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ZnO and TiO, are commonly used as electron extraction layers (EELs) in organic solar cells (OSCs). A
general phenomenon of OSCs incorporating these metal-oxides is the requirement to illuminate the devices
with UV light in order to improve device characteristics. This may cause severe problems if UV to VIS
down-conversion is applied or if the UV spectral range (A < 400 nm) is blocked to achieve an improved
device lifetime. In this work, silver nanoparticles (AgNP) are used to plasmonically sensitize metal-oxide
based EELs in the vicinity (1-20 nm) of the metal-oxide/organic interface. We evidence that plasmonically
sensitized metal-oxide layers facilitate electron extraction and afford well-behaved highly efficient OSCs,
even without the typical requirement of UV exposure. It is shown that in the plasmonically sensitized
metal-oxides the illumination with visible light lowers the WF due to desorption of previously ionosorbed
oxygen, in analogy to the process found in neat metal oxides upon UV exposure, only. As underlying
mechanism the transfer of hot holes from the metal to the oxide upon illumination with hy < E, is verified.
The general applicability of this concept to most common metal-oxides (e.g. TiO, and ZnO) in combination
with different photoactive organic materials is demonstrated.

of 12%". Aside from improvements in the design and synthesis of active materials, interface engineering has

emerged as a key to increased efficiency and stability’. For facilitated charge extraction, the interface
between the electrodes and the active organic layers is modified by particular treatments, or dedicated interlayers
are chosen to match the electronic levels of the electrodes with the transport levels of the organic materials.

In numerous reports, it has been verified that high work-function transition metal oxides', like MoO,'"** or
VO, as interlayers between the organic layer and the anode afford efficient hole extraction in OSCs. At the
same time they substantially improve cell stability compared to commonly applied PEDOT:PSS based interlayers.

On the cathode side, interlayers such as titania (TiO,)">", tin oxide (SnOy)"” and zinc oxide (ZnO)'**' have
been used to improve electron extraction. Several studies have reported that OSCs incorporating these metal-
oxide electron extraction layers have to be exposed to UV light with photon energies larger than the band-gap of
the respective metal-oxide (hv > Ej) in order to improve device characteristics'***"*’. Without UV illumination,
poor, s-shaped I/V characteristics with a low fill-factor (FF) and overall low power conversion efficiency (PCE) are
found. This phenomenon appears to be of general character and is encountered for a large variety of preparation
techniques of the metal-oxide layer, e.g. sol-gel coating, atomic layer deposition (ALD), nanoparticle films etc.,
and regardless of whether single junction devices or multi stacked cells are studied**””. Schmidt et al. have
presented evidence of induced oxygen desorption from the TiOy surface upon UV illumination and a concom-
itant lowering of the TiO, work function'®. This effect has been shown to be reversible by re-exposure of the TiOy
to oxygen. Similar effects have been reported for ZnO?.

Very recently, we were able to show that the origin of poor OSC characteristics without UV exposure can
be attributed to an electron extraction barrier at the metal-oxide/organic interface®. Unfortunately, to avoid
UV induced degradation, many active organic donor materials must be protected from the UV range of the
AM1.5 spectrum. Therefore UV blocking filters will have to be used in order to achieve reasonable device
lifetimes®***. This would imply that OSCs with interlayers of TiO, or ZnO that require UV exposure would
remain inefficient.

In several recent reports, doped metal-oxide electron extraction interlayers, e.g. Al:ZnO****** have been shown
to alleviate the need for UV exposure. A severe drawback of solution processed doped metal-oxide layers is the

S ubstantial progress in the field of organic solar cells (OSCs) has pushed the device efficiency close to a level
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typical requirement for elevated processing temperatures (> 140°C),
which may limit the choice of substrates and increase the overall
manufacturing costs®>*.

