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ABSTRACT: Organic solar cells (OSCs) with inverted structure have
attracted much attention in recent years because of their improved device
air stability due to the use of stable materials for electrodes and interface
layers. In this work, TiO, films, fabricated using low temperature (e.g,
130—170 °C) atomic layer deposition (ALD) on ITO substrates, are used
as electron selective interface layers to investigate inverted OSCs. It is
found that though the as-deposited TiO, films are high resistive due to
the presence of oxygen defects, the defects can be significantly reduced by
light soaking. PV cells with 15-nm-thick amorphous-TiO, layers
fabricated at low temperature show better performance than those with
poly crystal TiO, with same thickness deposited at 250 °C. The low
temperature ALD-grown TiO, films are dense, stable and robust with
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capability of conformal coating on nanostructural surfaces, showing a promising interface layer for achieving air-stable plastic

OSCs with roll-to-roll mass production potential.
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1. INTRODUCTION

Organic solar cells (OSCs) have attracted much attention in
recent years due to their unique advantages: capability of low-
cost and large area fabrication process, and lightweight and
mechanical flexibility using plastic substrates."~* Bulk hetero-
junction of donor—acceptor has been proven a successful route
toward solution processable OSCs with power conversion
efficiency (PCE) up to ~89%.> In most conventional OSCs, an
acidic poly(3,4-ethyl-enedioxythiophene): poly-
(styrenesulfonate) (PEDOT:PSS) hole transport layer and
low work function metal electrode such as aluminum or calcium
are generally used. However, the strong acidic property of the
PEDOT:PSS layer is detrimental to the indium—tin-oxide
(ITO) electrode, and the low-work-function metal can be easily
oxidized in air, both degrading devices’ performance easily in air
and leading to poor stability of the cells.>™®

One attempt to improve the air stability of OSCs is to use
inverted structure,”'* where an n-type metal oxide film is used
as the electron selective layer on ITO substrate (cathode) and a
high work function metal such as silver or gold is used as the
top anode. In the inverted structure, both the low-work-
function metal and the interface of ITO/PEDOT:PSS can be
avoided and thus enhances the air stability. One key challenge
in making efficient inverted OSCs lies in the electron selective
buffer layer: it should work as a high conductive path for
efficient electron extraction while exhibit good hole blocking
capability. A number of works have been carried out in inverted
OSCs using TiO, film as electron selective layer, owing to its
superior air stability as compared to other semiconductor
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oxides. The synthesis of TiO, has been investigated a lot,">~"”

and there are several methods commonly used to fabricate a
compact TiO, thin film, including sol—gel (or suspension)
solution processing,'”'® and spray pyrolysis.'* Spray pyrolysis
usually employs a high-temperature (>250 °C) process for
decomposition of titanium oxide precursors, which may be not
suitable for low-cost plastic substrates. The sol—gel solution
processing methods have demonstrated promising potential for
low temperature and roll-to-roll fabrication of TiO, thin film
for OSCs. However, it has its limitations in precisely controlling
the thickness and uniformity of the ultrathin TiO, film over
large area and its poor conformal coating capability on
nanostructured surfaces.”” > Low-temperature atomic layer
deposition (ALD) seems more suitable for fabrication of
compact TiO, film due to its capability in achieving uniform,
dense and highly conformal films on 2D and 3D surfaces, and
on plastic substrates.”> However, there are very few reports on
inverted OSCs using ALD-processed TiO, film as the electron
selective layer. Kang et al. ever reported an efficient inverted
OSC fabricated by using nanocrystalline TiO, film deposited by
ALD at 220 °C.** However, this deposition temperature is too
high for commonly used plastic substrates such as polyethylene
terephthalate (PET) or polyethylene naphthalate (PEN). In a
recent study of using TiO,/ZnO selection layer for inverted
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Figure 1. (a) Schematic device structure and (b) the energy band diagram of the inverted organic solar cells.

OSC, ALD-processed TiO, is only used as a surface
modification on ZnO film because of its high resistance.*®

In this report, inverted OSC devices using low-temperature
ALD-processed TiO, films on ITO as the cathodes were
studied. The effects of ALD temperature, TiO, film thickness,
and light-soaking treatment on cell performance were
investigated. It was found that a short time light soaking
significantly improves the device performance by reducing the
defects caused from atmosphere-gas incorporated in the TiO,
layer. With an ultrathin (~15 nm) amorphous TiO, layer
fabricated by ALD at low temperature (e.g, 130—170 °C),
efficient inverted OSC devices based on poly(3-hexylthio-
phene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-
(6,6)C61 (PCBM) blend were achieved. The low-temperature
ALD-fabricated TiO, film on ITO substrate is stable and
robust, and the process is compatible with low-cost plastic
substrates, showing a promising manufacturing potential for
plastic OPVs.

