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Interlayer property is one of the important issues regarding to charge collection efficiency of polymer solar cells. We report a giant 10 

enhancement of light harvesting based on the integration of different concepts to manipulate the cathode and anode interlayers in an 
inverted ITO/ZnO-nanorod/poly(3-hexythiophene):(6,6)-phenyl C61 butyric acid methyl ester (P3HT:PCBM)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/Ag cell structure. A layer of conjugated small molecules is self-
assembled on the front cathode interlayer while gold nanoparticles are doped into the rear anode interlayer. The former one carries the 
characteristic of surface passivation and the latter one has the unique property of localized surface plasmon effect. Quite interestingly, 15 

both approaches can effectively enhance the exciton dissociation rate and extend the carrier lifetime.  Through the integrated approaches 
in a single cell, by taking the advantage of each individual contribution and the coupling effect between them, the efficiency can be 
further boosted from 2.02% to 4.36%, which sets the record for the inverted polymer solar cell using ZnO-nanorod as electron 
transporting layer and P3HT:PCBM as photoactive layer so far. 
 20 

Introduction 

Polymer based bulk heterojunction solar cells have been 
intensively studied in the past decades due to their potential of 
developing low cost and scalable renewable energy.1-3 
Tremendous progress has been made in the past few years to 25 

improve the device performance and the power conversion 
efficiency (PCE) of the devices has reached 8 – 9%.4-6 From the 
practical application perspective, there is still room for further 
improving their efficiency to compete with their inorganic 
counterparts.7-9  It has been shown that an inclusion of cathode 30 

(anode) interlayer is also important to elevate cell performance 
because this interlayer layer can improve the charge collections at 
electrodes. Materials such as MoO3, PEDOT:PSS, V2O5 and so 
on have been widely used as the anode interlayer10-13 while TiO2, 
ZnO, water-soluble polymers, small molecules, etc. have been 35 

demonstrated to have good electron collection ability.14-23  Some 
of those cathode interlayers using organic molecules with 
designed end groups also show remarkable improvement of open-
circuit voltages (Voc).14-19 Recently, several groups have tried to 
modify the interlayers by doping metallic nanostructures24-26 or 40 

self-assembling a functional monolayer on the metal-oxide27-29 to 
further enhance the device efficiency. It is known that metallic 
nanostructures, nanoparticles (NPs) for example, can scatter the 
incident light to extend its optical path within the photoactive 
layer and the plasmonic near-field from NPs can be coupled into 45 

the nearby photoactive materials to expand the cross-section of 
absorption.26 This localized surface plasmon resonance (LSPR) 
effect can be applied either in the front or rear interlayer of the 
cell, which has been shown to enhance the cell efficiency up to 
20% by adopting single type metallic NPs in the front layer.24-26  50 

Very recently, Yang and co-workers26 have tried to apply the 

concept of LSPR effect on both sides of the cell resulting in 
~13% increment in PCE. 

Self-assembling a monolayer on an interlayer is another 
approach to raise up the cell performance through the 55 

mechanisms of enhancing exciton dissociation30-32, controlling 
the morphology of the photoactive layer28,29,33, and improving 
Voc.34,35  Each mechanism contributes differently to the cell 
efficiency ranging from 10% up to 100% of original PCE.  A 
monolayer with additional capability of assisting exciton 60 

dissociation rate exhibits the highest potential in performance 
improvement and the application of this concept can be easily 
carried out in inverted device structure, using the noble metal as 
the top electrode to collect hole charges. We have previously 
reported the use of conjugated 2-naphthalenethiol (2-NT) 65 

molecule to modify ZnO-nanorod surface and obtained an 
improved performance of inverted ZnO-nanord/P3HT:PCBM/Ag 
solar cells36 for ~ 100%. This conjugated 2-NT molecule has 
multiple effects on device improvement in the aspects of exciton 
dissociation rate, cathode interlayer surface passivation, and bulk 70 

heterojunction charge transport.  The multiple roles of the 
employed 2-NT monolayer drive the device to keep the best 
record so far in the presented cell configuration. 