In this work, we demonstrate that the necessity of UV illumination
in ZnO and TiOy based electron extraction layers can be overcome by
metal nanoparticles embedded in the metal-oxides in the vicinity of
the metal-oxide/organic interface (Figure 1). As we will show, in
contrast to devices based on neat TiO4 and ZnO, the devices with
these “plasmonically sensitized electron extraction layers” show
well-behaved solar cell characteristics with a high FF and high PCE
even without the UV spectral range of the AM1.5 solar spectrum
(Figure 1b). The approach to plasmonically sensitize metal-oxides,
like TiOx and ZnO, with Au or Ag nanoparticles has recently been
used to extend the spectral activity of catalysts, photo-detectors, or
photosynthetic devices from the UV into the visible spectral
range” ™. Aside from a direct transfer of plasmonically excited hot
charge carriers from the metal to the semiconductor, a plasmonic
resonant energy transfer from metal nanoparticles to a semi-
conductor may occur****. As of yet, work to exploit these concepts
for improved charge extraction interlayers in OSCs is limited. Choy
and coworkers have reported enhanced OSC characteristics upon
doping the volume of TiOy layers with gold nanoparticles*>**.
However, the working mechanism of these metal nanoparticles in
a metal-oxide charge extraction layer is not clear. Improvements
have either been explained by a plasmon-induced electron transfer
from the metal nanoparticles to the metal-oxide or by charge accu-
mulation of photo-generated charges transferred from the metal-
oxide matrix to the metal nanoparticles with negligible contribution
of plasmonic effects*>**.

We clearly evidence that the plasmonic sensitization of TiOy or
ZnO with silver nanoparticles (AgNPs) leads to a plasmon resonance
in the visible spectral region. As a result, illumination in the sub-
bandgap spectral region of the metal-oxide results in a significant
lowering of the work-function (WF), which in neat metal-oxide
layers is only possible by above band-gap excitation (kv > Eg) using
UV light. For the application as cathode interlayers in OSCs we show,
that efficient electron extraction from OSCs based on various active
organic materials, e.g. P3HT:PCsBM and PCDTBT:PC;,BM, is
achieved even without UV illumination. Analysis of a model system
where we vary the thickness of the metal-oxide cap on top of the
AgNPs with nm-precision allows us to unravel the working mech-
anism in the plasmonically sensitized metal-oxide electron extrac-
tion layers. Our results are expected to be of general relevance for
organic solar cells and other applications where plasmonic sensitiza-
tion of metal oxides is applied.
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Results and Discussion

For the realization of plasmonically sensitized electron extraction
layers, a thin layer of silver (typically 0.5-0.6 nm of equivalent mass
thickness) is deposited on top of a 35 nm thick TiO, or ZnO layer
(Figure 1a). As expected and visualized by scanning electron micro-
scopy (SEM) (Figure 2a) the evaporated silver forms nanoparticles
rather than a continuous thin film. Most AgNP have a diameter <
15 nm while some larger clusters (up to 60 nm) can be found as well
(Figure Slc). Further statistical analysis of the size and areal coverage
of the AgNPs can be found in the supporting information. We have
verified the amount of deposited silver independently by Rutherford
backscattering and a mass equivalent of 0.58-0.68 nm has been
found, in excellent agreement with the nominal thickness of Ag for
the sample of 0.6 nm according to quartz crystal monitoring. The
AgNPs are then conformally capped by a TiO, or ZnO layer with a
thickness d = 1-20 nm using atomic layer deposition (ALD),
denoted as TiO,/AgNP/TiOy (d nm) or ZnO/AgNP/ZnO (d nm)
in the course of the manuscript. Figure 2b shows the scanning elec-
tron microscopy (SEM) image of a TiO,/AgNP/TiOy (3 nm) struc-
ture taken at about the same sample position as before the deposition
of the 3 nm TiOy cap (Figure 2a). As can be clearly seen, due to the
conformal coating in the ALD process the shape of the AgNPs
appears virtually unchanged after the deposition of the TiOy layer
on top.

We deliberately chose to use vacuum deposition with its high level
of control for the preparation of the plasmonically sensitized electron
extraction layers. However, we want to mention, that ZnO, TiO4 and
even AgNP can be as well prepared by solution techniques®, render-
ing our results of general relevance even for solution processed appli-
cations. We have previously shown that sol-gel and ALD prepared
metal-oxide layers behave very similar as electron extraction layer in
OSCs™.

