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A new approach is proposed in this work to chemically control the low-temperature sol–gel formation of

ZnO thin films used as efficient electron transporting layers (ETLs) in inverted polymer solar cells (PSCs). The

chemical composition of the ZnO sol–gel precursor was modified by systematically employing different

[H2O]/[Zn2+] molar ratios in the starting sol formulation and evaluating their influence on film properties

and PSC device performance. A thorough characterization of the obtained ZnO ETLs evidenced the key

importance of the [H2O]/[Zn2+] molar ratio to achieve effective control on the sol–gel hydrolysis and

condensation processes. Based on these evidences, a mechanism for the formation of the ZnO films at

the low processing temperatures used in this work was proposed. PSC devices were fabricated

incorporating ZnO ETLs obtained from ZnO sol precursor formulations with increasing [H2O]/[Zn2+]

ratios and their photovoltaic characterization revealed the presence of a maximum device efficiency for

intermediate [H2O]/[Zn2+] values. Finally, the effect of water in the ZnO sol precursor on the long-term

(>1000 h) shelf-life of PSCs fabricated onto flexible PET substrates was investigated and a correlation

was found between chemical composition of the ZnO sol precursor and device shelf-life. The results of

this study give a clear demonstration of a viable strategy to achieve improved PSC device performance

by chemically controlling the formation of the sol–gel based ZnO ETL at processing temperatures

compatible with flexible plastic substrates and provide useful guidelines for the development of efficient

sol–gel derived metal-oxide buffer layers for highly performing flexible photovoltaics.
Introduction

The main driving force that has propelled scientic progress in
the eld of polymer solar cells (PSCs) over the past 25 years is
the possibility to fabricate low-cost, lightweight, and exible
devices by means of all solution-based, large-scale roll-to-roll
(R2R) processing technologies.1–5

In the so-called inverted architecture, efficient collection and
extraction of charges at the electrodes is guaranteed by the
presence of an electron transporting layer (ETL) and a hole
transporting layer (HTL) that are interposed between the pho-
toactive layer and the respective electron-collecting (typically
indium–tin oxide – ITO) and hole-collecting (typically a high-
work-function metal such as silver) electrodes.6 The main
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requirements for the ETL in inverted PSCs are efficient electron
transport and hole-blocking properties, transparency in the
visible wavelength range, chemical stability, and the potential
to ensure ohmic contact with the electron accepting phase of
the bulk heterojunction (BHJ) in order to avoid energy barriers
at the ITO interface. Such requirements can be fullled by n-
type metal oxide thin lms, such as titanium oxide (TiOx) and
zinc oxide (ZnO).7

In particular, ZnO is widely employed as ETL in inverted
PSCs, due to its high transparency, high electron mobility,
solution-processability, excellent chemical stability and inert-
ness, nontoxicity, and appropriate energy level alignment
between its conduction band minimum (about �4 eV) and the
lowest unoccupied molecular orbital (LUMO) level of the
electron-accepting fullerene, the latter playing a key role in the
collection of photogenerated electrons.8,9 Despite the large
number of techniques successfully employed for the deposition
of ZnO lms,10–14 solution-based processing remains one of the
most suitable approaches in view of the high throughput
requirements typical of R2R fabrication. To this end, two main
strategies have been employed in the literature, namely direct
deposition of crystalline nanoparticle-based ZnO suspensions
and sol–gel chemistry.15–17
RSC Adv., 2016, 6, 46915–46924 | 46915
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More specically, sol–gel processes are particularly useful to
produce ZnO solid lms in a simple, low-cost and highly
controlled way, starting from a colloidal suspension (the so-
called sol) prepared with an appropriate molecular precursor.
Typically, hydrated organic/inorganic zinc salts (acetate, nitrate,
perchlorate) are employed as metal precursors, which are dis-
solved in appropriate solvents such as methanol, ethanol, and
2-methoxyethanol (2-ME), in the presence of a chelating and
stabilizing ligand (in most cases, monoethanolamine – MEA).18

Zinc acetate dihydrate Zn(CH3COO)2$2H2O (ZAD) is by far the
most widely employed molecular precursor for the preparation
of sol–gel based ZnO lms in the PSC eld.19 Indeed, together
with its practical advantages such as low cost, ease of handling,
and widespread availability,20 ZAD allows an easy removal of
contaminants (viz. acetate groups) in the forming gel that can
decompose during the sol–gel annealing process and can leave
the ZnO lm as volatile by-products, in contrast with precursors
based on inorganic salts that produce ZnO lms containing
anionic residues more difficult to remove.21

