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a b s t r a c t

The need for inexpensive alternative to indium doped tin oxide (ITO) transparent electrodes is imminent
for cost-efficient solution processed optoelectronic applications. ITO-free transparent electrodes can be
based on inkjet-printed Silver (Ag) nanoparticles grids embedded into PEDOT:PSS buffer layers. We
present an in-depth investigation of the morphological evolution of the inkjet printed Ag nanopartricle
sintering process combined with an ultimate control of the printed grid design requirements for efficient
ITO-free organic photovoltaics (OPVs). We report on glass/ITO-free P3HT:PC60BM and Si-PCPDTBT:
PC70BM based OPVs with power conversion efficiency of 2.8% and 4.9% respectively. These devices
exhibited minimal losses when compared to reference ITO-based OPVs.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The need for cheap, thinner and lighter electronics is increasing
due to the rising demand for applications within the fields of life
sciences and engineering. For this reason organic optoelectronic
devices have been attracting growing scientific interest during the
last decade. Organic photovoltaic (OPV) commercialization is only
feasible through printing technologies such as gravure, flexogra-
phy and inkjet printing.[1] The latter with a drop-on-demand
(DOD) technology allows the user to pre determine the coordi-
nates of each droplet deposition on the substrate, to control
droplet formation, minimizing material loss and to reduce if not
eliminate the need for post-production treatment [2,3].

Most efficient reported organic solar cell devices are based on
the so-called bulk heterojunction (BHJ) architecture, where a
mixture of conjugated polymers and soluble fullerene derivatives
constitute the semiconducting photoactive layer. Recent progress
in BHJ OPVs includes power conversion efficiencies (PCE) of more
than 9% using new synthesized active layers materials [4], and
improved stability under real time outdoor [5] and accelerated
indoor lifetime performance testing [6]. Nevertheless, in order to
challenge other solar energy harvesting thin film technologies,
PCE, stability and fabrication cost must be further improved.
The large majority of the devices reported in the literature are

fabricated in controlled environment (clean room) or inert atmo-
sphere (glove box) and employ indium doped tin oxide (ITO) as
the transparent electrode [7–9]. Despite the fact that ITO exhibits
high electrical conductivity and light transmittance, cost intensive
vacuum deposition and high temperature post treatment pro-
cesses render it as the most expensive component of the organic
electronic device structure [10,11]. Additionally, not only may the
ITO price rise in the near future due to low indium reserves, but
also the ITO/PEDOT:PSS interface has been found to be one of the
degradation parameters affecting the device stability [12]. Further-
more, mechanical properties of ITO, such as high rigidity, are
responsible for crack formation on the surface of the transparent
oxide hindering efficient charge carrier collection [13].

Numerous research groups have developed alternative trans-
parent conductive electrodes in an effort to efficiently replace ITO
such as sputtered fluorine doped tin oxide (FTO) [14], thermally
evaporated metal grids, single-walled carbon nanotubes (CNTs)
[15] and monoatomic graphene layers [16]. Even though in some
cases transmittance and conductivity similar to ITO have been
achieved, the employed vacuum techniques are not compatible
with roll-to-roll production [17], CNTs are expensive and toxic [18]
and manufacturing graphene on a commercial scale is still
challengingwhen it comes to large scale manufacturing [19].
PEDOT:PSS is considered to be another promising candidate for
ITO-free OPV devices. The latter when deposited in thin films,
although it exhibits high transmittance, has a high sheet resistance
(RSH). In principle, RSH may obstruct collection and extraction of
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the photogenerated charged carriers resulting in devices with
limited overall performance. To address this problem, inkjet
printed silver nanoparticle (Ag NP) current collecting grid lines
have been integrated with PEDOT:PSS. Metal grid lines for photo-
generated charge collection have been widely used for inorganic
solar cells; Tom Aernouts introduced similar concepts in OPVs
[20]. Since then, plethora of scientific publications have been
reported. Tvingstedt et al. fabricated Ag grid lines by employing
structured polydimethylsiloxane (PDMS) molds that resulted in
power conversion efficiency of 1% [21]. Thereafter Kang et al.
suggested that electrical conductivity can be increased by deposit-
ing thicker metal grid lines. Devices fabricated with different novel
metal grids resulted in PCEs of 2% [22]. More recent, Galagan et al.
reported inkjet printed Ag grids combined with PEDOT:PSS form-
ing solution processed transparent electrode. For the aforemen-
tioned device architecture, with flexible and glass substrates, PCEs
of 1.5% were achieved. The same group reported sheet resistance
values as low as 1 Ω/□ by embedding thick Ag-grid lines in the
barrier foil [23,24].

