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In this work we study the optoelectronic properties of individual TiO, fibres produced through coupled
sol-gel and electrospinning, by depositing them onto pre-patterned Ti/Au electrodes on SiO,/Si
substrates. Transport measurements in the dark give a conductivity above 2 x 107> S, which increases
up to 8 x 107> S in vacuum. Photocurrent measurements under UV-irradiation show high sensitivity
(responsivity of 90 A W= for 375 nm wavelength) and a response time to illumination of ~5 s, which is
superior to state-of-the-art TiO,-based UV photodetectors. Both responsivity and response speed are
higher in air than in vacuum, due to oxygen adsorbed on the TiO, surface which traps photoexcited free
electrons in the conduction band, thus reducing the recombination processes. The photodetectors are

Received 6th June 2016, sensitive to light polarization, with an anisotropy ratio of 12%. These results highlight the interesting

Accepted 30th October 2016 combination of large surface area and low 1D transport resistance in electrospun TiO, fibres. The
DOI: 10.1039/c6tc02344d simplicity of the sol-gel/electrospinning synthesis method, combined with a fast response and high

responsivity makes them attractive candidates for UV-photodetection in ambient conditions. We anticipate
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Introduction

Transition metal oxides offer great opportunities in optoelectronic
applications requiring transparent materials (materials that
scarcely react to light within the visible part of the spectrum)
with high responsivity to UV light. UV photodetectors have
gained attention due to the wide spectrum of possible applications
in fields such as flame sensing, missile plume detection, medical
diagnosis, chemical analysis or optical communications."* Among
the different transparent materials, TiO, is one of the most studied
partially because of its interesting properties and promising
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their high (photo) conductance is also relevant for photocatalysis and dye-sensitized solar cells.

applications in photocatalysis, solar cells, batteries or gas
sensors.>** Moreover, from the synthesis point of view, TiO,
results especially relevant because of the different synthetic
methods that can be employed to obtain this material. For
instance, TiO, UV photodetectors fabricated by sol-gel, potentio-
static anodization or radio-frequency magnetron sputtering have
been recently demonstrated.”'®'> The best photodetector perfor-
mances reported for a wavelength of 375 nm are close to ~25 AW,
with response times in the order of 6 s to 15 s.” In this work we
present UV photodetector devices based on individual electrospun
TiO, nanofibres transferred onto pre-patterned electrodes. The
electrospinning technique becomes highly interesting in this kind
of applications since it enables the synthesis of large scale material,
simplifying the fabrication of functional devices. The fabricated
devices show an outstanding UV photoresponse of ~90 AW " and
response time of a few seconds, which is above state-of-the-art for
TiO,. The photodetectors also show sensitivity to the incident light
polarisation, with polarisation anisotropy of 12%.

Experimental
Synthesis of TiO, nanofibres

The TiO, nanofibres are synthetized by a combination of electro-
spinning and sol-gel methods. A solution of sol-gel precursors
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(alcoholic solution of titanium ethoxide with controlled pH,
63.5 wt%) and polyvinyl pyrrolidone (PVP) in ethanol (10 wt) are
mixed with a few drops of acetic acid to catalyse the sol-gel reaction,
and then electrospun in a electrospinning setup (Nanon 01A,
MECC Co., Ltd) at 18 kv and flow rate of 2 mL h™" to obtain the
nanofibres thin film. The polymer coating is removed by
pyrolysis in air at 400 °C for 2.5 h and crystallisation was
carried out by annealing in Ar atmosphere at 500 °C for 1 h.
A reference sample was produced by carrying out the crystal-
lisation process in air. More details of the main features of the
TiO, fibres are presented in the ESL¥

Structural and physical characterization of TiO,

The morphology of TiO, thin films and single nanofibre
photodetectors was analysed by scanning electron microscopy
(SEM, EVO MA15, Zeiss Model). The structural analysis was
carried out by high-resolution transmission electron microscopy
(HRTEM, JEOL JEM 3000F). Phase analysis was performed using
X-Ray Diffraction (XRD, X'Pert MD Analytical). Micro-Raman
spectroscopy was performed with a Renishaw PLC using a laser
of 532 nm and a power of 5 mW. UV-Vis Diffuse Reflectance
Spectroscopy was analysed in the range 250-800 nm with a
Lambda 1050 PerkinElmer spectrometer. Tauc plot representation
was used to determine the band gap value of the material.