The optimization of the chemical composition of the sol
precursor solution represents a key step to tailor the functional
properties of the resulting solid lms, which in turn inevitably
affect the operational performance of the PSC system. To this
end, several works have appeared in the literature investigating
the effect of synthetic conditions of the ZnO sol on lm
formation and device performance, with a major focus on the
inuence of the concentration of Zn salts22–24 and stabilizing
ligands25,26 on the properties of the resulting lms and devices.
In addition to the chemical composition of the sol, another
strategy to achieve improved PSC device performance is repre-
sented by the use of ZnO nanocomposite lms as ETLs. In
particular, ZnO–polymer,27 ZnO–reduced graphene oxide–poly-
mer,28 ZnO–fullerene derivative,29,30 and ZnO–CdS31 hybrid ETLs
have been successfully demonstrated for both ZnO growth
control and enhanced electron collection ability. Finally,
another deeply investigated critical parameter in the formation
of ZnO lms as ETLs for PSC applications is the annealing
temperature (TA) of the as-deposited gel.22,32–35 In particular,
several works reported the effect of different TA on the photo-
voltaic response of PSCs, showing that relatively high TA
(usually above 200 �C) are necessary to promote crystallization,
maximize removal of organic residues and yield high device
efficiency.21,25,36,37 On the other hand, recent reports have also
demonstrated the formation of amorphous ZnO lms upon
lower-temperature annealing treatments (TA# 150 �C) and their
incorporation in highly efficient PSCs,7,8,14,23,38,39 thus paving the
way for the application of this technology also to exible devices
fabricated onto heat-sensitive plastic substrates (e.g., poly-
ethylene terephthalate – PET).

From a chemical standpoint, the formation of the ZnO lm is
the result of a complex sequence of interconnected reactions that
are at the basis of the two fundamental steps regulating the entire
sol–gel process, namely hydrolysis of the metal precursor and
subsequent condensation to form the ZnO network.32 Despite the
key role played by these two interplaying processes in the
production of the nal ZnO thin solid lm, their inuence on the
functional properties of the resulting PSCs has been surprisingly
46916 | RSC Adv., 2016, 6, 46915–46924
overlooked.33 In particular, no examples of systematic
approaches to control and ultimately promote the hydrolysis and
condensation steps during the formation of ZnO ETLs via sol–gel
process have been presented in the literature to date, notwith-
standing their potential to further improve PSC device efficiency.

Accordingly, a new approach is proposed in this work to
favor the hydrolysis and condensation reactions in sol–gel
derived ZnO ETL lms, based on the systematic investigation of
the effect of water concentration in the formulation of the sol–
gel precursor on the performance of inverted PSCs. Such ZnO
lms were obtained upon low-temperature (140 �C) thermal
treatments and were incorporated in rigid PSC devices. A thor-
ough characterization of the obtained ZnO ETLs highlighted the
key role played by water molecules in the starting sol formula-
tion in favoring the formation of a ZnO network that is bene-
cial for improved device performance. In addition, the effect of
such water content in the sol–gel precursor on the long-term
stability of exible PSC devices was also investigated. To the
best of our knowledge, this study represents the rst demon-
stration of effective control of ZnO sol–gel chemistry to achieve
improved PSC performance at processing temperatures
compatible with exible plastic substrates.
Experimental
Synthesis of ZnO precursor solution and lm preparation

All reagents were purchased from Sigma Aldrich unless other-
wise stated. Different ZnO sol–gel precursor formulations were
prepared by dissolving zinc acetate dihydrate Zn(CH3COO)2-
$2H2O (ZAD, 0.5 M) and monoethanolamine NH2CH2CH2OH
(MEA, 0.5 M) in 2-methoxyethanol CH3OCH2CH2OH (2-ME),
with increasing amounts of additional water moles. In partic-
ular, three different water-to-zinc molar ratios (r ¼ [H2O]/[Zn

2+])
were considered, namely 2, 4 and 6 (with r ¼ 2 indicating the
reference formulation in which no additional water moles were
present). The solutions were vigorously stirred at room
temperature for 16 h in a closed vial. Then, the ZnO precursor
solutions were spin coated onto the target substrates (glass,
glass–ITO, and polyethylene terephthalate (PET)–ITO) at 1200
rpm for 40 s. Immediately aer deposition, the lms were
placed onto a hot plate for the annealing step (140 �C, 1 h). The
whole experimental procedure, from sol synthesis to lm and
device fabrication and characterization was conducted at
a controlled relative humidity (RH) of 45–50% (except for the
steps carried out in glove-box).
Fabrication of inverted PSCs

