Author's personal copy
ARTICLE IN PRESS
Solar Energy Materials & Solar Cells 94 (2010) 317–322

Contents lists available at ScienceDirect

Solar Energy Materials & Solar Cells
journal homepage: www.elsevier.com/locate/solmat

Dye-sensitized solar tubes: A new solar cell design for efﬁcient current
collection and improved cell sealing
Zion Tachan, Sven Rühle , Arie Zaban
Institute of Nanotechnology & Advanced Materials, Department of Chemistry, Bar Ilan University, Ramat Gan 52900, Israel

a r t i c l e in fo

abstract

Article history:
Received 13 May 2009
Received in revised form
5 October 2009
Accepted 5 October 2009
Available online 1 November 2009

A dye-sensitized solar cell (DSSC) fabricated inside a glass tube to form a dye-sensitized solar tube
(DSST) is presented. We developed the synthesis of Fluorine-doped Tin oxide (FTO) with a high optical
transmittance and low sheet resistance, which was deposited inside a glass tube by spray pyrolysis.
The FTO was covered with a mesoporous TiO2 ﬁlm using electrophoretic deposition (EPD). Subsequently
the tube was sintered, sensitized with a Ru-dye (N3) and immersed into redox electrolyte while a
Pt-coated rod closed the electrical circuit. Sealing of DSSCs is still a major problem. The new design
reduces signiﬁcantly the area that requires sealing compared to conventional ﬂat cells, moreover sealing
of a tube is signiﬁcantly simpler than two ﬂat plates. A huge advantage of the tube design is the
possibility to incorporate a current collector without blocking direct sunlight from entering the cell.
Panels consisting of DSSTs allow air ﬂow in between the tubes, thus decreasing the wind resistivity
while the cylindrical shape of the DSST can be used to collect diffuse light more effectively. Initial results
on a prototype show a light to electric power conversion efﬁciency of 2.8%, demonstrating the feasibility
of the new tube concept.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Dye-sensitized solar cells (DSSC) based on nanocrystalline
mesoporous TiO2 ﬁlms have attracted much attention as a
potential low-cost alternative for single- or polycrystalline p–n
junction silicon solar cells. DSSCs can reach solar to electrical
energy conversion efﬁciencies above 10% [1]. Upon illumination
photons are absorbed by dye molecules, which inject electrons
from their excited states into the conduction band of the TiO2
nano-particles. Oxidized dye molecules are recharged by a redox
electrolyte, which transports the positive charges by diffusion to a
Pt counter electrode, while electrons diffuse through the TiO2
network to a transparent conducting front electrode. The lowabsorption coefﬁcient of a dye monolayer is compensated by the
mesoporous structure of the TiO2 ﬁlm, which leads to a strong
increase in the number of TiO2/dye/electrolyte interfaces through
which photons pass, thus increasing the absorption probability.
Best performance is usually achieved with the I /I3 redox couple
dissolved in organic solvent while Fluorine-doped SnO2 (FTO) is a
widely used transparent conducting front electrode material with
exceptional chemical stability.
Even though DSSCs are on the edge of commercialization a
major challenge remains the sealing of the photo-electrochemical
cell [2]. The high vapor pressure of the solvent and its capability to
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dissolve/destroy most sealing materials over time scales relevant
for solar panels is a main obstacle for large-scale production. This
problem has triggered the search for solid state or quasi solid state
hole conductors, which can replace the liquid electrolyte without
loss in performance. A number of materials such as inorganic wide
bandgap hole conductors [3–6], hole conducting molecular solids
[7], polymers [8], as well as ionic liquids [9–11] and gel-based
electrolytes [12,13] have been investigated. However up to now it
has not been possible to develop solid-state DSSCs with conversion efﬁciencies compatible with liquid electrolyte-based cells.
Sealing remains a major challenge, especially in solar panels
where individual cells are connected in series, which all have to be
sealed separately.
A further disadvantage of the ﬂat solar cell design is a reduced
conversion efﬁciency due to the presence of a non-transparent
conducting grid on the electrode facing the incident light, which is
required for photocurrent collection. Alternative cell geometries
have been proposed [14–17], however most of them involve a
more complex cell design, which complicates cell fabrication.
Here we present a new and simple DSSC design based on tubes.
Glass tubes were coated from the inner side with a conducting
transparent FTO layer onto which the mesoporous TiO2 ﬁlm was
deposited. A cross-section of these DSSTs is schematically shown
in Fig. 1a. As counter electrodes we used FTO-coated glass rods,
onto which a Pt layer was sputtered. The round shape of the DSSTs
opened a way to transfer the opaque current collector to the
backside of the cell, thus avoiding the losses associated with
shading from collector lines (Fig. 1b). DSSTs drastically reduce the
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Fig. 1. (a) Schematic cross-section of a dye-sensitized solar tube (DSST) showing
the glass tube (1a), the FTO layer deposited by spray pyrolysis (2a), a highly
conducting current collector attached to the FTO on the bottom side inside the
DSST (3a) and a polymer layer, which is protecting the current collector (4a). The
mesoporous dye-sensitized TiO2 ﬁlm (5a) deposited onto the FTO is immersed into
the redox electrolyte (6a). The circuit is closed by a counter electrode consisting of
a sputtered Pt layer (7a) on top of a sprayed FTO ﬁlm (8a), deposited onto a quartz
rod (9a). (b) Schematic drawing of a conventional dye-sensitized solar cell (DSSC)
consisting of a ﬂat glass substrate (1b), covered with commercial FTO (2b). The
opaque current collector (3b) with a protective coating (4b) is partially blocking
the incident light. The dye-sensitized TiO2 ﬁlm (5b) is immersed into electrolyte
(6b) which is in contact with Pt (7b) deposited on ﬂat FTO glass (8b).

