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Ultrathin solar cells (USC) have the potential to provide ubiquitous, cheap, and efficient sources of energy.

Practical issues, however, prevent the formation of solar cells below 100 nm. Cracks, voids, and

inhomogeneities result in leakage pathways that render ultrathin solar cells unusable. We here

demonstrate the use of graphene as the top electrode for ultrathin solar cells. Graphene was shown to

suspend over pinholes in the active layer and enable current leakage–current-free carrier transport even

for ultrathin semiconductor films. This advantage enabled the fabrication of solid-state dye-sensitized

solar cells with TiO2 thicknesses between 5 nm and 100 nm, which represents some of the thinnest solar

cells produced to date. The produced ultrathin USCs exhibit a unique dye-loading characteristic that was

attributed to the quasi two-dimensional nature of the TiO2 film. Carrier recombination was found to be

significantly enhanced in these thin films which limits the performance for increasing TiO2 thicknesses.

Finally, charge compensation of the photoexcited dye poses limitations on the minimum thickness of the

TiO2 which was found to be 10 nm. This work highlights the limits of USC scaling and opens up a new

route to producing ultrathin solar cells for transparent and flexible applications.
Introduction

Ultrathin solar cells (USCs) have signicant advantages over
their bulk counterparts. Due to their lower volume, USCs
require less material which decreases their cost.1 Furthermore,
their low thickness results in high transparency andmechanical
exibility that opens up new applications in energy harvesting
windows and wearable generators.2 Finally, short carrier trans-
port lengths result in enhanced efficiencies.3

Despite the positive effect of decreasing their thickness,
current USCs exhibit thicknesses in excess of 200 nm.4–7 This
relatively large thickness results in absorption coefficients of
>15% which results in visible tints and prevents them from
application as transparent generators.

The observed limit of scaling is caused by practical issues
with the USCs' contacts. Voids in the deposited thin lms cause
leakage that short-circuit the solar cells and limit their efficiency.

We here demonstrate that the application of graphene
electrodes can overcome these issues and enable the fabrication
of USCs with less than 20 nm thickness. Graphene is a two-
dimensional carbon allotrope which combines several unique
properties that make it ideally suited for solar cell applications.8

Firstly, graphene is highly transparent with absorption of
�2.3% per layer over the whole visible spectrum.9 The most
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important features of graphene for the present application are
its high mechanical stability and exibility: graphene has
shown the ability to be suspended over large distances without
breaking or touching the substrate.10 This property allows it to
cover pinholes or pores that would cause leakage currents.
Furthermore, graphene's high exibility enables it to conform
to rough surfaces11 thus increasing its contact area with the
underlying material. Finally, dry transfer techniques have been
developed that enable so landing deposition in inert envi-
ronments and make graphene USC electrodes suitable for many
different fabrication schemes.12,13

In the present work, we apply graphene-based electrodes to
solid state dye-sensitized solar cells. Because of their high
absorption and internal quantum efficiency, dyes are a prom-
ising system for USCs. Solid-state DSSCs furthermore exhibit no
complex boundaries as found at the electrolyte–electrode
interface of traditional DSSCs. Thus, USCs can serve as a model
system for the optimization of graphene-based DSSCs which
represent an important application of graphene.14–17

We here investigate the thickness dependence of solar-cell
properties in order to understand the limits of scaling the
thickness of USCs. It is demonstrated that thin lms of 10 nm
thickness exhibit the highest performance due to the competi-
tion between interface effects and recombination losses.
Experimental

TiO2 thin lms were deposited on a transparent electrode (FTO
(Hartford Glass TEC A7)) by sputtering. The lms were then
immersed in Z907 dye (Everlight Chemical Industrial Co.) for 24
hours. Graphene was synthesized at large scale using chemical
RSC Adv., 2015, 5, 99627–99631 | 99627
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Fig. 2 (a) AFM image of graphene on 10 nm TiO2/Z907, (b) height
histogram before and after deposition of graphene on 10 nm TiO2/
Z907, (inset) depiction of origin of different roughness, (c) comparison
of leakage currents for graphene on 10 nm and 100 nm TiO2 and Pt on
100 nm TiO2.
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vapor deposition (CVD) following previous reports.18 Briey,
a copper catalyst (Cu-foil, Alfa 13382) was pretreated by elec-
tropolishing and then annealed for 30 minutes at high
temperature (1000 �C) and low pressure (10�3 Torr) in
a hydrogen atmosphere to improve the surface smoothness and
remove surface contamination. Then, methane was introduced
as a carbon precursor that is catalytically decomposed and
assembled into graphene. Aer 3 hours growth, the sample was
cooled to room temperature in a hydrogen atmosphere. The
resulting graphene has a sheet resistance of �700 U ,�1 and
has been demonstrated to be high quality and single layer.19

