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the infl uence of nanoscale confi nement 
on conjugated polymer chain alignment 
were carried out on nanoimprinted conju-
gated polymer fi lms [ 4 ]  and on conjugated 
polymer fi bers formed within nanoporous 
dielectric templates. [ 12,13 ]  In these studies, 
induced polymer chain alignment was 
observed and occurred in the direction 
normal to the confi nement direction due 
to the fl ow of the polymer chains and the 
interaction between the polymer and the 
substrate/sidewall. [ 4 ]  

 Additionally, since conjugated polymer-
based thin-fi lm optoelectronics have lower 
device effi ciencies compared with inor-
ganic devices, [ 14 ]  various optically-active 
nanostructures have been employed 
to manipulate light in thin conjugated 
polymer fi lms due to the unique optical 
properties of nanostructures. Examples 
include: 1) patterned nonmetallic trans-
parent substrates (patterned on either the 
outer surface [ 15 ]  or inner surface [ 16 ]  of the 
device), whereby the scattering properties 
of the patterned substrates were employed 
to improve light extraction effi ciency from 
the light-emitting organic active layer; 

2) addition of plasmonic nanostructures to take advantage of 
their light scattering and optical near-fi eld properties. [ 17 ]  Plas-
monic nanostructures employed were either metallic nano-
particles/nanowires embedded into the devices’ active layer 
and/or hole/electron transport layer, [ 18,19 ]  or nanostructure 
arrays introduced onto the metallic electrodes. [ 20 ]  In particular, 
nanohole arrays in metallic thin fi lms have been used as both 
back electrodes [ 21 ]  as well as front electrodes, [ 22,23 ]  and showed 
improvements in light in-coupling or out-coupling, depending 
on the optoelectronic application. Most of the previous studies 
employing nanohole arrays were carried out on periodic arrays 
fabricated by nanoimprint lithography, [ 22 ]  e-beam lithography [ 24 ]  
or focused-ion beam milling, [ 25 ]  since the periodicity of the 
nanohole array played an important role in their plasmonic 
properties. [ 26 ]  However, random nanoporous metal has also 
shown promising plasmonic and photonic properties, [ 27–30 ]  
and can be fabricated by large-area nonlithographic methods, 
such as dealloying. [ 31 ]  Here, we develop a nonlithographic, ther-
mally-assisted dewetting method to fabricate nanoporous silver 
(NPAg) fi lms with different morphologies over areas >1 cm 2 . 
We study the infl uence of NPAg on both the chain morphology 
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  1.     Introduction 

 The infl uence of nanoscale confi nement on organic conjugated 
polymer chain alignment and optical properties can greatly 
affect the overall performance of organic thin-fi lm optoelec-
tronic devices. [ 1–5 ]  Although, numerous prior studies have char-
acterized polymer chain alignment in bulk or planar thin-fi lm 
environments, [ 6–10 ]  the chain organization behavior of conju-
gated polymers on nanostructured surfaces has not been as 
widely studied. [ 5,11 ]  X-ray and optical spectroscopy studies of 
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and optical properties of three different conjugated polymers of 
relevance to organic optoelectronics.  

  2.     Results and Discussion 

  2.1.     Morphology of Nanoporous Silver Films 

 Scanning electron microscopy (SEM) was employed to study the 
structure of NPAg fabricated by the dewetting method ( Figure    1  ). 
In Figure  1 a–d, the lighter regions are the Ag surface and 
the darker regions are the surface of the substrate. Typically, 
for a Ag fi lm with a thickness of 50 nm on a glass substrate, 
after annealing at ≈380 °C for 25 min (see Experimental Sec-
tion), the sample exhibited a Ag island structure (Figure  1 a) 
with a signifi cant separation between adjacent Ag islands and 

high porosity (ratio of bare substrate sur-
face area to the total surface area). A Ag 
fi lm with a thickness of 100 nm on a glass 
substrate formed a porous structure with 
large pore width but relatively low porosity 
after annealing for 5–10 min at ≈380 °C 
(Figure  1 b); see Experimental Section and 
Table S1 (Supporting Information). Figure  1 c 
shows the structure of Ag (50 nm initial thick-
ness) on a Cr (5 nm) coated glass substrate 
after applying the same annealing condi-
tions as for the 50-nm-thick Ag fi lm on bare 
glass. Narrow anisotropic pore shapes with 
high porosity were formed in the Ag fi lm. A 
100-nm-thick Ag on Cr (5 nm)-coated glass 
resulted in porous structure (Figure  1 d) with 
smaller pore width and porosity than for 
the 50-nm-thick Ag on Cr-coated glass case 
under the same annealing conditions. Shorter 
annealing times were typically employed 
for the 100-nm-thick Ag on glass sample 
(5–10 min) compared with those for the rest 
of the samples (25 min) to obtain discrete pore 
structures rather than Ag island structures.  

 In the remainder of the paper, we denote the 
silver fi lm initial thickness and substrate type 
used for NPAg formation using the following 
notation: NPAg  t , sub  , where  t  is the thickness of 
the silver fi lm before the anneal, and  sub  is the 
substrate surface type (gl: glass; Cr: Cr coated 
glass). To quantitatively compare the structural 
differences between the four samples, average 
pore width,  W  NP , and porosity,  P , information 
were obtained by analyzing the SEM images 
using ImageJ software (Figure  1 e,f and see 
Supporting Information). [ 32 ]  NPAg50,gl had 
the largest  W  NP  of value 1.80 ± 1.13 µm, fol-
lowed by NPAg 100,gl  with  W   NP   of 0.94 ± 0.38 
µm, NPAg 50,Cr  ( W  NP  = 0.64 ± 0.49 µm); and 
NPAg100,Cr( W  NP  = 0.34 ± 0.19 µm). From this 
data, it was apparent that both the substrate 
type and initial Ag fi lm thickness affected  W  NP . 
Among samples underwent same annealing 