Inverted PSCs were fabricated on ITO-coated glass (surface
resistivity 8–2 U sq�1) and ITO-coated PET (surface resistivity 60
U sq�1) substrates, both patterned in a nitro-hydrochloric acid
solution. Prior to use, the substrates were ultrasonically cleaned
in successive baths with de-ionized water, acetone, and isopropyl
alcohol (IPA) and subsequently treated by oxygen plasma for 5
min at 150 W. The ZnO precursor solutions were deposited and
thermally treated as previously reported. Subsequently, the ZnO-
coated substrates were transferred into a nitrogen lled glovebox
This journal is © The Royal Society of Chemistry 2016
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View Article Online
for the deposition of the active layer, prepared with a 40mgmL�1

solution of regioregular poly-3-hexylthiophene (P3HT, Rieke
Metals):[6.6]-phenyl-C61-butyric acid methyl ester (PCBM, Sol-
enne BV) in 1,2-dichlorobenzene (DCB) and stirred for about 20 h
at 50 �C. The P3HT : PCBM ratio was 1 : 1 by weight. The blend
solution was spin coated at 700 rpm for 60 s and the wet lms
were covered with a Petri dish for solvent annealing (approxi-
mately 30 min).34 The lm thickness of the active layer was
approximately 230 nm. PEDOT:PSS (Orgacon EL-P 5015, Agfa)
was screen printed as HTL on top of the IPA-pre-wetted photo-
active layer with a custom-built screen printing unit. The printing
procedure was carried out in air with a 325 mesh screen,
producing a 1 mm-thick HTL. Aer printing, the samples were
thermally treated on a hotplate at 110 �C for 10 min in glovebox.
Finally a silver grid as back-electrode was screen printed in air
through a 325 mesh screen to complete the devices, using
a commercially available silver paste (DuPont PV410) followed by
thermal annealing in glove-box at 140 �C for 10 min. The active
area of all fabricated devices was 0.40 cm2. At least six devices
were fabricated and tested for each examined condition.
Characterization

The current density–voltage (J–V) characteristics were recorded
using a Keithley 2612B source-measure unit by illuminating the
PSC devices with a 100 mW cm�2 AM 1.5G solar simulator (Sun
2000 Class A, Abet Technologies) calibrated by means of a NREL
certied reference cell (PVMeasurements).

Fourier-transform infrared spectroscopy (FTIR) measure-
ments were carried-out in transmission mode at room
temperature using a Nicolet 760-FTIR (64 accumulated scans at
a resolution of 4 cm�1 in the 4000–800 cm�1 wavenumber
range). The ZnO thin lms used for FTIR characterization were
spin cast onto KBr disks using the deposition conditions
previously described.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on ZnO lms deposited on glass slides using an M-
probe apparatus (Surface Science Instruments). Mono-
chromatic Al Ka radiation (1486.6 eV) was used as source. Survey
analysis in the whole range of X-ray spectra and high-resolution
analysis in the typical regions of C-bonds, O-bonds, and Zn-
bonds were registered. The 1s energy level of carbon (284.6 eV)
was taken as the internal reference for peak shi corrections.

The transmittance spectra of ZnO thin lms were recorded
using an Evolution 600 (Thermo Scientic) ultraviolet-visible
(UV-Vis) spectrophotometer in the 250–700 nm wavelength
range. The photoluminescence spectra were obtained on solid
ZnO lms using a Jasco FP-6600 Spectrouorometer. The exci-
tation wavelength was 325 nm. The surface morphology and
roughness of the ZnO thin lms deposited on ITO-coated glass
substrates were obtained by means of a NSCRIPTOR™ (Nano-
ink) atomic force microscope (AFM) in tapping mode.
Fig. 1 FTIR spectra of ZnO-r2, ZnO-r4, and ZnO-r6 thin films.
Results and discussion

To evaluate the effect of chemical composition of the sol–gel
precursor on the hydrolysis and condensation reactions
This journal is © The Royal Society of Chemistry 2016
occurring during lm formation and on the nal properties of
ZnO ETL in PSC systems, different ZnO sol–gel precursor
formulations were prepared and characterized. The commonly
used sol precursor based on ZAD and MEA dissolved in 2-ME
was modied by addition of increasing amounts of water in the
starting formulation, to yield three different water-to-Zn molar
ratios (r ¼ [H2O]/[Zn

2+]). For convenience, throughout the text
ZnO thin lms produced using r values of 2, 4, and 6 will be
referred to as ZnO-r2, ZnO-r4, and ZnO-r6, respectively. Depo-
sition of the solutions was followed by heat treatment at 140 �C
for 1 h, resulting in the formation of amorphous lms (see
Fig. S1 in ESI† for XRD analysis). Such low-temperature
annealing conditions for the ZnO layer were chosen to make
this process compatible with the use of exible plastic
substrates (PET) for PSC fabrication without negatively affecting
the mechanical, optical or functional properties of PET.35