The graphene was deposited onto the dye by a dry-transfer
technique. Thermal release tape (TRT, SUNUP High Tech CO.,
LTD. (TR-120-40/N-D)) was laminated onto the graphene/copper
sample at �0.2 MPa pressure and room temperature. Then, the
copper substrate was destructively removed by wet etching in
FeCl3 (0.76 M, 40 min). Aer drying the graphene/TRT it was
positioned onto the TiO2/dye thin lm and heated to 140 �C. At
this temperature the adhesion between the TRT and graphene
is minimized and the graphene will stick to the TiO2 thin lm
instead. Contact to the device was made by silver adhesive (TED
PELLA, INC. Product No.: 16035). The resulting device structure
is shown in Fig. 1. Cross sectional SEM characterization
conrms the nanoscale dimension of the produced structure
(ESI Fig. S1†).

The current–voltage diagram were measured under dark
conditions and under white-light illumination (35 mW cm�2).
Electrical measurements were carried out on a Keithley B2912A
source measurement unit.
Results and discussion

Atomic force microscope (AFM) images were obtained aer
transferring graphene onto the dye/TiO2/FTO structure
(Fig. 2(a)). Occurring wrinkles aer transfer suggest that gra-
phene was suspended on bigger particles. Fig. 2(b) shows
histograms of the height distributions for dye/TiO2/FTO
samples with and without a graphene top electrode. The smaller
FWHM of the roughness distribution demonstrates that the
graphene-covered sample results in a smoother surface. This
change is suggesting that graphene is being suspended on the
surface of TiO2 and covers cracks and voids in the underlying
lm.
Fig. 1 Structure and fabrication steps of the graphene-based USC.

99628 | RSC Adv., 2015, 5, 99627–99631
To identify the effect of this smoothening on carrier trans-
port, the current between top and bottom electrode were char-
acterized under dark conditions. Fig. 2(c) shows the comparison
of traditionally deposited Pt electrodes and graphene electrodes
on 100 nm TiO2 lms. A decrease in leakage current by 6 orders
of magnitude is observed that demonstrates the potential of
suspended graphene electrodes for USCs.

These promising results prompted us to decrease the TiO2

thickness to 10 nm (Fig. 2c) and the extracted low-bias resis-
tances are very similar for 10 nm and 100 nm devices (321 MU

and 382 MU, respectively).
Fig. 3(a) shows the transmittance spectrum of a 10 nm thick

device and its individual components. Due to the low thickness,
the device exhibits an average absorption across the visible
spectrum of less than 10% which makes it suitable for energy
harvesting windows.2

The constant and small light absorption of graphene allows
the direct characterization of the dye even at low concentra-
tions. The Z907 dye exhibits an absorption peak at 526 nm (inset
of Fig. 3(a)) in agreement with previous ndings.20 The analysis
of this feature allows characterization of the time evolution of
the dye adsorption process on the TiO2 lm. It can be seen from
Fig. 3(b) that the absorption is quickly approaching a maximum
value A0 following eqn (1).

A ¼ A0 exp(�t/s) (1)

The tted result from Fig. 3(b) shows that the time constant s
is only 16 minutes. This is in strong contrast to previous results
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Transmittance spectra of the device and its constituents (left
inset): Z907 solution spectrum, (inset, right) photo of the resulting
transparent solar cell, (b) dye transmittance vs. immersion time.

Fig. 4 (a) Current–voltage diagram for 10 nm thick device under light
and dark condition, (b–d) effect of TiO2 thickness on (b) conversion
efficiency, (c) short circuit current, (d) open circuit voltage.
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on the dye loading kinetics where several hours of immersion
were needed.21

The observed surface-limited adsorption results in a dye
concentration that is independent of TiO2 thickness, TiO2 and
dye absorption coefficients of 3% were measured for all TiO2

thicknesses. This behavior gives us the opportunity to investi-
gate the effect of TiO2 thickness on cell performance without
having to consider the impact of different amount of dye
loading that is commonly occurring for porous lms.

In the limit of lm thicknesses approaching zero, graphene's
mechanical strength is not sufficient to avoid leakage. Below 10
nm thickness the TiO2 was found to not produce continuous
lms but individual particles and graphene is contacting the
bottom electrode directly. In order to avoid leakage and access
this thickness regime, we modied the device design and used
an 50 nm aluminum lm as bottom electrode. The lm was
exposed to air before deposition of TiO2 which results in the
formation of a native oxide layer. This oxide layer was found to
result in a consistently low leakage current by producing
a contact resistance of �100 MU.