Regarding their optical properties, the AgNP sensitized TiOy
layers show a pronounced spectral signature in the sub-bandgap
region of the metal-oxide (Figure 3). Instead of the sometimes
ambiguous use of “absorption”, we decided to use (1-T,-R,),
instead. Here, T | and R, are the transmission and reflection mea-
sured perpendicular to the sample surface (“specular”). In perfectly
planar thin film stacks light neither reflected nor transmitted can be
attributed to absorption within the stack. On the other hand, with
silver nanoparticles involved light missing in specular direction may
also be scattered diffusively (Figure S2b). Hence, in the spectral
region of the plasmon resonance a significant part of (1-T, -R )
can be attributed to scattering®. Thus, for a solar cell, the spectral
signature found in the plasmonically sensitized samples does not a—
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Figure 1| Layer sequence of inverted OSCs with a plasmonically sensitized cathode interlayer (a), and J/V characteristics of a corresponding PCDTBT/
PC,,BM based OSC under AM1.5 illumination with UV blocking filter (/ > 400 nm) (b). The characteristics of an OSC with a neat TiO, interlayer
(w/o AgNP) are shown as a reference. For characteristics under full AM1.5 illumination (with UV range) see supporting information (Table S1).
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Figure 2 | SEM images of a thin (0.6 nm) silver layer, thermally evaporated onto a TiO; surface, (a) before, and (b) after coating with an additional
3 nm thick TiO, cap. The scale bars are 500 nm. A characteristic feature is marked by a circle to allow for visual registration of the two slightly offset

figures.

priori imply attenuation of the incident solar intensity and in fact no
drop in J,. is found in the corresponding OSCs (see e.g. Figure 1b and
Table S1). The spectral difference of the external quantum efficiency
(EQE) of an OSC based on neat TiO, and a plasmonically sensitized
TiOy layer, respectively, is shown in the supporting information
(Figure S3). The EQE of the OSCs with plasmonically sensitized
TiOy layer is somewhat higher for 4 > 500 nm. This may be attrib-
uted to plasmonic scattering of the incident light, accounting for
improved in-coupling. This is in agreement with the scattering spec-
tra showing an onset at 500 nm (Figure S2b). As a result of the EQE
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data, a difference of J,. for the two cells of about 0.5 mA/cm? is
derived. This is in agreement with the characteristics given in
Table S1.

Note, the plasmonic feature in the samples with capped AgNPs
(TiO/AgNP/TiOx (3 nm)) is substantially red-shifted (4, =
570 nm) compared to that found in the non-capped TiO,/AgNP
sample (4, = 480 nm). The inset of Figure 3a shows photographs
of the respective layers deposited on glass. The different colour
appearance of the capped and non-capped samples is particularly
striking. According to the theory of plasmon resonance in small
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Figure 3 | Optical spectra of (1-T, -R ) for TiOy, TiO, coated with 0.6 nm of Ag and TiO,/AgNP/TiO, (3 nm) in linear (a) and logarithmic (b)
representation, to allow for a magnified view of the absorption in the sub-bandgap region. Corresponding spectra of the analogous samples based on
ZnO (¢, d). The overall layer thickness is 100 nm. T ; and R, denote the transmission and reflection measured normal to the sample surface (see

Methods).
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pristine (dark)

Table 1 | WF of neat and AGNP modified TiO, and ZnO layers before exposure to light. Changes of the WF after exposure to AM1.5, filtered
(% > 550 nm) and after additional exposure to the full AM1.5 solar spectrum (including UV spectral range) succeeding the > 550 nm
illumination step. The duration of the illumination was 20 min in each step and took place under ambient conditions (20°C, 60%rH)

after exposure A > 550 nm

additional exposure full AM1.5

WF [eV]
TiO, 4.2
TiO./AgNP 475
TiO,/AgNP/TiO, (3 nm) 43
ZnO 4.2
ZnO/AgNP 4.8
ZnO/AgNP/ZnO (3 nm) 4.4