area for sealing and can be used as building blocks for dyesensitized solar panels in which individual cells (tubes) are easily
mounted and replaced. We have produced a DSST and
characterized a surface segment with an area of 0.7 cm2 under
direct illumination of simulated sunlight (AM1.5) to compare its
performance to ﬂat DSSCs.

2. Experimental
2.1. Materials
Tin (IV) chloride pentahydrate (98%), HF (40–45%), iodine
(99.8%), tert-butylpyridine (99%), and potassium dichromate were
purchased from Aldrich. Ethanol (absolute anhydrous) and
sulfuric acid with a maximum water content of 0.1% were
supplied by Gadot Lab Supplies Ltd. Acetone analytical was
purchased from Frutarom Ltd., acetylacetone (Z99.5%) and
methoxypropionitrile were bought from Fluka, lithium iodide
anhydrous and dimethylpropylimidazolium iodide came from
Merck, and acetonitrile HPLC grade with a water content of 0.002%
was purchased from J.T.Baker. TiO2 nanopowder (P-25) was
purchased from Degussa AG (Germany). The dye cis-dithiocyanato
bis(4,4_-dicarboxylic acid-2,2_-bipyridine) ruthenium(II) commonly termed N3 was purchased from Dyesol (Australia). All
chemicals were used as received without further puriﬁcation.

for 2 h until the solution appeared clear. In both cases the
precursor solution was stirred further for 12–24 h before it was
used for spray pyrolysis. This precursor was stable and could still
be used weeks after preparation without any decrease in the
conductivity of the resulting FTO ﬁlms. Glass tubes with an inner
diameter of 14 mm and a wall thickness of 0.8 mm were cut into
3 cm long pieces and cleaned with ethanol, mild soap and
thoroughly rinsed with deionized water (18.2 MO), before they
were inserted into dichromate acid solution, rinsed again with
deionized water and dried in a ﬁltered air stream. The glass tubes
were inserted into a tube furnace using a homemade holder (see
Fig. 2) and preheated to 550 1C. The precursor was atomized by a
homemade glass nozzle using pulsed compressed air as a carrier
gas (1 sec pulse duration and a 10 sec time interval in between
pulses) to allow reheating of the substrate in between the pulses.
Deposition was carried out from both sides of the tube to achieve
a uniform deposition. FTO ﬁlms were also deposited on ﬂat glass
substrates under identical deposition conditions to perform highresolution scanning electron microscopy (HRSEM), atomic force
microscopy (AFM) and optical transmission measurements
without further complications due to the curved nature of the
tube. Alternative preparation methods known from the literature
were tested [18–20] but the described procedure produced ﬁlms
of highest quality.
2.3. Electrophoretic deposition (EPD)
EPD was used to produce micrometer thick mesoporous TiO2
ﬁlms [21,22] inside the FTO-coated glass tubes. TiO2 nanoparticles
(P-25) were mixed with 150 ml of ethanol and 0.4 ml of
acetylacetone before the TiO2 suspension was stirred with a
magnetic stirrer for 15–72 h in a closed vessel. In a second beaker
a solution of 35 mg iodine, 4 ml anhydrous acetone and 2 ml
water were added to 100 ml of anhydrous ethanol and stirred with
a magnetic stirrer. Just prior to EPD the TiO2 suspension was
added into the second beaker, followed by sonication for 10 min
using an ultrasound processor (VCX-750 Sonics and Materials,
Inc.) to homogenize the mixture while cooling the suspension in
an ice bath. For the EPD the FTO-coated glass tube and a Pt wire,
placed in the center of the tube, served as electrodes. The EPD was
performed at constant current using a Keithley 2400 source meter.
The current was applied for 20 sec before the ﬁlm was dried at
130 1C for 10 min to avoid cracking and pinholes, which are