Fabrication of TiO, photodetectors

TiO, single nanofibre photodetectors are fabricated by “picking
up” the nanofibres directly from the thin film: a polydimethyl-
siloxane (PDMS) stamp (Gelfilm from Gelpak™) is placed on the
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TiO, nanofibres thin film and peeled off fast, removing several
nanofibres that remain adhered to the stamp. The stamp is
then investigated by optical microscopy in order to locate the
nanofibres with the desired dimensions (~ 70 pm in length and
200-1000 nm in diameter). Since the fibres need to be identi-
fied optically, only the fibres with diameters above 400 nm are
used. Finally, the nanofibre is transferred deterministically
bridging two Ti/Au (5/50 nm) electrodes pre-patterned on a
Si0,/Si substrate.

Optoelectronic characterization of TiO, photodetectors

The optoelectronic properties of TiO, photodetectors are charac-
terized in a homebuilt air-pressure (room temperature) probe
station. A source-meter source-measure unit (Keithley 2450) is
used to perform the current-voltage measurements. The light
source is provided by 8 light emitting diodes (LEDD1B - T-Cube
LED driver) with different wavelengths ranging from 375 nm to
1050 nm, coupled to a multimode optical fibre at the LED source
and directed to the probe station zoom lens, creating a light spot
on the sample of 200 pm. The time-dependent measurements are
carried out by modulating the light intensity with a function
generator (Yokogawa).

Results and discussion

The TiO, nanofibres are produced by a combination of electro-
spinning and sol-gel as reported elsewhere.'® Briefly, a solution
of sol-gel precursors and PVP is electrospun as continuous thin
nanofibres. Subsequent pyrolysis and annealing in inert gas
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Fig.1 (a—c) Scanning and transmission electron micrographs of the mesoporous fibre structure formed by interconnection of TiO, nanocrystals.
(d) XRD pattern (the black lines indicate the anatase reflections and the purple lines indicate the rutile reflections) and (e) Raman spectra of TiO,
nanofibres showing predominantly anatase phase (anatase vibrational modes are highlighted in the figure). (f) UV-Vis diffuse reflectance spectra shows

absorption of TiO, nanofibres in the UV range, below 400 nm.
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removes the polymer coating and completes the crystallisation
of TiO,, resulting in a vacancy-rich oxide with high activity in
photocatalytic hydrogen production®® and CO, reduction under
UV irradiation.’”

Fig. 1a shows a scanning electron microscopy (SEM) image
of an array of electrospun TiO, nanofibres with average diameter
of 200 £ 100 nm and only less than 3% exceeding 500 nm. Each
fibre consists of a network of TiO, nanocrystals with average size
of 12 nm that form a high-surface area (~40 m* g~ ') mesoporous
continuous structure (Fig. 1b). High magnification transmission
electron micrographs (HRTEM) show the tight interfaces between
adjacent nanocrystals, resembling grain boundaries (Fig. 1c). The
interconnection of crystalline domains in a continuum, a conse-
quence of the synthetic route used, provides a conduction path
with low resistance, particularly compared to nanoparticles simply
aggregated by weak interactions.

X-Ray Diffraction (XRD) and Raman spectroscopy with
a 532 nm-laser show predominance of the anatase phase
(Fig. 1d and e). A small fraction of rutile is also detected, which
forms due to the accelerated anatase-rutile phase transforma-
tion at the interface between nanocrystals,'® and is thus to
some extent inevitable in these samples. The average anatase
crystal size calculated from XRD is 11.22 nm, which matches
TEM observations. UV-Vis diffuse reflectance spectra shows an
absorption edge below 400 nm, confirming that the material
absorbs only in the UV region and can thus be considered
transparent (Fig. 1f). The calculated bandgap following the
Kubelka-Munk theory is 3.11 eV (398 nm), which is between
those for bulk anatase and rutile.'®

A single TiO, nanofibre can be isolated to fabricate a device
by means of a recently developed “pick-up and drop” technique
to pick up a fibre from the substrate and to deterministically
place it onto a desired acceptor substrate. In order to do so, we
use a transfer setup originally designed for deterministic place-
ment of 2D-materials (see ESI of ref. 19 for details on the setup).
We direct the reader to the ESIf to see pictures acquired at
different stages of the pick-up and drop process used to
fabricate a TiO, fibre-based photodetector (Fig. S1 of ESIY).
Fig. 2a shows a SEM image of a device fabricated by placing an
individual TiO, fibre between Ti/Au. The inset in Fig. 2a shows a
high resolution SEM image that enables accurate determination
of the diameter of the specific fibre analysed, in this case
d =537.71 nm.