In our previous work, two different types of low cost PEDOT:
PSS derivatives were utilized[25]. Four printed grid lines were
employed providing optical transmittance higher than 90%
throughout the visible spectrum and reproducible glass/ITO-free
OPV devices with PCE of 1.96%. At the same time ITO-based
devices exhibited PCE of 3%. Sintering process was performed at
140C for 20 min. With this process spikes of a few tens of
nanometers higher than the overall line height were formed,
increasing leakage current, thus limiting device performance.
Additionally, devices were suffering to some extent from delami-
nation upon PEDOT:PSS deposition.

In continuation of this work we hereby report an in depth
investigation of the inkjet printed Ag nanoparticle morphological
evolution through different sintering processes. Upon thermal
elevation in single step sintering, the sheet resistance of the metal
grids was reduced, reaching values as low as 22.7Ω/□ at high
temperatures. Importantly, when a two-step process is applied,
combining low and high temperature, RSH values similar to that of
ITO (8.5 Ω/□) were obtained. With this two-step sintering process
we gained absolute control over the internal flows governing line
formation and diminished printed line delamination. Furthermore
we present a detail analysis and correlation of PCE device
performance relevant to metal-grid design configuration. This
allowed us to optimize the number of current collecting grid lines
and achieve better overall device performance. Based on the above
mentioned improvements we report 30% further increase of the
PCE to 2.82% while achieving 47% fill factor (FF), 10.4 mA/cm2 short
circuit current density (Jsc), 0.57 V open circuit voltage (Voc) with
P3HT:PCBM based ITO-free devices. The same experimental

procedure for the optimized transparent electrode was also
applied with high performance Si-PCPDTBT:PC70BM system result-
ing in PCE of 4.9%. For both systems, we report ITO-free PCE values
similar to that of ITO. This strongly suggests that Ag NP grid lines/
PEDOT:PSS transparent electrode configuration is a viable and
competitive candidate to replace ITO.

2. Materials and methods

Silver nanoparticle ink (SunTronic Jet Silver U5603) was inkjet
printed using a Fujifilm DMP 2800 series printer on top of glass
substrates. The print head was set at 700 μm above the substrate
using a drop spacing of 35 μm and a substrate temperature set at
35 1C. On top of the sintered current collecting grid lines diluted
PEDOT:PSS (Clevios PH) with isopropyl alcohol in a 1:3.2 ratio was
doctor bladed. Residual solvent was removed by thermally anneal-
ing the layers at 140 1C for 30 min. Afterwards, P3HT and PCBM,
purchased from Rieke Metals Inc and Solene BV respectively, were
blended together in a 1:1 ratio forming the optically active layer.
Solutions were left stirring separately overnight on a hotplate at
65 1C. After mixing, P3HT:PCBM solution was doctor bladed on top
of PEDOT:PSS layer with blading speed of 20 mm/s [25]. Following
thermal evaporation of 100 nm of aluminum, devices were
annealed on a hotplate in ambient conditions for 22 min at
140 1C. For the Si-PCPDTBT: PC70BM devices, solution was diluted
separately overnight in o-DCB in a 1:1.5 ratio. Active area for the
OPV devices presented is 9 mm2. Each layer thickness was mea-
sured with a Dektak profilometer and morphological studies were
performed with a Nanosurf easyscan 2 atomic force microscopy
instrument in a tapping mode. A four-point-probe (Jandel
RM3000) conductivity meter was employed for the determination
of the sheet resistance. J/V characteristics were measured with a
Keithley 2420 source meter under 100 mW/cm2 (A.M. 1.5 G)
employing a Newport solar simulator. The Xe lamp was calibrated
with a Newport Si photodetector.