conditions (i.e. NPAg 50,gl , NPAg 50,Cr  and NPAg 100,Cr ), the Ag fi lms 
on bare glass had larger  W  NP  values than the Ag fi lms on Cr-coated 
glass, and for samples with the same substrate surface, 50-nm-thick 
Ag fi lms resulted in larger  W  NP  than the 100-nm-thick Ag fi lms. 
The sequence of samples with  P  values from largest to smallest 
is as follows: NPAg50,gl ( P  = 67.05%); NPAg 50,Cr  ( P  = 44.08%); 
NPAg 100,gl ( P  = 19.99%); and NPAg100,Cr( P  = 13.58%). Therefore, 
after same annealing, 50-nm-thick Ag fi lms resulted in higher  P  
values than 100-nm-thick Ag fi lms, and bare glass substrate sam-
ples had higher  P  values than Cr-coated glass substrate samples 
for samples with the same initial Ag thickness. This data implied 
that  W  NP  and  P  increased with decreasing initial Ag fi lm thick-
ness. Addition of the Cr adhesion layer decreased  W  NP  and  P , but 
apparently affected  W  NP  more signifi cantly than  P . In addition, 
atomic force microscopy (AFM) characterization of the NPAg 
indicated that the thickness of the metal regions increased after 
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 Figure 1.    Representative SEM images of NPAg formed by thermal annealing: a) a 50-nm-thick 
Ag fi lm on bare glass (NPAg 50,gl ); b) a 100-nm-thick Ag fi lm on bare glass (NPAg 100,gl ); c) a 
50-nm-thick Ag fi lm on Cr-coated glass (NPAg 50,Cr ); d) a 100-nm-thick Ag fi lm on Cr-coated 
glass (NPAg 100,Cr ) (samples from Batch 2; see the Experimental Section). Thermal annealing 
was carried out at ≈380 °C for 25 min for (a,c,d) and 5 min for (b). e) Porosities and pore widths 
of the different NPAg sample types shown in (a–d). f) Schematic of a NPAg fi lm and defi nition 
of pore width,  W  NP . g) Schematic of proposed Ag fi lm dewetting mechanism that resulted in 
NPAg formation during thermal annealing.  γ  f : surface energy of metal fi lm,  γ  i : surface energy at 
the interface of metal and substrate,  γ  s : surface energy of bare substrate and  θ : contact angle 
between silver surface and silver-substrate interface.
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the dewetting process and the increase was related to the extent 
of dewetting. As a result, the fi nal thicknesses of the Ag regions 
in the NPAg were approximately 75, 110, 120, and 160 nm for 
NPAg 50,Cr , NPAg 100,Cr , NPAg 100,gl , and NPAg50,gl, respectively (see 
Figure S1, Supporting Information). 

 We hypothesize that the formation of the pores (Figure  1 g) 
occurred because the surface energies in the thermally evapo-
rated thin Ag fi lm-on-substrate system were not in equilib-
rium. [ 33 ]  When high temperature was applied to the fi lm, the 
Ag atoms could “move” more easily [ 33 ]  and the fi lm reached 
equilibrium quickly. According to the Young–Laplace Equation, 
a system is in equilibrium when

   coss i fγ γ γ θ= + ⋅   (1)   

 Only when the surface energy of the bare substrate,  γ  s , is 
larger or equal to the sum of the surface energy of the metal 
fi lm,  γ  f , and the substrate-metal interface energy,  γ  i , can the con-
tact angle,  θ , be 0°, in which case, the metal remains as a con-
tinuous fl at fi lm on the substrate. However, the surface energy 
of silver (≈1000 mJ m −2 ) [ 34 ]  was larger than that of the substrate 
(glass surface energy: typically 250–500 mJ m −2 ). [ 35 ]  Therefore, 
to reach equilibrium, the contact angle increased and pores 
were formed. For the cases with a Cr adhesion layer between 
the Ag fi lm and the glass substrate, the larger surface energy 
of Cr (≈2200 mJ m −2 ) [ 34 ]  compared with Ag made the Ag prefer 
to “spread” on the Cr surface during the thermal anneal. Addi-
tionally, because Cr has a very strong affi nity for oxygen, it was 
possible that an intermediate chromium oxide layer was formed 
at certain interface regions between Cr and the SiO 2  glass sub-
strate, which made the Cr layer very diffi cult to move [ 36 ]  on the 
substrate and further slowed down the dewetting of Ag. It was 
also possible that the Cr layer on the glass substrate was discon-
tinuous (due to its thinness) and allowed small pores to form 
even with the presence of Cr. Overall, the Cr adhesion layer lead 
to smaller porosity compared with the analogous case without 
the Cr layer for the same thermal treatment conditions. There-
fore, from this data, it was apparent that NPAg with different 
morphologies could be realized using the dewetting method 
by controlling the initial metal fi lm thickness and the adhesion 
layer. Our work showed the annealing temperature and time 
also played a role in the fi nal morphology of the metal fi lm. 
The  P  and  W  NP  both appeared to increase as annealing time 
was increased. The stages at which nucleation and growth of 
the pores occurred likely depended in a more complex way on 
heating/cooling rate, temperature and time and requires further 
study beyond the scope of this paper. [ 37 ]  In this study, a tempera-
ture was chosen such that the dewetting was observed within 
a time frame of a few minutes. Some variability was observed 
between different batches of samples fabricated at different 
times (see Experimental Section and Figure S2, Supporting 
Information), however, the trends in pore width, porosity and 
morphology discussed above were generally consistent.  

  2.2.     GIWAXS Study of Polymer Chain Alignment 

 To investigate the infl uence of nanoporous metal on conjugated 
polymer thin fi lm chain alignment and nanoscale morphology, 

GIWAXS measurements of three different well-known conju-
gated polymer materials drop-cast on NPAg were carried out 
and compared with measurements of drop-cast polymer fi lms 
on planar surfaces. The three conjugated polymers employed 
were poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(9,9-di- n -oc-
tylfl uorenyl-2,7-diyl) (PFO) and poly[(9,9-di- n -octylfl uorenyl-
2,7-diyl)- alt -(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT). As shown 
in  Figure    2  , the three conjugated polymers have signifi cantly 
different molecular structures and conformations. For each 
polymer segment with 9 repeat units, after minimizing steric 
energy (using the MM2 force fi eld method provided by Chem & 
Bio 3D software), a single P3HT chain had an almost perfectly 
planar molecular conformation (Figure  2 a), while a single F8BT 
chain exhibited a twisted nonplanar conformation (Figure  2 c). 
A single PFO chain had a conformation that exhibited a degree 
of planarity that was intermediate between that of P3HT and 
F8BT (Figure  2 b). The molecular conformations of PFO and 
F8BT chains in the solid state, however, were expected to be 
slightly more planar than those depicted in Figure  2 b,c con-
sidering the possible formation of intermolecular π–π interac-
tion that can planarize the aromatic rings [ 38 ]  and the existence 
of local environmental stresses. [ 39 ]  In-plane (Figure  2 d–f) and 
out-of-plane (Figure  2 g–i) GIWAXS 1D line profi les of polymer 
thin fi lms (≈80-nm thick) drop cast on both planar Ag and 
NPAg (NPAg 50,Cr ) were extracted from 2D GIWAXS profi les; 
see Experimental Section and Figure S3 (Supporting Informa-
tion). Notable differences in peak positions ( d -spacings) and 
relative intensities (degree of order) were observed between 
planar Ag cases and NPAg cases for each polymer. Addition-
ally, in  Figure    3   we show the infl uence of different NPAg on 
in-plane polymer chain alignment (Figure  3 a–c) together with 
schematics representing the infl uence of NPAg relative to 
planar Ag (Figure  3 d–g).   