In order to characterize the optoelectronic performance of
the device, the light of a high power LED source (4 = 455 nm) is
focused down to a 200 pm-diameter spot onto the sample. The
power is measured with a silicon photodetector (Thorlabs power
meter PM100D with sensor S120VC). Fig. 2b shows a comparison
of current-voltage (IV hereafter) characteristics acquired in dark
conditions and upon illumination with increasing light power (P).
Interestingly, even in dark conditions the material is significantly
conductive. At 10 V, for example, it has a conductivity of
~6 x 107* S m™ !, which is comparable to that of monolithic
TiO, with grain size in the range of tens of microns,” but orders
of magnitude superior to that of sintered mesoporous TiO,
materials, ordered mesoporous TiO, from block-copolymer directed

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) SEM image of a TiO; fibre photodetector. Inset: Zoom of the
fibre. (b) Current—voltage characteristics of the TiO, photodetector shown
in (a) in dark conditions and upon illumination with 455 nm wavelength
with increasing LED power. Upper inset: The same current—voltage curves
in logarithmic scale. Lower inset: Photocurrent as a function of the LED
power. (c) Photocurrent of the device shown in (a) as a function of the LED
wavelength (P = 2 uW, V,, = 10 V). Inset: Responsivity as a function of the
LED wavelength.

growth, as well as other morphologies used in photodetectors,
all in the 107® S m ™" range.”'®*"** This is due to the network
of nanocrystals discussed above, which minimises the activa-
tion energy for charge transfer between adjacent crystalline
domains, with the added benefit of oxygen vacancies acting as
donors. Note that whereas the majority of mesoporous TiO, is
produced by sintering of pre-synthesised particles, our syn-
thetic method forces interconnection of crystalline domains at
the point of nucleation and growth during sol-gel, leading to
tight interfaces with large contact area per particle. Additionally,
we point to observations of a high density of sub-band gap states
near the conduction band in ordered mesoporous TiO, grown via
block-copolymer self-assembly and which lead to large enhance-
ments in dye-sensitised solar cell performance.>® These states are
attributed to the formation of oxygen vacancies as a consequence
of the reducing atmosphere during growth in the vicinity of the
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polymer phase, similar to those observed in our electrospun
material, for example in Fig. 1f.

The upper inset of Fig. 2b shows the absolute value of the IV
characteristics in logarithmic scale to facilitate the comparison
between the different light powers. One can see how the ratio
between the dark current and the current upon illumination
can reach up to ~200 nA with an applied voltage of 10 V. The
lower inset shows the photocurrent (I,,, difference between
the current upon illumination and in dark conditions) as a
function of the light spot power. For purely photoconductance
photogeneration mechanism (where each photon generates an
electron-hole pair that is separated by the applied voltage bias
thus increasing the effective conductance of the device) one
would expect a linear I,j, vs. P trend. Our data, however, shows a
sublinear trend that can be fitted to a power law I, vs. P* with
o = 0.72. It has been shown how such a behaviour is observed
for systems with a strong photogating effect, where the electrons
(or holes) get immobilized in charge traps. The electric field
generated by these charged impurities effectively dopes the
material by electric field-effect, increasing the conductance of
the sample. Photogating effect typically results in a quantum
yield higher than 1 but slow responsivities as the devices cannot
response faster than the lifetime of the charged traps.

The photoresponse of the device at different wavelengths
has been explored by using LED sources with different central
wavelengths while fixing the incident power. Fig. 2c shows the
photocurrent generated upon illumination with light with
different wavelengths (10 V, 15 W m™?). The sharp increase at
/=375 nm matches very well with the absorption data shown in
Fig. 1f for a thin film of multiple fibres. Along the visible part of
the spectrum, the response of the device is negligible compared
to that in the UV, demonstrating its potential for applications
requiring transparent materials. In order to facilitate the com-
parison between different photodetectors, it is common to
use the responsivity, defined as R = I,p/Pesr, where P is the
effective power of light reaching the device and is calculated as

OFF ON OFF ON OFF ON
T
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Pegr = PiaserAdev/Aspot; (Adev i the surface of the device that
“sees” the light and Ay, is the total area of the LED spot
reaching the device). The inset in Fig. 2c shows the responsivity
as a function of the LED wavelength in logarithmic scale to
facilitate the comparison between the UV and the VIS part of
the spectrum.

