)
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Figure 1| Scanning electron microscopy images of TiO, nanotube arrays
fabricated by anodization.

spectra closely resemble those of Kaindl and colleagues®® who
probed an electron-hole plasma generated in GaAs quantum
wells using TRTS to observe a virtually instantaneous exciton corre-
lation between electrons and holes, and subsequent formation of
insulating excitons.

The non-resonant component of o;(w) in our spectra is well
approximated by a power-law dependence (o,(w)oc w®) as is
typical of disorder-inhibited transport!>?*?5. Others have proposed
the extension of a power-law-dependent real conductivity, o(w),
to complex conductivity’?®, which is consistent with the
Kramers—Kronig relations:

Oy () = A(iwﬁ) 1)

S

where A is a scaling factor and w, is an arbitrary frequency scale
(we choose w, = 2m-1 THz). We find that using this form, together
with a Lorentz oscillator at ~1.8 THz, results in excellent fits of both
the real and imaginary parts of all 6(w) spectra taken using a
minimal number of fitting parameters (see Fig. 3 and Supplementary
Tables S1-S3).

Experiments and simulations®® suggest that isolated Ti*"
sites will have a ground-state energy level ~1 eV below the conduc-
tion band (CB) edge (Supplementary Fig. S5). However, high-
energy photoelectron spectroscopy and optical spectroscopy
reveal that these states are present in a high enough density to
form impurity bands that extend virtually all the way to the CB
edge®28. The presence of these bands raises the Fermi level, and
a sizeable fraction of Ti’" states are thermally ionized at room
temperature, and are denoted Ti*"*. This notation is used to
distinguish it from Ti*", the usual oxidation state of Ti in TiO,
in the absence of oxygen vacancies. This results in a measurable
room-temperature conductivity for anatase, and a corres-
ponding number of positively charged ionized donor sites
([Ti*™] ~ 1 x 10"® cm™3)30-32,

The hydrogenic model used for estimating the binding energy of
excitons? is equally applicable to the interaction of free electrons
and donor impurities, provided the exciton reduced mass is replaced

26-28

770

by the electron effective mass:
E = ——e_H 2)

where m, is the electron effective mass (~4m,)**33, m, the free elec-
tron mass, &g the relative dielectric constant (measured by TRTS to
be ~70) and Ry the hydrogen atom Rydberg energy (13.6 eV).
Using these values, a binding energy Ey; of 11.2 meV is calculated,
leading to a n =1 — n = 2 transition energy of 8.4 meV. At 293 K,
32% of these ‘excitons’ will be bound.

Before photoexcitation there exists an equilibrium between
bound and ionized excitons:

[Ti*" /e ]=[e J[Ti"] 3)

Within several hundreds of femtoseconds after photoexcitation
of a dye-sensitized sample, the excited dyes inject more than
1 x 10'® cm™> free electrons into the TiO,, roughly doubling the
free carrier electron density. As a result of the equilibrium shown
in equation (3), this will also significantly increase the concentration
of Ti*™ /e, and, therefore, the resonant feature is observed even at
room temperature.

The fact that the same resonance has not been observed in nano-
particle films arises because they have a lower Ti’* concentration
(a more detailed discussion is given in the Supplementary
Information). The Ti’" donor states can result from oxygen
vacancies, titanium interstitials that may result from an excess of
titanium during fabrication (the nanotubes are made from pure tita-
nium foil) and/or substitutional fluoride impurities (fluoride is a
necessary ingredient in the nanotube fabrication process). The
most likely origins of these defect states in nanotubes are therefore
the unique fabrication techniques used to make anodic nanotubes
(titanium excess and F~ anions). A common strategy for eliminating
these defects is annealing at elevated temperatures in an oxygen-rich
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Figure 2 | Frequency-dependent photoconductivities. a,b, Real (a) and
imaginary (b) photoconductivities of rutile single crystal (green), Degussa
P25 nanoparticle film (black) and nanotube sample (blue). All samples were
stained with N3 dye, and the terahertz spectra were taken within 10 ps after
photoexcitation with a 400-nm pulse. The data (open circles) are fit by the
standard Drude model for the single crystal, the Drude-Smith model for the
nanoparticles, and a Lorentz oscillator plus power law conductivity for the
nanotubes. All spectra are scaled to the maximum of their respective o7(w)
for comparison.
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Figure 3 | Photoconductivity of a TiO, nanotube sample. a,b, Real (a) and imaginary (b) photoconductivities of a TiO, nanotube sample (400 °C anneal for
1 h, stained with N3 dye). Data (dotted lines) and best fits to the data (solid lines) are shown. The spectra are offset by 2 S m™' from each other and labelled
with the time in picoseconds after photoexcitation (0.2-21 ps) by a 400-nm pulse. Similar plots for samples annealed at higher temperature (475 °C) and
photoexcited at both 400 and 800 nm may be seen in the Supplementary Information.