A preliminary FTIR analysis was conducted on ZnO thin
lms processed from precursors at different r values to evaluate
the effect of water content in the sol on the chemical structure
of the resulting solid lm (see Fig. 1).18,23,36–39 In addition to the
characteristic bands associated with the presence of water and
hydroxyl groups, all spectra present several signals that can be
ascribed to the presence of organic residues and byproducts in
the formed ZnO lms, although with different absorption
intensities, as will be discussed hereaer. More specically,
a broad peak in the 3600–3000 cm�1 region is observed irre-
spective of the r value considered which is typically associated
with the stretching vibrations of O–H bonds and that indicates
the presence of hydroxyl groups (from MEA, 2-ME and zinc
hydroxide) and water molecules in the ETL lm. A rst clear
evidence of the presence of organic byproducts in the lms is
given by the weak signals found in the 3000–2800 cm�1 range
that may be attributed to symmetric/asymmetric stretching
vibrations of CH bonds in methyl and methylene groups,
respectively.37 The region in the 1600–1300 cm�1 range is oen
considered as the ngerprint of the organic byproducts origi-
nating from uncomplete elimination of acetate groups in ZAD
upon hydrolysis and condensation. In particular, the peaks
centred at 1575 cm�1 and 1403 cm�1 may be associated with
RSC Adv., 2016, 6, 46915–46924 | 46917
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View Article Online
carboxylate asymmetric and symmetric C]O stretching modes,
respectively.18 In addition to such species, other prominent
features can be observed in the FTIR spectra that can be related
to organic residues originating from 2-ME and MEA. In partic-
ular the bands centred at 1341 cm�1 and 1022 cm�1 may be
assigned to symmetric and asymmetric deformations of meth-
ylene groups in 2-ME and ZAD.36 The stretching mode of the
N–H bond at 1420 cm�1, associated to residual MEA, is mainly
superimposed with the signal attributed to stretching vibra-
tions of the C]O bond in the acetate group of ZAD. The pres-
ence of residues originating from MEA may also be responsible
for the weak shoulder at 3250 cm�1.40 Additionally, residual
traces of MEAmay be also correlated to the weak signal found at
1156 cm�1 that can be associated with the stretching mode of
C–N bonds.18

Based on these considerations, a semi-quantitative analysis
of the abundance of the chemical groups in the lms (60 nm
thick, as measured by means of surface prolometry) was
carried out by evaluating the relative absorption intensities of
the signals present in the FTIR spectra at varying r values.
Because the [H2O]/[Zn

2+] ratio in the starting formulation was
not shown to affect the thickness of the deposited ZnO layer (see
Fig. S2 in ESI†), a comparative analysis may be performed.
Results revealed a marked decrease in the intensity of the peaks
associated to the organic moieties related to the acetate groups
(carboxylate C]Oasym str and C]Osym str at 1575 cm�1 and 1403
cm�1, respectively) in ZnO-r4, compared to ZnO-r2 and ZnO-r6
(see Table S1 in ESI† for calculations). These trends suggest
a decreased amount of residual acetate groups in ZnO-r4, likely
indicating improved elimination of these moieties during the
hydrolysis and condensation reactions upon addition of
supplementary H2Omoles to the starting formulation. A further
increase in the [H2O]/[Zn

2+] ratio to 6 leads to a slight increase
in the signal relative intensities in the 1600–1400 cm�1 region,
although to a lower extent than what found in ZnO-r2. This
behavior may be correlated to the chemistry of the hydrolysis
process, as will be discussed in detail in the next paragraphs.

In order to better clarify the trends observed with FTIR
analysis, X-ray photoelectron spectroscopy (XPS) was performed
on all ZnO lms obtained from formulations with increasing
water-to-zinc molar ratios and the results are presented in
Fig. 2. The atomic concentration of the surface chemical species
extrapolated from the XPS survey spectra (Fig. 2a) showed
a reduction of carbon concentration in the ZnO lms for
increasing r values.

In particular, the carbon concentration was found to
decrease from 42.7% to 32.8% (%at) with increasing [H2O]/
[Zn2+] molar ratio from r ¼ 2 to r ¼ 4. In addition a further
increase in the r value from 4 to 6 led to a slight increase in
atomic carbon concentration up to 35.1%. To gain additional
insights into the presence of organic byproducts and unreacted
moieties on the ZnO lms, high-resolution XPS spectra of C 1s
core levels were investigated (Fig. 2b). The C 1s spectra are
characterized by the presence of two peaks centred at 284.6 eV
and 288.5 eV, respectively. The peak at lower binding energy
located at 284.6 eV can be associated to C–C or C–H bonds,41

whereas the peak at higher binding energy located at 288.5 eV
46918 | RSC Adv., 2016, 6, 46915–46924
can be associated to C]O bonds.23,42 As shown in Fig. 2b, a clear
decrease in the intensity of the peak at higher binding energy is
observed for ZnO lms obtained from formulation with higher
[H2O]/[Zn