The response time of our TiO, device is characterized by
modulating the intensity of the LED source with a square signal
(frequency 100 mHz). Fig. 3 shows the photocurrent vs. time
measured with different maximum illumination power. The
response rise time of a photodetector is defined as the time
difference between 10% and 90% of the maximum photo-
current, the fall time is defined in the opposite way. From
Fig. 3 we obtain a rise time of 2.5 s and a fall time of 10 s. This
relatively slow response time points again towards photogating
as the main generation mechanism. Interestingly, the device
also shows a fast response occurring in the first 100 ms after
the illumination is turned on/off. Therefore, it seems that the
most likely scenario is a combination of different photocurrent
generation mechanisms where photogating plays a major role.
The photogating effect is an especial case of the photoconductive
effect in which one type of the photogenerated charge carriers
(electrons or holes) gets trapped in localized energy states
created by defects or at the surface of the semiconductor. The
photogating effect can be distinguished from the photoconduc-
tive effect by their response times, which are much slower in the
first case (photogating), although a combination of the two
of them is also possible.>**> In our case, the photoconductive
effect is probably triggering the photoresponse in the first few
100 milliseconds while the photogating effect is slowing down
the global response. We direct the reader to Fig. S2-S5 in the
ESIf for the optoelectronic characterization of other examples of
TiO, nanofibre photodetectors showing the reproducibility of
the results discussed above.

Comparison with some state-of-the-art UV-photodetectors
(Table 1) yields a very good performance of our TiO,
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Fig. 3 Time response of the photodetector shown in Fig. 2 upon illumination with 455 nm wavelength with increasing LED power. In order to highlight
the photocurrent, the dark current has been set to 0. The measured rise time is ~2.5 s and the fall time is ~10 s.
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Tablel Comparative table with the figures-of-merit of different UV-photodetectors based on metal oxides in thin film morphology and nanowires. The
values marked with * are not explicitly given in the main text of the manuscripts and have been either extracted from plots present in the manuscripts or

calculated with the values listed in them

Material Vas (V) Wavelength (nm)  Power (W m™?)  On/off ratio  Responsivity (A W™')  Rise time (s) Ref.

Thin films

Zno 1 uv 4.5 x 10° 1.2 x 10° 360 35

Sno, 12 365 — ~10 — ~100 36

TiO, 10 370 — — ~4 x 1072 — 37

TiO, nanotube arrays 5 390 — 100 7.65 x 107 ~100 38

Nanowires

ZnoO 1 365 — 10* — <1 30

Sno, 0.1 325 100 W m > ~10 321 ~100 39

Sno, 1 320 9Wm 2 10° ~10° ~50 40
375* — ~5 x 10%* —

V,05 1 450 28 Wm 2 ~1.21 482 — 41

WO, 10 375 1.7 x 1073 ~1.15 — ~100 42

TiO, 5 250 150 x 1073 ~10* 889.6 1334 x 107 9
375*% - 2% —

TiO, 10 375 15 ~10 90 2.5 This work

nanofibres-based photodetectors, which show high responsivity
and short response time for a wavelength close to the absorption
limit of TiO, (4 = 375 nm). Therefore, electrospun TiO, photo-
detectors present themselves as great candidates for UV-photo-
detection with high sensitivity and fast response.

To further understand the photogeneration mechanisms
working in our TiO, photodetectors, we perform the optoelectronic
characterization of the same photodetector in air and in vacuum.
In dark conditions and vacuum (P =7 x 10~ ° mbar) the device has
significantly higher conductance (~50%) than in air (Fig. 4a and
Fig. S8, ESIT). This feature has been observed in several metal oxide
materials such as SnO, or Zn0,”>*” and it is generally attributed to

the presence of oxygen molecules adsorbed on the TiO, surface that
trap free electrons from the conduction band (O,(g) +e~ — O, (ad))
forming a low-conductivity depletion layer near the surface,*>°
resulting in the reduction of the channel conduction and thus
a reduction of the conduction of the material surface.'®?°
When the photodetector is illuminated, we see that the time
response of the material is strongly dependent on the atmospheric
conditions: in vacuum the rise/fall times have values of 23 s/185 s,
while in air is much faster (1.5 s/7.8 s). This feature has been
reproduced in more devices measured in different atmospheres
(Fig. S9, ESIT). The slow time response in vacuum, compared to
that in oxygen/air, has also been observed in previous works,'®***”
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Fig. 4
applied voltage of V}, = 10 V. The current in air is 50% lower than in vacuum

(@) Current as a function of time in a TiO, nanofibre photodetector in dark conditions both in vacuum (white area) and in air (purple area) with an
. (b) Photocurrent of the same device as in (a) in vacuum. (c) Photocurrent of

the same device as in (a) and (b) in air. The photocurrent in air is 60% higher than in vacuum, and the response time are much faster.

This journal is © The Royal Society of Chemistry 2016
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and is generally attributed to the suppression of oxygen read-
sorption in vacuum, although we also observe that the response
in air is noticeably faster than that in oxygen, the adsorbed
water or nitrogen molecules might be also affecting the time
response of the material. The combination of a high surface
area (40 m> g~ ') mesoporous structure and a large fraction of
O vacancies implies that surface defects and their interaction
with adsorbed molecules play a dominant role in the photo-
conduction mechanism in electrospun TiO, fibres.