AWF [eV] AWF [eV]
0 -0.2
+0.1 +0.1
-04 0
0 -0.2
0 0
-0.4 -0.1

metallic particles, the resonance wavelength 4, for localized particle
plasmons is strongly dependent on the refractive index n of the
surrounding matrix. As found in our experiments, an increasing
redshift of 7, is expected with increasing #*’. Due to the smaller
refractive index of ZnO compared to TiOj, the plasmon resonance
is found at a shorter wavelength (4, = 470 nm for ZnO vs. 4, =
560 nm for TiO,) (Figure 3¢, d). We have determined the refractive
index of TiO4 and ZnO to 2.55 and 2.02 (@ 450 nm), respectively.
Theoretically, one would therefore expect a plasmon resonance of 4,
= 465 nmor 4, = 540 nm in the ZnO and TiOy case, which are close
to the experimentally found 4. In a set of samples TiO,/AgNP/TiOy
(d nm) we have varied the thickness d between 3-12 nm and
observed a slight red-shift of 4, (Figure S2), in agreement with pre-
vious reports®’.

It has to be noted, that the above calculation of 4, holds for spher-
ical particles. It is known that the width and spectral position (/,) of
the plasmon resonance of neat and coated AgNPs depends on the
particle shape*. The shape may be affected by details of the prepara-
tion conditions and deviate from that of a sphere or semi-sphere
(Figure 2)**. For nominally identical samples we therefore encounter
variations of 4, on the order of a few tens of nm, which however does
not affect the general results of our work reported here.

As can be seen in the logarithmic representations of the absorption
spectra, there is some defect state absorption present in the sub-
bandgap region of the neat TiO, and ZnO layers. Absorption features
in the sub-bandgap region are commonly attributed to oxygen defi-
ciency in nominally un-doped layers of TiOy and ZnO***. Oxygen
vacancies are expected to be present in the metal oxides used in this
study, as all layers have been prepared at relatively low temperatures
without high-T post-processing in oxidizing ambient. Plasmonic
amplification of such a-priori small (defect related) sub-bandgap
absorption in metal-oxides has been reported**>. We will discuss
the relevance of plasmonically enhanced sub-bandgap absorption on
the working mechanism of the metal-oxide in OSCs below.

Ilumination of the plasmonically sensitized metal-oxides in the
visible spectral range (hv < E) overlapping the plasmonic peak leads
to a significant lowering of the surface work-function, e.g. by 0.4 eV
for TiO,/AgNP/TiOy (3 nm) (Table 1). On the contrary in the neat
metal oxide, UV illumination (hv > E,) is required to lower the WF
in a comparable manner (Table 1). Interestingly, the samples with
AgNP on top of TiO, but without additional TiOy cap show even a
slight increase of the WF upon illumination starting from an overall
high WF of 4.75 eV In the literature, reports of the WF neat Aglayers
range between 4.26-4.74 eV>'~*. In contrast to our amorphous TiOy
layers, a high WF of 5.5-5.8 eV has been reported for TiO, single
crystals™. In this case, the deposition of AgNPs has been shown to
significantly lower the WF of the TiO,*. In addition to TiO,, we have
also studied plasmonically sensitized ZnO (Table 1). As in the case of
the sensitized TiO,, a significant lowering of the WF (by 0.4 eV) upon
illumination with visible light can be achieved. In analogy to neat
TiO,, in neat ZnO, the WF only changes upon illumination with UV-
photons (hv > E,).

The mechanism that leads to the WF lowering in the plasmoni-
cally sensitized samples upon sub-bandgap illumination (hv < Ey) is
notably different from that discussed in recent reports, where a low-
ering of the WF has been observed in Ag or Au doped TiO, upon UV
illumination (hv > E,). In these articles, it has been argued, that
charges that were photo-generated by UV light in the TiOy are sub-
sequently transferred to the metal particles, resulting in the observed
shifts of the WF**. On the other hand, it is well known that a lowering
of the WF can be found upon illumination with photon energies
above the semiconductor band-gap (E; = 3.40 eV for TiO, and
3.26 eV for ZnO) even without the presence of metal particles'*.
Photo-induced desorption of oxygen has been accounted for the
observed lowering of the WF in metal-oxides upon UV illumina-
tion'?>*>°, Thus, in the framework of the above argumentation the
inclusion of metal particles would not be required. Our findings are
in striking contrast to these previous reports, as the WF of our TiO,/
AgNP/TiOy (3 nm) samples is lowered upon illumination with vis-
ible light (A > 550 nm), already.