3. Results and discussion

Scheme 1a shows Ag NP ink before and after sintering the
droplet shape. The latter severely varies depending on the sinter-
ing processing conditions. Inkjet printed Ag NP droplets are
governed by two “gastronomical” effects: the coffee-ring and
tears-of-wine effects. Around fifteen years ago Robert Deegan
explained the so-called coffee-ring effect [26]. It was suggested
that mainly due to capillary effect a flow of liquid is produced in a
drying droplet due to uneven and inconsistent evaporation rate of

Scheme 1. (a) Capillary and Marangoni flows affect final line shape of the inkjet printed Ag nanoparticles. (b) A schematic illustration of the proposed two-step sintering
process of inkjet printed Ag nanoparticle grid lines.
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the solvent. The latter is more intense at the edges of the droplet
resulting in replenishing the evaporated solvent from the center.
This creates only an internal flow that potentially can transfer all
solute to the contact line, forming high perimeter concentration of
solutes. On the contrary, due to Marangoni flow, the tears-of-wine
effect tends to redistribute the solute to the center of the droplet
[27]. The solvent mixture that is used for the Ag nanoparticle
dispersion consists of ethanol and ethylene glycol with surface
tensions at 20 1C of �22 mN/m and�48 mN/m, respectively [28].
Evaporation of ethanol (lower boiling point and surface tension)
occurs everywhere along the droplet-air interface. This results in a
concentration reduction of ethanol at the interface when com-
pared to the bulk of the droplet. As a result, an immediate rise in
surface tension is expected due to the higher concentration of
ethylene glycol. This leads to an increase in the surface tension
along the vertical direction with higher surface tension at higher
regions, forming an upward flow towards the droplet-air interface
as schematically depicted in Scheme 1a.

Capillary flow, as one of the dominant flows in inkjet printed
Ag NP line formation, results in moderate overall height lines with
increased line width. At extreme cases capillary flow may push
most of the solute to the edges of the droplet resulting in spike
formation and M-like line shape. Depending on how pronounced
this formation is, spikes can penetrate the PEDOT:PSS hole
selective contact and/or the optically active layer resulting in
OPV devices with high leakage current or shunt ratio [25,29]. On
the other hand, Marangoni flow will result in completely different
line shape. Here, heights of the droplet may potentially reach the
μm scale with smaller widths compared to the coffee-ring effect.
Spike formation is also likely to occur, depending on the intensity
of the flow, but in this case at the center of the droplet, as
schematically shown in Scheme 1a.

In order to maximize the number of photons reaching the
organic semiconductor, the device effective area coverage by the
metal grid line must be kept as low as possible when at the same
time electric conductivity remains at high values. Furthermore, in
an effort to avoid shunts in the device and ensure efficient carrier
collection selectivity, printed grid lines should be completely
covered with PEDOT:PSS which can be detrimental for light
absorption. A fine balance of the effect of these predominant
flows must be achieved, thus, attaining optimal printed grid line
shape with moderate height and narrow width is desired
(Scheme 1a).

