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ABSTRACT: Operational stability is a big obstacle for the
application of inverted organic solar cells (OSCs), however,
less talked about in the research reports. Due to photoinduced
degradation of the metal oxide interlayer, which can cause
shunts generation and degeneration in ZnO interlayer, a
significant degradation of open circuit voltage (V,.) and fill
factor (FF) has been observed by in situ periodic measure-
ments of the device current density—voltage (J—V) curves with
light illumination. By combining TiO, and ZnO to form
bilayer structures on ITO, the photovoltaic performance is
improved and the photoinduced degradation is reduced. It was
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found that the device based on ZnO/TiO, bilayer structure achieved better operational stability as compared to that with ZnO or

TiO, interlayer.
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B INTRODUCTION

Inverted organic solar cells (OSCs) have attracted much
attention due to the improved air stability compared with the
conventional OSCs.'™® In the inverted structure, an n-type
metal oxide film as the electron selective layer on an indium—
tin-oxide (ITO) cathode and an air-stable and high-work-
function metal such as silver or gold as the top anode are
applied. Both the easily oxidized low-work-function metal and
the easily corroded interface of ITO/poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
used in conventional structure can be avoided, leading to
high air stability. In inverted OSCs, one important issue to
achieve high device performance is the electron selective layer
(ESL). Several types of ESLs have been investigated and
applied, such as metal oxides,*”” alkali salt,”” and polyelec-
trolyte.'’™"> Among them, solution processed zinc oxide
(ZnO) and titanium oxide (TiO,) are good candidates to act
as ESLs due to their high transmittance in visible range of
spectra and low-temperature and roll-to-roll fabrication
processability. Recently, solution processed ZnO and TiO,
have been largely used as the interlayer in solar cells through
various methods, such as sol—gel chemistry, nanoparticle
solution, and aqueous solution.

However, for a single metal oxide layer as the ESL, some key
issues exist in the electrical properties of the oxide layer,
limiting the device performance. For example, the low-
temperature solution-processed ZnO layer has high surface
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defects (oxygen vacancy) that can act as a trap-assisted
recombination center.">'* Oxygen desorption occurs in the
ZnO layer under UV illumination, and the release of oxygen
may induce a highly n-doped ZnO layer after a long time of UV
illumination."® The high density traps caused by oxygen release
in this highly n-doped ultrathin ZnO layer can significantly
enhance the trap-assisted tunneling for both electrons and
holes, thus reducing the capability of electron selectivity of the
ZnO interlayer. This phenomenon causes ZnO based OSCs
device degraded with UV illumination easily. While when use
TiO, as the ESL, the work function of the ITO/TiO, surface
has a little increase as compared to that of ITO-only surface,
which causes a Schottky contact with the active layer and a
large barrier blocking the electron transport to the cathode,
resulting in an S-shaped J—V curve.'™"® The work function can
be decreased and the S-shape is eliminated after UV-
illumination (light soaking) by surface band bending.16
However, during this process, a harmful photo-oxidation in
the organic active layer occurs, which also causes the device
degradation.

Previously, bilayer metal oxides as the active layers in thin
film transistors (TFTs) have been reported, and the results
offered significant performance advantages by combining the
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Figure 1. (a) Schematic of the device structure with metal oxide interlayer; (b,c) J—V characterisctics of inverted P3HT:PC¢BM solar cells
incorporating different ESLs under illumination and dark; (d) J—V characterisctics (under illumination) of inverted P3HT:PC¢BM solar cells
incorporating with TiO, and ZnO/TiO, ESLs before and after light soaking.

properties of the two semiconducting materials.'”*° Compared
to single layer devices, these bilayer devices effectively
enhanced the photostability and suppressed normalized current
noise spectral density. Therefore, the question is raised that
whether it is possible to combine the highly conductive UV-
unstable ZnO with low conductive UV-stable TiO, to afford
highly UV-stable and light-soaking-free devices. Recently, Riedl
et al. reported the OSC devices based on atomic layer
deposited (ALD) ZnO, TiO,, Al-doped ZnO, and their
combination bilayers.'® It was found that the light soaking
problem was due to the interface effect rather than the bulk
electrical properties. Liu et al. reported the OSC devices using a
solution-processed ZnO—TiO, composite to enhance the
photovoltaic performance of the solar cells.”’ However, the
photostability of the devices based on solution-processed ZnO,
TiO,, and their combination bilayers has not been reported.

In this study, the photovoltaic performance and photo-
induced degradation of inverted OSCs devices based on
solution-processed TiO,, ZnO, and bilayers of their combina-
tion as the ESL were studied and compared. It was found that
using the ZnO/TiO, bilayer structure as the ESL achieved not
only an improved performance but also a better operational
stability of the device as compared to that with single ZnO (or
TiO,) ESL.

