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  1   .  Introduction 

 Research towards transparent electronics has gained substan-
tial momentum in recent years. [  1  ]  Transparent thin-fi lm-tran-
sistors to drive transparent displays, [  2  ]  semitransparent organic 
light emitting diodes (OLEDs), [  3  ]  or see-through organic solar 
cells (OSCs) [  4  ]  that can even be integrated in windows open 
a wide spectrum of novel applications. Common key compo-
nents of semitransparent devices are transparent electrodes. 
For this purpose, transparent conducting oxides (TCOs) have 
been widely explored. [  5  ]  Among them, indium tin oxide (ITO) 
has evolved as the most frequently used TCO. The limited 
abundance of Indium is expected to cause substantial issues 
in the not so far future. In a recent study, the ITO coated 

PET substrate was shown to account for 
a signifi cant portion of the production 
costs and the energy consumption for 
production. [  6  ]  On temperature sensitive 
substrates, ITO suffers from a severely 
limited performance as ITO typically 
requires thermal treatment at  T  > 300  ° C 
to achieve its optimum conductivity and 
transmittance at the same time. [  7  ]  Taken 
together, alternatives to ITO are desper-
ately required. 

 A number of reports demonstrated 
an alternative concept based on oxide/
metal/oxide transparent electrode struc-
tures, which can be prepared at room 
temperature (RT). [  7,8  ]  A drawback is the 
requirement for costly vacuum processing 
with potentially limited throughput. To 
increase throughput and to reduce manu-
facturing costs, solution based processing 
concepts for transparent conducting 
electrodes have become the subject of 
intense research. Carbon-based nano-

materials like graphene [  9  ]  and carbon nanotubes [  10  ]  have been 
considered and partially commercialized. In spite of a high 
average transmittance ( T  av ) in the visible spectral region of 
80–90%, their moderate sheet resistivity ( R  sh ) on the order of 
100–200  Ω  sq −1  limits their applicability as a serious universal 
ITO-replacement. [  11  ]  Alternatively, transparent conducting 
layers based on metal nano-grids or random nanowire net-
works have been reported. [  12  ]  Among them, silver-nanowires 
(AgNWs) have attracted most of attention, for they are highly 
conductive, fairly stable and can be prepared with excellent 
control regarding wire geometry. [  13  ]  In their pioneering work, 
Lee et al. have used a simple drop casting technique to prepare 
AgNW meshes with  T  av  of 85% and a low  R  sh  of 10  Ω  sq −1 . [  14  ]  
To remove the dispersing agent (polyvinylpyrrolidone) used 
in their coating process and to improve the electrical connec-
tion between the wires, a heat treatment at 200  ° C for several 
tens of minutes was required. A lowered resistance at the wire 
junctions was also achieved by electrochemical approaches. [  15  ]  
A severe drawback of neat AgNW meshes is their limited adhe-
sion to the substrate and their failure in conventional mechan-
ical scotch-tape tests. [  15  ]  In addition, as the NWs typically cover 
less than 20% of the substrate, large open areas on the order of 
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  2   .  Results and Discussion 

  2.1   .  Ag-Nanowire/Metal-Oxide Composites 

  Figure    1  a shows a SEM-image of the as-casted AgNW-mesh on 
a glass substrate taken at an acceleration voltage of 900 V. At 
this acceleration voltage the charging of the insulating glass 
substrate can be avoided, as the charge (introduced to the 
sample by the electron beam bombardment) is balanced by the 
charge that leaves the sample as secondary or backscattered 
electrons. [  24  ]  For higher acceleration energies (4 keV, Figure  1 b), 
charging of the sample takes place in the open area of the 
AgNW mesh resulting in an electron beam induced potential 
contrast. The regions close to the conductive and grounded 
AgNW-mesh appear dark, as the excessive charge is transferred 
to the ground. In strong contrast, the regions in between the 
wires appear bright as lateral charge transport to the grounded 
NW mesh is impossible on the insulating glass, which leads 
to signifi cant charging effects. This strikingly visualizes the 
inherent drawback of the neat AgNW mesh, which fails to 

