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Built-in potential shift and Schottky-barrier narrowing in organic solar cells
with UV-sensitive electron transport layers
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Abstract
The performance of organic solar cells incorporating solution-processed titanium suboxide (TiOy)
as electron-collecting layers can be improved by UV illumination. We study the mechanism of
this improvement using electrical measurements and electroabsorption spectroscopy. We propose
a model in which UV illumination modifies the effective work function of the oxide layer
through a significant increase in its free electron density. This leads to a dramatic improvement
in device power conversion efficiency through several mechanisms - increasing in the built-in
field by 0.3 V, increasing the conductivity of the TiOy layer and narrowing the interfacial
Schottky barrier between the suboxide and the underlying transparent electrode. This work
highlights the importance of considering Fermi-level equilibration when designing multi-layer

transparent electrodes.
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Introduction

Organic photovoltaic (OPV) devices have attracted significant attention due to their potential to
act as easy-to-process, large-area and flexible renewable energy sources.' To enhance the device
power conversion efficiency (PCE) and stability, one emerging method is to insert buffer layers
between the photoactive material and the electrodes, such as transition-metal oxides®™ or
water/alcohol-soluble conjugated polymers.> ¢ Although various methods have been applied to

investigate the role of these buffer layers,

One particularly promising buffer layer material is solution-processed titanium suboxide (TiOy),
which has been used as an electron transporting layer (ETL) in organic solar cells due to its ease
of synthesis and deposition, and its role in enhancing device air stability.'' While as-fabricated
devices usually exhibit poor performance, this can be dramatically improved by UV
illumination.'> '* Although it is well known that the properties of the TiOy layer will be
significantly affected by exposure to UV light,'* detailed understanding of the correlation of
OPV device performance with the TiOy layer properties is still lacking. In order to study the role
of the ETL layer in organic solar cells, here we utilize electroabsorption (EA) spectroscopy to
investigate in-situ the change of built-in potential in the device upon UV illumination. We find
that the built-in potential increases from 0.5 V to 0.8 V after UV exposure, which correlates with
a significant improvement of device performance. We propose that this change is due to a
decrease of the effective work function (the Fermi level moves towards the vacuum level) of the
TiOy layer which arises from a large increase in the density of mobile electrons within the TiO,
narrowing the interfacial Schottky barrier with ITO and significantly reducing the associated

contact resistance.

the mechanism of the enhancement remains unclear.
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Experimental

We fabricated inverted OPV devices based on the model system of poly(3-hexylthiophene)
(P3HT) blended with [6-6]-phenyl-C61-butyric acid methyl ester (PCBM), using TiOy as the
ETL. Figure 1(a) shows a schematic diagram of the device structure. Figure 1(b) shows the
approximate energy level structure based on literature values.” ' Here the ITO layer acts as
the electron-collecting electrode and Ag as the hole-collecting electrode. 20 nm thick amorphous
TiOy films were obtained by spin coating a precursor (titanium isopropoxide (Ti{OCH(CHs),]s))
on cleaned ITO substrates, followed by annealing at 150 °C for 1 h in air. The precursor solution
was prepared as previously reported.'> P3HT:PCBM (30 mg/ml, 1:0.8 by weight) dissolved in
chlorobenzene was spin-cast onto the TiOy layer in a nitrogen glove box. The resulting
photoactive layer, with a thickness of ~100 nm, was annealed at 140 °C for 10 min under
nitrogen. Thin films of MoO; (8 nm) and Ag (100 nm) were then deposited by vacuum
evaporation (2x10°® mbar). The overlap between ITO and Ag electrodes defined the effective

device area of 1.5 mm>.