2+] molar ratios (ZnO-r4 and ZnO-r6). Such trend in the
high-resolution spectra of C 1s core levels may be correlated to
a reduction of the concentration of acetate groups in the ZnO
lms for increasing H2O concentration in the starting formu-
lation, as also observed from FTIR analysis. Fig. 2c shows the
high-resolution XPS spectra of O 1s core levels for the ZnO lms
obtained at increasing [H2O]/[Zn

2+] molar ratio. The experi-
mental data were tted with a Gaussian function (solid lines in
Fig. 2c) whose deconvolution highlighted the presence of two
distinct peaks (dashed lines in Fig. 2c). The peak at lower
binding energy centred at 529.8 eV can be attributed to the O2�

ions in the ZnO structure,43,44 whereas the peak at higher
binding energy centred at 531.5 eV can be associated with the
O2� ions in oxygen decient states such as in Zn(OH)2 (ref. 45)
and with oxygen bound to carbon atoms originated from
organic byproducts.24 The spectra clearly show an increase in
the relative magnitude of the lower binding energy peak for
ZnO-r4 and ZnO-r6 compared with ZnO-r2, accompanied by
a decrease of the higher binding energy signal. In particular, the
atomic ratios of the 529.8 eV signal to the 531.5 eV signal were
calculated to be 0.81, 1.23, and 1.12 for ZnO-r2, ZnO-r4, and
ZnO-r6, respectively. These trends suggest that the presence of
additional H2O moles in the sol–gel precursor formulation may
promote a more efficient formation of Zn–O bonds in the ZnO
lm, thus leading to a reduction of the concentration of oxygen
decient species and of oxygen associated with organic residues
and non-eliminated byproducts. This behavior may benecially
affect the functional properties of such ZnO lms when incor-
porated as ETL in working photovoltaic devices, as will be dis-
cussed in detail in the following. Finally, the high-resolution
XPS spectra of Zn 2p3/2 core levels are also reported in Fig. 2d.
One single symmetric peak located at binding energy of 1021.1
eV is found in all samples, irrespective of the composition of the
sol–gel formulation.

Based on the results obtained from FTIR and XPS analyses, it
clearly appears that the composition of the starting sol
precursor formulation in terms of varying [H2O]/[Zn

2+]
concentration ratio can signicantly inuence the chemical
structure of the resulting sol–gel based ZnO thin lms. More
specically, such an increase in H2O content may lead to
improved dissolution of Zn2+ ions in the sol due to the higher
dielectric constant of water if compared to that of 2-ME,46 thus
resulting in more Zn2+ ions available for reaction to form the
(Zn–O–Zn)n 3D network in the solid lm. Furthermore, such
water addition may promote the hydrolysis step of zinc acetate
to form Zn(OH)2 intermediates that yield the nal ZnO solid
lm upon successive condensation (Scheme 1).

The elimination of water and acetic acid (Tb ¼ 118 �C) is
allowed by the mild thermal annealing treatment, conducted
aer sol deposition at 140 �C. As shown in Scheme 2, upon
addition of supplementary moles of water in the formulation of
the starting sol, the chemical equilibrium of the hydrolysis
reaction may be shied in the direction of the hydrolysis step
(green arrow). This pathway may be correlated with the decrease
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) XPS survey spectra and high-resolution XPS spectra of (b) C 1s, (c) O 1s, and (d) Zn 2p3/2 core levels of ZnO-r2, ZnO-r4, and ZnO-r6 thin
films.

Scheme 1 Schematic representation of hydrolysis and condensation reactions involved in the sol–gel process to form a solid ZnO film starting
from zinc acetate as the metal precursor.
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View Article Online
of FTIR absorption intensity of the peaks associated to carbox-
ylate C]O (symmetric and asymmetric) stretching vibrations in
acetate groups. In addition, it can also explain the intensity
decrease of the O–H stretching signals in the FTIR spectrum
(Fig. 1) that results from further release of OH groups as
a consequence of the hydrolysis step. These results are corrob-
orated by the XPS analysis (Fig. 2) that evidenced both
This journal is © The Royal Society of Chemistry 2016
a decrease in the atomic concentration of carbon related to
acetate residues in the ZnO lms as well as a more efficient
formation of the (Zn–O–Zn)n solid network. As opposed to this,
a lower [H2O]/[Zn

2+] ratio in the sol formulation may yield the
formation of relatively complicated reaction precursors,47 such
as Zn-oxo-acetate or Zn-hydroxo-acetate species, characterized
by the presence of intercalated acetate and hydroxyl groups
RSC Adv., 2016, 6, 46915–46924 | 46919
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Scheme 2 Schematic representation of the chemical equilibria involved in the ZnO sol–gel process.
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View Article Online
strongly bound to Zn2+ and thus more difficult to be removed at
low temperatures (140 �C), as shown by the reaction pathway in
Scheme 2 (red arrow). These considerations are supported by
the evidence of a higher concentration of acetate groups in ZnO
lms produced starting from a precursor formulation with
lower water concentration (ZnO-r2), as inferred from both FTIR
and XPS analyses.