Since manipulating the cathode or anode interlayer improves 
cell performance at different extent, the result infers that it is 75 

likely to further enhance the solar cell efficiency if both 
interlayers are properly treated. It has been shown that the 
incorporation of metallic NPs into the rear interlayer of the solar 
cells can achieve a more effective plasmonic scattering than those 
at the front side because of the reduced optical loss from the 80 

destructive interference of scattered light and unscattered light.26 
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Further, the technique of self-assembling is readily to be 
accomplished on the surface of front interlayer. Thus, considering 
the fabrication feasibility and performance enhancement factors 
enable us to drive the best way to achieve the highest efficiency, 
such as by the integration of LSPR and surface modification 5 

effects.  
   In this contribution, we fabricate inverted solar cells using 

modified cathode (front) and anode (rear) interlayers through the 
integrated approaches as described above to sandwich the 
photoactive layer,  poly(3-hexythiophene):(6,6)-phenyl C61 10 

butyric acid methyl ester (P3HT:PCBM). A 2-NT monolayer is 
self-assembled on the ZnO-nanorod array surface, and gold 
nanoparticles (Au-NPs) embedded PEDOTPSS layer is designed 
as the rear (anode) interlayer. Generally, NPs of large size (> 50 
nm) can cause stronger light scattering, but easily to create shorts 15 

in the thin film devices. Thus, we choose Au-NPs of 50 nm in 
diameter as our scatters in PEDOT:PSS. In contrast to earlier 
reports adopting LSPR concept in solar cell fabrication, the 
presented work is the first report to incorporate Au-NPs in the 
rear interlayer in an inverted device structure. The finished 20 

devices are composed of layers of ITO/ZnO-
x/P3HT:PCBM/PEDOT:PSS:y/Ag, where x and y stand for the 
modified substances used. Quite interestingly, the integrated 
manipulation of interlayer treatment can promote the cell 
efficiency from 2.02% to 4.36% (best cell), approaching 120% 25 

increment in PCE. This significant enhancement of device 
efficiency is a result of the combination of several factors 
including largely improved light absorption efficiency, exciton 
separation efficiency, and much extended carrier lifetime arising 
from the joint effects of LSPR and surface modification. 30 

 
Experimental details  

Material preparation 

Indium tin oxide (ITO)-coated glass substrates were cleaned by 
successive sonication in commercial wafer cleaning buffer 35 

solution, acetone and isopropanol for 15 min per step and then 
dried in N2 gas flow before used. Initially, a 30 nm ZnO film was 
sputtered onto the ITO-coated glass followed by suspending the 
substrate in an aqueous solution of 40 mM zinc nitrate (Acros, 
98% purity) and 40 mM hexamethylenetetramine (Acros) at 90 40 

°C for 65 min in an oven.37,38 The well aligned ZnO-nanorod 
array was then grown and the process was finished by dipping the 
substrate into deionized water to remove the residual salts and 
dried in N2 gas flow. Au-NP suspension with concentration ~ 
3.5×1010 particles/mL in 0.1 mM citrate buffer was purchased 45 

commercially from Aldrich. The average particle size is 
approximately 50 nm.  

Sample fabrication 

Inverted solar cells were fabricated on the ZnO-nanorod array 
substrates before and after surface treatment, respectively. A 50 

polymer blend solution composed of 25 mg P3HT (Lumin. Tech. 
Co.) and 15 mg PCBM (Lumin. Tech. Co.) in 1 mL 1,2-
dichlorobenzene (ODCB) was spin-coated onto the ZnO-nanorod 
arrays to form a photoactive layer at 400 rpm for 40 sec and then 
dried in air. The resulting film thickness was ~ 200 nm.  The 55 

PEDOT:PSS:Au solutions were prepared as follows. 50 μL of 
PEDOT:PSS was diluted in 450 μL of isopropyl alcohol (ref. 39). 
Au nanoparticle suspension in citrate buffer was vacuum dry to 
pump out the solvent. The collected Au-NPs from 20, 100, and 
200 μL buffer solutions were then added into 500 μL of diluted 60 