The photovoltaic performance of the devices was characterized in air under simulated AM 1.5 G
conditions at 100 mWem™ (ABET Sun 2000) without encapsulation. A 380 nm UV cut-off filter
was used to obtain the current-voltage (J-V) characteristics under visible illumination without
significant excitation across the TiOyx bandgap. The filter was then removed to study the
evolution of the device performance at 30 s intervals with the UV component restored (hereafter

referred to as “UV illumination”).
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Interfacial resistance was studied by fabricating electron-only devices with 100 nm thick
evaporated Al electrodes deposited both directly onto TiOy, and with a buffer layer of spin-cast
PCBM, with a device area of 1 mm?>. In-plane resistance was studied using thin films of TiOy

deposited onto insulating SiO,, with laterally spaced Al electrodes evaporated on top.

Results

Figure 2 shows the device PV performance before UV exposure and after various intervals of
UV illumination. The initial device fill factor (FF) and external quantum efficiency (EQE)
(shown in Figure 2(b)) are extremely poor, which result in a <0.01% power conversion
efficiency before UV illumination, and open-circuit voltage (Voc) is ~0.50 V. With UV exposure,
sequential measurements show device performance steadily improving. After ~500 s continuous
UV illumination, the device performance saturates at a PCE of 3.1%, with short-circuit current

(Jsc) of 9.7 mA/em?, Voc of 0.61 V and FF of 0.50.

To examine the consequences of the UV treatment in thin films of TiO4, we measured the
resistance of electron-only devices comprising 20 nm of TiOy deposited onto ITO and capped
with 40 nm of spin-cast PCBM and evaporated Al. Figure 3(a) presents plots of resistance vs.
voltage after different UV exposure doses. The TiOy resistance decreases strongly with the bias,
and as the UV dose increases. The resistance reaches a minimum at high forward bias, the value
of which drops from 3 x 10° Q before illumination to 6 x 10* Q after UV illumination. We also
measured devices omitting the PCBM layer (see supplementary information), but found that
penetration of the TiOy by evaporated Al led to significantly increased conductivity and shorting,

although identical trends were observed upon UV illumination.
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It has previously been shown that the resistance of TiO, decreases after UV illumination.'?
Therefore, we first consider the possibility that this strong dependence of resistance on bias and
UV exposure is governed by the change of bulk resistivity in the TiOy layer alone. From in-plane
resistivity measurements on TiOx films, shown in Figure 3(b), we obtain a resistivity of 9 x
10’ Q m before UV exposure, reducing to 1 x 10° Q m after exposure.'® We therefore expect the
bulk resistivity of the 20 nm TiOx ETL to only contribute 15-120 Q to the device series
resistance, depending on UV exposure, which will cause a negligible voltage drop for the current
densities measured herein. In addition, a bias-independent bulk resistivity cannot reproduce the
change in shape observed in the J-V curves measured for the photovoltaic device. We therefore
rule out changes in bulk resistivity of the TiOyx layer as a direct contribution to the changes in

device performance observed under UV illumination.

To investigate the origin of the observed changes in solar cell performance, we utilize
electroabsorption spectroscopy to estimate the device built-in potential before and after UV

illumination. EA is a non-invasive method which can probe the electric field distribution in

19, 20 21, 22

organic light-emitting diodes and solar cells. Full experimental details are described
elsewhere. Briefly, we apply a bias to the device comprising a variable DC voltage (V) and a
small, fixed, AC modulation (¥4c). The superposition of built-in potential Vz; and the applied
bias leads to a modulated internal electric field, causing a Stark shift of the semiconductor
absorption. The electroabsorption spectrum is typically dominated by the first derivative of the

absorption spectrum. By reflecting the monochromated probe light from the Ag electrode onto a

silicon photodiode, the change in absorption is detected through a lock-in technique as a
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modulation of the relative reflection coefficient, R Assuming no injection of charge carriers
into the device,”' the first harmonic electroabsorption signal is

AR .
? oc Im ;((3)(hv)(VDC =V W o sin(at) , (1)

(0]

where Im y(hv)is the imaginary part of the third-order susceptibility as a function of photon

energy hv and w is the frequency of the AC modulation. If there is no significant charge
accumulation in the film, i.e. the electrical field distribution in the photoactive layer is uniform,
the built-in voltage Vp; will be given by the difference in work function between the two
electrodes® and may be estimated from V,,;, the value of V¢ for which the EA signal goes to

Z€10.