environment'***%. Unfortunately, the nanotubes begin to lose
their structural integrity at 500—550 °C, limiting the annealing
temperature, and with it possibly the ability to remove oxygen
vacancies. Another difference between the nanotube and nanopar-
ticle samples is that the nanotubes are most likely a compensated
n-type semiconductor due to the presence and possible doping
with small amounts of C and N atoms!* (see Supplementary
Information). The Fermi level in the nanotubes could therefore be
somewhat lower than that of the pure n-type nanoparticles, which
would lead to a larger observed shallow donor resonance in the
nanotubes, as discussed in the Supplementary Information.
Finally, the time dependence of the conductivity is considered.
All samples have an instrument response-limited onset of terahertz
absorption that is completed within ~400 fs. The amplitude of the
resonance reaches a maximum within the first 2 ps and then decays
to a lower plateau value over the next ~5-10 ps (Supplementary
Figs S6,S7). Figure 4 shows a plot of the scattering rate, vy, of the
exciton-like states as a function of pump/probe delay time. The
peak width (full-width at half-maximum) is y/2m. Carriers injected
from N3 dye into TiO, are hot, and typically equilibrate with the
lattice within a few hundred femtoseconds to picoseconds. In
nanoparticles, this cooling corresponds to a decrease in the electron
scattering rate and a decrease in the ‘backscattering’ parameter on a
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Figure 4 | Fitting parameter vy as a function of time after photoexcitation.
Black filled circles represent data for a sample annealed at 400 °C, and red
squares a sample annealed at 475 °C. The open symbols are those at a
delay time of 1 ps.

500-fs timescale'?. In nanotubes, the timescale for carrier-lattice
equilibration is ~10-50 times longer, and the ‘free’ carriers pass
through these exciton-like states on their way to either being
trapped in deep traps or recombining with an oxidized dye mol-
ecule. Increasing the anneal temperature from 400 to 475 °C
increases the crystallinity and slows the timescale for equilibration
(red curve in Fig. 4).

In conclusion, macroscopic measurements show that TiO,
nanotube and nanoparticle films have equally low electron transport
when used in DSSCs®®. TRTS measurements of the photoconduc-
tivity in nanotube films presented here confirm the comparably
low electron mobility of nanoparticle and nanotube films. In nano-
particle films, conductivity is inhibited by significant backscattering
and/or disorder-induced localization. In nanotube films, the photo-
conductivity spectrum is dominated by a relatively sharp resonance
at ~7.5 meV. These findings suggest that if the number of Ti>"
states can be lowered, most likely by altering the fabrication pro-
cedure, then TiO, nanotubes would have superior electron transport
properties compared to nanoparticle films and could lead to signifi-
cantly better DSSC performance.

Methods

Nanotube fabrication. Titania nanotube arrays were fabricated by anodizing
titanium foil (200 wm thick, Strem Chemicals) in a two-electrode cell®!”. The
counterelectrode comprised platinum mesh, with an electrode spacing of 5 cm. The
electrolyte was 0.15 M NH,F, with 6 vol% deionized water in ethylene glycol.
Samples were anodized at 50 V for 50 h under nitrogen. Subsequently samples were
annealed at either 400 or 475 °C for 1 h. The average nanotube dimensions, as
determined by scanning electron microscopy, were 42+ 1.4 um (length),

150+9.5 nm (diameter) and 28 +2.2 nm (wall thickness). To perform terahertz
spectroscopy, the titanium metal substrate of the titania nanotube arrays was
removed. This was done by mounting the sample in a flat cell with the metal
substrate of the nanotubes contacting an etching electrolyte. The samples were then
electrochemically etched for ~45 min until they became transparent (that is, the metallic
layer below the nanotube array was completely removed). The etching electrolyte was
0.2 M KBr, and the applied bias was 7 V. The electrolyte was vigorously stirred during
etching using a magnetic stirrer to prevent the build-up of etching products. Samples
were stained with N3 (RuL,(NCS),; L = 2,2'-bipyridyl-4,4'-dicarboxylic acid) or N749
(RuL'(NCS)5; L' = 2,2',2" -terpyridyl-4,4',4" -tricarboxylic acid) by soaking them
overnight in a 0.6 mM solution of the dye in ethanol.

