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ABSTRACT: We report on a sol—gel-based technique to fabricate MoO3 thin films as a hole-injection layer for solution-processed
or thermally evaporated organic solar cells. The solution-processed MoO; (sMoOj) films are demonstrated to have equal
performance to hole-injection layers composed of either PEDOT:PSS or thermally evaporated MoO3 (eM0OQ3), and the annealing
temperature at which the sol—gel layer begins to work is consistent with the thermodynamic analysis of the process. Finally, the shelf
lifetime of devices made with the sMoQy3 is similar to equivalent devices prepared with a eMoOj; hole-injection layer.
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rganic solar cells show great potential as a low-cost and

lightweight energy source, and their certified efficiency
recently reached values above 8%.' Among these cells, polymer
based devices are attractive as they can be deposited from solu-
tion in roll-to-roll systems, benefiting from the high manufactur-
ability of this method®*

The typical organic solar cell device structure includes a trans-
parent electrode based on indium tin oxide (ITO) and a hole-
injection layer (HIL) to reduce roughness and/or obtain an effi-
cient hole-extraction from the organic materials with deep highest
occupied molecular orbital (HOMO) levels in the active layer.®

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is often used as HIL because of its easy proces-
sability, smooth surface, and the match of its work function to the
HOMO level of many donor-type organic semiconductors. Recent
studies revealed that the intrinsic device stability in ambient
conditions for devices incorporating PEDOT:PSS is compro-
mised by its hygroscopic nature, which introduces humidity in
the devices and degrades the low-work-function metal.”

Transition metal oxides, such as MoO;, V,0s, NiO, and
WO3,* " have been employed as alternatives to PEDOT:PSS,
based on the favorable energy level alignment'” and the increased
stability demonstrated in organic solar cells.’ They can be de-
posited via various methods, including thermal or electron beam
evaporation, sputtering,'® or pulsed-laser deposition."* Alterna-
tively, solution-processing methods have been demonstrated with
the application from colloidal V,05'* or MoO; nanoparticle
dispersions,”" via the oxidation of a metalorganic Ni ink,' from
combustion processing of diverse metal oxide'” and, recently,
with the sol—gel process of V,05.'® The latter method allows for
precise composition control and high homogeneity, and is favo-
rable for the application on large areas when low processing cost
is preferred. We propose here a sol—gel process for MoO; as HIL
for both polymer and small molecule based solar cells: we
investigate the process as a function of temperature and compare
the photovoltaic results and their stability with the ones obtained
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on analogous organic solar cells processed on PEDOT:PSS and
evaporated MoOs.

We developed the solution-processed MoO3 (sMoO3) HIL
with the sol—gel technique by adapting the recipe proposed by
Lin et al:'” 1 M solution of MoO; powder (99.5%, Sigma-
Aldrich) in H,0, (30%, Sigma-Aldrich) was refluxed for 2 h at
80 °C in air and then cooled to room temperature (RT) for 24 h
to obtain a clear yellow liquid. The viscosity and concentration of
the solution were further adjusted with the addition of polyethy-
lene glycol (average M,, 400, Sigma-Aldrich) and 2-methoxyetha-
nol (Sigma-Aldrich) under reflux (0.5 h at 70 °C and 60 °C, respecti-
vely, followed by 24 h at RT) with a volume ratio of 1:0.25:6.2S5.
The bright yellow solution is stable over several days when an
excess of H,O, is present, whereas it changes into a dark blue
solution when the H,O, amount is not sufficient for the full
conversion of MoOj5 into MoO,(OH)(OOH).*

The prepared yellow solution was spin-coated in air on ITO
substrates (20 Q/sq, Kintec), previously cleaned with a sequence
of detergent, deionized water, acetone, and isopropanol in an
ultrasonic bath, followed by ultraviolet/ O treatment. The samples
were annealed for 10 min on a hot plate at temperatures from
100 °C to 350 °C in N,. Film thicknesses were measured by
ellipsometry measurements (GESS from SOPRA).