PEDOT:PSS resulting in a relative Au-NP concentrations of 4, 20, 
and 40%, respectively. After ultrasonicating for 2 hours, the NP-
contained mixtures were then spin-coated onto the P3HT:PCBM 
layers in the laboratory environment. Finally, a 100 nm thick 
silver film was thermally deposited on the PEDOT:PSS at 65 

pressure around 2×10-6 torr to complete the device fabrication. 
The finished devices were composed of layers of ITO/ZnO-
x/P3HT:PCBM/PEDOT:PSS:y/Ag, where x (y) can be either none 
(none) or 2-NT (Au-NPs (Au)). The device with no interlayer 
treatment; i.e., (x, y)=(none, none), was chosen as the standard 70 

cell. Devices having the rear interlayer doped with Au-NPs of 
concentration n%, the front interlayer modified with 2-NT, and 
dual interlayers treated with both approaches are denoted as (x, y) 
= (none, Aun%), (2-NT, none), and (2-NT, Aun%), respectively. 
The typical photo-active area defined by the overlapping of the 75 

ITO and Ag electrodes for those devices was 5 mm2. Samples for 
the optical characterizations were prepared on ITO-coated glass 
following the same preparation procedures as photovoltaic 
devices without metal deposition. 
 80 

Characterization details 

The J-V characteristics of the finished photovoltaic devices were 
evaluated by using a Keithley Model 2400 source meter under 
irradiation intensity of 100 mW/cm2 from a calibrated solar 
simulator (Newport Inc.) with AM 1.5G filter.  The calibration 85 

was done by using a standard Si photodiode. The incident-
photon-conversion-efficiency (IPCE) spectra were performed 
using a setup consisting of a lamp system, a chopper, a 
monochromator, a lock-in amplifier, and a standard silicon 
photodetector (ENLI Technology). The UV-visible absorption 90 

spectra were measured by using a JASCO Model V-630 UV-vis 
spectrophotometer. The reflection spectra were collected by using 
a Lambda Model 850 UV-Vis spectrophotometer. Surface 
morphologies were obtained by using an atomic force microscopy 
(AFM, Nanosurf AG., FlexAFM). The open-circuit-voltage-95 

decay measurements were conducted by using a Xenon lamp 
equipped with a chopper operated at 10 Hz to produce light pulse 
and the voltage responses of the cells were recorded by an 
Agilent Model DSO 5052A oscilloscope. 

Results and discussion 100 

Fig. 1(a) and (b) display the top-view field emission 
scanning electron microscopy (FESEM) images for ZnO-nanorod 
array before and after modified with 2-NT, respectively. The 
pristine ZnO-nanorods are well oriented along the c-axis with 
well-defined hexagonal end faces of diameters of approximately 105 

50 nm. After modified with 2-NT molecules, there are no 
noticable changes in the morphology and diameters of those 
nanorods. Fig. 1(c) shows the extinction spectrum of Au-NPs in 
adequate solution determined by UV-vis spectroscopy, exhibiting 
a plasmonic resonance peak located at 530 nm. The average 110 

particle size are ca. 50±7 nm, estimated from the image of SEM 
(see inset in Fig. 1(a)).  Those Au-NPs are doped into the 
PEDOT:PSS hole transport layer before contacting with the top 
Ag electrode. As an example, an illustration for the finished 
device structure with (x, y) = (2-NT, Au) is shown in Fig. 1(d).    115 

  Fig. 2(a) displays the typical current density(J)–voltage(V) 
characteristics of cells doped with various amount of Au-NPs in 
the rear interlayer and the average performance parameters 
abstracted over 10 devices are summarized in Table 1. The 
standard cell denoted as (x, y) = (none, none) shows the short 120 

circuit current density (Jsc), open circuit voltage (Voc), fill factor 
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(FF), and power conversion efficiency (PCE) of 9.87 ± 0.21 
mA/cm2, 0.50 ± 0.05 V, 41.35 ± 0.71%, and 2.02 ± 0.07%, 
respectively, which agrees well with that reported in the 
literature.40 By doping the rear PEDOT:PSS layer with 4, 20, and 
40% of Au-NPs, the performance of the cells improves due to the 5 

enhanced Jsc and FF  at different extent and 20% is the optimum 
concentration for Au-NPs in the structure to achieve the highest 
PCE of the kind. Thus, the rest of the study considers the 
optimized case of Au-NPs doping.                                                                               