A Dimatix 2800 material inkjet printer with 10 pL cartridges
was utilized to deposit the Ag nanoparticle grid lines on glass
substrates. After printing, samples were placed on a hotplate in
ambient conditions for sintering. In an effort to gain control on the
final grid line formation various sintering temperatures, ranging
from 5 1C to 225 1C, were applied. For 5 1C sintering temperature,
samples were stored in a common refrigerator and were visually
inspected until mirror-like appearance occurred. Afterwards, four-
point probe measurements were performed in order to determine
sheet resistance values of the printed Ag NP current collecting
grids. As illustrated in Fig. 1a, a clear downward trend of obtained
sheet resistance values is revealed. Upon temperature elevation
during the sintering process RSH is significantly reduced by four
orders of magnitude reaching values as low as 22.7 Ω/□ at 225 1C.

Aiming to further understand RSH relation to elevated sintering
temperature, the morphology of the previously mentioned printed
grids was investigated with atomic force microscopy (AFM). Fig. 1b
shows representative morphological images of Ag NP grid lines
sintered at different temperatures. When sintering was performed
at 35 1C, a relatively smooth surface was observed with nanopar-
ticle size being evenly distributed over the scanned area. Once the
temperature was increased to 65 1C, domains with slightly larger
nanoparticle size emerged. This is also observed when sintering

temperature was elevated to 140 1C. A steady transferal of the
nanoparticle size distribution towards larger values is observed.
The latter is justified and complimented through AFM character-
ization (Fig. 1b), where high sintering temperature led to clusters
cores formation with sizes larger than 300 nm. In some cases these
printed Ag NP lines exhibited deep surface cracks due to brisk
solvent removal, suggesting potential failure in current collection.

In theory, metal nanoparticles have considerably high surface
area/volume ratio due to their size. In addition, molecules on the
surface of the nanoparticles are relatively energetically unstable
when compared to those within the bulk. When this happens,
surface atoms migrate in the solution and nanoparticles shrink
over time. As a consequence, when the metal atom concentration
becomes saturated, they will all merge into forming larger parti-
cles. This phenomenon is called Ostwald ripening [30].

As previously mentioned, inkjet printed Ag nanoparticle grid
lines with high height and surface roughness could negatively
affect the overall performance of OPV devices. Although RSH of
22.7 Ω/□ has been obtained, morphological disadvantages out-
match that. In an effort to achieve grid lines with minimized sheet
resistance and matching values obtained with sputtered ITO,
further experiments were performed. In Fig. 1c, sheet resistance
values in respect to sintering time are shown. Printed grid lines
were exposed at 65 1C for 60, 120 and 720 min. The specific
temperature was chosen as it could provide the desired printed
grid line profile, as previously discussed (Scheme 1a). A fine
control of the dominating internal flows was achieved through
careful avoidance of undesirable line formations. Each grid line
had 45–50 μm width and �200 nm uniform height. At 65 1C and
1 h of exposure 2900 Ω/□ were obtained. While at the same time,
samples that were heated up for 120 min, provided values one
order of magnitude lower. When samples were left on a heated
hotplate overnight for 12 h, sheet resistance was further reduced
to 427 Ω/□, (Fig. 1c). The reduction of almost a factor of 7 in
obtained RSH values is attributed to the slowly evaporated solvent
mixture of the Ag nanoparticle dispersion, suggesting gradual
nanoparticle agglomeration. At 65 1C ethanol is primarily evapo-
rated as it has a boiling point of 78.4 1C with the remaining
ethylene glycol (boiling point 197 1C) prohibiting further RSH
reduction. Regardless of the latter, all samples sintered at 65 1C,
remarkably result in optimum line shape, which suffer from severe
delamination upon water-based PEDOT:PSS deposition for OPV
device fabrication. Residual ethylene glycol causes inability in
nanoparticle adhesion on the substrate.