Pump-probe terahertz spectroscopy. An amplified Ti:sapphire laser
(Tsunami/Spitfire, Spectra Physics) was used to generate 800 mW of pulsed near-
infrared light at 1 kHz. The pulse width was ~100 fs, and the centre wavelength
was 800 nm. About two-thirds of the power was frequency-doubled to produce
150 mW (60 mW at the sample) of 400 nm light for the pump beam. The remainder
of the near-infrared light was used to generate and detect terahertz radiation using a
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four-paraboloid arrangement that focused the terahertz radiation to a spot size of
~3 mm at the sample. Terahertz radiation was generated using optical rectification
in a ZnTe crystal and detected using free-space electrooptic sampling in a second
ZnTe crystal. More details on the TRTS spectrometer have been published
elsewhere!®!2. By measuring the full transmitted terahertz field, the complex
dielectric constant of the sample was calculated. Thereafter, the photoconductivity/
complex dielectric constant of the photoexcited sample was calculated for various
pump-probe delay times!"'? (see Supplementary Information).
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Figure S1. Schematic representation of measurement. Photoexcitation of dye sensitized TiO,
nanotubes produces “free” carriers which then populate exciton-like states on a time scale of 7;.
This is followed by relaxation to deep traps on time scale 7, where 7; < 7. The time scales are
5to 20 ps for 7, and 10 to 40 ps for n», and they depend on the conditions under which the sam-
ples were fabricated and photoexcited.
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Figure S2. A side-view SEM image of a NT sample. The open ‘top-side’ of the nanotube array
is on the left of the image.
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Fitting equations and parameters

The equations used to model the data are given here. The parameter values obtained for samples
prepared and/or probed under different conditions are given in Tables ST — S3.

L. 12
Drude conductivity

o Nt
O pe (@) = —2 where o, =— (S1)
l-iwt m,
Where w is frequency (rad/s), 7is scattering time, i is unit imaginary, N, is electron density, e is
the charge of an electron, and m,* is the carrier’s effective mass. The Drude model is the sim-
plest model of conductivity. It assumes complete momentum randomization after each scattering

event.

Drude-Smith conductivity’

s (@)= (1+ l_jmj ce[-L1] (82)

iot
There is a single parameter, ¢, beyond the standard Drude model, which is referred to as the per-
sistence of velocity parameter. When ¢ = 0, the Drude model is recovered. When ¢ approaches
—1, the low frequency and DC conductivity is suppressed, and the imaginary conductivity be-
comes negative at intermediate frequencies.

o o, 4
Power law conductivity

Op (a)) = A(iﬁj (S3)

.

This is a Kramers-Kroning consistent implementation of power law behavior where ax is an arbi-
trary frequency scale. Here we choose a, =2mn-1 THz.

Lorents oscillator’
@
(a)(f - ) —iyw

with As =(g, —&,). Where g, is the relative dielectric constant for ® << @y and & is the rela-

£0(@) =6, +As (84

tive dielectric constant for @ >> ®,. If there are no additional resonant features between the re-
sonant frequency and DC then g = &pc. In the hypothetical situation where there are no addi-
tional resonant features for > ®y then & would be &, (¢ > &, as ® — ). For a classical Co-
loumbic Lorentz oscillator between two charges e, the oscillator strength Agis given by:?
N, e’

2
YRS

Ag = (S5)

where N, is the number density of oscillators, and m. in general is the reduced mass of the oscil-
lator. In our case, assuming a stationary Ti*™* entity, m. is the electron effective mass in anatase.
In the limit of @y much greater than y, the full width at half maximum (FWHM) of the peak is
given by’ FWHM = y/ 27. & is the permittivity of free space.

Note that the Lorentz oscillator is not a conductivity model, but will manifest itself in the photo-
conductivity spectrum through the relation’
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za(a))

n(w) = &(@)+—— (S6)

0]

where 7 is the generalized permittivity, ¢ is the permittivity due to bound charges, and o 1is the
conductivity. This expression follows directly Maxwell’s equations and 7 characterizes the inte-
raction of light with both bound and unbound charges.

In THz spectroscopy, the dark permittivity (77) i1s measured by probing the non-photoexcited
sample. Subsequently, the change in permittivity upon photoexcitation (A7 =7, — ) 18

measured giving, in the most general case,

AR(@) = As(a) + 2T@) (S7)

E,@

At this point, it is typically assumed that the conductivity in the absence of photoexcitation is
zero' (i.e., Ao = Oiight — Odark ® Olight = 0) and that the static permittivity does not change upon
photoexcitation (Ag = 0). With these assumptions (S7) becomes

An(@) = i‘;(a“)’)

or rearranging
O, = £AT],

O, =—&,00A1, .
Hence in the typical case (of which the NP films in this study is an example), plotting the photo-
conductivity o=—igwAn gives directly the real and imaginary parts of the conductivity

However, if the static permittivity does change upon photoexcitation, as is the case with the NT
samples, then Ag will appear also in the photoconductivity spectrum. That is, in the more general
case plotting —ig,wAnwill give a “photoconductivity spectrum” (simply denoted by
o= oy tiop, as is conventional) that contains contributions both from permittivity (bound
charges) and conductivity (free charges):
=—ig,wAn =—ig,wAe + Ao (S8)

This leads to the resonant feature in Figure 2 of the main text and Figures S3, S4, S6, and S7 of
the SI.