Fig 4(a) shows an EA spectrum under -3 V DC bias and the first derivative of the absorption
spectrum of a P3HT:PCBM thin film. The EA peak positions match well with the lineshape of
the first derivative of the absorption spectrum. The agreement between these two spectra
indicates that the EA signal originates primarily from the induced dipole moment in the
P3HT:PCBM layer.”> Note that there exists a difference between the two spectra, particularly at
photon energies below 1.9 eV. This negative feature can be ascribed to the absorption of
polarons doped into the P3HT by the MoO; contact.”® In order to maximize the signal-to-noise

ratio, we selected a photon energy of 2.0 eV to characterize the built-in potential of the device.

Figure 4(b) shows the DC bias dependence of the EA signal at 2.0 eV. Before UV illumination,
the built-in potential in the device is 0.5 V, as estimated from V,,,;. This increases to 0.8 V after
UV exposure. Note that under forward bias, the EA amplitude varies non-linearly with the

voltage due to the increasing influence of excited-state bleaching and absorption from injected
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charges.”” After 12 h in the dark, Vs returns to 0.5 V (see supplementary information), and the

OPV performance of the device also reverts to that measured before UV illumination.

Discussion

We now discuss why TiOx-based P3HT:PCBM solar cells respond so strongly to UV
illumination, and how this is related to the observed changes in built-in field. The band diagrams
of our device were simulated using PC1D software.”® As illustrated in Figure 5(a), the built-in
field is generated by the work function difference of the two oxide electrodes. Due to the high
dielectric constants of MoOs % and TiO,,*® under reverse bias the electrical potential drops
predominantly within the P3HT:PCBM layer. We estimate the work function of MoOs, which is
insensitive to UV illumination,' to be 5.3 eV.>' The formation of a §-hole layer between MoOs

and the P3HT allows the formation of an ohmic contact, illustrated by the dipole layer A in

Figure 5(a) and (b). Since Vp; before UV illumination is ~0.5 V, we obtain a work function of
~4.8 eV for TiOx before UV illumination, which suggests the solution-deposited material
contains a high density of sub-bandgap defects.” After UV illumination, V; increases to 0.8 V,
meaning the TiOx work function decreases to ~4.5 eV. Due to the energetic distribution of trap
states in TiOx showing exponential dependence on the energy, 1 order of magnitude increase of
free charge carrier density using UV light can lead to 0.3 eV change of the Fermi level.*® This is
consistent with the defect states being filled by photo-generated carriers, allowing the work
function of TiOy to move towards the conduction band at around 4.3 eV, as illustrated in figure
5(b)."* This is also consistent with our observation that the improved performance upon UV

illumination is reversible, since the carriers trapped at defects will eventually de-trap and
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recombine, returning the TiOy to its original state. In addition, the increase in work function is
consistent with the small increase in Vpc from ~0.50 V to 0.61 V. This indicates that before UV
illumination, V¢ is limited by the work functions of the electrodes,33 while after UV

illumination the electron quasi-Fermi level is likely pinned to states in the PCBM.**