several  μ m 2  between the wires remain insulating. For a range 
of device applications the NW mesh electrode must be able to 
contact to the device all over the active area to allow for effi cient 
charge extraction/injection. This is especially important for 
organic devices because of a typically small lateral conductivity 
in the organic semiconductor. To this end, the space between 
the AgNWs must be fi lled with a transparent and suffi ciently 
conductive medium. Several attempts have been made by com-
bining the AgNW-mesh with a conductive polymer, for example, 
PEDOT:PSS. [  16  ]  Unfortunately, PEDOT:PSS has been evidenced 
to initiate a number of degradation mechanisms in organic 
electronic devices like OLEDs or OSCs and to severely limit the 
device lifetime. [  17  ]  In an alternative approach, the AgNW mesh 
is coated with metal oxide nanoparticles (NPs), such as TiO  x  , [  16c  ]  
ZnO [  18  ]  or Al:ZnO (AZO). [  19  ]  As a substantial drawback, typi-
cally high annealing temperatures (140  ° C to 250  ° C) have been 
found to be necessary to sinter the NPs, to improve the adhe-
sion to the substrate and to reduce the sheet resistance of the 
resulting layer. This impedes the application of these electrodes 
on top of temperature sensitive substrates or organic electronic 
devices. A low temperature approach based on a AgNW-TiO 2 -
PEDOT:PSS composite system has been reported. [  20  ]  However, 
issues introduced by PEDOT:PSS and its detrimental effects on 
device lifetime have been discussed above. Very recently, Yang’s 
group has shown the use of ITO-NPs, deposited on top of the 
AgNW-mesh at RT without any post annealing. [  21  ]  Low-temper-
ature processing of the transparent electrode allowed even the 
use as transparent top electrode of OSCs, and as a result highly 
effi cient semitransparent OSCs have been demonstrated. Nev-
ertheless, the applicability of this approach is somewhat voided 
by the use of ITO NPs and the issues related to Indium, as dis-
cussed above. 

 Therefore, in this work we present a PEDOT- and In-free 
hybrid approach for transparent, conductive and robust elec-
trodes which can be prepared even at RT. To this end, we 
propose composite electrodes of AgNWs with either sol–gel 
processed tin-oxide (sSnO  x  ) or with Aluminum doped zinc 
oxide (AZO) prepared by atomic layer deposition (ALD). For 
the sSnO x , we use a recently developed sol–gel process, that 
allowed us to prepare electron selective interlayers for inverted 
OSCs at temperatures as low as RT. [  22  ]  For the AgNW/AZO 
composite prepared by ALD, we want to note, that there is a 
strong current impetus to explore ALD for roll-to-roll (R2R), 
high-throughput production systems, even at atmospheric 
pressure. [  23  ]  Therefore, both presented approaches bear the 
potential for cost-effective manufacturing. We demonstrate 
for both cases, that the metal-oxide coating fuses the wires 
together which results in a signifi cant reduction of  R  sh  from 
90  Ω  sq −1  for pristine AgNW meshes down to values as low 
as 5.2  Ω  sq −1  at a concomitant average transmission ( T  av ) of 
87% (referenced to glass). This is shown to be even superior to 
ITO electrodes. At the same time, the AgNW mesh is also con-
ductively “glued” to the substrate which signifi cantly improves 
the adhesion of the AgNW and guarantees an electrical con-
tact to the entire area. The resulting composites withstand the 
mechanical adhesion tests without loss in conductivity. The 
application of the composite AgNW/sSnO  x   as transparent top 
electrode in effi cient all-solution processed semitransparent 
OSCs is demonstrated.  

      Figure 1.  SEM-image of as-casted AgNW-mesh on glass taken at accel-
eration voltage of the primary electron beam of a) 900 V and b) 4 kV. 
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 It is important to note that AZO processed at 100  ° C dem-
onstrates an electrical conductivity of  ≈ 10 −1  S cm −1 , 3 orders of 
magnitude higher than that of sSnO  x   ( ≈ 10 −4  S cm −1 ). Neverthe-
less, the hybrid layers with sSnO  x   show even superior sheet 
conductivity. This clearly shows that the resulting  R  sh  of the 
composite layer is governed by the quality of the NW-to-NW 
junction, and the charge transport is dominated by the AgNW, 
whereas the metal-oxide only serves as a (moderately) conduc-
tive glue to join the wires with each other and to conductively 
fi x the mesh to the entire substrate area. 