As electrode delamination is catastrophic for OPV device
performance, an additional annealing step at higher temperature
is introduced. As previously mentioned when samples were
thermally annealed for 30 s at 225 1C, residual ethylene glycol
was also evaporated from the printed grid lines. Importantly, this
additional short annealing step assisted in further enhancing
inkjet printed Ag nanoparticles grid lines sheet resistance, report-
ing values of 8.5 Ω/□. In Fig. 1c, it can also be seen that the longer
the sintering time at 65 1C is, the lower the sheet resistance
improvement upon further annealing at 225 1C for 30 s. This is
explained by the fact that less ethylene glycol has remained within
the Ag grid lines.

In an effort to identify the reason for diminishing RSH values,
AFM images were taken. Fig. 1d shows morphological evolution of
printed grid lines sintered at 65 1C for different time and when the
two-step sintering process concept described above was applied.
When the grid lines were sintered for a longer period of time, the
surface roughness increased by approximately 10 nm. Domains
where nanoparticles are agglomerated are noticeable when obser-
ving the substrates being treated for 12 h due to gradual merging
as stated above. Surface roughness is relatively more pronounced
when annealing took place and average particle size has been

M. Neophytou et al. / Solar Energy Materials & Solar Cells 122 (2014) 1–7 3



almost doubled. Towards a better evaluation, OPV devices employ-
ing the suggested sintering methodology for inkjet printed Ag
nanoparticle grid lines embedded into PEDOT:PSS (Heraeus Cle-
vios PH) were fabricated and characterized. Through waveform
modification printed lines exhibit an average width of 47 μm. The
combination of line width and height reported in this paper is
among the finest ever published in the literature for inkjet printed
Ag nanoparticles [23,24,31,32]. The percentages of the OPV device
active area that is covered with grid lines are shown in Table 1. On
top of the current collecting line network, low cost PEDOT:PSS
(Heraeus Clevios PH) was doctor bladed in ambient conditions.
Prior to thermal deposition of an aluminum layer of 150 nm
thickness, a mixture of P3HT:PCBM in a 1:1 ratio within chlor-
obenzene was doctor bladed as well as described in more details
within the experimental section.

In order to establish a fine balance between efficient current
collection and covered area percentage ratio, organic photovoltaic
devices were fabricated with different number of printed Ag
nanoparticle current collecting lines, ranging from 1 to 10. From
illuminated current density versus applied voltage (J/V) character-
istics (Fig. 2a) and Table 1 which summarizes the OPV perfor-
mance values at A.M. 1.5G, 100 mW/cm2 conditions, one can easily
conclude that when the Ag nanoparticle grid line number is
increased, improved FF values are obtained. Devices with 1 to

3 grid lines, exhibit large regions where overall RSH is mainly
accredited to the PEDOT:PSS layer. The latter increases resistance
losses within the device, demonstrating high series resistance (RS)
values as illustrated in the J/V characteristics at þ1 V (see Fig. 2a).
RS losses are mainly the reason for the low FF values of the
corresponding OPV devices with overall Ag grid-covered area from
1.6% to 4.8% (1 to 3 lines). Once the covered area was increased to
7.9–12.7% (5 and 8 lines respectively) FF and PCE values perfor-
mance significantly improved (Fig. 2a). A higher percentage of the

Fig. 1. (a) Sheet resistance relation to various sintering temperatures. (b) AFM images of inkjet printed Ag nanoparticle grid lines when sintered at (i) 35 1C, (ii) 65 1C, (iii)
140 1C and (iv) 225 1C. (c) Investigation of sheet resistance evolution when sintering at 65 1C for 1, 2 and 12 h (open black circles) and upon the addition of an annealing step
at 225 1C for 30 s. (d) AFM images of the grid lines sintered at 65 1C for (i) 1 h, (ii) 2 h, (iii) 12 h and (iv) 1 h with short annealing.

Table 1
Summary of the numerical data extracted from the illuminated J/V characteristics
under 100 mW/cm2 (A.M. 1.5G) obtained from ITO-free P3HT:PCBM based OPV
devices employing different fraction of inkjet printed Ag nanoparticle current
collecting grid lines.