By further increasing the [H2O]/[Zn
2+] molar ratio in the

precursor solution from 4 to 6, an increase in concentration of
organic residues and byproducts in the ZnO lm was observed
as suggested by XPS and FTIR analyses (Fig. 1 and 2). These
results may imply that the addition of an excessive amount of
water (r > 4) in the sol–gel precursor formulation leads to an
excessive formation of acetic acid during the hydrolysis step
that destabilizes the sol and shis the reaction equilibrium
back to the formation of Zn-oxo-acetate or Zn-hydroxo-acetate
species that are found to persist within the solid lm even
aer thermal treatment. In particular, higher water concentra-
tions (r > 6) were found to determine signicant sol instabilities
and immediate precipitation aer preparation (see Fig. S3 in
ESI†).
Fig. 3 (a) Optical transmittance spectra and (b) fluorescence emission s

46920 | RSC Adv., 2016, 6, 46915–46924
The optical properties of the sol–gel based ZnO thin lms
produced from precursors at different r values were investigated
by collecting their transmittance spectra, as reported in Fig. 3a.

All ZnO thin lms showed comparable optical properties
over the entire visible wavelength range with an average optical
transmittance of about 89%, thus indicating limited parasitic
absorption that could negatively affect charge generation in the
photoactive layer. As a result, the [H2O]/[Zn

2+] molar ratio in the
sol–gel precursor was not found to signicantly affect the
optical properties of the sol–gel based ZnO thin lms.

In order to gain further insights into the surface properties of
the as-prepared ZnO thin lms, uorescence emission spec-
troscopy was carried out on lms obtained from precursor
formulations with increasing [H2O]/[Zn

2+] molar ratio (see
Fig. 3b). A characteristic emission band in the 350–400 nm
region was observed in all uorescence spectra, typical of the
band-edge emission of ZnO in the UV-region. In addition,
another broad absorption feature was found in the 400–500 nm
spectral range, which was reported to be correlated with the
electronic transitions associated with the presence of Zn surface
defects and surface states in the ZnO lm.30,31 As shown in
pectra of ZnO-r2, ZnO-r4, and ZnO-r6 thin films.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 J–V characteristics of inverted PSCs incorporating sol–gel
based ZnO-r2, ZnO-r4, and ZnO-r6 ETLs.
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Fig. 3b, the emission intensity of such peak was found to be
slightly lower for ZnO-r4 thin lms compared to ZnO-r2 and
ZnO-r6, likely indicating that for this formulation the charge
carrier recombination processes due to the presence of such
surface defects and states can be minimized. These trends well
agree with the results obtained from the FTIR and XPS analyses
discussed above.

In order to investigate the possible effect of water content in
the sol precursor formulation on the surface morphology of sol–
gel based ZnO thin lms, topographic AFM images were
recorded, as shown in Fig. 4.

All the ZnO thin lms presented similar surface morphology
characterized by a wrinkled texture, formed by ber-like
domains likely originating from the interactions between the
intermediate species during the gelation process occurring
immediately aer the spin coating deposition.9,48 Moreover, the
surface root mean square roughness of the lms obtained at
varying [H2O]/[Zn

2+] ratios showed comparable values (see Table
S2 in ESI†), suggesting that the presence of additional water
molecules in the precursor solution does not appear to signi-
cantly affect the ber-like texture of the resulting ZnO thin
lms.

In order to investigate the effect of water concentration in the
starting ZnO sol formulation on the functional response of
operating devices, inverted PSCs incorporating sol–gel derived
ETLs obtained from ZnO-r2, ZnO-r4, and ZnO-r6 were fabricated
and tested. The corresponding J–V characteristics are reported
in Fig. 5 and the associated average photovoltaic parameters are
shown in Table 1.