 The surface morphology of the AgNW/metal-oxide com-
posite layers has been studied by atomic force microscopy 
(AFM) (see Figure S1, Supporting Information). The rms 
roughness of pristine AgNW layers is 65 nm (determined on a 
scan area of 50  μ m × 50  μ m). For the AgNW/sSnO  x   composite 
the roughness is reduced to 34 nm. In the case of the AgNW/
AZO layer an increased roughness of 81 nm is found. This 
may be attributed to an added roughness due to the nano-crys-
talline ALD AZO and the fact that the conformal nature of the 
ALD coating process is not suitable to smoothen out a rough 
surface in a similar way as a solution based process. The 
conformal coating of the wires with AZO can be nicely seen 
in the AFM images (Supporting Information, Figure S1e,f) 
where an apparent increase of the wire thickness from the 
original value of 90 nm to roughly 90 nm plus twice the thick-
ness of the AZO ALD layer (2 × 80 nm) is found. In the tap-
ping phase image of Figure S1f (Supporting Information), the 
intrinsically rough morphology of the AZO layer due to the 
formation of crystallites can be seen in between the wires. 
We want to note, that we did not apply any deliberate planari-
zation process, for instance, pressing, to reduce the surface-
roughness of the NW layer and to avoid on even larger areas 
individual wires sticking out on the order of microns. Never-
theless, these well-established planarization concepts [  15  ]  could 
be combined with our approach previous to the deposition of 
the metal-oxide. 

 The optical properties of neat and hybrid structures are 
assessed by measuring their specular and scattered transmis-
sion. Details of the measurement are given in the supporting 
information. The mesh of stochastically distributed AgNWs 
causes a pronounced scattering of light incident under normal 
angle. Therefore, for a specifi c application, it is important to dis-
tinguish between the transmitted light that remains collimated 
(specular transmission) and the part of light that is transmitted 

electrically contact to the substrate all over and leaves non-con-
tacted area, which would be detrimental for device applications.  

 To achieve an electronically functional contact to the entire 
substrate area, we fi ll the space between the wires with a mod-
erately conductive metal-oxide using sol–gel processed sSnO  x   
or Al:ZnO prepared by low-temperature (100  ° C) atomic layer 
deposition (ALD). This is expected to allow for an effective 
charge extraction or injection over the active device area, which 
is required in an OLED or OSC. Details of the deposition pro-
cess of the respective metal oxide can be found in the Experi-
mental Section. 

 Coating the AgNW-mesh on glass with sSnO x , a very effec-
tive fusion between AgNWs on their crossing points (see 
SEM image in  Figure    2  -a) and a dramatically reduced  R  sh  of 
5.2  Ω  sq −1  (from 90  Ω  sq −1  for the neat AgNW-mesh) can be 
achieved. In a similar sense as for the AgNWs/sSnO  x   layers, 
the  R  sh  decreases to 31  Ω  sq −1 , if the AgNW mesh is coated with 
AZO ( Table   1 ). As one can see in the SEM image (Figure  2 b), 
the AZO forms a nanocrystalline conformal coating on the pre-
deposited AgNW mesh. The formation of nano-crystals is typ-
ical for ZnO layers, even if deposited at the low temperatures 
used in our ALD process.   

  Table 1.     T  av  (in range from 350 to 900 nm) and  R  sh  for composite layers 
of AgNWs and metal oxide. The data for specular and diffusive trans-
mission at a wavelength of 632.8 nm is also given for the NW samples. 
The data for ITO prepared at room temperature (ITO RT ) [  7  ]  is stated as a 
reference.  

   AgNWs  AgNWs/SnO  x    AgNWs/AZO  ITO RT  (60 nm)  