We have also performed the optoelectronic characterization
of another photodetector based on a TiO, nanofibre crystallised
in air atmosphere instead of Ar (Fig. S6 and S7, ESIY).
This sample had a slightly lower photocurrent, although the
calculated responsivity is similar to the one obtained for
Ar-crystallised TiO,. Further investigation is needed to go
deeper in the role of different defects and adsorbates in the
photoresponse of these devices, but it lays beyond the scope of
the current manuscript.

(@)

Unpolarised light

Polarised light

View Article Online
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Another interesting aspect of light absorption in photo-
detectors based on elongated semiconducting nanomaterials,
such as nanowires or nanofibres, is that they usually exhibit
polarisation sensitivity to the exciting light.*’** We have studied
the polarisation sensitivity in TiO, nanofibres-based photodetec-
tors by varying the polarisation of the incident light. In Fig. 5a we
show an artistic drawing of the experimental setup used to
measure the polarisation sensitivity in our photodetector: a linear
polariser is placed in between the zoom lens (used to illuminate
the sample with unpolarised light provided by the LED source)
and the sample, making the light reaching the sample to be
linearly polarised within the sample plane (Fig. 5a). The polariser
is then rotated, with a constant angular frequency (0.07 rad s )
while the photocurrent was recorded, obtaining the photo-
current curve shown in Fig. 5b and c, where we see that the
photocurrent is higher when the light is linearly polarised
parallel to the nanofibre longitudinal direction and lower when
it is perpendicular. We extract the polarisation anisotropy,

Polariser

® 900

800

Current (pA)

700

600 L

270

i 1
0 90 180 270
Angle (deg)

360

Fig. 5 (a) Artistic representation of the experimental setup used to measure the polarisation sensitivity in the TiO, photodetectors. The light provided by

the LED sources is coupled into a zoom lens that creates a light spot on the sample. A linear polariser is placed between the lens and the sample in such a
way that the light reaching the device is polarised. The linear polariser is rotated, changing the polarisation angle of the light reaching the device, while the
current passing through the device is measured. (b) Photogenerated current in a TiO, nanofibre photodetector as a function of light polarisation (455 nm,
75 mW cm™2) with respect to the longitudinal direction of the fibre, i.e., 0° means that the light is polarised perpendicular to the fibre and 90° means that it
is parallel. The blue circles represent the experimental data, while the red line represents a sinusoidal curve superposed to the experimental data. The pink
(green) dashed line indicate the angle value of the light polarised parallel (perpendicular) to the nanofibre. (c) The same data as in (a) in polar coordinates.
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defined as p = (Iy — I )/(I} + I.), where I and I, are the
photocurrent with incident light polarised parallel or perpendi-
cular to the main axis of the fibre, respectively, obtaining
p = 12% =+ 2%. In a nanowire with a radius comparable to
the incident light wavelength, the optical absorption is drama-
tically determined by the polarization of the incident light,
being higher for light with polarization parallel to the nanowire
than for perpendicular polarization,* since photocurrent linearly
depends on the absorption, it will also be polarization-dependent.
This emphasises the 1-dimensional character of electrospun
TiO, and suggests its potential use as polarisation-sensitive
photodetector.

Conclusions

In summary, we have studied the photoresponse of single
electrospun TiO, nanofibre-based photodetectors in a wide
range of the electromagnetic spectrum (from 375 nm to
1050 nm), finding a good performance in the UV with respon-
sivity values up to 90 A W™ " with an applied voltage of 10 V with
375 nm wavelength and a power density of 15 W m™>. The
photodetectors show a time response to the incident light of
~5 s, as well as polarisation sensitivity with an anisotropy ratio
of 12%. Dark current measurements show TiO, nanofibres to
have a very high conductivity, reminiscent of the synthetic
process used and which leads to the formation of a 1-dimensional
mesoporous network of interconnected crystalline domains. Work is
in progress to determine the relative contributions of low internal
resistance and vacancies (consequence of the Ar annealing) to their
transport properties. Thus, the fibres have relatively large surface
area and are sensitive to adsorbed O,, which acts as electron
scavenger and reduces conductivity compared to vacuum. However,
adsorbed O, ions trap photogenerated holes and thus, both
photocurrent and response speed are higher in air. The excellent
performance of our nanofibre TiO, devices above state-of-the art
TiO,-based photodetectors, combined with the simplicity of the
synthesis method based on sol-gel and electrospinning, makes
these nanofibres strong candidates for UV light detection trans-
parent to VIS light.
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