2.2. FTO spray pyrolysis
For FTO spray pyrolysis 1 g of SnCl4  5H2O was dissolved in
20 ml ethanol and stirred vigorously for 3 h until the solution
became transparent. Adding 0.14 ml of HF (40–45%) caused the
solution to turn milky and continued stirring for 1 h was needed
to get again a clear solution. In an alternative procedure all
components were added together and treated in a sonication bath

Fig. 2. Schematic drawing of the spray pyrolysis system, showing the gas cylinder
with compressed air (1), an automatic shutter (2), the precursor solution (3), a
spray nozzle (4), a tube furnace (5), the specially designed glass tube holder (6)
and the exhaust (7).
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caused by organic residues. After applying the deposition cycle six
times a surface area of approximately 6 cm2 was homogeneously
covered with a mesoporous TiO2 ﬁlm. To characterize the solar
cell performance of a tube segment the ﬁlm area was reduced to
approximately 1 cm2 and the excessive TiO2 ﬁlm was mechanically scraped off. After sintering for 1 h at 550 1C the porous TiO2
tube electrodes cooled down to 80 1C and were immersed
overnight into a 0.5 mM solution of N3 dye in ethanol.
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counter electrode a quartz rod was used, coated with Pt on top of
an FTO layer. The composition of the electrolyte was: 0.6 M
dimethylpropylimidazolium iodide, 0.1 M LiI, 0.05 M I2, 0.5 M
tert-butylpyridine in 1:1 acetonitrile–methoxypropionitrile. I–V
characteristics were recorded with a potentiostat (Eco-Chemie)
while the solar tube was illuminated in a Newport solar simulator
(class A).

3. Results and discussion
2.4. Characterization methods
3.1. FTO characterization
The morphology of the FTO ﬁlms was investigated using a
HRSEM (JEOL, 7000F) and an AFM (Multi-Mode V, Vecco). X-ray
diffraction was performed using a Bruker D8 X-ray diffractometer
with Cu Ka radiation (l = 1.5406 Å). Transmittance measurements
were carried out in a Cary 500 scan UV–vis–NIR spectrophotometer (Varian, USA). The mesoporous TiO2 ﬁlm thickness was
measured with a proﬁlometer (Surftest SV 500). For solar cell
measurements the dye-covered electrodes were rinsed with
ethanol and dried under a ﬁltered air stream. Afterwards a
5-mm-thin stripe of copper foil was attached to the FTO ﬁlm at
the bottom inside the glass tube to serve as a current collector,
which was covered with Surlyn (DuPont) to protect it from the
corrosive redox electrolyte and to prevent direct contact with
the counter electrode. A special designed cell holder with an
aperture area of 0.7 cm2 was used to measure the performance of
the mesoporous dye-sensitized TiO2 ﬁlm inside the tube. As a

A HRSEM image of a sprayed FTO ﬁlm with a sheet resistance
of 10 O/square is shown in Fig. 3a (deposited at 550 1C onto a ﬂat
glass substrate). From the cross-section image, shown in Fig. 3b,
we determine a ﬁlm thickness of around 500 nm. An AFM image
of sprayed FTO, scanned over an area of 5 mm  5 mm is shown in
Fig. 4, from which a surface roughness (Ra) of 13.7 nm is
determined. The peaks in the XRD spectrum presented in Fig. 5
are typical for the tetragonal structure of SnO2 [23,24]. Moreover
we observe a high intensity of the (2 0 0) reﬂection, indicating a
preferential growth direction [25]. Optical transmission spectra of
bare and FTO-covered glass substrates are shown in Fig. 6. In the
wavelength range 400–800 nm the spray-deposited FTO shows a
transmittance of around 80%. Local maxima at 385, 455, 580 and
770 nm are caused by multiple reﬂections at the FTO/glass and
FTO/air interface [26].