Reference devices were produced on identical substrates
either by thermally evaporating 20 nm of MoO3 (eMoO3) from
the same initial powder (vacuum pressure 10~ Torr) or by spin
coating 30 nm of PEDOT:PSS (Baytron Clevios AI4083, H.C.
Starck GmbH). For the production of polymer based solar cells,
220 nm of a mixture of poly-3(hexylthiophene) (P3HT, Rieke
#4002-EE from Rieke Metals, Inc.) and (6,6)-phenyl C61-butyric
acid methyl ester (PCBM, Solenne bv) dissolved in 1:1 weight
ratio in ortho-dichlorobenzene (Sigma-Aldrich) at 25 mg/mL
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Figure 1. XPS spectra and deconvolutions of various MoQj layers.

were spin coated in N, adopting the slow drying method.** The
cathode, composed by 40 nm Ca followed by 100 nm Ag, was
thermally evaporated (base pressure 10~ Torr) through a sha-
dow mask to define active areas of 3 mm”. Alternatively, small
molecule based solar cells were produced by sequentially depo-
siting 16 nm of chloroboron subphthalocyanine (SubPc, Aldrich),
35 nm of Cyp (SES research), 10 nm of bathocuproine (Aldrich),
all purified at least once using vacuum thermal gradient sublima-
tion before loading them in a high-vacuum evaporation chamber
(base pressure <5 x 10~ Torr), followed by 150 nm Ag.

The current-density vs voltage (J—V) characterization was
performed in a N, glovebox using a Keithley 2602A Source-
Measure Unit and an Abet solar simulator with 100 mW cm >
AM1.5G illumination, calibrated with an ISE Fraunhofer certified
Si photodiode.

The X-ray photoelectron spectroscopy (XPS) measurements
shown in Figure 1 were carried out in AR-mode using a Theta300
system from Thermolnstruments (monochromatized Al K
X-ray source (1486.6 eV) and a spot size of 400 m) on the solution
processed samples before (RT) and after (350 °C) the thermal treat-
ment and on the thermally evaporated reference sample. The 350 °C
and the evaporated spectra, after alignment to the Cls reference,
could be fitted with doublets, while the RT one was fitted with
three peaks. In the RT sample, the Mo3dSA shoulder at 228.6 eV
and the Mo3dSC peak around 230 eV can be ascribed to the
metallic Mo and the Mo*" peaks, respectively. In the 350 °C and
evaporated samples, the Mo3dSB peak from Mo®" can be found
around 233 eV, confirming that the thermal treatment effectively
contributes to the sol—gel conversion into MoOs. Both the solu-
tion processed samples show broader Mo peaks and lower signal
intensity as compared to the evaporated sample, suggesting the
presence of several oxidation levels, characterized by a wider
range of binding energies, and a lower concentration of Mo atoms
in the solid film, diluted by the organic residue from the solvents
in the film and by the presence of O and H atoms in the hydro-
peroxo complex.' %%

Atomic force microscopy scans (included in the Supporting
Information) of MoOj films on glass reveals smooth surfaces
both before and after the 350 °C thermal treatment, with peak to
valley variations of 1.8 nm and surface root-mean-square rough-
ness of 0.36 nm. The film after thermal treatment results uniform
and compact and does not present pin-holes or porosity on the

_ 100
E s I T
3 60_ o
E 40 g
3 o =
= 20 o =
£
0
600 —=
500
5 4001 -
E 300+ &
8 t
s’ 200
100
0
4
_ 3te @
S
woo2r
o
o 1+
(0] = I | I T T I T
0 5 E OO L LV OV L L O O O O
$ o & S5 b & b & b & b & b &
= B o N O M~ O N U N~ O o v
= 3% O - - - - N N N N ® o ®
o] o
) =
w n
o

Temperature [°C]

Figure 2. Thickness, short circuit current (Jsc), open circuit voltage
(Voc), fill factor (FF), and power conversion efficiency (PCE) of
P3HT:PCBM-based solar cells processed on PEDOT:PSS, eMoOs3,
and sMoO; treated at different temperatures.

top surface. X-ray diffraction measurements (not included) do
not show significant diffraction peaks, confirming the amorphous
or nanocrystalline nature of the films at all the temperatures in-
vestigated, including the evaporated layer, the transition to the
crystalline phase of MoOj bein§ reported at temperatures above
the ones used in this study.'”