2. EXPERIMENTAL SECTION

ITO-coated glass substrates were cleaned by a routine solvent
ultrasonic cleaning, sequentially with detergent, deionized water,
acetone, and isopropanol in an ultrasonic bath for 15 min each. After
that, TiO, layer was deposited on the top of ITO layer by ALD. For
the ALD deposition, the precursors used were water (H,0) and
titanium tetrachloride (TiCl,). The pulse time for each reactant was
set to 0.5 s, and nitrogen was used as a purge and carrier gas with the
flow rate of 50 sccm and the purging time was set to 30 s. Different
deposition temperatures of 130, 150, 170, and 250 °C were used for
the growths, and the layer thickness was controlled by the number of
growth cycles. Following that, an active layer was deposited on top of
the TiO, layer by spin-coating a solution of the P3HT (Rieke Metals)
and PCBM (Nano-C) blend with a weight ratio of 1:0.8 in 1, 2-
dicholorobenzen (40 mg/mL) at S00 rpm for 120 s in N,
environment. The active layers were dried on a hot plate at 80 °C
for 2 h and then annealed at 160 °C for 10 min. Finally, a MoOj layer
(8.5 nm) and an Ag layer (100 nm) were deposited by using vacuum
thermal evaporation. A metal shadow mask was used for the Ag
deposition to define the device area of 12 mm? Figure la and b
illustrate the schematic device structure and the band diagram of the
inverted OSCs, respectively. The current density—voltage (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”. The TiO, films were prepared by
Azimuth atomic layer deposition system. Film properties of the ALD-
deposited TiO, were characterized by 2D X-ray diffraction (XRD)
(Bruker-AXS D8-GADDS), X-ray photoelectron spectroscopy (XPS)
(VG ESCALAB-220i XL), and field emission scanning electron
microscopy (FESEM) (JEOL JSM6700F). The transmittance of the
TiO, films (on ITO/glass) was characterized using an UV-3600
Shimadzu UV—vis—NIR Spectrophotometer. The thermal evaporation
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system used was EL3600 OLED deposition system (Advanced
Neotech Systems).
3. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of TiO, thin films deposited
by ALD at 130, 150, 170, and 250 °C on Si wafer substrate. It
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Figure 2. XRD patterns of TiO, films grown by ALD at 130, 150, 170,
and 250 °C, respectively.
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Figure 3. -V curves measured under illumination of a cell before and
after light soaking. Inset: the dark J—V curves before (black squares)
and after (red circles) light soaking.

can be seen that the film deposited at 250 °C shows clearly the
characteristic (101) and (200) diffraction peaks of anatase TiO,
crystalline phase, whereas no diffraction peaks originated from
crystalline TiO, are observed from the film deposited at 130,
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Table 1. Values of Photovoltaic Performance Parameters of Inverted OSCs with Different Thickness TiO, Layers Grown at 170
°C by ALD Process (under simulated illumination of 100 mW/cm> AM 1.5G)“

TiO, thickness (nm) Joe (mA/cm?) V. (V) FF
10 7.08 0.46 0.20
7.59 0.49 0.44

12 8.29 0.49 0.19
891 0.53 0.58

15 9.3§ 0.54 0.26
10.16 0.54 0.60

17 8.52 0.53 0.19
942 0.53 0.56

20 4.82 0.51 0.19
8.60 0.53 0.53

n (%) R, (Q/cm?) Ry, (Q/cm?) remark

0.65 99 120 as-fabricated
1.63 7.68 177 after light soaking
0.75 904 102 as-fabricated
2.71 9.1 398 after light soaking
1.33 399 418 as-fabricated
331 5.58 310 after light soaking
0.88 461 89.1 as-fabricated
2.83 8.4 338 after light soaking
0.27 138 452 as-fabricated
2.43 5.8 376 after light soaking

“Devices were measured as-fabricated and after light soaking (S min simulated illumination).

Table 2. Values of Photovoltaic Performance Parameters of Inverted OSCs with 15 nm Thick TiO, Layer Grown at Different
Temperatures by ALD Process (under simulated illumination of 100 mW/cm* AM 1.5G)“

deposition temperature (°C) J.. (mA/cm?) V. (V) FF
130 4.49 0.52 0.10

8.43 0.53 0.59

150 4.27 0.42 0.12

8.50 0.54 0.59

170 9.3§ 0.54 0.26

10.16 0.54 0.60

250 7.84 0.52 0.26

8.75 0.52 0.56

n (%) R, (Q/cm?) Ry, (Q/cm?) remark

0.23 147 432 as-fabricated

2.65 4.94 967 after light soaking
022 160 456 as-fabricated

2.72 4.39 627 after light soaking
1.33 399 418 as-fabricated

3.31 5.58 310 after light soaking
1.05 289 551 as-fabricated

2.59 7.84 338 after light soaking

“Devices were measured as-fabricated and after light soaking (S min simulated illumination).