 10 

 

       
 
 

 15 

 

 

 
 
 20 

 
 
Fig. 1 Top-view FESEM images for (a) pristine and (b) 2-NT 
modified ZnO-nanorod arrays. Both scale bars stand for 100 nm. 
(c) UV-vis absorbance for Au-NPs in adequate solution. The inset 25 

shows the SEM image of Au-NPs on a silicon wafer. (d) The 
schematic structure for the cell structure having the front 
interlayer modified with 2-NT molecules and the rear interlayer 
doped with Au-NPs. 
 30 

      Fig. 2(b) depicts the comparison of J–V characteristics for 
cells with and without interlayer modification and the average 
performance parameters are also summarized in Table 1. Doping 
the rear interlayer with 20% Au-NPs results in a moderate 
improvement in Jsc (~8%) and FF (~14%) at a constant V oc, and 35 

an approximately 21% enhancement in PCE. By simply 
modifying the ZnO-nanorod array with 2-NT molecules, there are 
~ 21%, ~24%, ~22%, and ~86% improvement in Jsc, Voc, FF, and 
PCE, respectively. Apparently, in addition to the much higher Jsc 
and FF values than the 20% Au-NP doped case, modifying the 40 

front interlayer with 2-NT molecules also enhances Voc. By 
manipulating both interlayers, the PCE of the device is further 
improved to 4.20 ± 0.10% with a Jsc, Voc, and FF of 12.76 ± 0.25 
mA/cm2, 0.61 ± 0.05 V, and 53.85 ± 0.70%, respectively. For the 
best cell, the PCE can be up to 4.36%, an improvement factor of 45 

~120%.  The largely improved Jsc, FF and Voc suggest the joint 
effects of both interlayer treatments.  

In order to understand the underlying mechanism of the 
giant enhancement of the cell efficiency, Fig. 2(c) depicts the 
recorded IPCE responses in the wavelengths from 350 to 800 nm. 50 

It shows a clearly enhancement in IPCE values over the 
wavelength range from 400 to 600 nm for all modified cells. Fig. 
2(d) exhibits the corresponding IPCE enhancement factor with 
respect to the standard cell. In the wavelengths from 400 to 600 
nm, the IPCE enhancement factor is about 1.2 for 2-NT modified 55 

device, while it is ~1.1 for Au-NPs doped cells. By combining 
both approaches, there is approximately 30% increment in the 
IPCE value, indicating that the collected extra charge is almost 
the sum of the individual case.  

 60 

 
 
 
 
 65 

 
 
 
 
 70 

 
 
 
 
 75 

 
 

 
 
Fig. 2 Evaluation of cell performance. (a) Current density (J)- 80 

voltage (V) characteristics of cells with various Au-NPs 
concentrations in PEDOT:PSS layer, (b) J–V characteristics for 
four types of devices, (c) incident-photon-conversion-efficiency 
(IPCE) curves, and (d) enhancement factor of IPCE values of the 
standard and cells under different manipulation conditions.   85 

 
Fig. 3 depicts the 5 μm × 5 μm morphology images for each 

layer based on pristine and 2-NT modified ZnO-nanorod arrays 
obtained by atomic force microscopy (AFM). The root-mean-
square (RMS) surface roughnesses for the P3HT:PCBM (Fig. 90 

3(a)), PEDOT:PSS (Fig. 3(c)), and PEDOT:PSS:Au20% (Fig. 3 (e)) 
layers based on pristine ZnO-nanorod array are 9.0, 13.4, and 
11.2 nm, respectively, while those are 11.9, 8.7, and 10.4 nm, 
respectively, based on on 2-NT modified one. The surface of the 
P3HT:PCBM film is slightly rougher on the modified array (Fig. 95 