Figure 2 shows the trend of the photovoltaic response of devices
processed on sMoOj layers and the thickness of the latter after
annealing at different temperatures. At the upper end of this tempera-
ture range, the photovoltaic parameters and the final power conversion
efficiency (PCE) reach values close to the PEDOT:PSS and eMoOs
based samples, confirming the electrical suitability of the sMoOj film.

The decrease in thickness starts already after treatment at
100 °C, in agreement with the major weight loss derived from the
thermal gravimetrical analysis (TGA) performed by Lin et al,"
ascribable to the elimination of absorbed water and solvents. We ob-
served an increase in open circuit voltage (Vo) already at the
lowest annealing temperature, which saturates at temperatures
above 250 °C. Then, there is an onset of short circuit current
(Jsc) that starts at 175 °C and saturates at 225 °C. Finally, fill factor
(FF) begins to increase at 250 °C and saturates above 275 °C . We
suspect that Vo begins to increase early on, once a built-in field is
set up across the electrodes. Once the built-in field is strong
enough, at short-circuit the photocurrent is extracted efficiently,
and therefore Jsc increases rapidly. Finally, when the built-in field
saturates, the FF, which represents how well carriers can be
extracted at voltages near a flat band condition (i.e., at small built-
in fields), is able to reach considerable values of 65%.

In our experience, the performance of thermally evaporated
SubPc/Cg devices relies more critically than P3HT:PCBM ones
on the properties of the HIL, as they present a wide range of
values for V¢ and FF depending on the interface properties
of the HIL layer, similar to other donor molecules with deep
HOMO levels.”® Therefore, these devices are a crucial indicator
for the reliability of the sMoOj layers. The J—V curves of these
and of polymer based devices with the sMoO3 HIL are compared
to the analogous ones with the eMoO; HIL in Figure 3. Slight
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Figure 3. J—V curves of P3HT:PCBM and SubPc/Cg organic solar
cells processed on sMoO3 and eMoOj hole-injection layers .
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Figure 4. Normalized efficiency extracted from regular measurements
of P3HT:PCBM-based devices stored in shelf life conditions.

variations in the performance of the devices confirm the strong
similarity of the sMoOj; with the eMoOj: the P3BHT:PCBM
devices show a difference of only 0.4 mA cm™ > in Jgc, with
changes in Vo and FF within the error margin; the SubPc/Cqq
samples on sMoOj; exhibit a sensibly higher FF than on eMoO;,
whereas Jsc and V¢ are not altered.

In Figure 4 the stability of devices based on the sMoO; with a
cathode composed of 40 nm Yb and 100 nm Al is compared to
devices based on eMoO; and on PEDOT:PSS in shelf life
conditions (ISOS-D-1 Shelf**). PEDOT:PSS-based devices de-
grade to an average value below 20% of the initial efficiency
within the first 200 h. In contrast, sMoQO3-based devices show
remarkable stability, following the same trend as that of eMoOj,
with a PCE reducing to 70% of the initial values after 1000 h. The
replacement of hygroscopic PEDOT:PSS with MoOs is effective
in limiting the diffusion of humidity within the devices and thus
in reducing the oxidation of the metals composing the cathode.”

In conclusion, we demonstrated a facile sol—gel-based tech-
nique to fabricate MoQj thin films as a hole-injection layer for
solution-processed or thermally evaporated organic solar cells.
The solution-processed MoOj films are demonstrated to have
equal performance to hole-injection layers composed of either
PEDOT or thermally evaporated MoOj3. From the evaluation of
the electrical performance oflayers, the thermal conversion of the
precursor into MoOyj is completed at temperatures around 275 °C,

in agreement with the thermodynamic analysis of the reaction.
Finally, the lifetime of devices made with the sMoOQy3 in shelf life
conditions are similar to equivalent devices made containing a
eMoOj; hole-injection layer, and outperform devices based on
PEDOT:PSS.
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© Supporting Information. The atomic force microscopy
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