To shed more light on the origin of our observation, we have to
note that after illumination the WF remains low if the samples are
kept in vacuum (Figure 4). On the contrary, in oxygen atmosphere
the WF increases rapidly and returns to the same value as before
illumination. A further exposure with AMI1.5 (with filter: A >
550 nm) for 1 h again lowers the WF, demonstrating the full revers-
ibility of the underlying process. These findings lead us to the con-
clusion that in the plasmonically sensitized samples the illumination
with visible light causes a WF lowering due to desorption of prev-
iously ionosorbed oxygen (O, (ads.)), in clear analogy to the process
found in neat metal oxides where illumination with UV is required
for oxygen desorption. Typically, photo-induced desorption of oxy-

_prist@e sample oxygen

illumination
illumination

work function [eV]
S

vacuum

0 5 10 15 20 25
time [h]

Figure 4 | Work function of a TiO,/AgNP/TiO, (3 nm) layer after
illumination with AM1.5 (with filter: A > 550 nm) for 1 h upon storage
in vacuum (pressure: 10~° mbar) for several hours, subsequent exposure
to oxygen atmosphere and repeated illumination with AM1.5 (with filter:
A > 550 nm) for 1 h.
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Figure 5| FF vs. time of inverted OSCs based on neat and plasmonically sensitized TiO, (a,c) and ZnO (b) during illumination with 1/10 of the
AML1.5 radiation with UV spectral range blocked (either L > 550 nm or A > 475 nm). Photoactive material is PAHT:PCsBM for (a, b) and
PCDTBT:PC;(BM for (c—e) (for details see Methods section). (d) and (e) display the J/V characteristics corresponding to the FF data shown in (c).

gen requires photo-generated holes to neutralize the negatively
charged adsorbed oxygen®: O, (ads.)+h* —0,! As a result, plas-
monically excited hot electrons transferred from the AgNPs to the
metal-oxide cannot account for this desorption mechanism, rather
the transfer of hot holes must be considered®.

Aside from a direct transfer of hot charge carriers from the metal
to the semiconductor, the plasmonic resonant energy transfer from
metal nanoparticles to the metal oxide and its defect-states could be
considered to explain the observed lowering of the WF. This mech-
anism allows for the plasmonic amplification of sub-bandgap
absorption in the metal-oxide as seen in Figure 3 a,c. A similar effect
has previously been evidenced to account for an efficient generation
of electron-hole pairs upon sub-bandgap illumination*"*>. The hole
generated in his process may then promote desorption of oxygen. If
the latter mechanism would be responsible for the observed WF
lowering and oxygen desorption, we would expect that illumination
of the non-sensitized metal-oxide within the spectral region of its
sub-bandgap absorption would also cause some shift of the WF.
However, this is not observed (see Table 1 and Figure S4).

It is now instructive to study these metal-oxides as electron extrac-
tion layers in OSCs. Here, the fill factor (FF) is monitored vs. time
during illumination with AM1.5 solar light with UV spectral range
blocked (Figure 5 a-c). OSCs with non-sensitized metal oxides (TiOy
or ZnO) remain in a state of low FF < 40% and thus low PCE (with s-
shaped I/V characteristics as seen exemplary in Figure 1b). This
situation does not change even if the illumination intensity is
increased by an order of magnitude and is extended to 1 h duration.
It has to be noted, that the AM1.5 solar spectrum delivers an intensity
of about 15 mW/cm® between 550 and 650 nm. Even if we use a
green laser to supply a significantly higher intensity (A = 532 nm,
700 mW/cm?), the FF of non-sensitized samples remains low after
1 h of continuous illumination. Therefore, the excitation of non-
sensitized metal oxides via sub-bandgap defect states does not appear