3(b)) due to the modulation of microscopic mixing result of the 
photoactive layer by the underneath 2-NT molecules. The 
subsequently deposited PEDOT:PSS layer is smoother on ZnO-
nanorod-2NT/P3HT:PCBM (Fig. 3(d)). However, RMS values 
for the PEDOT:PSS:Au20% films on P3HT:PCBM are similar for 100 

both pristine and 2-NT modified (Fig. 3 (f)) ZnO-nanorods. It is 
known that the rougher surface can serve as a template for back 
reflection contact, which increase light scattering from the top Ag 
electrode beneficial for improving the phtocurrent. However, the 
standard device with rougher anode buffer layer shows lower Jsc 105 

than that doped with Au-NPs, indicating that light scattering due 
to the Ag back scattering may contribute to the photocurrent, but 
is not the primary factor for Jsc enhancement. 

We then measured the UV-vis absorption spectra for the BHJ 
film under different modification conditions.  According to Fig. 4, 110 

the structure with neat interlayers shows typical absorption 
characteristics for P3HT in the wavelengths of 400 – 650 nm with 
three vibronic state transition peaks at 515, 550, and 600 nm.41,42 
Modifying the front interlayer with 2-NT molecules neither alters 
the spectra feature nor the photon absorption efficiency. However, 115 

incorporating 20% Au NPs into the rear interlayer enhances light 
absorption of the photoactive film in 450 – 600 nm region. The  
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Table 1 Performance parameters of solar cells with and without interlayer manipulation under AM 1.5G illumination at 100 mW/cm2. 
 

 5 

 
 
 
 
 10 

 
average enhancement factor is ~1.05 (see inset in Fig. 4), 
suggesting a harvest of additional 5% of incident photons by the 
device structure as 20% Au-NPs is added. Because Au-NPs 
usually have in part absorption and scattering effects, to clarify 15 

the origin of those additional photons, we compare the reflectance 
spectra for devices with and without Au-NPs 
 
 
 20 
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 35 

 
 
 
 
 40 

 
Fig. 3 Morphology image for each layer taken by atomic force 
microscopy (AFM). Morphologies for subsequently deposited 
layers on pristine ZnO-nanorod array are (a)P3HT:PCBM and (c) 
PEDOT:PSS (or (e) PEDOT:PSS:Au20%) while those depositing 45 

on 2-NT modified ZnO-nanorod arrays are (b) P3HT:PCBM, and 
(d)PEDOT:PSS (or (f) PEDOT:PSS:Au20%). 
 

Fig. 5 (a) shows the reflectance spectra for 2-NT modified 
devices using PEDOT:PSS and PEDOT:PSS:Au20% as the rear 50 

interlayers. The intensity of the reflectance for the device using 
PEDOT:PSS:Au20% layer is lower than the one without Au-NP 
doping in the wavelengths from 400 to 650 nm. We further 
calculated the additional absorption, △α, from the measured 
reflectance spectra based on the equation △ α = －55 

ln(RPEDOT:PSS/RPEDOT:PSS:Au20%)43 to quantify the difference of 
absorption in the measured range, where RPEDOT:PSS and 
RPEDOT:PSS:Au20% stand for the light intensity reflected from 
PEDOT:PSS and PEDOT:PSS:Au20% rear interlayers, 
respectively. As can be seen in Fig. 5(b), △α increases in the 60 

visible range of 400 – 650 nm, which indicates an additional 
absorption of the photoactive layer in the devices with Au-NP 

doped rear interlayer. Additionally, this region of enhancement 
coincides with that observed in the UV-vis absorption spectra for 
devices after incorporating Au-NPs. Since Au-NPs have in part 65 

absorption in the same spectrum region, the scattering effect of 
Au-NPs results in improving the light harvesting of the 
photoactive layer for at most 5%. 

 
 70 

 
 
 
 
 75 

 
 
 
 

 80 

Fig 4 UV-vis spectra for cells under different manipulation 
conditions. The relative absorption enhancement factor for each 
condition is shown in the inset. 