" If the dark conductivity is not negligible, it can be lumped in with the static permittivity. In this case a photoexcited
pump-probe experiment as used here would, strictly speaking, measure photoconductivity which is often denoted by
Ao. However in nano-TiO, the dark conductivity is sufficiently low so that we have Ao = 0— oy, = 0, and we may

simply use o for the optically measured conductivity.
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Fitting parameters (400 °C with red dye)

Using op; (Equation S3) and a Lorentz oscillator (Equation S4), the fitting parameters corres-
ponding to Figure 3 of the main text (sample annealed at 400 °C for 6 h and stained with N3 dye)
are given in Table S1.

time (ps) | @y (THz) |y(THz) | Ae &R A(SIm) |a Nos 10 cm™
0.2 1.851779 | 0.841849 | 0.001047 | 0.014 | 0.624373 | 0.638153 | 1.781354
0.35 1.842975 | 1.458294 | 0.00225 | 0.014 | 0.841089 | 0.484984 | 3.791307
0.5 1.794364 | 1.36422 | 0.002179 | 0.014 | 1.074229 | 0.407041 | 3.48071
0.75 1.799049 | 1.775081 | 0.003632 | 0.014 | 0.946022 | 0.296839 | 5.833004
1 1.765041 | 1.837472 | 0.005219 | 0.014 | 0.805161 | 0.485939 | 8.067931
2 1.755998 | 2.069118 | 0.006774 | 0.014 | 1.012724 | 0.558507 | 10.36405
4 1.782484 | 2.446978 | 0.006141 | 0.014 | 0.838482 | 0.412029 | 9.680538
7 1.745165 | 2.677314 | 0.005399 | 0.014 | 0.55025 | 0.446933 | 8.159263
21 1.782018 | 1.931302 | 0.003617 | 0.014 | 0.582213 | 0.471728 | 5.698698

Table S1. Parameters obtained using Equations S3 and S4. The apparent oscillator density (N,;) is calculated using
Equation S5 and an electron effective mass of 4 m,. The value of & was held fixed during fitting procedure.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology 5
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Photoconductivity and fitting parameters (475 °C with red dye)

The photoconductivity spectra of a sample annealed at 475 °C for 1h, stained with N3 dye (red
dye) and photoexcited at 400 nm is given below.

12 12

10

(=]

O, (S/im - offset. +2 S/m)
=Y [o)]

G, (S/m - offset: +2 S/m)

T
1.0

T
1.0

0.5

Frequency (THz) Frequency (THz)
Figure S3. A sample annealed at 475 °C for 1h & stained with N3 dye (excitation: 400 nm). The fit was done using

op, (Equation S3) and a Lorentz oscillator (Equation S4). Fitting parameters are given in Supplemental
Table S2.

Using op;, (Equation S3) and a Lorentz oscillator (Equation S4), the fitting parameters corres-
ponding to Figure S3 are given in Table S2.

time (ps) | @, (THz) [y(THZ) | Ae &R A(S/m) |a Nos 10"
cm
1 1.830775 | 1.395497 | 0.002333 | 0.012 | 1.116792 | 0.524963 | 3.879604
2 1.809464 | 1.434605 | 0.00194 | 0.012 | 1.162299 | 0.62213 | 3.151407
35 1.812902 | 1.811356 | 0.00228 | 0.012 | 0.900353 | 0.617269 | 3.718878
7 1.850561 | 1.958221 | 0.002145 | 0.012 | 0.93118 | 0.592046 | 3.645514
13 1.840836 | 2.166827 | 0.002568 | 0.012 | 1.041049 | 0.718271 | 4.318054
26 1.858725 | 2.237991 | 0.002657 | 0.012 | 0.936324 | 0.767144 | 4.555393

Table S2. Fitting parameters when using Equations S3 and S4. The oscillator density (VV,,) is calculated using Equ-
ation S5 and an electron effective mass of 4 m,. The oscillator line width or scattering rate (y) for this sample (an-
nealed at 475 °C) is comparable to that for the sample annealed at 400 °C (Table S1). In both cases y increases over
the first 10 ps to ~2.2 THz. The number of oscillators is lower and conductivity higher for the sample annealed at
475 °C suggesting that the higher annealing temperature may have eliminated some of the defects inhibiting conduc-
tivity and/or responsible for the resonant THz absorption. The value of & was held fixed during fitting procedure.
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Photoconductivity and fitting parameters (475 °C with black dye)

The photoconductivity spectra of a sample annealed at 475 °C for 1h, stained with N749 dye
(black dye) and photoexcited at 800 nm is given below.