to account for oxygen desorption and the concomitant lowering of
the WEF. On the contrary, during illumination with a tenfold attenu-
ated AM1.5 solar radiation with UV spectral range blocked, the
devices based on plasmonically sensitized electron extraction layers
show a continuous improvement of the FF until a saturated state with
a high FF and high PCE is reached within less than 5 min (Figure 5 a-
¢). This finding holds for both TiO, and ZnO layers sensitized by
AgNPs and applies regardless of whether P3HT:PCsBM or
PCDTBT:PC,,BM is used as photoactive layer. Note, a table with
the characteristics of the OSC devices studied here can be found in
the supporting information (Table S1).

It is important to note that a control device with no AgNPs but
with an additional 3 nm ALD TiO, cap (TiOy/no AgNP/TiOy
(3 nm)) did show a similar behaviour as a device with neat TiO4
(Figure S5). In previous work, it has been found that thin metal-oxide
layers deposited by ALD already led to some improvement of device
characteristics due to reduced recombination at the electrode/
organic interface®>®. However, as the bottom TiOy layer in our
experiments has been deposited by ALD, the additional deposition
of a thin TiO, layer on top is not expected to lead to similar
improvements.

In view of our results, we conclude that in the plasmonically sen-
sitized metal-oxide electron extraction layers holes are transferred
from the metal to the oxide upon illumination with hv < Eg. This
leads to desorption of ionosorbed oxygen and a concomitant low-
ering of the WF. A plasmonically mediated transfer of holes from the
metal to a semiconductor has been predicted theoretically by
Govorov et al., very recently®.

Finally, we studied the impact of the variation of the over-layer
thickness d in TiO,/AgNP/TiOy (d nm) electron extraction layers.
ALD allows us to vary d with a high level of precision. The character-
istics of the respective inverted organic solar cells based on
PCDTBT:PC;,BM are shown in Figure 6. The cells have been illu-
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Figure 6 | J/V characteristics of inverted OSCs with varied thickness of the TiO, cap on top of the AgNPs. The curves have been taken after 30 min of
illumination with filtered AM1.5 light using long-pass filters with & > 550 nm (a), A > 435 nm (b), and A > 400 nm (c). J/V characteristics upon
unfiltered AM1.5 illumination (d). FF for the devices with different thickness of the TiO, cap derived from the J/V characteristics (e).

minated with AM1.5 light filtered with long-pass filters (A > 550 nm
or A > 435 nm or A > 400 nm) for 30 min. In the case of A >
550 nm, only the samples with d = 3 nm and 5 nm show well-
behaved, kink-free J/V characteristics. Very interestingly, in the case
of thicker TiO, over-layers a shorter wavelength is required to
remove the s-shape. E.g. while the samples with d = 7 nm remain
s-shaped upon illumination with A > 550 nm, the s-shape disap-
pears for d = 7 nm and 10 nm upon illumination with a shorter
wavelength A > 435 nm. Finally, illumination with A > 400 nm
leads to well-behaved J/V characteristics also in the case of d =
12 nm. Note, the samples with neat TiO; and those with d =
20 nm remain s-shaped for A > 400 nm. This is also found for
TiO,/AgNP with a TiOy cap of 1 nm or less (not shown here).
Only upon illumination with full (unfiltered) AM1.5 light, all cells
show essentially similar characteristics (Figure 6 d and Table S1). A
summary of all FF of the cells upon different illumination conditions
is provided by Figure 6 e. From an application perspective, the cap
thickness may vary between 3 nm and 12 nm to allow for well-
behaved cell characteristics even in the absence of the UV spectral
range. This may partially relax concerns of a limited thickness con-
trol and conformality when solution processed EELs are to be used.