PSC devices incorporating a ZnO-r2 ETL showed a Voc of 563
mV, a Jsc of 5.01 mA cm�2, a FF of 45.9%, and a PCE of 1.29%.
When the [H2O]/[Zn

2+] molar ratio was doubled in the starting
ZnO formulation (from 2 to 4), a clear increase in photovoltaic
performance was observed. In particular Jsc was found to
increase of about 16% (from 5.01 mA cm�2 to 5.82 mA cm�2),
accompanied by a simultaneous increase in FF (from 45.9% to
49.8%), resulting in an overall 25% increase in PCE (from 1.29%
to 1.62%). Such improved efficiencies are comparable to those
observed in the scientic literature for similar systems in spite
of the different processing techniques adopted in this work for
the printing of both HTL and silver back electrode.49–51 A further
increase in water concentration in the starting ZnO sol
Fig. 4 Topographic AFM images of ZnO-r2, ZnO-r4, and ZnO-r6 thin fi

This journal is © The Royal Society of Chemistry 2016
formulation (ZnO-r6) was shown to cause a decrease in the
photovoltaic performance of devices, leading to Voc, Jsc, FF and
PCE values of 567 mV, 5.19 mA cm�2, 44.3% and 1.31%,
respectively. These trends characterized by the presence of
a maximum device efficiency for devices incorporating a ZnO-r4
ETL are largely associated with the changes in current density of
PSC devices for increasing r values. These modication in Jsc
may in turn be related to the amount of residual acetate groups
leaving the ZnO lm during the hydrolysis and condensation
steps, as previously discussed based on the presented FTIR and
XPS analyses. Indeed, promoting the release of insulating
acetate groups from the forming ZnO lm is expected to
enhance the electron extraction ability of the ETL by limiting
detrimental phenomena such as recombination or trapping of
charge carriers.23,33 Furthermore, the lower leakage current
extrapolated from the J–V characteristics in the dark (see Fig. S4
in ESI†) corroborated these considerations, thus conrming the
better charge selectivity of PSCs incorporating ZnO-r4 compared
to ZnO-r2 and ZnO-r6. Moreover, such improved device perfor-
mance for ZnO-r4 may also be related to the promoted conver-
sion of zinc acetate to zinc oxide as conrmed by the increased
concentration of Zn–O bonds in the sol–gel based ETL
lms.

RSC Adv., 2016, 6, 46915–46924 | 46921
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Table 1 Average photovoltaic parameters of rigid inverted PSCs incorporating sol–gel based ZnO-r2, ZnO-r4, and ZnO-r6 ETLs

Sample Voc [mV] Jsc [mA cm�2] FF [%] PCE [%] Rs [U cm2] Rsh [U cm2]

ZnO r ¼ 2 563 � 5 5.01 � 0.29 45.9 � 1.3 1.29 � 0.11 29 � 3 543 � 26
ZnO r ¼ 4 558 � 8 5.82 � 0.34 49.8 � 2.1 1.62 � 0.11 21 � 5 774 � 68
ZnO r ¼ 6 567 � 7 5.19 � 0.23 44.3 � 1.8 1.31 � 0.06 32 � 9 586 � 78

Fig. 6 Normalized PCEs of flexible devices as a function of the aging
time in nitrogen atmosphere without encapsulation.
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evidenced by the high-resolution XPS spectra of O 1s core levels
(Fig. 2c).

It is worth pointing out that the release of acetate groups
from the forming sol–gel based ZnO thin lm promoted by the
presence of additional water molecules in the starting formu-
lation could lead to appropriate modications of the electronic
properties of the ETL. In fact, it is known from the literature
that the presence of organic unreacted residues on the ZnO thin
lm surface may yield an increase in the work-function of the
ZnO layer due to surface dipole effects.52 Therefore, lowering the
concentration of such organic residues on the ZnO surface by
chemically controlling the sol–gel process is expected to lead to
a corresponding work-function decrease of the ZnO ETL. In
turn, this is likely to promote a better energy level alignment
within the device stack that leads to improved extraction and
injection of the charge carriers and to enhanced device perfor-
mance.30 Moreover, electrical measurements were also attemp-
ted on ZnO lms, but unfortunately they did not prove useful to
gain further insights into these aspects (see ESI† for details).

The PCE decrease observed by further increasing the [H2O]/
[Zn2+] molar ratio in the ZnO precursor solution (from 4 to 6)
may be correlated with the corresponding decreased concen-
tration of Zn–O bonds in the formed lm as observed from XPS
analysis, in addition to a higher concentration of organic
byproducts and residues (Zn-oxo-acetate and Zn-hydroxo-
acetate species, see Scheme 2) still present in the ZnO lms
even aer thermal treatment. The presence of relatively fewer
Zn–O–Zn bonds together with an increased amount of such
organic species increases the probability of charge trapping
and recombination, thus resulting in lower photovoltaic
performance.