20 2000 20

18

16

14

12

0, (S/m - offset: +2 Sim)

T
1.5

Frequency (THz) Frequency (THz)
Figure S4. Photoconductivity of sample annealed at 475 °C for 1h & stained with N749 dye (excitation: 800 nm).
The solid lines are fits using 6p; (Equation S3) and a Lorentz oscillator (Equation S4).

Using op;, (Equation S3) and a Lorentz oscillator (Equation S4), the fitting parameters corres-
ponding to Figure S4 are given in Table S3.

time (ps) | o, (THz) | y(THz) | Ae &R A(S/m) | a Nos 10 cm™
0.5 1.94 0.676 | 0.0007 | 0.012 1.405 | 0.651 1.33
1 1.89 1.753 | 0.0016 | 0.012 1427 | 0711 | 275
2 1.86 1.853 | 0.0021 | 0.012 1.325 | 0.838 | 3.67
3 1.92 1.421 0.0012 | 0.012 1149 | 0599 | 2.21
5 1.92 1.340 | 0.0018 | 0.012 1.529 | 0.664 | 3.31
10 1.89 1.628 | 0.0013 | 0.012 1.205 | 0.637 | 2.36
20 1.90 1.255 | 0.0012 | 0.012 1.238 | 0.645 |2.13
60 1.92 0.899 | 0.0010 |0.012 1193 | 0.636 | 1.78
100 1.95 1.610 | 0.0014 | 0.012 1.161 0.577 | 2.62
0.5 1.94 0.676 | 0.0007 | 0.012 1.405 | 0.651 1.33

Table S3. Fitting parameters of the photoconductivity of a sample annealed at 475 °C and stained with N749 using
800 nm photoexcitation. The value of & was held fixed during fitting procedure. The oscillator density (NV,;) is
calculated using Equation S5 and an electron effective mass of 4 m.
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Anatase energy level diagram

Localized donor states

]
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Figure S5. Energy level diagram for anatase TiO, nanotubes. There are Ti®* defect states with an isolated ground
state energy ~1 eV below the conduction band edge (CBE). The impurity band that results from the mixing of these
states is shown in blue. In anatase NPs this mixing typically lifts the Fermi energy up to the CBE®’. In addition to
the oxygen vacancies, interstitial Ti, and F~ ions responsible for Ti’" sites, the anodic NTs studied here also contain
p-type dopants in the form N and C atoms. Theoretical and experimental evidence suggest that the energy of these
acceptor sites will be very close to (or mixed with) the VBE. The presence of these acceptor states will result in a
Fermi level that is lower in compensated NTs than it is in uncompensated NP samples. In NTs the Fermi level (Eg)
may even be below the ground state energy of shallow donor states, as indicated in this diagram. Finally, localized
shallow donor states are indicated. The fact that a single strong sharp resonance with an energy of ~8 meV is seen
in NT samples after photoexcitation suggests that there is a large number of electrons trapped/bound in these states

after electron injection/photoexcitation.
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Temporal evolution of the resonant peak at ~1.8 THz

The resonance in the photoconductivity spectra of all N3 dye stained samples show relaxation
dynamics illustrated in Figures S6 and S7. As seen in Figure S6, the resonance in the real con-
ductivity at around 1.8 THz rapidly reaches a maximum within less than 2 ps after photoexcita-
tion, and then subsequently relaxes to a plateau value just under two thirds the maximum over
the next 10 ps.

/I
/;I ,/ 0 /"'
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” I"gl"ll

il
gl ,l’I’I 0 ttyy

iy
I”I//;;;;;ZI”’”II /
iy
,,IZ///I 12 7
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Figure S6. A 3D plot of the real part of photoconductivity of the NT sample annealed at 400 °C, stained with red
dye, and photoexcited with 400 nm pump pulse at pump-probe delay time = 0 ps. Note that the resonance at 1.8
THz rapidly reaches a peak value within 1 to 2 ps.

Figure S7 shows a cut through this surface at ~1.8 THz for the samples annealed at 400 °C and
475 °C. The exact frequency chosen for each sample is that which corresponds to the peak value
of the real conductivity. They have been normalized for easier comparison, but the inset shows
the non-normalized spectra where it is seen that the sample annealed at 400 °C has a slightly
larger peak value. Also, this figure differs from Figure 4 in the main text in that Figure S7 is
simply a cut through the time-dependent real conductivity at ~1.8 THz, while Figure 4 is the val-
ue of y, the scattering rate parameter for the Lorentzian oscillator (as given in Equation S4),
found in Tables S1 and S2.