B EXPERIMENTAL SECTION

The cells were fabricated on ITO-coated glass substrates supplied by
Xin Yan Technology LTD with a root-mean-square (RMS) surface
roughness of 2—3 nm. The ITO substrates were cleaned by a routine
solvent ultrasonic cleaning, sequentially with detergent, deionized
water, acetone, and isopropyl alcohol (IPA) in an ultrasonic bath for
15 min each. For the ZnO layer preparation, first, ZnO nanopowder
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(Sigma-Aldrich) was directly dissolved in ammonia solution (0.1 M).
After the ZnO particles were totally dissolved, the ZnO solution was
spin-coated on top of ITO substrates at 3000 rpm for 30 s, and the
formed ZnO films (~15 nm) were annealed at 120 °C for 10 min. For
the TiO, layer preparation, titanium isopropoxide (Sigma-Aldrich) was
directly dissolved in IPA with a volume ratio of 1:200. The TiO,
solution was spin-coated on top of ITO substrates at 3000 rpm for 1
min, and the formed TiO, films (~20 nm) were annealed at 120 °C
for 10 min. For the bilayer structure, another TiO, (or ZnO) layer was
deposited on the ZnO (or TiO,) layer (~30 nm) and also annealed at
120 °C for 10 min. Following that, an active layer was deposited on
top of the metal oxide layer by spin-coating a solution of the poly(3-
hexylthiophene) (P3HT, Rieke Metals) and phenyl-C61-butyric acid
methylester (PCBM) (Nano-C) blend with a weight ratio of 1:1 in
1,2-dicholorobenzen (20 mg/mL) at S00 rpm for 130 s in a N,
glovebox to produce a 180 nm thin film, and the active layers were
preannealed at 140 °C for 10 min. Finally, a MoOj, layer (6 nm) and a
Ag layer (100 nm) were deposited on the active layers by using
thermal evaporation. The device area is defined as 9 mm? by using a
shadow mask. For each condition, four devices were prepared to give
an average value. Figure la illustrates the schematic device structure of
the inverted OSCs.

For the thin film transistor fabrication, a heavily doped p-type Si
wafer (purchased from Silicon Quest International, Inc.) was used as
substrate and gate electrode and 200 nm thermally grown SiO, was
used as the dielectric layer. The substrates were cleaned with acetone,
isopropyl alcohol (IPA), and deionized water, then treated with Ar
plasma to facilitate metal oxide thin film formation. The ZnO thin film
was formed as the above. Then, Al source/drain electrodes (100 nm
thick) were deposited on top of the ZnO thin film with a shadow mask
to finish the device. And selected devices were covered with TiO,
interlayer. The field-effect mobility of the fabricated transistor was
extracted using the following equation in the saturation regime from
the gate sweep: I, = W/(2L)Cu(Vg—Vy)?, where I, is the drain
current in the saturated regime, p is the field-effect mobility, C; is the
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Table 1. Device Photovoltaic Performance Parameters of Inverted P3HT:PCy,BM Solar Cells Incorporating ZnO, TiO,, TiO,/

ZnO and ZnO/TiO, as the Electron Transport Layers

interlayer Jic (mA/cm?) V. (V) FF n (%)
1 ZnO 9.50 + 0.0 0.56 + 0.004 0.58 + 0.002 3.08 + 0.0
2 TiO, 9.97 + 0.04 0.55 + 0.004 0.53 + 0.003 2.90 + 0.04
3 TiO,/ZnO 9.77 + 0.03 0.57 + 0.006 0.59 + 0.005 3.28 + 0.06
4 ZnO/TiO, 10.25 + 0.03 0.57 + 0.002 0.54 + 0.003 3.15 £ 0.03
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Figure 2. (a) UPS spectra of TiO,, ZnO, TiO,/ZnO, and ZnO/TiO, deposited on top of ITO film and bare ITO film. (b) Transmittance of ZnO,
TiO,, TiO,/ZnO, and ZnO/TiO, films deposited on top of ITO film and bare ITO film.

capacitance per unit area of the gate dielectric layer (SiO,, 200 nm, C,
=17 nF cm ™), V; and V7 are gate voltage and threshold voltage, and
W and L are channel width and length, respectively. The transistors
were characterized with Keithley 4200 parameter analyzer in the N,-
filled glovebox and dark conditions.