 R  sh  [ Ω  sq −1 ]  90  5.2  31  83  

 T  av  [%]  84  81  80  –  

 T  av (in ref. to glass)  [%]  90  87  86  85  

 T  specular at 632.8 nm  [%]  79  72  72  –  

 T  specular / T  diffusive  [%]  82  81  77  –  

      Figure 2.  Magnifi ed SEM-images of AgNWs coated with a) sSnO  x   and 
b) ALD-AZO. 
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therefore is highly transparent in visible region. Thus, the 
composite AgNW/sSnO  x   is expected to remain unaffected by any 
intrinsic absorption of the sSnO  x  . A spectral minimum in the 
specular transmission spectrum appears at 420 nm for AgNWs/
sSnO  x   layers (Figure  3 b). This is due to light scattering in the 
hybrid system (see Supporting Information for more details). 
 T  av  remains largely unaffected high (Table  1 ) at 81% (or when a 
glass substrate is used as reference: 87%) in the AgNWs/sSnO  x   
composite. Note, the high transmittance together with a low  R  sh  
of 5.2  Ω  sq −1  positions AgNW/sSnO  x   composites among the best 
metal-nanowire based transparent electrodes, reported to date 
(see Figure S4, Supporting Information). In contrast to these 
previous results, which have typically been obtained by thermal 
post processing of the Ag NW at temperatures of 140  ° C and 
above, the highest temperature in the preparation of our AgNW/
sSnO  x   composites has been as low as 50  ° C. 

 A substantially enhanced scattering of light is found for the 
AgNWs/AZO hybrid layer (Figure  3 c) compared to AgNWs/
sSnO  x   (Figure  3 b). It is known that the particle plasmon res-
onance wavelength and thereby also the average extinction 
are increased with increasing refractive index of the particle 

but scattered to other angles. To specifi cally evaluate this, the 
optical transmission of hybrid layers was measured at different 
distances and angles (see Supporting Information) using a 
HeNe-laser as a source of collimated light (4 mW, 632.8 nm). 
The corresponding specular transmittance and its ratio to the 
diffusive (total) transmittance into the half sphere behind the 
substrate are listed in the Table  1 . At 632 nm, 72% of incident 
light is transmitted through both hybrid layers (AgNW/sSnO  x   
and AgNW/AZO) without scattering. 

 For the non-coated AgNWs layers, a characteristic maximum 
of the specular transmission ( Figure    3  a) is found at 325 nm 
(characteristic plasma frequency of silver). At larger wave-
lengths the transmission shows a slight decrease which corre-
lates with the scattering spectra. As discussed in the supporting 
information this is due to the well-known effect of surface 
plasmon polariton scattering. [  25  ]  Note,  T  av  is defi ned as the sum 
of specular and scattered transmittance (Figure  3 a). It is 84% 
(or 90% when the glass substrate is used as reference) in the 
case of the neat AgNW layer.  

 For the AgNWs/sSnO  x   composite, it is important to note 
that sSnO  x   has an absorption edge at 300 nm (Figure  3 e), and 

      Figure 3.  Plots of optical specular transmittance ( T  specular ), semisphere-scattered (detected in 45 °  angle, see Supporting Information) transmittance 
( S  semisphere ), and the resulting total diffusive transmittance ( T  specular  +  S  semisphere ) of a neat AgNW-mesh on a) glass, b) AgNWs/sSnO  x   hybrid layer, and 
c) AgNWs/ALD-AZO hybrid layer; d) comparison of the total diffusive transmittance of neat and metal-oxide coated AgNW-based electrodes on glass; 
e) transmission, absorption and refl ection spectra of neat metal oxides sSnO  x   and f) ALD-AZO on glass substrate. 
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electron beam acceleration voltage of 900 V. The corresponding 
SEM images of composite layers taken at higher acceleration 
voltages of 4 kV (Figure  4 c,d) do not show the electron beam 
induced potential contrast (they show material contrast only), 
as the charge introduced between the AgNWs can now be trans-
ported to the highly conductive grounded AgNW-mesh. This is 
in stark contrast to the results for uncoated AgNW meshes (see 
Figure  1 ).  

 In addition to a conductive connection to the substrate, the 
mechanical adhesion of the composite is dramatically superior 
to that of the uncoated mesh. This is favorably verifi ed by a 
scotch-tape peeling test, with the corresponding results shown 
in the photographs of  Figure    5  . Whereas the pristine AgNW 
mesh is easily peeled off (Figure  5 a,c) by the scotch tape, the 
AgNW/sSnO x  composite is outstandingly stable (Figure  5 b,d). 
A similar mechanical stabilization is achieved for the AgNW/
AZO composite system (not shown here). While the pristine 
sample no longer shows any conductivity after peeling, the 
composite electrodes remain unaffected by the peeling test. It 
must furthermore be noted that aging tests of the composite 
electrodes in a climate cabinet (80  ° C/80% rH) for a week left 
their  R  sh  unchanged (Supporting Information, Table S1). This 
is a very encouraging result when the application of these elec-
trodes in a more demanding environment is considered.   