 In the P3HT cases (Figure  2 d,g), a clear peak shift between 
planar Ag and NPAg cases was observed only in the in-plane 
profi les. The shifting of the (020) peak, which corresponds to a 
π–π stacking X-ray refl ection peak of P3HT, [ 40a ]  from  q  = 1.63 Å −1  
( d  = 3.85 Å) for the planar Ag case to 1.65 Å −1  ( d  = 3.81 Å) for 
NPAg50,Cr indicated that the P3HT π–π stacking was more 
closely packed in the NPAg sample. [ 40b ]  The other NPAg sam-
ples exhibited  q  values similar to or greater than that for the 
planar Ag substrate cases (1.62 Å −1  for NPAg50,gl, 1.64 Å −1  for 
NPAg 100,Cr , and 1.65 Å −1  for NPAg 100,gl ); see Figure  3 a and Sup-
porting Information. The shifts in the position of the (020) peak 
for the NPAg samples can be explained by considering both  W  NP  
and  P —smaller  W  NP  and larger  P  correlated with larger  q  values, 
indicating more P3HT regions exhibited closer π–π stacking. 
Here, we hypothesize that the closer π–π stacking in the NPAg 
case was due to improved ordering of the polymer chains in the 
pores arising from fl ow induced ordering [ 41 ]  or slower solvent 
evaporation times [ 40b ]  compared with the planar case. 

 Given that the (020) refl ection peak was not apparent in the 
out-of-plane profi les, it was concluded that most of the P3HT 
chains packed with an edge-on or vertical confi guration rather 
than face-on (see Figure  2 d, inset). [ 4 ]  Besides the (020) refl ec-
tion peak, (100) and (300) refl ection peaks that corresponded to 
the side chain distance could also be observed in the in-plane 
profi les. However, these peaks were much more dominant 
(higher in intensity) in the out-of-plane profi les, which proved 
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that most of the P3HT was packed with an edge-on confi gura-
tion, with only a small portion of P3HT packed in the vertical 
confi guration. By comparing the ratio of the in-plane (100) peak 
center intensity ( I  in ) to the out-of-plane (100) peak center inten-
sity ( I  out ) in both planar and NPAg50,Cr samples, we found that 
 I  in / I  out  increased from 1/52 for planar Ag to 1/38 for NPAg50,Cr. 
This suggests that more P3HT chains with a vertical orienta-
tion were formed in the NPAg sample than on planar Ag. [ 4,42 ]  
The  I  in / I  out  ratios for the (100) peak for all of the other P3HT 
on NPAg samples were also larger than those for planar sam-
ples (Figure S5, Supporting Information). The induced verti-
cally-packed P3HT chains were attributed to the interaction 
between P3HT and the surface of the pore walls, [ 43 ]  see Sup-
porting Information for details. Since the P3HT chains prefer 
to pack with their main chain axis parallel to the substrate 
surface (edge-on for planar substrates), the additional vertical 
substrate surface (inner wall surface of the nanopores) in the 
NPAg sample could, in effect, cause some of the P3HT chains 
to pack with their main chain oriented vertically. To summa-
rize, on the planar Ag substrates, most of the P3HT polymer 
chains were aligned with edge-on confi guration with π–π 
stacking distance,  d 1  . While on NPAg, a portion of P3HT in the 
pores packed into a vertical confi guration from edge-on, and 

the P3HT in the pores packed with a smaller π–π stacking dis-
tance,  d 2   (Figure  3 d). 

 For PFO (Figure  2 e,h), the broad backgrounds at  q  ≈ 0.4 Å −1  
and at  q  ≈ 1.4 Å −1  in both in-plane and out-of-plane profi les 
were interpreted as scattering from PFO's disordered amor-
phous or glassy phase and β-phase chain conformations. [ 42,44,45 ]  
The strong and narrow peak with  d -spacing ≈12.5 Å that can be 
observed in both in-plane and out-of-plane profi les was believed 
to correspond to the side chain distance between adjacent inter-
chain-ordered PFO chains ((200) refl ection peak). [ 44a , 46 ]  A very 
distinct peak splitting was observed at a relatively large  q  value 
only in the in-plane profi les of the NPAg samples which was 
absent for PFO on the planar substrates. Instead of a single 
peak (assigned to the (250) refl ection) [ 42,45 ]  at  q  ≈ 1.5 Å −1  in the 
planar Ag in-plane profi le, another peak (assigned to the (008) 
refl ection) [ 42,45 ]  was also observed in the NPAg in-plane profi le. 
The (008) peak is believed to be a refl ection peak associated 
with the polymer backbone (i.e., main-chain) axis. [ 44 ]  The emer-
gence of the (008) peak in the in-plane direction for the NPAg 
could be explained by the presence of more planar PFO main 
chains (i.e., the PFO β-phase chain conformation). [ 44,47 ]  Here, 
we propose that stress applied to the polymer chains when 
they fl ow into the nanopores and during subsequent solvent 
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 Figure 2.    GIWAXS characterization of different conjugated polymers thin fi lms on both planar and nanoporous Ag. 3D structure of a) P3HT, b) PFO, 
and c) F8BT molecular segments with 9 monomor repeat units after minimizing steric energy, viewed along (top panels) and perpendicular to (bottom) 
the polymer main chain axis. 1D in-plane GIWAXS profi les of d) P3HT, e) PFO, and f) F8BT drop cast on planar Ag (dots) and NPAg (solid colors). 
Inset in d): Schematic of vertical, edge-on and face-on polymer chain conformations and molecular structure of the monomer repeat unit of P3HT. 
Insets in e,f): Molecular structure of the monomer repeat unit of PFO and F8BT, respectively. 1D out-of-plane GIWAXS profi les of g) P3HT, h) PFO, 
and i) F8BT drop cast on planar Ag (dots) and NPAg (solid colors).
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evaporation would facilitate the PFO planarization process and 
thus increase the fraction of the β-phase. [ 48 ]  For the different 
NPAg cases, the apparent relative intensity of the (008) refl ec-
tion peak compared with the (250) peak was most intense in 
the NPAg 50,Cr  case and the relative intensity was lower for both 
the NPAg100,gl and the NPAg100,Cr cases (Figure  3 b). This sug-
gest that nanopores with smaller  W  NP  and larger  P  would facili-
tate the chain planarization process better and result in more 
β-phase PFO backbones; see Supporting Information. 