Number of Ag NP
grid lines

Covered area (%) VOC (V) JSC
(mA/cm2)

FF (%) PCE (%)

1 1.6 0.52 4.59 29.7 0.71
2 3.2 0.55 5.89 31.6 1.04
3 4.8 0.57 6.23 35.1 1.27
5 7.9 0.56 9.28 42.2 2.19
8 12.7 0.56 10.6 47.9 2.82
10 15.8 0.57 9.35 49.2 2.64
Reference – 0.54 10.1 54.1 2.95
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photogenerated carriers were extracted and collected as indicated
by the observed improvement of FF and JSC values (Table 1). A
turning point in grid line coverage was identified when the
covered area reached value of 15.8% (10 lines). Incoming photons
were reflected on the Ag nanoparticle grid lines forming shadow
effects. This is echoed on reduced JSC value when compared to
those obtained at Ag grid-covered area of 12.7% (8 lines). Conse-
quently, the optimum device architecture is recorded when the
inkjet-printed Ag nanoparticles grids covered area was around
12.7% (8 lines) giving a PCE of 2.82% with VOC, JSC and FF values of
0.56 V, 10.6 mA/cm2, 47.9% respectively (Fig. 2a and Table 1). In the
same run ITO-based reference P3HT:PCBM devices were fabricated
for comparison, delivering PCE, VOC, JSC and FF values of 2.95%,
0.54 V, 10.1 mA/cm2 and 54.1% respectively.

As shown in Fig. 2b (inset), different metal-grids architecture
organic solar cells with similar coverage area were fabricated
aiming to further gain in device performance. Printed Ag NP grid
lines were printed with increased horizontal distance from each
other (pitch size). J/V characteristics of these devices are illustrated
in Fig. 2b. At first, two lines of 182 μm width with increased pitch
size deliver poor device performance as presented in Table 2 due
to the fact that the increased pitch size results in locally increased
sheet resistance. The latter exhibits increased recombination
regions within the device active area, which significantly reduced
charge collection properties. Furthermore, four lines of 92 μm
width were employed as transparent electrode, presenting sig-
nificantly improved FF values. These samples attest regions of
different sheet resistance values, as some sections were dominated
by high RSH from PEDOT:PSS, and some others with high electrical
conductivity from the Ag NP. This is attributed to the pitch size
values of those samples. Charge collection occurs in the immediate
vicinity of the four grid lines; however this area does not cover the
entire active area, leaving some areas where charge collection
cannot occur. This results in an under-performing ITO-free elec-
trode. We conclude that thinner lines are essential to achieve

evenly distributed charge collection across the entire active area.
Based on the above processing conditions for optimized ITO-free
OPVs, PCE in the range of 2.8% is repeatedly achieved. This series of
experiments clarifies the need for even distribution of the elec-
trical conductivity of the electrodes, ensuring uniform carrier
extraction throughout the device active area.

Gained knowledge from the P3HT:PCBM OPV devices employ-
ing the optimized ITO-free electrodes was also applied to a higher
PCE material system based on blends of Si-PCPDTBT:PC70BM. Fig. 3
shows light J/V characteristics of Si-PCPDTBT:PC70BM based OPVs
using ITO/PEDOT:PSS and Ag NP/ PEDOT:PSS transparent anodes.
The obtained PCEs were 5.4% and 4.9% respectively in excellent
agreement with performance parameters behavior of the P3HT:
PCBM based OPVs data presented in details above.

The corresponding ITO-free OPV devices for both materials
systems under study exhibited slightly lower PCE values when
compared to reference ITO-based OPV devices. To identify these
losses Krebs et al. employs a Light Beam Induced Current (LBIC)
technique that can assist in grid geometry and active area defini-
tion for optimized device performance [33]. In this study, a finite
element simulation was employed. In principle, despite the fact

Fig. 2. (a) Current density versus applied voltage (J/V) characteristics under 100 mW/cm2 (A.M. 1.5G) of ITO-free P3HT:PCBM based OPV devices which employ different
number of current collecting grid lines. (b) J/V characteristics of different electrode architecture, 2 ( ), 4 ( ) and 8 ( ) lines, with the same overall active
area covered with Ag nanoparticle grid lines. Electrode structures are schematically depicted in the inset.