  2.2   .  Semi-Transparent Organic Solar Cell with Hybrid 
Top-Electrode 

 The favorable properties of our hybrid layers are exem-
plary demonstrated for the AgNW/sSnO  x   composite used 

environment. [  27  ]  We therefore assume that a similar effect 
applies for AgNW. Thus, when pure AgNW fi lms are coated 
with tin oxide the environment is changing from air/glass 
to SnO x /glass. Due to the increase of the refractive index of 
the environment (for SnO  x  ,  n  = 1.62 @ 500 nm), the AgNW 
plasmon resonance wavelength is increased from 390 nm to 
407 nm. Both, extinction and scattering are increased. When 
coated with AZO ( n  = 2.04 @ 500 nm) the refractive index is 
further increased and so are extinction and scattering. Com-
paring these spectra one has to keep in mind that AZO shows 
a fundamental absorption below 388 nm (Figure  3 f). At smaller 
wavelengths, the extinction of light is dominated by the fun-
damental absorption in AZO. At larger wavelengths, the exci-
tation of SPPs is responsible for light extinction. With this in 
mind it becomes clear that again scattering and extinction show 
a very similar spectrum. For an organic solar cell, elastic hemi-
sphere scattering could be utilized to optimize light in-coupling 
dramatically (especially at low light intensities). 

 Owing to the intrinsic absorption of the AZO layers 
(Figure  3 f), the overall transmittance of the AZO-coated mesh 
electrode in the spectral region below 388 nm is dominated by 
the absorption due to AZO. Therefore, a somewhat lower total 
optical transmittance  T  av  of 80% (or 86%, if in ref. to a glass 
substrate) was determined for AgNWs/AZO layers. Note, 
60 nm of ITO sputtered at RT [  7  ]  only exhibits  T  av (ref. to glass)  
of 85% and a concomitantly high  R  sh  of 83  Ω  sq −1  (Table  1 ). 
Figure  3 d summarizes and compares the total optical trans-
mittances for AgNWs-meshes, hybrid layers, and a glass 
substrate. 

  Figure    4  a,b shows the SEM-images of composite AgNWs/
sSnO  x   and AgNWs/AZO layers respectively at a primary 

      Figure 4.  SEM-images of composite layers of a,c) AgNWs and sSnO  x   or b,d) ALD-AZO at 900 V and 4 kV, respectively. 
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identical to previous reports. [  26b  ]  As an alternative to the sol–gel 
VO x , a thermally evaporated MoO 3  layer (80 nm) was deposited 
on top of BHJ. The AgNWs dispersion (5 mg mL −1 ) and the 
sol–gel solution for sSnO  x   were deposited sequentially under 
N 2 -atmosphere by spin-coating. Note, as bottom electrode TCO 
we either used ITO or F:SnO 2 . 

 A high transmittance of >75% for the entire semitransparent 
cell is found in the red spectral region (  λ   > 650 nm) (Figure  6 c), 
independent of the illumination side. The corresponding OSC 
performance characteristics are summarized in Table  2 . While 
a typical effi ciency of 3% is found for the opaque reference 
devices, the semitransparent cells show effi ciencies up to 2.5%. 
A higher  J  sc  is measured for illumination from the glass side 
compared to top illumination through the AgNW/sSnO  x   elec-
trode. We attribute the lower  J  sc  in the latter case to scattering 
effects that take place in the AgNW/sSnO  x  . We have to stress, 
that the cells have not been optimized to harvest the above dis-
cussed light scattering effects of the AgNW/sSnO  x   mesh for 
improved light trapping. Somewhat lower  J  sc  is encountered for 
all-solution processed devices with sVO  x  /AgNWs/sSnO  x   anode 
due to the parasitic absorption in 50 nm thick bulk of VO  x  . 
Note, VO  x   exhibits an absorption edge already at 540 nm. [  26  ]  In 
any case, the fi ll factors of our AgNW-based semitransparent 
devices with both hole-extraction interlayers of eMoO 3  and sVO  x   
are similar. Note, the series resistance  R  s  of the OSCs increases 
from about 2  Ω  cm 2  for the opaque reference devices with an 
evaporated metal top electrode to about 4  Ω  cm 2  for the semi-
transparent devices based on AgNW/metal-oxide composite 
electrodes. In spite of the low sheet resistance of the AgNW/
SnO  x   electrodes, this factor of two increased series resistance 
may be explained by a non-optimized interface between SnO  x   
and the high-WF hole extraction interlayers VO  x   or MoO  x  . 
Note, in previous reports on using PEDOT:PSS/AgNW top 
electrodes, a factor of 5 increase of  R  s  compared to that of the 
opaque reference was evidenced and explained in part by a lim-
ited contact of the mesh electrode to the active device area. [  16d  ]  
In this respect, even in non-optimized devices our composite 
electrodes already outperform this previous work. To demon-
strate the viability of entirely In-free semi-transparent OSCs, 
we have also prepared devices with F:SnO 2  as bottom electrode. 
Their device characteristics are essentially similar to that of the 
ITO based cells (Table  2 ).   