 Gaussian peak fi tting was applied to the planar Ag and NPAg 
samples’ in-plane and out-of-plane profi les (see Figure S6, Sup-
porting Information). Results showed that, for the (200) peak, 
 I  in / I  out  for PFO on NPAg and on the planar samples were less 
than a value of 1 (Figure S7h, Supporting Information). This 
indicated that, there were more PFO chains aligned with side 
chains perpendicular to the substrates (i.e., edge-on chain con-
fi gurations) than those with side chains aligned parallel to the 
substrate (face-on or vertical). The PFO-coated substrates in 
order of decreasing (200)  I  in / I  out  ratio are as follows: NPAg 50,gl , 
planar Ag, NPAg 100,gl , NPAg100,Cr, NPAg50,Cr, planar Cr, and 
glass (Figure S7, Supporting Information). This trend could be 
due to a combined infl uence of the pore structure and substrate 

surface. It seemed for PFO, the chain packing orientation was 
affected by the pore structure notably only when the pores were 
large, otherwise, the infl uence of the substrates dominated; see 
the Supporting Information. The schematics representing the 
PFO chain alignment on planar Ag case and NPAg are shown 
in Figure  3 e. In both cases, there were more “edge-on” PFO 
chains than “face-on”, and “vertical” chains. However, “face-on” 
and “vertical” chains could be induced when pores with a large 
enough size were employed. Moreover, for PFO on the NPAg, 
there was a comparatively larger amount of the more planar 
PFO β-phase chain conformation induced in the in-plane direc-
tion compared with that on planar surfaces. 

 For the F8BT cases (Figure  2 f,i), a peak that was only observed 
in the in-plane profi le occurred at 0.71 Å −1  ( d -spacing of 8.85 Å). 
The relative intensity of this peak compared with the  d  ≈ 16.0 Å 
peak for F8BT on all NPAg samples were larger than that for 
F8BT on the planar Ag sample (Figure  3 c, see detailed discus-
sion in the Supporting Information). Gaussian peak fi tting was 
applied to separate the peak with  d  ≈ 16.0 Å from the background 
scattering (see Figure S8, Supporting Information).  I  in / I  out  of this 
peak was then calculated for F8BT on different substrates. To 
explain the corresponding polymer chain alignment differences 
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 Figure 3.    Infl uence of NPAg on polymer chain alignment. 1D in-plane GIWAXS profi les of a) P3HT, b) PFO, and c) F8BT drop cast on different NPAg 
substrates (top panels) and on planar Ag, planar Cr and glass substrates (bottom panels). The profi les acquired from samples with NPAg substrates 
in the top panels were offset in intensity for clarity. d) P3HT, e) PFO, and f,g) F8BT chain alignment schematics on planar Ag (left) and NPAg (right). 
The schematics are idealized in that they ignore amorphous chains and they only show the most representative ordered chain morphologies in a given 
sample.  d  1  and  d  2  are π–π stacking distances of P3HT on planar Ag and in the pores, respectively.
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between the planar Ag and NPAg cases, peak assignments 
must be made. There are currently two different opinions in the 
existing literature on the origin of F8BT X-ray refl ections (see 
details in the Supporting Information). [ 49,50 ]  According to the 
F8BT X-ray refl ection peak assignments proposed by G. C. Faria 
et al. (see discussion in the Supporting Information), schematics 
Figure  3 f were prepared. The results indicated that on both the 
planar Ag and NPAg, no F8BT chains had a vertical conforma-
tion. In both the planar Ag and NPAg samples, there were more 
F8BT chains with an edge-on confi guration than a face-on con-
fi guration. When the pores were large and/or deep, more of the 
face-on chain confi guration could be induced. Additionally, it was 
expected that the F8BT chains in the pores had a more planar 
main chain backbone. However, if the refl ection peak assign-
ments proposed by C. L. Donley et al. are applied, the results 
indicate that there were more F8BT chains with a face-on con-
fi guration than a vertical or edge-on confi guration in both planar 
Ag and NPAg samples. When larger and/or deeper pores were 
present, the amount of F8BT chains with vertical and edge-on 
confi guration could be increased (Figure  3 g).  

  2.3.     Optical Characterization 

  2.3.1.     Light Scattering Properties of Nanoporous Silver Films 

 Dark-fi eld refl ection (i.e., back-scattering) images (under Xe 
lamp illumination) and dark-fi eld refl ection spectra were 
acquired prior to studying the optical properties of polymer-
coated NPAg fi lm systems ( Figure    4  ). Figure  4 a shows dark-
fi eld refl ection images of the various samples. The dark-fi eld 
images of glass and planar Ag were almost black in appearance, 
indicating a lack of back-scattering due to their planar struc-
ture. In contrast, for the NPAg samples, the dark-fi eld images 
were signifi cantly brighter due to strong back-scattering of the 
incident light by the nanostructures. The green–yellow color of 
the back-scattering suggested that the surface plasmons sup-
ported by the nanostructured silver arose from regions with 
relatively large dimensions and anisotropic shapes. [ 51 ]  Similar 
scattering intensity trends were apparent in both the dark-
fi eld refl ection images and spectra (Figure  4 b). The scattering 
intensity was most intense for NPAg 100,Cr  and NPAg50,Cr and 
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 Figure 4.    Optical characterization of bare NPAg fi lms. a) Dark-fi eld scattering images; b) dark-fi eld scattering spectra; and c) transmission spectra of 
different NPAg fi lms. All dark-fi eld spectra showed above were an average of 5 spectra that were acquired under 0.02 s exposure time with 10 accumula-
tions from different regions of one sample. The dark-fi eld images were taken with an exposure time of 70 ms and had the same illumination intensity 
for all of the samples. Insets in a: zoomed in dark-fi eld images of the different samples.
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the NPAg50,gl and NPAg 100,gl  exhibited weaker scattering inten-
sities. The reason for the back-scattering intensity trend can 
be explained by comparing  W  NP  and  P . The nanopores with 
smaller  W  NP  scatter light more strongly than those with larger 
 W  NP , and samples with larger  P  had a greater number of scat-
tering sites. Also, the roughness of the Ag-covered region of 
the samples likely contributed to the scattering properties, par-
ticularly for NPAg100,Cr and NPAg 100,gl  due to the lower porosi-
ties (see Figure S10, Supporting Information). Broadband 
scattering arising from localized surface plasmon resonances 
(LSPRs) of anisotropic, randomly-organized nanostructures 
and out-coupled surface plasmon polaritons (SPPs) in the 400–
800 nm wavelength range could account for the offset of the 
baseline intensity from 0 for each NPAg fi lm spectrum. [ 52–54 ]  