Difference in resonant peak intensity as a function of annealing temperature
As seen in the inset in Figure S7, the resonant feature in the photoconductivity spectrum of NT

samples annealed at 400 °C is more intense (61 max(®) = 4.4 S/m) than that of samples annealed
at 475 °C (o1 max(®) = 3.0 S/m).
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Figure S7. The normalized peak intensity of o;(®) (at @y ~ 1.8 THz) as a function of time after photoexcitation.
The samples are NT films stained with N3 dye after annealing at 400 °C (red circles) or 475 °C (blue triangles). The
inset shows o(®) for each sample at the delay time when the resonant peak is at its maximum (~2 ps for both sam-
ples). The vertical axis of the inset is 6;(®) in S/m and the horizontal axis is frequency in THz.

By combining Equations S4 and S8, and separating real and imaginary parts we see that:
o,(w)=¢,0A¢e, + Ao,

= EyWE , O (using the LO and PL models described above )
N EWE for - w, (neglecting the contribution from o, )
2
o,
= g,y0°Ae L

(a)g —a)2)+(j/a))2 .

The resonant peak occurs when @ = an, and its height will be given by:

2
o, ()= 225% A;"’o .

Upon substitution of Equation S5, one obtains

2
e

oy ()= Yo & (S9)

7/ me

It can be seen in Figure 4 (or tables S1 and S2) that y is larger for samples annealed at 400 °C
than for samples annealed at 475 °C. Therefore, the average lifetime of oscillators within the
first 20 ps after carrier injection is shorter in the less crystalline/ordered material (400 °C) than in
the material annealed at 475 °C. However, through Equation S9, this also suggests that the reso-
nant peak height for the 400 °C annealed samples should be lower than the peak for the 475 °C
annealed samples. This however is not the case (as can be seen in the inset of Figure S7). The
decrease in peak intensity due to broadening is more than offset by the 400 °C samples also hav-
ing a higher defect density, and hence oscillator density: N,g400-c & 10 x 10" cm™ compared to
Noysa75°c = 3 X 10 em™ (see Tables S1 and S2).
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Thus, samples annealed at lower temperature have 1) a higher defect density that results in a
higher a density of oscillator states, with 2) shorter lifetimes/higher scattering rates, and 3) faster
equilibration between the lattice, defect states and injected hot carriers (see Figure 4).

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology n
© 2010 Macmillan Publishers Limited. All rights reserved.



S U P P L E M E N TA RY | N FO RM AT | O N DOI: 10.1038/NNAN0.2010.196

Differences between NTs and NPs

The differences in their spectra are real

As can be seen in the spectra given in Figure 2 of the main text, we are able to reliably measure
the nanoparticle (NP) spectra up to 1.6 THz and the nanotube (NT) spectra up to 2.1 THz. The
reason for this difference in spectral coverage is that we are able to fabricate free standing NT
films. In contrast, the NP films are supported on 150 pm thick microscope slide cover-slips
made of borosilicate glass. The associated reflection and absorption, which increases rapidly
with increasing frequency, limits the bandwidth with which we can probe the NP films.

It may be tempting to assert that there could be a peak in the NP spectrum, and we simply do not
have enough bandwidth to observe it. However, this is not the case. As can be seen in the NT
spectrum in Figure 2 of the main text, a sharp resonance centered at 1.8 THz requires that the
imaginary conductivity, G2 np(®), be negative and have negative slope over all frequencies up to
1.6 THz. This is simply not observed in the spectrum of the NP sample.

All NP films probed to date by us and others®'> do not show this behavior that would be consis-
tent with the presence of a resonance but instead have characteristic Drude-Smith behavior; that
1s oz np(®) has a minimum at the same frequency that o; xp(®) has its inflection point. These qu-
alitative observations are confirmed by the excellent match of the very different conductivity
models and the measured spectra (between Drude-Smith and the NP data and Lorentz oscillator
and the NT data) as presented in the manuscript. Attempts to model the NP spectra with a Lo-
rentz oscillator model fail miserably.

When performing TRTS, one is seldom fortunate enough to have the central frequency of a reso-
nant feature fall within the accessible spectroscopic window as it does for the NT samples (nota-
ble exceptions are excitons in GaAs quantum wells'®'” and in Cu,0'™). In fact, it is relatively
common to infer the existence of resonances with a central frequency at significantly higher fre-
quencies than the spectroscopically accessible spectral region. An example is the detection of
excitons in ZnO that has a FIR resonance centered at ~8 THz, the presence of which is clearly
seen in spectra taken only over the region 0.35 — 1.45 THz". In the light of these considerations,
it is clear that the photoconductivity spectra of the NT samples have a significant resonance cen-
tered at 1.8 THz and the NP samples do not (or if such resonance exists, it is a factor of 30 or
more smaller than in the NTs).