150, and 170 °C, indicating that the TiO, film deposited by
ALD at 170 °C or below is amorphous in nature. The Ti/O
ratio calculated from the XPS measurement (see the
Supporting Information, Figure S1) is about 1:2 for all the
samples.

Inverted cells using TiO, films with different thicknesses
produced on ITO by ALD at 170 °C were fabricated. It was
found that the J—V curves measured for all these cells as
fabricated show a pronounced S-shape and the S-shape can be
removed after a short time (typically S—10 min) light soaking
(under illumination, AM1.5G, 100 mW/cm?). Figure 3 shows
one example of the J—V curves measured for a cell as fabricated
and after light soaking. Table 1 shows the values of photovoltaic
performance parameters measured as fabricated and after light
soaking of the cells with different TiO, thicknesses from 10, 12,
15, 17, to 20 nm. From the data of measurements after light
soaking, it can be seen that with the increase of the TiO, film
thickness, the open circuit voltage (V,.), short circuit current
density (J,.), fill factor (FF), and PCE all increase first and
reach to their maximum values (V,. = 0.54 V, J.. = 10.10 mA/
cm?, FF = 0.60 and PCE = 3.31%) at 15 nm thickness, and then
decrease with further increase of the TiO, thickness. The lower
cell performance at thinner (10—12 nm) and thicker (17—20
nm) TiO, thickness is mostly because that a relatively thinner
layer of TiO, will increase the hole leakage through the TiO,
layer leading to an increased recombination of electrons and
holes and hence a reduction on V., FF, and J,; whereas a
relatively thicker amorphous TiO, layer will increase the
resistance for electron transport and cause the electrons more
difficult to be collected at the cathode, and hence a reduction in
the FF and J,.. The similar trend on TiO, thicknesses was also
observed in the performance data without light soaking
(measurements as fabricated). Meanwhile, comparing measure-
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ments as-fabricated with those after light soaking, the cell
performance was significantly increased after light soaking
because of the largely decreased series resistance. The series
resistances (R,) of the devices with light soaking decreased at
least tens of times as compared with those of the devices
without light soaking for all the devices with different TiO,
thicknesses, which causes both J;. and FF increased. Taking the
performance of the device with 15 nm thick TiO, film as an
example, after light soaking, the R; decreases from 399 to 5.58
Q/cm?, the ] increases form 9.35 to 10.16 mA/cm? and the FF
increases from 0.26 to 0.60, which makes the PCE increased by
149%, from 1.33 to 3.31%.

The effect of deposition temperature of TiO, has also been
investigated. Inverted solar cells with 15 nm thick TiO, layer
deposited by ALD at different temperatures (130, 150, 170, and
250 °C) were fabricated, and the values of photovoltaic
performance parameters of these cells are presented in Table 2,
where the measurements were also done as fabricated and after
light soaking. From the XRD pattern shown in Figure 2, it can
be seen that the TiO, film is amorphous in nature when the
deposition temperature is 170 °C or below, and the film
becomes poly crystal when the temperature is 250 °C. It can be
found that when the TiO, film is in amorphous phase, with the
increase of the TiO,-deposition temperature from 130 to 170
°C, the V. and FF are nearly the same, and only J. increases
and reaches a maximum value of 10.16 mA/cm? at 170 °C. The
considerable change solely in ] is usually arisen from the active
layer (P3HT:PCBM) with changes in morphology or optical
coupling. This is possible because the TiO, layers fabricated at
different temperature have different surface and optical
properties, which usually affects the morphology and light
absorption in the active layer.”® Figure 4 shows the surface
SEM images and transmittance spectra of these TiO, films with
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Figure 4. Surface FESEM images of TiO, films deposited at (a) 130, (b) 150, (c) 170, and (d) 250 °C (scale bar: 100 nm), and (e) the optical

transmittance of these films.

different deposition temperatures. The SEM images (Figure
4a—d) show that the roughness of TiO, films increases with the
increase in the deposition temperature because of the growing
of the grain size on the film, which becomes pronounced in the
TiO, film deposited at 250 °C. From Figure 4e, it shows that
the transmittances are different in these TiO, films; with the
170 °C-deposited film has the highest transmittance in the
wavelength range of 300—700 nm. However, when the
deposition temperature is further increased to 250 °C, it
results in a poly crystal TiO, layer, and the cell has decreased
V.. and FF as compared to the other cells with amorphous
TiO, films as shown in Table 2. The most possible reason is
that the ultrathin thickness (15 nm) is not thick enough for the
poly crystal TiO, film to fully block the holes, since there are
grain boundaries formed in the film (see Figure 4d), which
makes holes easier to be collected by the cathode and leads to a
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higher recombination of electrons and holes and hence a
reduction of V,_ and FF.