Fig. 4. AFM topography image of the spray pyrolysis deposited FTO ﬁlm.

Fig. 3. (a) HRSEM image of an FTO ﬁlm sprayed on a glass substrate at temperature
of 550 1C. (b) Cross section HRSEM image showing an FTO ﬁlm thickness of around
500 nm.

Fig. 5. XRD pattern of a spray pyrolysis-deposited FTO layer on glass.
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Mesoporous TiO2 ﬁlms were deposited inside the FTO-coated
tubes. To investigate the photovoltaic performance of the DSST, an
area of 0.7 cm2 was illuminated through a round aperture.

A large fraction of the TiO2 ﬁlm was removed from the inside
walls of the tubes to keep the solar cell area similar to the
illuminated spot size. Fig. 7a shows a picture of the tube (1) with
the dye-sensitized TiO2 ﬁlm (2) including the current collector
made out of copper (3). The current collector was covered with a
polymer foil (4) to prevent short circuiting with the counter
electrode and to protect it against the I–/I–3 redox electrolyte.
Fig. 7b shows the measurement system, consisting of the DSST
(1–4), a quartz rod counter electrode, activated with a Pt layer
on top of an FTO coating (5), the tube cell holder (6), the left and
right ﬂange with silicone O-rings to close and seal the cell (7) and
the contact clamp to connect the counter electrode to the
measurement system (8). A front view of a fully assembled
DSST for I–V characterization is presented in Fig. 7c, showing
the round illumination area. In the back view (Fig. 7d) one can see
the copper tape, to which the measurement system was
connected.

Fig. 6. Transmission measurements of a ﬂat glass substrate (dashed) and an spray
pyrolysis-deposited FTO ﬁlm (solid). For comparison also the transmission of
commercial FTO glass (TEC 8) is shown (dash-dotted).

Fig. 8. Current–voltage characteristics of a DSST without current collector
(dashed) and with a copper tape current collector, attached to the FTO substrate
(solid). The solar cell parameters are summarized in Table 1.

Comparison with commercial FTO with a similar sheet
resistance (TEC 8, with a sheet resistance of 8 O/square) reveals
the excellent properties of the spray pyrolysis deposited ﬁlms.
The layer thickness of our spray pyrolysis deposited FTO ﬁlms is
signiﬁcantly smaller than the thickness of TEC 8, which is typically
700 nm. The surface roughness of TEC 8 is with 36.4 nm much larger
while its optical transmittance is lower compared to spray pyrolysisdeposited ﬁlms, shown in Fig. 6. We note that spray pyrolysis of FTO
is a process that provides ﬁlms with very reproducible electrical and
optical properties, excellent for DSSC application.

3.2. DSST assembly and characterization

Fig. 7. (a) Photograph of a DSST, showing the glass tube (1), the dye-sensitized mesoporous TiO2 ﬁlm (2), the copper stripe current collector on the bottom side of the tube
(3) and a transparent polymer ﬁlm protecting the current collector (4). (b) Photograph of the DSST (1–4), the counter electrode rod (5), the tube holder (6), ﬂanges including
O-rings to close and seal the DSST (7) and an aluminum clamp to connect the counter electrode to the measurement system. (c) Front view of the assembled DSST. (d)
Backside view of the DSST, showing the opening used to connect the current collector to the external circuit.
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Table 1
Solar cell characteristics for a DSST with and without current collector.