The two NPAg fi lms with smallest  W  NP , 
NPAg50,Cr and NPAg 100,Cr , had more broad-
band scattering. In addition to the broadband 
scattering, all NPAg fi lm dark-fi eld spectra 
showed scattering peaks in the ≈400–550 nm 
wavelength range most likely due to LSPRs 
associated with both the nanopores and the 
rough Ag surface regions. For the NPAg 50,gl , 
a very distinct peak was centered at 489 nm, 
likely due to the transverse LSPR of the nano-
particle structures and another peak occurred 
at ≈650 nm (see normalized spectra in 
Figure S11, Supporting Information) and was 
attributed to longitudinal LSPRs of the aniso-
tropic nanoparticles. [ 55 ]  In addition, a notable 
increase in long wavelength scattering (600–
800 nm) was observed for the NPAg 100,gl  pos-
sibly due to out-coupled SPP modes. [ 56 ]    

  2.3.2.     Transmittance Spectroscopy of Nanopo-
rous Silver Films 

 Figure  4 c shows the transmittance spectra 
of the various samples, with transmit-
tance peaks at 320 nm observed for all 
of the Ag-containing samples due to the 
transparency of Ag near its plasma fre-
quency. The overall transmittance,  T , of 
different NPAg fi lms inversely correlated 
with the volume of metal: larger metal 
volume resulted in a greater optical den-
sity. Between 300–400 nm, the transmit-
tance peak intensity followed the trend in 
the  P  of different NPAg. The NPAg 50,gl  had 
the strongest peak, followed by NPAg50,Cr, 
NPAg100,gl, and NPAg 100,Cr . However, in 
the wavelength range from 400 to 900 nm, 
NPAg 50,Cr  had the highest transmit-
tance of ≈25%, followed by NPAg 50,gl  ( T  ≈ 
22%), NPAg100,gl ( T  ≈ 6%) and NPAg100,Cr 
( T  ≈ 4%), with planar Ag (thickness of 
100 nm) approaching  T  = 0. The reason why 
NPAg 50,Cr  had higher  T  than NPAg 50,gl  at the 
longer wavelength range remains unclear, 

but is possibly due to plasmonic properties of the structure of 
NPAg50,Cr such as out-coupling of SPPs or stronger local-fi eld 
effects due to the smaller  W  NP . No extraordinary optical trans-
mission peaks were observed because of the lack of periodicity 
of the pore structure. [ 57 ]   

  2.3.3.     Photoluminescence from Polymer-Coated Nanoporous 
Silver Films 

 Photoluminescence (PL) spectra of all polymer-coated samples 
were acquired and processed to investigate the infl uence of 
different NPAg on the emissive properties of polymer/NPAg 
systems ( Figure    5  ). The absorbance spectra of the different 

Adv. Funct. Mater. 2015, 25, 3302–3313

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

 Figure 5.    PL properties of conjugated polymers on different NPAg fi lms. a) PL enhancement 
spectra of PFO on different NPAg relative to the PL intensity of PFO at 468 nm on glass; 
b) PL enhancement spectra of F8BT on different NPAg relative to the PL intensity of F8BT at 
574 nm on glass; and c) PL enhancement spectra of P3HT on different NPAg relative to the 
PL intensity of P3HT at 693 nm on glass. The spectra were averaged from 72 different regions 
over the whole sample on different substrates. All of the spectra were excited through the 
glass substrate and collected from the polymer side of the sample. Inset in (a) is the sche-
matic of PL experimental confi guration. d,e) Correlated transmitted-light, bright-fi eld image 
(left) and transmitted PL image (right) of PFO and P3HT, respectively, coated on NPAg 100,gl . 
f) Photographs of PFO (left) and F8BT (right)-coated NPAg 100,gl  (top) and planar Ag (bottom) 
substrates (1.5 cm × 1 cm) placed on UV lamp with polymer side facing up.
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polymer coatings on glass are shown in Figure S12, (Sup-
porting Information).  

 The PL enhancement,  E  PL ( λ  em ), at a particular PL emission 
wavelength ( λ  em ) was calculated as follows

 
PL em

PL em

LP ex PL,glass em

E
I

I I
λ

λ
λ λ

( ) ( )
( ) ( )=

×
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 where  I  PL ( λ  em ) is the PL intensity at the particular PL emission 
wavelength acquired from a given polymer-coated sample,  I  LP ( λ  ex ) 
is the incident light power factor (see the Experimental Section) 
and  I  PL,glass ( λ  em ) is the PL intensity at the particular PL emission 
wavelength acquired from polymer coated bare glass. Figure  5 a–c 
shows averaged PL enhancement spectra of PFO, F8BT, and 
P3HT, respectively and Figure  5 d,e shows correlated transmitted-
light, bright-fi eld, and transmitted PL microscopy images of 
PFO- and P3HT-coated NPAg, respectively.  Table    1   shows the 
averaged PL enhancement values for the polymer-coated planar 
Ag, Cr, and NPAg substrates relative to polymer-coated bare glass 
obtained at wavelengths corresponding to the  S  1  →  S  0  0–1 sin-
glet exciton transition of the respective conjugated polymer (i.e., 
468 nm for PFO, 574 nm for F8BT and 693 nm for P3HT). [ 58 ]  
This 0–1 peak was chosen for analysis to minimize contributions 
from reabsorption to the PL enhancement calculations.    

   2.3.3.1. Redistribution of Emission by Ag   : For Cr(5 nm)-coated 
glass, polymer PL enhancements were negligible compared 
with the respective cases on bare glass, therefore, it was 
assumed that the presence of Cr contributed little to the PL 
enhancements. For the polymer-coated planar Ag fi lm (100-nm-
thick) on glass samples, PL enhancements relative to polymer 
on glass samples were signifi cant ranging from 9.3 ± 3.7 and 
11.3 ± 6.3 for PFO and F8BT, respectively, to 24.3 ± 9.6 for 
P3HT. These enhancements were primarily attributed to redis-
tribution of the emission profi le of the polymer optical transi-
tion dipoles by the almost optically-thick metal so that very little 
dipole power was emitted into the glass and, instead, dipole 
power was preferentially emitted into the polymer/air (i.e., 
forward) side of the sample from which the PL spectra were 
measured (see Figure  5 a, inset). For thinner, more-transparent 
planar Ag fi lms, it was expected that more power would be 
emitted into the glass substrate and, therefore, less emission 
would be detected in the forward direction. As a result, the PL 
enhancement values for thinner Ag would likely be lower than 

those for the thicker Ag fi lm cases. Local electric fi eld intensity 
enhancements arising from the surface roughness of the ther-
mally-evaporated Ag fi lms may also have contributed to a lesser 
extent to the planar Ag enhancements. 