Nevertheless, the better performance of the cells based on 15
nm amorphous TiO, layers fabricated at low temperature
(130—170 °C) as compared to that of the cell with the 1S nm
poly crystal TiO, layer demonstrates that low temperature ALD
processed ultrathin and dense TiO, layer is promising for use to
achieve high performance and stable OSCs on plastic substrate.
Moreover, the stable and robust ALD-produced TiO, film
makes it possible to integrate the TiO, films on ITO plastic
substrates for easier processing and distribution of the film
products, which will benefit the roll-to-roll mass production of
plastic OSCs.

For our case, the observed S-shape together with the high
series resistance (see Table 1, measurements as fabricated) is
mostly because of the low electrical conductivity of these TiO,
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Figure S. J—V curves of a cell measured after different storage time in

N,-filled glovebox.

layers. The S-shape is removed and the series resistance of the
device is significantly decreased after light soaking, indicating
that light illumination changed the electrical properties of the
TiO, film. It is usually thought that high density surface state is

produced on TiO, upon UV-light illumination, which may
result in improved electron transport.”” The surface states
could be from oxygen vacancy or Ti** states induced by the
photoreaction under light soaking.****

The change in the S-shape by light soaking is found
reversible after storing the cell inside glovebox (without
illumination) for a period of time. It is observed from Figure
S that, for the device after light soaking and stored in glovebox,
the S-shape is returned bit by bit with the increase in the
storage time, from 18, 48, and 96 h to 8 days. Furthermore,
when the device was placed under one more light soaking, the
S-shape can be removed again.

To further investigate the cause for the S-shape, we put the
S-shape removed devices stored in three different environments
of air ambient (drybox), N,-filled glovebox and high vacuum (8
X 1077 Torr) separately, and measured the J—V characteristics
before and after the storages (as shown in Figure 6). Figure 6a
shows that there is an obvious S-shape appeared in the -V
curve of the device stored in air ambient after only 3 h.
Moreover, there is little S-shape appeared in the J—V curve of
the device stored in the glovebox even after 4 h, as shown in
Figure 6b. Furthermore, there is no S-shape appeared in the
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Figure 6. J—V curves measured for devices before and after storage (a) in air ambient for 3 h, (b) in glovebox for 4 h, (c) in high vacaum for 18 h
(light soaking for S min was conducted for each cell before the storage), and the change of the series resistance R; with storage times (d). Insets of a,
b, and c are the corresponding dark J—V curves before (black line) and after (red line) storages.
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device that stored in high vacuum ambient for even 18 h
(Figure.6c). Figure 6d shows the changes of the series
resistance R; with storage time in these three conditions. It
can be seen that R rises very quickly in air ambient, whereas it
shows much slower changes in N2 and vacuum conditions. The
different behaviors of S-shape with different storage ambiences
can be explained by different amounts of oxygen: the amount of
oxygen contained in air ambient is much more than those
contained in glovebox and high vacuum, so it will be more
quickly for the TiO, layer to adsorb oxygen in air ambient.
Despite the mechanism of how the TiO, layer changes after
oxygen adsorption being unclear, it is reasonable to think that
there are surface Ti’" states returning to Ti* states on O,
adsorption, which causes the conductivity of the TiO, film to
decrease and the S-shape to return back. Further investigation
on the mechanism of the light soaking effect is on going. The
much improved stability observed in the devices stored in the
high vacuum suggests that the S-shape can also be permanently
removed by proper encapsulation of the devices to prohibit the
oxygen and water contamination, which needs further
investigation.

4. SUMMARY

In summary, ALD-grown TiO, film was used as the electron
selective layer in inverted OCSs. The high resistance of TiO,
film is due to the presence of oxygen defects in the film, while
after several minutes light soaking the defects were removed
leading to the increase of the TiO, film conductivity and
significant improvement of the cell performance. By using the
ultrathin (~15 nm) amorphous TiO, film fabricated by ALD at
low temperature (130—170 °C), efficient inverted polymer
solar cells are demonstrated. The stable and robust TiO, film
with low temperature process has the potential to enable a roll-
to-roll mass production and distribution of TiO, films coated
on ITO plastic substrates, demonstrating a promising
manufacturing potential for air-stable plastic solar cells.
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XPS measurements for the TiO, films deposited at different
temperature and the incident photon-to-electron conversion
efficiency (IPCE) for the cell with 15 nm TiO, layer deposited
at 170 °C. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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