The strong spectral dependence with respect to the thickness of the
TiOy cap sheds light on the working mechanism of the plasmonically
sensitized electron extraction layers. It has to be recalled that on the
contrary the plasmon resonance spectra for a cap thickness d
between 3 nm and 12 nm only show a small variation in shape
and spectral position (4,) (Figure S2). It is well known that at the
interface of Ag and TiOy a Schottky barrier ¢ = E4(TiO,) - WF(Ag)
is formed (Figure 7a). Note for our TiO, we have previously deter-

mined an electron affinity of 4.0-4.1 eV while for Ag a work function
of 4.7 eV is found by us and others®. According to Wood et al. the
WE of small Ag particles (3-5 nm) is expected to be somewhat
increased by 0.2-0.4 eV compared to bulk silver. This leads to an
estimate for ¢ in the range of 0.6-1.1 eV. The width w of the deple-
tion region depends on ¢ and the Debye length L, = (e,60kT/e>N)""2.
&, is the relative dielectric permittivity of TiOx and N is the charge
carrier density. Even though, we were not able to determine the
carrier density in our TiOy layers using Hall, there are studies on
similar ALD grown TiOy layers reporting a carrier density on the
order of N = 10" cm ™ ® and an ¢, of about 70 . Therefore, we can
estimate Lp, to be on the order of 10 nm. If the thickness d of the TiO
cap layer is smaller than Lp, the band bending in the semiconductor
is almost absent. In this case, the Fermi-level will be located more in
the center of the TiO, band-gap as compared to bulk-TiOy
(Figure 7b). E(d) = E- Eyp(d) is a measure for the energy of a photon
required to generate a hole that can be transferred into the valence
band of the TiO4 and that may subsequently neutralize an iono-
sorbed oxygen molecule (O, (ads.)). It is important to note, that
the spatial extension of localized surface plasmons (LSP) has been
the subject of several studies which have been reviewed by Kedem et
al., recently”’. Ranges in excess of 10 nm have been reported for
noble metal particle LSPs*%.

With ¢ = 1 eV, we would expect excitation with low-energy light
(A > 550 nm) to be sufficient for samples with very thin caps d = 3-
5 nm < Lp, (Figure 7b). This is in agreement with our experimental
findings (Figure 6). E(d) is estimated to be roughly Ep - Ey(d = %) -
¢p = 2.1 eV (A <590 nm). With increasing thickness of the TiOj,
more pronounced band-banding is expected and the photon-energy
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to create a hole that can be transferred to the valence band of the TiOy
increases concomitantly (Figure 7c). According to the experimental
data (Figure 6), for d = 10 nm illumination with A <550 nm (eq. >
2.25 eV) and for d = 12 nm illumination with A < 435 nm (eq. >
2.85 eV) is found necessary.

Thus, our precise variation of the TiOy cap thickness allows us to
literally trace the band bending at the AgNP/TiOy hetero-interface.
Moreover, the results of this experiment support the conclusion, that
the transfer of holes from the metal to the metal-oxide accounts for
desorption of chemisorbed oxygen, the lowering of the WF and the
improved OSC characteristics. As the AgNP cover only about 6% of
the TiO, surface, transferred holes must be able to diffuse to non-
covered regions of the TiOy. Diffusion lengths of minority carriers
(holes) in titania have been reported to be on the order of 10—
100 nm®***.

Conclusions

In summary, we have presented plasmonically sensitized electron
extraction layers based on TiOy and ZnO. Silver nanoparticles in
the immediate vicinity of the metal-oxide/organic interface have
been shown to significantly improve electron extraction in inverted
organic solar cells even without the need for UV light soaking. We
have evidenced that in the plasmonically sensitized metal-oxides the
illumination with visible light lowers the WF due to desorption of
previously ionosorbed oxygen, in analogy to the process found in
neat metal oxide where illumination with UV is required for oxygen
desorption. This mechanism is explained by a plasmonically
mediated transfer of holes from the metal to the oxide upon illu-
mination with hv < E,. The general applicability of this concept to
most common metal-oxides (e.g. TiOy and ZnO) in combination
with different photoactive organic materials (e.g. P3HT:PCsBM
and PCDTBT:PC,,BM) is demonstrated.