Lastly, and perhaps most importantly, the absence of a peak in the conductivity spectrum of NP
films is confirmed by a recently published study'>. Tiwana et al. probed anatase NP films with
TRTS on a Z-cut quartz substrate, which absorbs far less strongly than glass, and obtained spec-
tra up to 2 THz. Their published spectrum indeed conforms to Drude-Smith behavior in perfect
agreement with our spectra, and has no resonance either at 1.8 THz or anywhere else within the
0.2 — 2 THz spectral range probed.

The Fermi level and ‘dark’ resonant population

To first order, the intensity of a resonant feature in the photoconductivity spectrum depends on
the population of resonant species. However, more precisely, the intensity in the photoconduc-
tivity spectrum (& =0, —0,,, ) of an exciton-like species such as Ti*""/e” scales with the in-

crease of the Ti*""/e” population upon photoexcitation. Hence the equilibrium populations of
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this species in the dark will also impact the intensity of an observed resonance. If the dark Fermi
level is much higher than the Ti*"'/e” binding energy (Er > CBE), then most Ti*"" states will al-
ready be reduced in the dark, resulting in very little further enhancement of any of their reson-
ances upon electron injection/photoexcitation since [Ti‘”*/e*]dark ~ [Ti4+*/e’]photo_excited. Therefore,
in the case of Er > CBE there will be no resonance in the photoconductivity spectrum, even if the
Ti’" density is substantial.

Presence of p-type dopants in NTs

The ~1.8 THz resonance observed in all TiO, NT samples has not been observed in any TiO, NP
films. This suggests that NPs have a lower Ti’" state density compared to NTs. As discussed in
the main text, the most likely reasons that the NTs have higher Ti*" state concentrations lie in
their unique fabrication conditions. However, as described in the previous paragraph, the inten-
sity of a resonance in the photoconductivity spectrum also depends on the dark equilibrium popu-
lation of the resonant state, which in turn depends on the dark Fermi level.

In addition to the n-type donor defects discussed in the main text, the NTs also contain small
amounts of the p-type dopants nitrogen and carbon. Elemental analysis (see SI in McNamara et
al.?® for experimental procedures) of the annealed NT samples prior to sensitization revealed
roughly 0.12 wt% C and ~0.03 wt% N (consistent with the findings of Varghese et al.*'). Some
of these atoms may be present in the form of substitutional nitrogen and/or carbon.”'* There-
fore, anodic titania NTs fabricated in organic electrolytes may have a Fermi level somewhat
lower than that of a typical NP film. NP films, which are generally pure n-type, have an experi-
mentally observed dark Fermi level that usually resides slightly above the CBE®’. Thus one
would expect a relatively high fraction of any Ti*" states present in NPs to be reduced, even in
the dark. If the NTs on the other hand are a compensated n-type semiconductor, this could lead
to the NTs having a lower dark Fermi level compared to NPs, and therefore a more strongly en-
hanced resonance in their photoconductivity spectrum.
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Relevance to DSSCs

In contrast to dry films probed in this study, photoanodes in functioning DSSCs are immersed in
a redox electrolyte, and the dark Fermi level in functioning DSSCs is determined by the
iodide/triiodide couple®*. How relevant are the insights obtained by probing dry films using
TRTS to actual DSSCs? Furthermore, how important are the shallow traps in the NTs that are
not present in the NPs?

The injected electron density immediately after photo-excitation in our experiments (~1 x 10" —
5 x 10" ¢cm™) compare well with the extracted electron density in NP films in working DSSCs
(~3 x 10" cm™ at short circuit and ~3 x 10'® cm™ at open circuit)®>. This suggests that the occu-
pancy level of these shallow donor sites in our experiments most likely is comparable to those in
actual cells. In fact, we recently showed that the injection efficiency measured by TRTS and
DSSC efficiency were proportional to each other for films made with varying amounts of anatase
and rutile’®. When comparing NP films stained with different dyes, we typically find that the
injection efficiency measured by TRTS correlates very strongly with DSSC efficiency.
Although macroscopic experiments reveal similar electron extraction times for NTs and NPs*’**
the measured electron lifetimes are considerably longer in NTs compared to NPs**°. It is con-
ceivable that the same interaction with shallow donor sites that suppresses electron mobility also
may play a role in reducing the rate of electron scavenging by species in the electrolyte by in ef-
fect increasing the NTs own “affinity” for electrons.