 
 85 

 
 
 
 
 90 

 
 
 

 
 95 

Fig. 5 (a) The reflectance spectra of 2-NT modified devices using 
PEDOT:PSS or PEDOT:PSS:Au20% as the rear interlayer. Insect: 
schematic illustration of the incident light path in a completed 
device. (b) The additional absorption spectrum resulting from the 
difference of reflectance spectra between devices using 100 

PEDOT:PSS and PEDOT:PSS:Au20% as the rear interlayers. 
 
Because the photoactive layer absorbs at most 5% additional 

photons, it is unlikely to produce ~30% extra charge carriers for 
the collection as shown by the IPCE measurements. The largely 105 

enhanced Jsc should arise from some other factors. Based on 
Mihailetchi and co-workers’ analytical approach,44,45 we 
compared the photocurrent behavior for these cells. The 
photocurrent density (Jph) is defined as the current density 
difference between the cell under illumination and in the dark, 110 

and the effective voltage (Veff) is determined by V0 – Va, where V0 
is the voltage when Jph = 0 and Va is the applied voltage. As 
shown in Fig. 6(a), the Jph increased linearly with Veff  at low 
voltages and then saturated at a certain high value of Veff. The 
saturated photocurrent density (Jsat) is independent of the bias and 115 

temperature and can be correlated with the maximum exciton 
generation rate (Gmax) through Jph = qGmaxL, where q is the 

 
(x,y)  Jsc (mA/cm2)  Voc (V)  FF (%)  PCE (%)  Rs (Ωcm2)  Rsh (Ωcm2)  

(none, none)  9.87±0.21  0.50±0.05 41.35±0.71  2.02±0.07 5.6±0.7  274.6±7.7  
(none, Au4%)  10.32±0.20  0.50±0.05 42.74±0.72 2.20±0.11 5.7±0.7  265.3±7.6  
(none, Au20%)  10.73±0.28  0.49±0.06 46.98±0.77 2.45±0.13 6.0±0.7  263.7±8.6  
(none, Au40%) 10.15±0.30  0.49±0.07 44.04±0.75 2.18±0.17 7.3±0.7  266.6±8.3  
(2-NT, none)  12.00±0.22  0.62±0.04 50.29±0.69  3.75±0.06 5.0±0.7  294.4±7.2  
(2-NT, Au20%)  12.76±0.25  0.61±0.05 53.85±0.70 4.20±0.10 5.3±0.8  286.5±8.1  
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elementary charge and L is the thickness of the photoactive layer, 
by assuming that all of the photogenerated excitons are separated 
into free carriers and contributed to the current.44,45  The obtained 
Jsat for (x, y) = (none, none), (none, Au20%), (2-NT, none), and (2-
NT, Au20%) were 11.8, 12.8, 13.9, and 14.1 mA/cm2, respectively, 5 

which correspond to Gmax of 3.7 ×1027, 4.0 ×1027, 3.9 ×1027, and 
4.4 ×1027 m – 3s – 1, respectively.  It is known that Gmax is governed 
by the maximum number of photon absorbed.42,44 The 
incorporation of Au-NPs in PEDOT:PSS increases Gmax, suggests 
that more photons are absorbed in the photoactive layer, which is 10 

consistent with UV-vis absorbance measurement in Fig. 4.   
Sample treated with only 2-NT molecules also exhibits a subtle 
increase in Gmax.  Since the photon absorption efficiency remains 
the same (see Fig. 4), the enhancement can be attributed to the 
passivation effect of 2-NT molecules on the ZnO-nanorod surface 15 

to minimize the carrier loss at the surface defect states, such that 
more free charges can contribute to Jph. This surface passivation 
effect has been resolved by the fluorescence measurement 
previously.36 By taking the advantages of both treatments; i.e., 
LSPR and surface passivation effects, Gmax displays the highest 20 

value among the cells. 
   In fact, not all the photogenerated excitons are completely 

dissociated into free carriers. The excition dissociation properties 
P(E,T) can be related to Jph through Jph = Jsat P(E,T).25 The 
calculated P(E,T) values under Jsc  condition are 83.6%, 85.3%, 25 