One issue arising from the modication is the decrease in
current due to the large series resistance resulting in reduction of
overall device efficiencies to 1% of state-of-the-art devices.22

Fig. 4(a), however, demonstrates clear distinction between the dark
and bright I–V curve of our USC with a TiO2 thickness of 10 nm.

Fig. 4(b) shows the conversion efficiency, dened as the ratio
of measured efficiency and theoretical internal quantum effi-
ciency for Z907,23 for devices with varying TiO2 lm thicknesses
between 10 nm and 100 nm. It can be seen that an optimum
thickness exists at which the conversion efficiency is
This journal is © The Royal Society of Chemistry 2015
maximized. Both the behavior and the low critical thickness are
surprising and warrant further investigation.

Fig. 4(c) shows the evolution of the short-circuit current
density (JSC) with TiO2 thickness. We nd that under identical
conditions increasing the lm thickness beyond an optimal
point will result in decreasing JSC. The decaying trend for
thicknesses larger than 20 nm is attributed to an enhanced
carrier recombination.

To describe this effect, the current density for TiO2 thick-
nesses (d) between 20 nm and 80 nm was tted to the diffusive
carrier concentration prole in eqn (2).

C ¼ C0erfc(d/L), (2)

where C0 is the injection concentration and L is the diffusion
length of the photoexcited electron.

The extracted diffusion length is 100 nm which is several
orders of magnitude smaller than observed in porous lms.24

The observation can be explained by the difference in TiO2

lm structure. Commonly, DSSCs are composed of TiO2 in
anatase conguration.25 In this structure, TiO2 has an indirect
band gap with low effective mass.26 This situation will result in
large diffusion coefficients and long electron lifetimes. X-ray
photoelectron spectroscopy of the here employed sputter
deposited TiO2, however shows the absence of anatase (ESI
Fig. S4†). Instead rutile or brookite phases may coexist with
amorphous regions27 which exhibit direct and smaller band
gaps and a larger electron mass.28 Consequently, a lower diffu-
sion coefficient and shorter lifetime are expected. These results
suggest that vacuum deposition of TiO2, which is normally
associated with higher quality, is inferior to lm formation from
crystalline particles.

The fast electron decay consequently necessitates minimi-
zation of the lm thickness. On the other hand a rapid increase
in JSC for TiO2 thicknesses between 0 and 20 nm indicates that
RSC Adv., 2015, 5, 99627–99631 | 99629
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another mechanism exists that limits the minimum lm
thickness.

To understand this effect, we investigate the open circuit
voltage (VOC) dependence on lm thickness (Fig. 4(d)). We nd
a similar increasing behavior for low lm thicknesses (d < 20
nm) as seen for JSC. This behavior suggests that a minimum lm
thickness exists for which the described DSSC mechanism
applies. Previously, electroabsorption techniques suggested the
formation of an enhanced dipole moment at the dye/TiO2

interface.29 This result was explained by DFT calculations
showing a substantial delocalization of the photoexcited state
in the TiO2.30 In this situation, the decrease of lm thickness
would weaken the dipole and deteriorate electron injection
from the dye into the semiconductor.

We approach this behavior with a simple electrostatic model
of uncompensated charges: the electric eld on the dye-side of
the interface has to be balanced by charges within the TiO2 to
retain charge neutrality. Therefore, a decrease of the lm
thickness below the depletion width will result in a decrease of
the built-in electric eld. Using parameters for TiO2 (ref. 31) we
calculate a critical lm thickness in the order of tens of nano-
meters using eqn (3).

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23VOC=qNa

p
(3)

This good agreement proves the importance of a minimum
layer thickness to accommodate the charge of the photoexcited
dye.
Conclusions

In conclusion, we have demonstrated the application of gra-
phene electrodes to ultrathin solar cells (USCs). Graphene's
mechanical strength was found to enable the leakage-free
carrier transport by suspending over cracks and voids. Investi-
gation of the effect of USC thickness on performance reveals two
regimes. Carrier recombination was found to be more signi-
cant in vacuum deposited TiO2 lms than sintered lms and
this process limits the performance for high thicknesses.
Charge compensation of the photoexcited dye poses limitations
on the minimum thickness of the TiO2 which was found to be
�10 nm.

These ndings highlight the potential of our approach in
understanding the fundamental properties of USCs and
enabling their practical applications.
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