Ascertained the importance of controlling the chemistry of
the sol–gel process in order to optimize the functional perfor-
mance of the ZnO ETL in PSC devices, the effect of [H2O]/[Zn

2+]
ratio on the stability of devices was evaluated. To this end,
exible PSCs incorporating ZnO-r2, ZnO-r4, and ZnO-r6 were
fabricated onto PET substrates (Fig. 6, inset), the latter being
compatible with the low-temperature annealing process (140
�C) specically chosen in this work for the heat treatment of the
ZnO ETL. Such exible devices were then aged for over 1000 h in
a nitrogen environment without encapsulation. In this way, the
potential interplay of water in the starting ZnO sol formulation
and atmospheric water onto device stability could be conned
during the aging test and the sole effect on performance
stability of the presence of water in the ZnO sol–gel formulation
could be investigated. As shown in Fig. 6, aer more than 1000 h
of shelf-life tests, all exible PSCs retained more than 80% of
their initial efficiency, thus revealing relatively good stability. It
46922 | RSC Adv., 2016, 6, 46915–46924
is worth mentioning that for the evaluation of device perfor-
mance upon aging time, all devices were briey exposed to
atmospheric conditions during the J–V tests. In addition,
fabrication of the devices was mostly carried out in air. Both
these experimental conditions may have impacted on the
overall long term stability of all PSCs, irrespective of the
composition of the starting ZnO sol formulation.

Interestingly, devices incorporating the ZnO-r4 ETL exhibi-
ted relatively higher stability compared to ZnO-r2 and ZnO-r6.
This behavior may be correlated with the improved chemical
conversion of the ZnO precursor and with the promoted release
of acetate groups and water during the annealing step as
observed from FTIR and XPS in ZnO-r4 (Fig. 1 and 2). In
particular, the lower concentration of organic residues and
byproducts in the ZnO ETL may induce the formation of a more
favorable ETL/BHJ interface that may help limit the potentially
detrimental interactions of such organic residues with the
photoactive material upon aging (morphological rearrange-
ments, photochemical degradation), thus resulting in improved
device stability.

Conclusion

A systematic investigation was presented in this work on the
effect of the chemical composition of the ZnO sol–gel precursor
on the formation of ZnO-based thin lms used as ETL in
inverted PSC devices. Different [H2O]/[Zn

2+] molar ratios were
investigated in the starting sol formulation (r¼ 2, 4, 6) and their
inuence on lm properties and device performance was
This journal is © The Royal Society of Chemistry 2016
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elucidated. FTIR and XPS analyses highlighted the key impor-
tance of the judicious control over the [H2O]/[Zn

2+] molar ratio
in the starting sol formulation to promote the sol–gel hydrolysis
and condensation steps, suggesting that excessive water
concentration may lead to instabilities in the precursor solution
with subsequent precipitation upon sol preparation. Based on
FTIR and XPS results, a mechanism for the formation of the
ZnO lm at the low processing temperatures used in this work
was proposed. PSC devices were fabricated incorporating ZnO
ETLs obtained from sol precursor formulations with increasing
[H2O]/[Zn

2+] ratios and the corresponding J–V tests revealed the
presence of a maximum device efficiency for intermediate
[H2O]/[Zn

2+] molar ratios (ZnO-r4) in the starting ZnO formu-
lation. This behavior was found to well correlate with XPS and
FTIR results, in which a clear decrease of concentration of
organic byproducts and residues (mainly acetate and oxo-
acetate groups) was observed for ZnO-r4. By promoting the
release of electrically insulating acetate groups from the form-
ing ZnO lm, the electron extraction ability of the ETL is
enhanced by limiting detrimental phenomena such as recom-
bination or trapping of charge carriers. As a result, improved
device performance was observed. Finally, the effect of [H2O]/
[Zn2+] molar ratio on the shelf-life of PSCs fabricated onto
exible PET substrates was investigated. All exible devices
were shown to retain more than 80% of their initial efficiency
upon aging in a nitrogen environment for more than 1000 h,
thus revealing relatively good stability. In addition, PSCs
incorporating the ZnO-r4 ETL exhibited relatively higher
stability compared to ZnO-r2 and ZnO-r6. This behavior was
correlated with the improved chemical conversion of the ZnO
precursor and with the promoted release of acetate groups and
water during the annealing step as observed from FTIR and XPS
that may limit the detrimental interactions between unreacted
ZnO precursor residues and the photoactive material upon
aging, thus resulting in improved device stability.

In conclusion, the results of this study give the rst clear
demonstration of a viable and straightforward way to achieve
improved PSC performance at processing temperatures
compatible with exible plastic substrates via the effective
control of the ZnO sol–gel chemistry.
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R. R. Søndergaard, M. Hösel, M. Jørgensen, R. Gupta,
G. U. Kulkarni and F. C. Krebs, Org. Electron., 2013, 14,
984–994.
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