86.3%, and 87.1% for (x, y) = (none, none), (none, Au20%), (2-NT, 
none), and (2-NT, Au20%), respectively.  Therefore, modifying 
either the front or the rear interlayer shows an improved exciton 
dissociation rate at different extent, which suggests that either 
SPR and 2-NT modification can effectively assist exciton 30 

separation.  This role for 2-NT molecule is also evidenced by the 
shortening of fluorescence decay lifetime.36 According to Wu et 
al.46, LSPR enhanced exciton dissociation probability can be 
understood as the plasmon–exciton coupling participating in the 
charge transfer process and can also be further interpreted by the 35 

concept of “hot excitons,” which possess excess energy to 
overcome their initial Coulombic potential.47,48 With the 
integration of both treatments, P(E,T) can be further enhanced by 
a factor of 4.1%. The enhancement of exciton dissociation rate 
can have significant contribution to the largely enhanced Jsc. 40 

Open-circuit voltage decay (OCVD) technique was employed 
to obtain the carrier lifetime.49 The cell was initially illuminated 
at a constant light intensity followed by an interruption of the 
illumination and the evolution of Voc with time (t) was monitored 
simultaneously. The Voc(t) follows the exponential decay 45 

behavior of a specific time constant τ.  By exciting the cell at 
different initial steady states, a set of Voc(t) curves can be 
obtained and the corresponding τ can be calculated. Fig. 6(b) 
displays the recorded decay transient curves of Vocs under the 
application of a light pulse at various incident intensities for the 50 

standard sample. Using the same measurement procedures, the 
resulting decay lifetimes of Vocs for the four types of cells along 
with the corresponding fits are summarized in Fig. 6(c). Based on 
the fitting results, one can extrapolate the carrier lifetime for each 
type of cell to one sun condition and the obtained values for (x, y) 55 

= (none, none), (none, Au20%), (2-NT, none), and (2-NT, Au20%) 
cells are  25, 67, 140, and 200 μs, respectively. The carrier 
lifetime for the standard cell obtained in one sun using the OCVD 
method has similar order of magnitude as that measured by using 
the impedance spectroscopy.50 The incorporation of either Au-60 

NPs or 2-NT molecules can effectively prolong the carrier 

lifetime for approximately 3 or 6-fold. By combining both 
approaches, the carrier lifetime can be further extended to almost 
8-fold. The extension of the carrier lifetime by the inclusion of 
Au-NPs is a result of improved carrier mobility as suggested by 65 

Lu et al.25 , which is also the same for the effect of 2-NT 
molecules as shown in Ref. 36.  We have also measured the 
carrier mobility by employing charge extraction in a linearly 
increasing voltage (CELIV) method and the obtained mobility 
values for (none, none), (none, Au20%), (2-NT, none), and (2-NT, 70 

Au20%) are 4.0×10 –5, 4.6×10 –5, 7.5×10 –5, and 8.2×10 –5 cm2V – 

1s – 1, respectively. There is an improvement of carrier mobility 
for the cells with treated interlayer and the higher mobility can 
reduce the probability of carrier recombination, and hence the 
longer carrier lifetime. Therefore, both the surface modification 75 

and LSPR effect can improve the charge transport through the 
active layer and interface to the electrode.  The coupling effect of 
both approaches further maximizes the charge transport of the 
cell structure. 
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Fig. 6 (a) Photocurrent density (Jph) vs. effective voltage (Veff) 
characteristics of the standard and manipulated cells. (b) The 
response of open circuit voltage (Voc) as a function of time to a 
light pulse with various light intensities. (c) The carrier lifetime 95 

as a function of Voc along with a fitting curve for each type of the 
cell. 

Based upon the above results, manipulating the dual 
interlayers results in a significant improvement in the 
performance of solar cells and the underlying mechanisms can be 100 

understood as follows. Doping the rear interlayer with Au-NPs 
produces at most additional 5% harvested photon numbers due to 
the scattering effect, which can contribute to photocurrent. 
Because there is no changes in Voc, it suggests that the interlayer 
property is not altered in the presence of Au-NPs and still 105 