Working DSSCs employing either one of these nanomaterials have remarkably high carrier col-
lection efficiencies (90-99%)°'. The reason for this is that the recombination processes in
DSSCs are even slower than the slow electron transfer (e.g. at ~1 sun typical measured values
for the electron extraction time, 7, are about 1 ms, and about 10 — 100 ms for the average elec-
tron lifetime, 7°**"***12 Since collection efficiencies are already very high it is therefore not a
given that improving the electron transport properties of either NT or NP films would necessarily
result in a marked increase in cell performance. However, the state-of-the-art DSSC (TiO, NP
diameter of about nm, triiodide/iodide redox couple, N719 or a close variant as the dye, additives
like tert-butylpyridine etc.) has been highly refined over the years, and it would not be expected
that radically changing any single component while leaving the others the same would result in a
better DSSC. On the other hand, should a new nanomaterial be capable of electron transport that
is orders of magnitude faster than its predecessors, such as TiO, NTs free of these shallow traps,
it could conceivably become part of a new dye, redox couple, electrolyte and photoanode system
specifically designed to exploit this property.
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Time-resolved terahertz spectroscopy applied to nanostructured materials

The theory of and experimental setup for ultrafast THz generation and detection, and procedures
for data workup used in time resolved THz spectroscopy (TRTS) have been discussed at length
elsewhere®>°. TRTS is an ideal tool for studying free carrier dynamics within nanomaterials on
sub-picosecond to nanosecond timescales. Carrier scattering times are often on the 15 to 200 fs
time scale, which leads to a peak in the imaginary conductivity in the range of 0.75 to 10 THz,
thereby allowing the electrical conductivity of a sample to be quantitatively determined without
making physical contact with the sample. Thus, even carriers localized within nanostructures
can be studied. Upon propagation through the sample, the THz probe pulses undergo both a wa-
velength dependant delay and attenuation based on its optical properties. Free carrier interac-
tions, excitons, and IR active phonons (if present) can all affect the optical properties. Since the
full electric field amplitude of the THz pulses is measured and mapped out (see Figure S8), ra-
ther than the power only, both the refractive index (which governs the delay of pulses) and ab-
sorption coefficient is measured over the probe bandwidth. This is then attributed to a change in
the permittivity and/or conductivity of the sample upon photoexcitation. In short, TRTS is a
noncontact electrical probe with sub-picosecond time resolution.

Reference Scan|
Sample scan

Electric Field (arbitrary units)

T T T T v T T 1
-4 -2 0 2 4

Time (ps)
Figure S8. The electric field of a typical THz probe pulse. Shown is a reference pulse (red) propagated through
free space, and a pulse that was transmitted through a non-photoexcited NT sample (black). Note that the pulse is
both attenuated by absorption and delayed due to the sample’s refractive index. The bandwidth of these pulses is
roughly 0.2 — 2.5 THz.

We will highlight a only a few relevant points regarding the application of TRTS to nanomate-
rials such as TiO, NTs; a more comprehensive treatment can be found in Reference 37. The
probe wavelength of 100 um — 1 mm, depending on the specifics of any particular apparatus, is
more than 3 orders of magnitude larger than the typical morphological dimensions of individual
nanostructures such as nanotubes, nanowires, nanorods, nanoparticles, etc. Therefore, probe
pulses are not scattered by individual nanostructures as occurs with visible light or even infrared.
Instead, the sample behaves as if it is a single homogenous medium, i.e., an effective medium,
with its associated wavelength dependant absorption and refractive index. It is this refractive
index that, for instance, determines the amount of reflection from the front and back interfaces of
the sample. This reflection is accounted for in the analysis of the data. The porosity, or more
precisely the volume fraction of semiconductor relative to air, determines the properties of the
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effective medium as a function of the properties of the two constituents®’. The porosity of a giv-
en sample can be determined by quantifying the different regions in a scanning electron micro-
graph of the sample.

The sample dimensions are typically 1 cm x 1 cm x x, where 1 pm <x < 50 um. The diffraction
limited spot size of a probe beam focused in free space, as opposed to being confined within
some sort of waveguide structure, is on the order of 1 to 2 mm for the experimental apparatus
used in this study. This is due to the wavelength of the low frequency spectral components in the
THz pulse: 1 mm for 0.30 THz (10 cm™), and 2 mm for 0.15 THz (5 cm™). Therefore, the later-
al dimensions of the samples must be at least 5 mm x 5 mm, and similarly, the photoexcitation
beam must also be on the order of 5 mm diameter such that the entire sample is uniformly illu-
minated.

The optimum sample thickness, which typically ranges from 1 to 50 pm, is determined solely by
its optical properties. If it is highly absorbing, such as if it is a doped semiconductor, then it
must be kept thin. On the other hand, it must be thick enough to show a change in transmission
of 1 part in 10* or greater upon photoexcitation. Issues related to penetration depth and sample
thickness are typically easily reconciled.

As understood from the above discussion, it is not currently possible to study individual nano-
structures with TRTS. However, advances in guided waves and plasmonic enhancement are an
active area in THz spectroscopy, and provide a reason to believe that this shall soon be possible.
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