 The PL enhancement for P3HT on planar Ag was signifi cantly 
higher than for PFO and F8BT. This may be because the Ag fi lm 
was slightly more transparent at shorter wavelengths ( T  = 0.16% 
at 468 nm;  T  = 0.06% at 574 nm; and  T  = 0.02% at 693 nm). 
Hence, the aforementioned redistribution of the emission pro-
fi le by the Ag was expected to contribute more to the measured 
PL signal for P3HT (which emits at the longer wavelength) due 
to reduced PL emission into the glass substrate. Additionally, 
for P3HT, where polymer chains (and, hence, optical transition 
dipoles) were oriented predominantly with an edge-on confi gu-
ration, roughness introduced by the metal fi lm could have facili-
tated greater forward emission from the polymer layer than the 
less edge-on oriented polymers (i.e., PFO and F8BT).  

   2.3.3.2. Redirection of Emission by Nanopores   : For the coated 
NPAg samples, the NPAg fi lms with lower volumes of metal 
(i.e., initial Ag thickness of 50 nm), did not exhibit PL enhance-
ments as large as those for the NPAg fi lms with greater vol-
umes of metal, most likely because more power was emitted 
into the glass substrate and, therefore, less emission was 
detected in the forward direction. Since the PL enhancements 
for P3HT on NPAg100,gl and NPAg100,Cr were not signifi cantly 
different from P3HT on planar Ag (100-nm-thick), the redistri-
bution of emission by Ag was still the main contributor to the 
PL enhancement. However, for PFO and F8BT on NPAg100,gl, 
the PL enhancements increased signifi cantly to 21.9 ± 9.1 and 
17.6 ± 6.2, respectively, compared with the PL enhancements 
for the same polymers on planar Ag (9.3 ± 3.7 and 11.3 ± 6.3, 
respectively). This was primarily attributed to the wave-guiding 
ability of the pores whereby the fraction of emitted PL inten-
sity directed/guided into the forward direction (i.e., propagating 
towards the polymer side and normal to the plane of the sub-
strate) was increased at wavelengths near the absorption edge of 
the polymer, where refractive index and PL quantum effi ciency 
were high. [ 30 ]  This effect is similar to the absorption-induced 
transmission effect observed on nanoporous metal infi ltrated 
with absorber materials. [ 29,30 ]  Dark-fi eld back-scattered light 
spectra obtained from the PFO- and F8BT-coated NPAg sup-
port this effect. Prior to polymer coating, the NPAg100,gl sub-
strate exhibited the lowest back scattering intensity, however, 
after polymer coating, the back-scattering at the absorption 
edge/emission wavelength of those polymers increased signifi -
cantly (see Figure S13, Supporting Information). The addition 
of Cr (i.e., NPAg100,Cr), which reduced pore width and porosity, 
resulted in a notable decrease in the PL enhancement for both 
F8BT and PFO. This was likely due to the reduced wave-guiding 
ability of the fi lled pores due to the smaller effective “waveguide” 
diameter and depth, and greater inter-pore coupling. It was pos-
sible that this out-of-plane waveguide effect also occurred for 
NPAg with smaller Ag volume because we observed a similar 
decrease in PL enhancement on going from PFO- and F8BT-
coated NPAg 50,gl  to the corresponding NPAg50,Cr case.  

   2.3.3.3. Local Electromagnetic Field Effects   : For P3HT, since there 
was not a substantial increase in PL enhancement with the 
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  Table 1.    PL enhancement of PFO, F8BT, and P3HT on different sub-
strates relative to on glass at the specifi ed emission wavelength ( λ ).  

Substrate type Photoluminescence enhancement [ E  PL ]

PFO [ λ  = 468 nm] F8BT [ λ  = 574 nm] P3HT [ λ  = 693 nm]

NPAg 100,  Cr 9.6 ± 4.0 13.5 ± 6.5 25.9 ± 8.4

NPAg 100,  gl 21.9 ± 9.1 17.6 ± 6.2 21.6 ± 4.8

NPAg 50,  Cr 5.5 ± 2.4 5.5 ± 2.9 7.5 ± 1.5

NPAg 50,  gl 7.1 ± 2.6 8.4 ± 3.6 6.7 ± 2.5

Planar Ag 9.3 ± 3.7 11.3 ± 6.3 24.3 ± 9.6

Cr 1.2 ± 0.6 1.3 ± 0.7 0.9 ± 0.2

glass 1.0 ± 0.3 1.0 ± 0.3 1.0 ± 0.1
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NPAg relative to the planar Ag case, the aforementioned wave-
guide effect was not expected to have contributed signifi cantly to 
the PL emission of P3HT. This may be because: a) of the signifi -
cant edge-on and vertical orientation of the P3HT chains (which 
are not favorable for coupling to out-of-plane guided modes in 
the nanopores); and b) of the longer wavelength P3HT emis-
sion (which is less likely to be confi ned by a waveguide than 
emission at shorter wavelengths). However, for NPAg with the 
same Ag volume, the sample with a Cr-adhesion layer increased 
the PL enhancement of P3HT (by 10%–20%, on average) more 
than the case without Cr. This suggested that local plasmonic 
near-fi elds contributed notably to the PL enhancement of P3HT 
since NPAg samples with Cr had the smallest pore widths and 
strongest scattering at the excitation and emission wavelengths 
of P3HT. P3HT was effected by the plasmonic properties of 
NPAg because P3HT is a low PL quantum effi ciency material 
(1%–10%), [ 59 ]  which can be strongly affected by increases in the 
local density of optical states and, hence, increases in radiative 
decay rate and quantum effi ciency arising due to plasmonic 
near-fi elds. [ 60 ]  Changes in local excitation and emission inten-
sity due to local plasmonic near fi elds cannot be ruled out for 
PFO and F8BT but were expected to be less signifi cant than 
the aforementioned waveguide effect of the pores because of 
the reduced scattering and increased transmission of NPAg 
near the excitation wavelength of 355 nm (Figure  4 b,c) and 
the already high PL quantum effi ciency of these materials. [ 61 ]  
The plasmonic/photonic mechanisms discussed above were 
consistent with photographs of the various polymer-coated sub-
strates placed on a UV lamp (Figures  5 f and S14, Supporting 
Information).  