Table 2
Summary of photovoltaic parameters of ITO-free P3HT:PCBM based OPV devices
using inkjet printed Ag nanoparticle grids of various widths as the anode.

Number of Lines� line width (μm) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

2�182 0.56 9.4 37.7 2.0
4�92 0.53 9.3 48.4 2.4
8�47 0.56 10.6 47.9 2.82

Fig. 3. Illuminated (100 mW/cm2, A.M. 1.5 G) J/V characteristics for Si-PCPDTBT:
PC70BM based devices. Ag NP/ PEDOT:PSS (red line) transparent electrode was
employed and compared with reference devices with ITO/ PEDOT:PSS (black line).
Inset: the chemical structure of the used materials and table with both device
parameters. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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that high electrical conductivity of the Ag nanoparticle current
collecting grids is achieved, the electrode still resists carrier flow.
The interaction of Ag atoms with charge carriers can only result in
resistive heating Fig. 4. shows the temperature distribution within
the transparent electrode simulated with zero Celsius degree set
as the ambient temperature using the COMSOL multiphysics
software [34]. The finite element simulation indicates homoge-
neous heat distribution on the Ag NP/PEDOT:PSS surface, suggest-
ing evenly dispersed photogenerated charge carrier extractionthus
efficient electrode charge collection properties. At the edges of the
proposed electrode configuration with 8 lines though, charge
collection is under-performing, a factor that can be responsible
for the minimal losses observed when ITO-free PCE values are
compared with reference ITO-based OPVs.

We would like to highlight that the results reported are based
on glass substrates/small active area. PCE reduction is expected for
larger than 1 cm2 active area devices due to series resistance (Rs)
increase [35,36]. Devices fulfilling OPV product development
targets [37,38] include flexible, large area, ITO and evaporation
free OPV development. These challenges are not discussed in the
current manuscript. The above parameters as well as device
stability issues will be discussed in future publications.

4. Conclusions

In conclusion, various sintering temperatures were applied in
an effort to achieve desired inkjet printed Ag nanoparticles current
collecting grid line profile. AFM images were taken aiming to
better understand obtained morphology. Despite the fact that
smooth layers were achieved at lower sintering temperature,
severe grid-line delamination was observed. Importantly, a fine
balance of the line shape and morphology was achieved by
introducing the two-step sintering process described in this paper.
Samples were initially sintered at 65 1C for 1 h, followed by an
additional 30 s processing annealing step at 225 1C. The proposed
two-step sintering process resulted in RSH values of 8.5Ω/□ and at
the same time ensured that no residual solvent was trapped inside
the printed grid causing catastrophic electrode delamination.
Corresponding glass/ITO-free OPV devices with different numbers
of printed grid lines were fabricated. These experiments concluded
that 8 lines with a total coverage area of 12.7% provided the
optimum inkjet printed silver nanoparticle grid design since

homogeneous charge carrier collection for ITO-free OPVs was
established. Devices with the proposed ITO-free electrode config-
uration delivered repeatable PCE of 2.8% and 4.9% for ITO-free
P3HT:PC60BM and Si-PCPDTBT:PC70BM based OPVs respectively.
To our knowledge this is among the highest glass/ITO-free OPV
device performance reported in the literature for both materials
systems and is achieved by optimizing the sintering processing of
the inkjet printed Ag nanoparticles as well as the Ag metal grid
design configuration described above. These findings can assist in
the future commercialization aspects of OPVs and provide eco-
nomic attraction towards replacing ITO in a range of other
optoelectronic devices applications.
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