The J-V characteristics of the devices were measured using a
Keithley 2400 parameter analyzer in the dark and under a simulated
light (AM 1.5G) with intensity of 100 mW/cm? that was calibrated via
a silicon reference cell. Incident photon-to-current efficiency (IPCE)
measurements were performed under short circuit conditions with a
lock-in amplifier (SRS10, Stanford Research System) at a chopping
frequency of 280 Hz during illumination with monochromatic light
from a Xe arc lamp. The surface morphology and the roughness of the
metal oxide films deposited on the ITO substrate were observed by
tapping-mode atomic force microscopy (TM-AFM), which was
performed on a Bruker ICON-PKG atomic force microscopy
instrument. The film thickness was measured using a surface step
profiler (KLA Tencor P15). The work-function of metal oxide layer
was characterized by UPS experiments carried out on an Escalab 220i
system in an ultrahigh vacuum, and He I (21.2 eV) as the excitation
sources. The transmittance spectra of the metal oxide films deposited
onto ITO/glass substrates were characterized using an UV-3600
Shimadzu UV—vis-NIR spectrophotometer.

B RESULTS AND DISCUSSION

Figure 1b,c shows the J—V characteristics under illumination
(b) and dark (c) of four types of inverted devices with ESLs of
ZnO, TiO,, TiO,/ZnO and ZnO/TiO,, and the corresponding
extracted device parameters are summarized in Table 1 and
Figure S1 (Supporting Information). As shown in Figure 1b,
the devices using the bilayer ESLs showed better performance
than the devices with ZnO or TiO, only ESL. Both V__ and J
have been improved. The significant increase of J,. for the
device based on ZnO/TiO, bilayer film compared with that
based on ZnO only film was attributed to the reduced surface
recombination by surface passivation.'® And the slightly
increased V. is due to the decreased work-function by charge
transfer after light soaking. For the device based on the TiO,/
ZnO bilayer, the possible explanation for the improved device
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(a) ITO RMS =2.99 nm

(b) ZNO RMS = 2.36 nm

(e) TiO,/ZnO RMS = 2.93 nm

L. A

Figure 3. AFM images of (a) bare ITO film, and (b) ZnO, (c) TiO,,
(d) ZnO/TiO,, and (e) TiO,/ZnO films deposited on top of ITO
films.

performance compared with that based on TiO, or ZnO only
film was due to the reduced series resistance and enhanced hole
blocking capability. Figure 1d shows J—V characteristics of
inverted cells with TiO, and ZnO/TiO, ESLs before and after
light soaking. The J—V curves of both devices contained a kink
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Figure 4. Periodic J—V curve measurements for the devices based on (a) ZnO, (b) TiO,, (c) TiO,/ZnO, and (d) ZnO/TiO, ESLs under
illumination/operation for 20 min; (e) change of normalized V. with illumination time increased.

before light soaking. For the TiO, only device, after light
soaking for 10 min, a PCE of 2.9% could be achieved with a J.
of 9.97 mA/cm?, a V. of 0.55 V, and a fill factor of 0.53. The
combination of ZnO and TiO, layer (ZnO/TiO, bilayer) not
only reduced the light soaking time to 2 min, but also enhanced
J.. (1025 mA/cm?*) and V,. (0.57 V) simultaneously, which
resulted in a higher PCE of 3.15% compared to that for TiO,
only devices (2.90%). The V,_ increased to 0.57 V; this could
be explained by the charge transfer from highly conductive
ZnO underlayer and charge states change of TiO,. On the
other hand, when a ZnO film was deposited on the TiO, layer
(TiO,/ZnO bilayer), the S-shape in the J—V curve could be
eliminated (Figure 1b). The eliminated S-shape is due to the
ohmic contact formed between ZnO and active layer, indicating
that the S-shape behavior is only related with the metal oxide/
active layer interfaces. This is confirmed by the UPS
measurement (Figure 2a). The results show that the ITO/
ZnO and ITO/TiO,/ZnO films had similar surface work-
functions, and had a decrease of about 0.7 eV compared with
bare ITO surface. However, the ITO/TiO, film had a similar
surface work-function as the bare ITO surface.

The optical and morphological properties of each ELS
deposited on the ITO/glass substrate have also been
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investigated. The transmittances of the ESL films are shown
in Figure 2b. It can be seen that the TiO, layer has better
transmittance than the ZnO layer, and the transmittance of the
ZnO and TiO, single layer was less affected after deposited with
another type of layer. The surface roughness of each electrode
has also been characterized by AFM, as shown in Figure 3. The
RMS values of surface roughness are 2.99, 2.36, 4.12, 3.50 and
2.93 nm for bare ITO, ITO/Zn0O, ITO/TiO,, ITO/ZnO/TiO,,
and ITO/TiO,/ZnO, respectively. It was observed that the
roughness decreases with ZnO layer deposition but increases
with TiO, layer deposition, which may be due to some
aggregation of the TiO, particles.