   2.3.3.4. Effects of Polymer Morphology Changes Caused by NPAg   : 
In addition, changes in polymer chain orientation and con-
formation induced by different NPAg may also have affected 
the emission enhancements. The induced PFO face-on 
chains (favorable for out-of-plane emission) and PFO β-phase 
(higher quantum effi ciency PFO phase than glassy phase) [ 62 ]  
by the NPAg may also have contributed slightly to the PL 
enhancement. The vertical P3HT chains induced by the NPAg 
(Figure  3 d) were not expected to signifi cantly change the emis-
sion direction of P3HT as it would still be into the plane of the 
substrate.   

  3.     Conclusion 

 We investigated the effect of nanoporous Ag substrates fabri-
cated using a thermally-assisting dewetting method on both the 
chain morphology and organization, and optical properties of 
various well-known conjugated polymer materials in thin fi lm 
format. A combination of both pore size and porosity infl u-
enced the chain morphology and organization, as determined 
using grazing-incidence wide-angle X-ray scattering. For both 
planar and nanoporous Ag substrates, the edge-on organiza-
tion of P3HT was overwhelmingly dominant but the nanopores 
did cause an increase in the fraction of vertically orientation 
polymer chains and reduced the P3HT π–π stacking distance 
(better ordering) relative to P3HT on planar Ag. In particular, 
for smaller pore width and larger porosity, the aforementioned 

changes in polymer chain morphology due to the presence of 
the pores were most pronounced. For PFO, in both planar and 
nanoporous Ag cases there was a greater fraction of polymer 
chains with an edge-on organization than face-on and/or ver-
tical. Signifi cant in-plane orientation of the β-phase PFO chain 
conformation occurred due to the nanoporous Ag compared 
with planar Ag. Additionally, the presence of the nanopores 
with large enough pore size in Ag increased the fraction of 
face-on and vertically oriented PFO chains. For F8BT, the effect 
of the nanopores on chain organization was less noticeable; 
however, nanoporous Ag with large pore width and/or depth 
transferred some face-on or edge-on chains to an orthogonal 
chain orientation. It was not apparent from this study that the 
intrinsic chain conformation of different conjugated polymers 
played a signifi cant role in the observed changes in chain align-
ment on nanoporous metal compared with that on planar metal 
fi lms. However, there were indications that, for polymers with 
more twisted chains, larger and/or deeper pores were required 
to affect the polymer chain orientation. 

 The optical characteristics of bare and conjugated polymer-
coated nanoporous Ag were investigated using a combination 
of transmission, dark-fi eld refl ection (i.e., back-scattering), 
extinction, and PL measurements. The transmittance of the 
nanoporous Ag fi lms followed changes in Ag volume and 
porosity at shorter wavelengths—optically thinner and higher 
porosity Ag fi lms resulted in greater transmittance. Dark-
fi eld spectroscopy revealed that, for bare nanoporous Ag, 
there was a signifi cant increase in back-scattering intensity 
relative to planar Ag and bare glass substrates. The strength 
of the back-scattering from nanoporous Ag depended on both 
pore size and porosity–scattering tended to be more intense 
for smaller pores and larger porosities. The back-scattering 
intensity typically reached a maximum at green wavelengths 
≈500 nm for nanoporous Ag samples. However, larger, more 
discrete pores showed stronger back-scattering at shorter 
wavelengths. 

 Signifi cant PL emission enhancements (values up to 26) 
were measured for the conjugated polymer fi lms on both 
planar and nanoporous Ag compared with bare glass. A variety 
of effects were at play in contributing to the degree of emis-
sion enhancement including: 1) redistribution of the emitted 
power into the forward direction due to the optically-thick metal 
fi lm; 2) redirection of emission due to the waveguiding ability 
of polymer-fi lled pores; 3) local electric fi eld enhancement 
effect; and 4) changes in polymer chain orientation and con-
formation induced by NPAg. While the redistribution of emis-
sion increased with the volume of silver, waveguiding effects 
were strong for larger pores and at shorter wavelengths, and 
local electric fi eld effects appeared to be stronger for smaller 
pores widths. For the polymers with high PL quantum effi -
ciency and shorter emission wavelengths (i.e., PFO and F8BT), 
the redistribution of emission power and waveguiding effects 
were the most dominant effects. While for the polymer with 
low PL quantum effi ciency and longer emission wavelength 
(i.e., P3HT), redistribution of emission power by the metal 
was the most dominant effect, followed by the local electric 
fi eld enhancement effect, while the waveguiding effect was not 
apparent. The apparent absence of the nanopore waveguiding 
effect for the P3HT case was attributed to the low relative 
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fraction of the face-on chain confi guration in P3HT compared 
with PFO and F8BT. Moreover, emission at shorter wavelengths 
was more likely to be confi ned and guided by the nanopores 
and, thus, be enhanced by the waveguiding effect. The low 
quantum effi ciency of P3HT meant it was more likely to be 
effected by local electric fi eld enhancement. 

 In summary, the aforementioned observations indicate that 
by controlling the pore size and porosity of nanoporous metal, 
conjugated polymer morphology and optical properties can 
be infl uenced in ways not possible using planar substrates. 
This study demonstrates the great light-extraction potential of 
nanoporous Ag fi lms, indicating that they are useful platforms 
for conjugated polymer-based photonics and optoelectronics. 
Finally, the dewetting method reported here is an alternative 
approach for the fabrication of nanoporous silver fi lms over 
optoelectronic device-relevant areas.  

  4.     Experimental Section 
  Materials : Silver shot (99.9%; Strem Chemicals, Inc.), Chromium 

powder (99%; Alfa Aesar), Poly[(9,9-di- n -octylfl uorenyl-2,7-diyl)- alt -
(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) ( M  n  = 16754,  M  w / M  n  = 1.57; 
Sigma-Aldrich Co. LLC.), Poly(9,9-di- n -octylfl uorenyl-2,7-diyl) (PFO) 
( M  n  = 29155,  M  w / M  n  = 2.16; Sigma-Aldrich Co. LLC.), Poly(3-hexylthiophene-
2,5-diyl) (P3HT) ( M  n  = 24091,  M  w / M  n  = 2.2; Rieke Metals, Inc.). 