No current collector
Current collector

Z [%]

Voc [mV]

Jsc [mA/cm2]

ﬁll factor [%]

0.7
2.8

514
645

4.6
7.9

28
56

Fig. 9. (a) Solar panel consisting of 20 square DSSCs of side length L, which are individually sealed, shown by red lines. (b) Solar panel consisting of 20 DSSTs, showing the
strongly reduced sealing area at the tube ends. (c) Required construction for solar panels on horizontal surfaces such as ﬂat rooftops. (d) Simple construction of horizontally
mounted DSSTs. (e) Sun-tracking of ﬂat solar panels requires additional tracking hardware. (f) DSSTs do not require additional sun-tracking components due to the
cylindrical geometry of the tubes.

I–V scans of a tube cell with and without current collector are
shown in Fig. 8. For measurements without a current collector
copper tape was connected to the FTO at the tube edges, but no
copper tape was present inside throughout the DSST.
Consequently the conversion efﬁciency was Z = 0.7% with a very
low ﬁll factor of 28%, which is characteristic for a large series
resistance in the system, e.g. caused by the FTO sheet resistance in
conjunction with large distances for current collection. With the
current collector Z increased to 2.8% and the ﬁll factor improved to
56%, which demonstrates the impact of the sheet resistance and
the importance of short paths to a highly conductive current

collector. All DSST parameters for both systems, with and without
current collector, are summarized in Table 1.
DSSTs have a number of intrinsic advantages over conventional
ﬂat DSSCs. A current collector can be mounted on the bottom side
inside the tube, which is a signiﬁcant advantage over ﬂat system,
where the current collector is mounted on the electrode facing the
incident light. The latter reduces the conversion efﬁciency due to
shading and limits the width and subsequently the length of the
current collector grid lines. In DSSTs the collector line can be
relatively thick/wide because it is located in a place where at best
diffuse light is entering the cell, thus keeping light losses small.
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The thick/wide collector lines can carry larger currents, which has
the advantage that the cell can be scaled up by increasing its
length while the area that requires sealing at both tube ends
remains constant. Fig. 9a and b compares the sealing area of dyesensitized solar panels based on ﬂat DSSCs and tube cells.
The example in Fig. 9a shows a solar panel consisting of
20 square DSSCs (with a side length L), which have to be sealed
individually, leading to a total sealing length of 80 L. Fig. 9b shows
a panel of same size consisting of 20 DSSTs with a sealing length
of 8pLE25 L, which is less than a third. The sealing area ratio of
tube cell-based panels to ﬂat systems decreases further when the
number of individual solar cells per panel is increased. Besides the
smaller sealing area DSSTs have the inherent advantage that it is
technologically much simpler to seal a tube than a ﬂat system.
The tube panel design has the additional advantage that
incident light approaching the surface under an angle can be
efﬁciently collected with horizontally mounted tube arrays, e.g. on
ﬂat rooftops. Fig. 9c shows the required construction for ﬂat solar
panels to collect efﬁciently light under some incidence angle, while
a horizontal module design based on DSSTs is shown in Fig. 9d.
Shading of neighboring tubes is avoided keeping a distance in
between them, providing a simple installation. Fig. 9e and f show
that DSSTs have similar properties like ﬂat panels in conjunction
with a sun tracking mechanism when the tubes length axis is
oriented in the north–south direction. The DSSTs convert the light
effectively over a large range of incident angles. Furthermore DSSTs
collect more diffuse light and an improved cell cooling is warranted
by the surrounding air. The tube design allows a quick and easy
replacement of individual tubes, thus keeping maintenance costs
low. The presented conversion efﬁciency of 2.8% demonstrates the
feasibility of the tube concept. Further development of the
materials and fabrication processes should lead to higher efﬁciencies and has the potential of lower production costs compared to
commercial DSSCs.

4. Conclusions
A dye-sensitized solar tube with a light-to-electric power
conversion efﬁciency of 2.8% was produced. To achieve that goal,
conducting FTO ﬁlms were produced by spray pyrolysis inside
glass tubes, with electrical and optical properties compatible with
commercial FTO. The tube geometry has the huge advantage that
the sealing area is signiﬁcantly smaller compared to the conventional ﬂat solar cell design. Furthermore the sealing of tubes can
technologically be much simpler realized compared to the edges
of ﬂat glass sheets. This is of particular importance for dyesensitized solar panels, in which individual cells are connected in
series. Additionally the tube geometry allows the use of current
collectors without loss of active solar cell area that is exposed to
direct sunlight.
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