To investigate the device operational stability, the devices
were kept under illumination and in situ measured periodically
to observe the illumination/operation degradation effect on the
device performance. Figure 4a—d shows the J—V curves
periodically measured for the devices based on different ESLs
under illumination for 20 min, and Figure 4e shows the change
of normalized V. with time. It can be seen that the
performance of all the devices decreased with the illumina-
tion/operation time, especially the V,_ values. From Figure 4e,
the V. of the devices with TiO,/active-layer contacts decreased
more slowly than those with ZnO/active-layer contacts. The
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Figure S. J—V characteristics of the device performance with different light intensities for devices based on (a) ZnO, (b) TiO,, (c) TiO,/ZnO, and
(d) ZnO/TiO, ESLs; (e) light intensity dependence of normalized V..

V., of the device based on ZnO-only ESL had a most rapid and
significant decrease among those devices, with only 89% of the
original V. value remained after 20 min of illumination.
However, the device based on ZnO/TiO, ESL shows the most
stable performance, with 98.3% of the original V.  value
retained after 20 min of illumination.

The J—V characteristics of the device performance with
different light intensities have been measured for those devices,
as shown in Figure Sa—d, and the V, as a function of the light
intensity is presented in the inset graphs. Figure Se shows the
light intensity dependence of normalized V,. of all those
devices. Theoretically, the V. is expressed by V,. =~ (nkT/q)
In(I,./I,) = (nkT/q) In(C) + constant, where n, k, T, g, I, and C
are the ideality factor, the Boltzmann constant, the temperature,
the electron charge, the photocurrent and the concentration of
the sunlight delivered to the cell, respectively.”> From this
equation, the value of n can be estimated by the slope of (nkT/
q) In(C). From Figure Se, it can be observed that ny,o >
NTi0x/200 > PTiox = NznosTiox Lhe ideality factor is a good tool
to analyze the transport and recombination process. A higher
ideality factor extracted from V. means a larger shunting effect
caused by higher trap-assisted recombination.”
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The possible physical mechanism of the shunting effect for
the device based on the ZnO film has already been reported.'®
The oxygen desorption in the ZnO layer under illumination
induces a narrow bandwidth, which reduces the ZnO capability
to act as the ESL. However, when an additional TiO, film was
added, the TiO, layer was in contact with active layer and
played the hole-blocking role. When TiO, layer was deposited
on top of the ZnO film, the charge transfer from conductive
ZnO to the TiO, surface could occur and cause band bending
on the TiO, surface, leading to a lower TiO, work-function.
This could be the possible explanation for the reduced light
soaking time of the device based on ZnO/TiO, film compared
with that based on the bare TiO, film.

To prove the charge transfer between the ZnO and TiO,, the
thin film transistors based on the ZnO thin film were fabricated.
As shown in Figure 6, the bare ZnO device showed a dark
saturation current of around 80 pA. Under white light
illuminance for 10 min, the maximium drain current increased
up to about 2 mA, which is about 25X higher than the dark
saturation current, and the charge carrier mobility increased
from 0.32 to 0.88 cm® V' s7". This could be explained by the
light induced free electron carrier increase due to the oxygen

dx.doi.org/10.1021/am504654m | ACS Appl. Mater. Interfaces 2014, 6, 1886118867
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Figure 6. Transfer (a,b) and output (c—f) curves of the ZnO devices with different treatments tested in dark condition. (c) Bare ZnO device. (d)
ZnO device was treated with 10 min light illumination. (e) ZnO device was covered with TiO, layer. (f) ZnO device covered with TiO, layer was

treated with 10 min of light illumination.

vacancy state change.”**® After the device was coated with the
TiO, layer, the drain current decreased compared to the bare
ZnO based device for both of the dark current and
photocurrent, indicating that a charge transfer occurs from
ZnO (electron donor) to TiO, (electron acceptor). This is
consistent with the literature reported that when ZnO interacts
with the gas molecules or the organic layer, the charge transfer
could occur.2~® For TiO,, when it is in contact with ZnO, it

could accept electrons, which causes electrons to accumulate at
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the surface, and the bands are bent such that the surface
electron density increases.

B CONCLUSIONS

In summary, the performance and photoillumination/operation
stability of the inverted organic solar cell devices with different
metal oxide ESLs were studied. Due to the shunts generation
and degeneration in ZnO layer, a significant degradation of V.
has been observed for the device based on the ZnO ESL.
Moderate degradation was also observed from the device based
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on the TiO, layer, which required light-soaking to remove the
Schottky barrier at the TiO,/P3HT interface. By combining
ZnO and TiO, to form bilayer ESLs on ITO (either TiO,/ZnO
or ZnO/TiO,), the devices showed improved photovoltaic
performances, and the device based on ZnO/TiO, achieved the
highest photocurrent and the best stability under photo-
illumination.

B ASSOCIATED CONTENT
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Device-to-device variations of PCEs of the solar cells with
different interlayers. This material is available free of charge via
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