  3   .  Conslusions 

 We demonstrated transparent electrodes based on composites of 
silver nanowires and conductive metal-oxides (sol–gel SnO  x   pro-
cessed at room temperature or moderate temperature ALD-pro-
cessed AZO). The coating with these thin conductive metal-oxides 
results in a sheet resistance of the composite as low as 5.2  Ω  sq −1  
with a concomitant high average optical transmission of 87%. At 
the same time, the adhesion of AgNWs on the substrate is sig-
nifi cantly improved. Importantly, the NW/metal-oxide compos-
ites allow for electrical contacting devices all over the active area. 
Their low processing temperature enables the application of these 
transparent conductive composites as top-electrodes of organic 
devices. This is exemplifi ed in effi cient, In- and PEDOT:PSS-free, 
all-solution processed semitransparent organic solar cells.  

as a top electrode in effi cient semitransparent inverted 
polymer:fullerene OSCs ( Figure    6  a,d,e,  Table   2 ). As detailed 
above, we did not apply any deliberate planarization process, 
such as pressing, to reduce the surface-roughness of the NW 
layer and to avoid individual wires sticking out. Thus, to avoid 
short circuits our AgNW/metal-oxide composites have been 
used as top-electrodes in the semi-transparent organic solar 
cells. The inverted cell set-up with anode side on top has been 
chosen, as this architecture has previously been shown to be 
attractive for manufacturing and for better device lifetime. [  28  ]    

 The work-function of SnO x  and AZO used in the composite 
electrodes is 4.1 eV and 4.0 eV, respectively. [  22,29  ]  Thus, a-priori, 
this rather low WF would render our electrodes more favorable 
to extract electrons rather than holes from typical organic solar 
cell active materials. However, to facilitate hole extraction via 
these composites in our devices, we used high-WF metal oxide 
interlayers (vanadium oxide or molybdenum oxide), which have 
previously been evidenced to favorably interface to the HOMO 
level of many organic semiconductors used in OLEDs and 
OSCs. When inserted between the organic active layer and the 
actual anode, they alleviate the need to select an anode material 
with an appropriate WF. [  30  ]  

 The inverted OSCs studied in this work have the following 
layer sequence: glass/TCO/sol–gel-TiO x /P3HT:PC 60 BM 
(200 nm)/sol–gel-VO  x   or evaporated-MoO 3 /(AgNW/sSnO  x  ) for 
the semi-transparent device or Al/Ag for the opaque reference 
device. For VO x  (50 nm) we used a sol–gel process, as we have 
recently reported. [  26a  ]  Aside from the transparent AgNW/sSnO  x   
top electrode, the inverted cells with an active area of 3 mm 2  are 

      Figure 5.  AgNWs w/o metal oxide a) before and c) after scotch-tape 
peeling test. The peeled-off region is between the two dashed lines; 
AgNWs with sSnO  x   b) before and d) after the scotch-tape peeling test. 