The modest increase in built-in potential cannot explain the marked increase in fill factor or Js¢
upon UV illumination. To understand this, we must reconcile the differences in resistance
measured in the lateral and sandwich structures. The modest drop in resistance in the lateral
structure upon UV illumination corresponds to an increase in the free electron density of
approximately one order of magnitude. The significantly different behaviour observed in the
sandwich structures must therefore be dominated by contact effects. Upon deposition, the Fermi
levels of the TiOx and ITO equilibrate, necessitating electron transfer to the ITO and depleting
the TiOy film. This gives rise to a Schottky barrier between the ITO and TiOy layers. An initial
electron density of ~10" cm™ would lead to depletion widths of order 20-30 nm,*® depending on
the exact barrier height, rendering the TiOy layer largely insulating and giving rise to a
significant (and symmetric) tunnel barrier.”” After UV exposure, the increase in electron density
will reduce the depletion width sufficient to allow tunnelling through the Schottky barrier, such
that the effective resistance approaches the bulk TiOy. Again, this change is consistent with an
order of magnitude increase in the free carrier density of the TiOy. In the lateral structure on SiO,
this effect does not occur, since little exchange of electrons is expected and any depletion at the

contacts will be insignificant compared to the resistance of the channel between them.
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The behaviour of the complete device is thus fully accounted for by these two effects, suggesting
that it is the suppression of an interfacial Schottky barrier which facilitates extraction of photo-
generated charge, reducing bimolecular recombination and leading to enhanced short-circuit

current and improved fill factors.”® >

We therefore also conclude that changes in trap-assisted
recombination at the TiOy interface play a relatively minor role in the change in device output.*”
*! This is consistent with the traps being electrically inaccessible, which is implied by the very

long “memory” of such TiOy interlayers and our inability to reproduce the resistivity change by

simply injecting carriers directly into the TiOy.

In summary, we have investigated the role of TiOy buffer layers in inverted P3HT:PCBM solar
cells. We found that the improvement of device performance upon UV illumination arises from
the increase in electron density within the TiOy film as photogenerated carriers passivate deep
traps. This increased electron density leads to a decrease in the work function of the TiOy, a drop
in its bulk resistivity and the narrowing of the Schottky barrier between the TiOx and ITO. The
drop in contact resistance due to TiOy therefore leads to a significant increase in FF and Jsc,
while the change in work function results in an increase in the built-in potential and a
concomitant increase in Vpc. These observations are important not only for OPV devices with
TiOy electron transport layers, but also for other interlayer systems requiring significant charge
transfer to achieve equilibrium. In particular, while the work function modification accomplished
by depositing TiOx on ITO is crucial for achieving inverted devices, the significant electronic
rearrangement and resulting depletion of the TiOx may be detrimental. This suggests that

transparent electrodes with a lower work function than ITO may be better paired with TiOy in



stable inverted devices, and explains why such effects are rarely observed when TiOy is used as
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an electron-collecting buffer layer underneath a lower work function metal such as Al.*’
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Figure captions:

FIG. 1. a) Device structure of a bulk heterojunction inverted organic solar cell,
using TiOy as the electron transport layer. b) Energy level diagram of the OPV

device.

FIG. 2. a) J-V curves for the complete device, before and during exposure to UV
light, at 30 s intervals. J-V curves on a logarithmic scale, taken before and after
UV illumination, are shown in the inset. b) EQE spectrum taken before and after
UV illumination. The EQE amplitude before UV illumination is multiplied by 50

for clarity.

FIG. 3. a) Resistance-voltage curve for Al/PCBM/TiO,/ITO glass sandwich
structure before and after 30 min UV illumination. The inset shows a schematic
diagram of the structure, which has an active area of 1 mm”. b) Current-voltage
measurement for a TiOy thin film on a Si/Si0, substrate with laterally spaced Al
electrodes, before and after 30 min UV illumination. Channel length L=20 pum,

channel width =1 mm. The inset shows a schematic diagram of the structure.

FIG. 4. a) Electroabsorption spectrum under -3V external DC voltage (black), and
first derivative of absorption spectrum of P3HT:PCBM (red). b) The DC bias
dependence of the EA signal at 2.0 eV, taken before and after UV illumination.

FIG 5. Schematic energy diagrams for the device. a) Before UV exposure and b)

after UV exposure. A represents the dipole layer due to a formation of a d-hole

layer between P3HT:PCBM and MoOs.
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