E(d)= EF - Evs(d)

—

E. &l E, ° T
AVA2Y3 | SEECAVAV/ VAV | =2
hv’, hv’, 5

b L am el L om,

Figure 7 | Schematic of an Ag/TiO; junction (a). The bandgap energy of
TiO, and the position of the valence band with respect to the Fermi level
have been taken from our previous work®. Upward band bending at the
surface of the TiOy due to ionosorbed O, (ads.) has been neglected for
simplicity. According to work by Gopel et al., the effective surface state
energy of O, (ads.) (relative to the Fermi energy under flat-band
conditions) is -0.7 eV for neat titania surfaces’>”*. Red vertical arrows show
the well-established plasmonic transfer of hot electrons to the CB of TiOx.
The generation of a hole that can be transferred to the VB of the TiOy
requires photons with an energy hv’ > E(d). Scheme for a very thin cap (d
< Lp), e.g. 3 nm (b), and 10 nm (d = Lp) (c).

Methods

Materials synthesis and device preparation. The inverted polymer-fullerene OSCs
studied in this work are based on the following layer sequence: glass/ITO/interlayer/
photoactive layer/MoOs/Ag (see Figure la) with an active area of 0.03 cm®. TiO,,
ZnO were deposited by atomic layer deposition in a Beneq TFS 200 ALD reactor
(substrate temperature 80°C). For the preparation of TiO,, we used
Tetrakis(dimethylamino)titanium and water as precursors. ZnO was deposited from
diethyl zinc and water. Silver has been deposited by thermal evaporation on top of the
respective metal-oxide layers. A typical equivalent mass thickness of 0.5-0.6 nm has
been deposited as controlled by quartz crystal monitoring. By equivalent mass
thickness we mean the mass of a homogeneous thin film of silver with a thickness of
0.5-0.6 nm. The QCM has been calibrated by depositing thicker Ag layers which are
homogeneous and allow for thickness measurement by stylus profiling. The number
of Ag atoms per area has independently been determined by Rutherford
backscattering.

As polymer:fullerene blend, poly(3-hexylthiophene-2,5-diyl) (P3HT) (supplied by
Honeywell Chemicals Seelze) and PCqoBM (ADS) with a weight ratio of 1 : 1 was spin-
coated under N,-atmosphere from a chlorobenzene and chloroform (vol. ratio 1:1)
solution (16 mg ml™') using a PTFE 0.2 pm filter. The layers were subsequently
annealed in N, at 110°C for 8 min resulting in an active layer with thickness of
200 nm. Alternatively, Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) (supplied by PCAS) and PCoBM (SES
Research or Solenne) with a weight ratio of 1:4 was dissolved in o-dichlorobenzene
(20 mg ml") and stirred in N, atmosphere at 80°C for 24 h. The still warm solution
(70°C) was filtered (5 um PTFE Filter) and spin coated at 1000 rpm for 60 s with
open lid. The resulting layers (thickness =~ 60 nm) were subsequently annealed for
10 min at 70°C on a hotplate in N, atmosphere.

On the anode side, MoOj3 (15 nm), Ag (100 nm) layers were thermally evaporated
in high-vacuum (10”7 mbar).

Materials and device characterization. The solar cells were characterized in ambient
air without encapsulation using a Keithley 2400-C source meter and a solar simulator
(300 W Newport, AM1.5G, 100 mWcm ™). Long-pass filters and reflective grey scale
filters were used as indicated in the manuscript.

For determining transmission and reflection spectra a Deuterium Halogen lamp
(DH-2000-BAL, OceanOptics) and a spectrometer with a range from 186 nm to
1041 nm (USB 2000+XR1-ES) were used. Spectra were either recorded in specular
direction or with the detector placed under an angle of 45° with respect to the surface
normal to analyze scattered transmission.

The measurements of the surface potential were done with a McAllister KP6500
Kelvin-Probe (KP) system in ambient air or under controlled atmosphere (vacuum,
pure oxygen). Highly ordered pyrolytic graphite with a WF of 4.5 eV was used as
reference’®”.

The SEM studies were conducted using a Philips XL30S FEG microscope with a
field emission cathode.
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