  Nanoporous Silver Film Fabrication : Silver fi lms with thicknesses 
of 50 or 100 nm were thermally evaporated on either bare glass or 
Cr (5 nm)-coated glass substrates (with areas of at least 1 cm 2 ) in 
an Edwards Coating System E306A thermal evaporator at a rate of 
0.1 nm s −1 . Al 2 O 3 -coated tungsten wire baskets were used to hold the 
silver source metal during thermal evaporation. Prior to silver fi lm 
evaporation, the glass substrates were sonicated in a detergent water 
solution (Fisherbrand Sparkleen 1 Detergent, 0.5 wt%) for 10 mins 
and, subsequently, were immersed in an HCl (≈36% aqueous): EtOH 
mixture (1:1 volume ratio) for 15 mins. The substrates were then 
rinsed with deionized water (18 MΩ) and dried under an air-gun. 
After silver evaporation, samples were transferred to a hotplate in 
an Argon-atmosphere glovebox. The hotplate was turned on and set 
to a temperature at which the top surface of a glass substrate was in 
the range 359–395 °C (see Table S1, Supporting Information). After a 
controlled period of time (5–25 min; Table S1, Supporting Information), 
the hotplate was turned off, and the samples were allowed to cool on 
the hotplate. In this study, three batches of NPAg samples were made at 
three different times (Batch 1, Batch 2, and Batch 3) and the pore width 
and porosity was determined from SEM images for each batch using 
ImageJ software; see the Supporting Information for further details. 

  GIWAXS Characterization : Grazing-incidence, wide-angle X-ray 
scattering (GIWAXS) measurements were acquired at the X9 beamline in 
Brookhaven National Laboratory ( λ  = 0.918 Å) to investigate the polymer 
chain alignment in different samples. For each sample, scattering 
patterns at 0.11° incident angles were acquired. Gaussian or Lorentzian 
peak fi tting was applied to analyze the position and intensity of the 
characteristic diffraction peaks. To obtain conjugated polymer-coated 
NPAg for GIWAXS studies, F8BT (2 g L −1 ), PFO (0.9 g L −1 ) or P3HT 
(1 g L −1 ) in chlorobenzene solution (50 µL) was drop cast onto the 
various NPAg samples (NPAg from Batch 1 and Batch 3 was employed 
for the F8BT-coated samples, and NPAg from Batch 2 and Batch 3 was 
employed for PFO- and P3HT-coated samples). Following coating of 
the NPAg with the polymer solution, samples were typically kept in a 
dark environment for 90 min and the solvent was allowed to evaporate. 
Subsequently, the samples were stored in an Argon-fi lled glovebox. For 
the GIWAXS data shown in Figures  2,3 , NPAg samples from Batch 3 
with F8BT coatings, and NPAg samples from Batch 2 with the PFO 
and P3HT coatings were employed. GIWAXS measurements were also 

acquired on polymer-coated glass, Cr(5 nm)/glass and Ag(100 nm)/
glass samples for comparison with the polymer-coated NPAg samples. 
The 1D in-plane and out-of-plane GIWAXS line profi les shown in Figures 
 2,3  were plotted from data extracted from 2D GIWAXS profi les along 
lines rotated by 10° and 80° with respect to the expected horizontal  q  r -
axis of the 2D profi les using the view.gtk software developed at the X9 
beamline, [ 63 ]  respectively; see Figure S3 (Supporting Information). Due 
to the approximations we made in the data acquisition and processing 
(see the Supporting Information for details) the in-plane and out-of-
plane line scans could not be used to quantify the percentage of each 
type of molecular conformation (e.g., edge-on, etc.) within the samples. 
However, the relative peak intensities (at a particular  q  value), shifts 
in peak positions, and  I  in / I  out  ratios allowed us to qualitatively assess 
the differences in molecular conformation between the various sample 
types. 

  Optical Characterization : For the optical measurements, conjugated 
polymer coatings were applied to the various sample substrates in the 
same way as that described above for the coated samples prepared for 
GIWAXS. Transmission spectra of bare NPAg fi lms were collected using 
a S.I. Photonics Fiber Optic CCD Array UV–vis Spectrophotometer. 
Dark-fi eld images and spectra of bare NPAg fi lms and polymer-coated 
NPAg fi lms were acquired with a Nikon Optiphot 66 optical microscope 
working in refl ection mode and an Andor Shamrock SR 303i imaging 
spectrometer to investigate the scattering properties, in which a Xenon 
lamp was used as the light source. The PL emission properties of F8BT, 
PFO, and P3HT thin fi lms on different substrates were investigated 
by exciting the fi lm through the glass substrate with either the second 
or third harmonic of an AOT-YVO-25QSP/MOPA Q-witched pulsed 
Nd:YVO 4  laser (excitation wavelength of 355 nm for F8BT and PFO, and 
excitation wavelength of 532 nm for P3HT). PL spectra were collected 
from the polymer side (see Figure  5 a, inset) using two achromatic 
doublet lenses in series and the Andor Shamrock SR 303i imaging 
spectrometer. Considering the differences of laser transmittance for 
different substrates, incident light power factors (ILP factors) were 
applied to the raw PL spectra of the polymers on different substrates 
to achieve the actual PL enhancements. ILP was calculated according to 
the following equation

   

T

T
ILP ex

NPAg ex
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λ

λ
λ( ) ( )
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 where  T  NPAg ( λ  ex ) is the transmitted laser power measured at the laser 
excitation wavelength ( λ  ex  = 355/532 nm) by integrating the spectrum 
of the laser acquired after the bare NPAg fi lms and  T  glass ( λ  ex ) is 
transmitted laser power at the laser excitation wavelength measured 
by integrating the spectrum of the laser acquired after bare glass. The 
ILP factors calculated at 355 and 532 nm laser excitation wavelengths 
matched very well with the transmittance values at 355 and 532 nm 
from the transmission spectra of NPAg (see Figure S15, Supporting 
Information). For the samples in Batch 3 (F8BT-, PFO- and P3HT-
coated) 72 spectra were collected across the entire area of each 
sample and were analyzed and average as described in the main 
text. Transmitted-light, bright-fi eld images, and transmission-mode 
PL images of PFO- and P3HT-coated NPAg 100  glass  samples (Batch 3) 
were acquired with a Nikon Optiphot 66 optical microscope working 
in transmission mode with the sample illuminated/excited from the 
glass substrate side. For the transmitted-light, bright-fi eld images, a 
Tungsten-Halogen lamp was employed to illuminate the sample and, 
for the transmission-mode PL images, laser diodes with wavelengths of 
405 and 532 nm were used as excitation sources for PFO- and P3HT-
coated samples, respectively.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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