Adv. Funct. Mater. 2014, 24, 1671–1678



FU
LL P

A
P
ER

1677

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

10 mg mL −1 , diameter 90 nm, length > 20  μ m) without any polymeric 
stabilizer was further diluted with a dry IPA to a fi nal concentration 
of 5 mg mL −1 . The AgNW-mesh was spin coated from a well-shaked 
and ultra-sonicated (30 s) AgNW-dispersion in air and dried at 50  ° C 
for 1 min to remove the solvent. For the sol–gel deposition of sSnO  x  , 
Tetrakis-(dimethylamino)tin (TDMASn) has been used as precursor in 
isopropanol. Acetylacetone was used as stabilizing additive. Previous 
to spincoating, the solution was stirred at RT and 60% rH for 30 min. 
Condensation (fi lm formation) took place at RT at 60% rH. More 
details can be found elsewhere. [  22  ]  AZO layers were prepared as ALD 
nano-laminates of a repeated deposition of 50 cycles ZnO and 2 
cycles Al 2 O 3  at 100  ° C using a BENEQ TFS 200 system. Details of the 
AZO preparation and characterization can be found in our previous 
report. [  3a  ]  If not otherwise stated in the manuscript, we chose deposition 
parameters for the coating of the metal oxides on top of the cast AgNW-
mesh, that on planar glass substrates (without the NW mesh) would 
yield a metal-oxide layer thickness of 80 nm. 

 MoO 3  was thermally evaporated from the effusion cell at 
the temperature 615  ° C and corresponding deposition rate of 
0.04 nm s −1 . For entirely In-free, semi-transparent OSCs we have used 
F:SnO 2  substrates with a sheet resistance of 13  Ω  sq −1 . (Sigma Aldrich). 
The  J–V  characteristics of OSCs were measured under 100 mW cm −2  
AM1.5G spectrum of solar simulator (Newport, 300 W) using Keithley 
2400-C SMU. The SEM study was done using a Philips XL30S FEG 
microscope with a fi eld emission cathode. The electrical conductivity 

  4   .  Experimental Section 
 It is known that  T  av  and  R  sh  of AgNW-meshes can be tuned over 

a certain range by simply varying the concentration of NWs in the 
dispersion. In this work, the initial AgNW dispersion (Blue Nano, conc. 

 Table 2.   Characteristics of semitransparent inverted polymer:fullerene 
OSC with liquid-processed AgNW/sSnO  x   top contact and opaque refer-
ence device with thermally evaporated metallic top contact. 

Inverted P3HT:
PC 60 BM OSCs   

PCE 
[%]  

 V  oc  
[V]  

 J  sc  
[mA cm –2 ]  

FF 
[%]  

ITO/sTiO  x  /BHJ/sVO  x  /Al/Ag 

(opaque reference)   

3.0  0.53  9.6  59  

ITO/sTiO  x  /BHJ/sVO  x  /AgNWs/sSnO  x    glass side  2.2  0.52  8.1  53  

  NW side  1.9  0.53  7.1  50  

ITO/sTiO  x  /BHJ/eMoO 3 /Al/Ag (opaque reference)   3.0  0.55  9.2  59  

ITO/sTiO  x  /BHJ/eMoO 3 /AgNWs/sSnO  x    glass side  2.5  0.53  8.8  52  

  NW side  2.2  0.54  7.6  54  

F:SnO 2 /sTiO  x  /BHJ/eMoO 3 /AgNWs/sSnO  x    glass-side  2.4  0.53  8.8  51  

  NW side  2.0  0.52  7.7  50  

      Figure 6.  a) Layer sequence of the inverted OSCs. b) Photo of a large-area device stack with an anode of sVO  x  /AgNWs/sSnO  x  . c) Optical transmission 
spectrum ( T  specular , scattered transmission  S  semisphere , and their superposition  T  spec. +  S  semisph. ) of the OSC-stack illuminated from glass side and from 
the AgNW/sSnO  x   top contact side. d)  J–V  characteristics of all-solution processed semitransparent inverted polymer:fullerene OSC with sVO  x  /AgNWs/
sSnO  x   anode and opaque reference device with sVO  x  /Al/Ag anode. e)  J–V  characteristics of semitransparent inverted polymer:fullerene OSC with 
eMoO 3 /AgNWs/sSnO  x   anode and opaque reference device with eMoO 3 /Al/Ag anode. Note, the bottom TCO electrode was ITO in this set of samples. 
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