remains ohmic contact with Ag.51,52  Though the series resistance 
(Rs) slightly increases from 5.6 ± 0.7 to 6.0 ± 0.7 Ωcm2 and the 
shunt resistance (Rsh) subtly decreases from 274.6 ± 7.7 to 263.7 
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± 8.6 Ωcm2, the cell performance is improved, revealing that the 
cell performance does not result from a reduction in cell 
resistance.  Instead, there is a subtle improvement in exciton 
dissociation rate and carrier lifetime owing to the LSPR effect 
from Au-NPs. In general, an enhanced exciton dissociation 5 

probability reduces the carrier recombination rate, which is also 
supported by the improved carrier lifetime and, therefore, the FF 
of cells. Thus, we attribute the increased FF to the enhancement 
of exciton dissociation probability45 and extended carrier 
lifetime25 resulting from the locally enhanced electromagnetic 10 

field originating from the excitation of the LSPR. Consequently, 
the application of the LSPR concept can lead to an improved 
efficiency of the cell from 2.02 ± 0.07 % to 2.45 ± 0.13% (~21% 
enhancement). Modifying the front interlayer with 2-NT 
molecules results in ~86% enhancement in PCE due to largely 15 

enhanced Jsc, Voc and FF.  The multiple functions of 2-NT layer 
enhance Voc due to the surface passivation effect and Jsc as results 
of improved exciton dissociation rate and a longer carrier lifetime.  
The higher FF can be partially attributed to reduced Rs from 5.6 ± 
0.7 to 5.0 ± 0.7 Ωcm2 and enhanced Rsh from 274.6 ± 7.7 to 294.4 20 

± 7.2 Ωcm2 and partially due to the increased exciton dissociation 
rate and lifetime.   

By integrating both approaches in a single cell, we obtain a 
giant enhancement in the cell performance because of taking the 
advantages of both treatments. Doping the rear interlayer with 25 

Au-NPs has the unique feature of benefiting the photon 
absorption quantity while manipulating the front interlayer is 
more crucial for diminishing the surface defect states of the 
metal-oxide layer to minimize surface recombination events.  For 
instance, as shown in Fig. 4, the additional at most 5% harvested 30 

photons due to Au-NPs scattering produce ~30% increment in Jsc.  
The reason for this magnification effect is that, in addition to the 
extra absorbed photons, the carrier dynamics including both the 
exciton dissociation rate and the carrier lifetime are maximized 
through the coupling of the effects of surface modified 35 

conjugated small molecules and the LSPR. In such case, more 
free charges can be obtained and collected at electrodes by 
travelling through a better charge transport pathways. Further, the 
surface passivation of the front metal-oxide layer can raise the Voc 
of the cell. Additionally, the high FF is attributed to the highly 40 

reduced recombination rate due to the much increased exciton 
dissociate probability from combining both approaches. Thus, the 
cell efficiency can be further maximized and a PCE of 4.36% for 
the best cell with ~ 120% increment is achieved. This sets the 
record of the inverted polymer solar cell using P3HT:PCBM as 45 

the photoactive layer. 
 
Conclusion 

In conclusion, a giant enhancement of inverted solar cell 
efficiency has been demonstrated with the integration of different 50 

approaches based on the fabrication feasibility and impact on the 
cell performance.  The front metal-oxide interlayer adopts the 
surface modification strategy by self-assembled a layer of 2-NT 
molecules on the ZnO-nanorod surface while the rear interlayer 
employs the localized surface plasmon resonance effect through 55 

doping the PEDOT:PSS with Au-NPs.  Particularly, the former 

one can effectively passivate the metal-oxide surface and the 
latter one can improve the photon absorption efficiency. In 
addition, both approaches can also effectively enhance the 
exciton dissociation rate and extend the carrier lifetime. With the 60 

integration of both approaches, the fabricated cell can not only 
take the advantages of the individual treatment, but also have the 
benefits of the coupling between these two approaches. Therefore, 
the cell efficiency can be enhanced from 2.02 % to 4.36%, which 
represents the highest record reported so far in inverted solar cells 65 

using ZnO-nanorod as electron transporting layer and 
P3HT:PCBM as the photoactive material. The proposed method 
can be generalized to other polymer blend systems as well and 
open up a new route for designing high efficiency polymer solar 
cells. 70 
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