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The efficiency of polymer – metal oxide hybrid solar cells critically depends on the intimacy 

of mixing of the two semiconductors. We investigate the effect of side chain functionalization 

on the morphology and performance of conjugated polymer:ZnO solar cells. Using an ester-
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functionalized side chain poly(3-hexylthiophene-2,5-diyl) derivative (P3HT-E), the nanoscale 

morphology of ZnO:polymer solar cells is significantly more intimately mixed compared to 

ZnO:poly(3-hexylthiophene-2,5-diyl) (ZnO:P3HT) as evidenced experimentally from a three 

dimensional reconstruction of the phase separation using electron tomography. Photoinduced 

absorption reveals nearly quantitative charge generation for the ZnO:P3HT-E blend but not 

for ZnO:P3HT, consistent with the results obtained from solving the three dimensional 

diffusion equation for excitons formed in the polymer within the two experimental ZnO 

morphologies. For thin ZnO:P3HT-E active layers (~50 nm) this yields a significant 

improvement of the solar cell performance. For thicker cells, however, the reduced hole 

mobility and a reduced percolation of ZnO pathways hinders charge carrier collection, 

limiting the power conversion efficiency.  

 

 
1. Introduction 

By combining considerable power conversion efficiencies with desirable properties such as 

low weight and mechanical flexibility, thin film organic polymer photovoltaic devices are an 

attractive approach for generating renewable energy. The use of roll-to roll solution 

processing of devices adds to the prospects of obtaining efficient and low-cost devices. 

Moreover, the optical and electrical properties of the materials can be tuned by changing the 

molecular structure. This has resulted in a substantial increase in efficiency of polymer solar 

cells in the last few years,[1-7] where first applications are emerging.[8,9]  

Photoexcitation in organic semiconductors does not lead to free charge carriers which 

are required for a photovoltaic effect. Instead, strongly bound electron-hole pairs (excitons) 

are created that will only separate into free carriers at an interface between an electron donor 

(p-type) and electron acceptor (n-type) material. The distance that such an exciton is able to 

cover is very limited, dependent on the diffusion constant of the exciton and its intrinsic 
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lifetime. Ideally, an exciton is created within a few nanometers of the donor-acceptor interface 

to ensure a high quantum efficiency of charge generation and consequently most organic solar 

cells are based on a bulk heterojunction in which the n-type and p-type materials are 

intimately mixed. Today, the most efficient organic solar cells combine p-type conjugated 

polymers with n-type fullerenes, reaching efficiencies up to 7.4%.[7]  

An alternative to full-organic solar cells are so-called hybrid solar cells. These devices 

combine the solution processability of organic compounds with the morphological stability of 

inorganic materials, such as CdSe,[10-12] TiO2,
[13-16] or ZnO.[17-23] Recently, we achieved an 

power conversion efficiency (PCE) of 2.0% for a ZnO:poly(3-hexylthiophene-2,5-diyl) 

(ZnO:P3HT) blend, which was prepared by spin coating a mixture of P3HT and diethylzinc 

(DEZ) as a ZnO precursor from a common solvent.[22] During spin coating, DEZ reacts with 

ambient moisture to form Zn(OH)2, while the solvent evaporates. By subsequent annealing of 

the Zn(OH)2:P3HT layer to 100 °C it is possible to complete the condensation reaction of 

Zn(OH)2 into ZnO and to form a hybrid ZnO:P3HT bulk heterojunction active layer. Due to 

the large polarity difference between the organic and inorganic components, phase separation 

occurs. For thin layers, this process affords coarsely phase separated films that limit charge 

generation. Thicker films obtained by spin coating at lower speed, on the other hand, are 

better mixed, but here charge extraction becomes limiting, because an increasing part of the 

ZnO is no longer connected to the electron collecting electrode, disabling part of the charges 

formed to contribute to the photocurrent.[22] 

The challenge now, is to make hybrid layers that feature both high generation 

efficiency and high charge collection. This is expected to lead to higher efficiencies in 

ZnO:polymer hybrid solar cells. To achieve this goal we have investigated a more hydrophilic 

polythiophene derivative with ester-functionalized side chains.[24] The ester functions in 

poly[(3-hexylthiophene-2,5-diyl)-co-(3-(2-acetoxyethyl)thiophene-2,5-diyl)] (7:3 ratio) 
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(P3HT-E, Fig. 1) are more compatible with the polar ZnO surface. We expected it to yield 

more finely dispersed ZnO in the polymer matrix and, hence, an improved charge carrier 

generation and power conversion efficiency. 

 

 
2. Results and discussion 

 
2.1. Microscopy 

ZnO:P3HT and ZnO:P3HT-E films were prepared by spin coating a mixture of the polymer 

and DEZ from a chlorobenzene:toluene:tetrahydrofuran solvent mixture in a N2 atmosphere 

with a relative humidity of 40%, followed by annealing at 100 °C as described in detail in the 

experimental section. The mixed films were made with a ZnO:polymer ratio that is optimal 

for the performance of the solar cell (vide infra). This implies a somewhat larger ZnO content 

in the ZnO:P3HT-E compared to the ZnO:P3HT film.  

The surface topographies of thin (~50 nm) ZnO:polymer films were investigated with 

tapping mode atomic force microscopy (TM-AFM). The spin-coated and annealed ZnO:P3HT 

blends shows a rough topography with a RMS surface roughness of 25 nm, which indicates a 

coarse phase separation (Fig. 2a),.[22] Using P3HT-E instead of P3HT (Fig. 2b), the layer 

shows a much smoother surface with a RMS surface roughness of only 4.7 nm, implying a 

better miscibility of P3HT-E and ZnO. Transmission electron microscopy (TEM) affords 

information about the bulk of the active layer. Owing to the high electron density in ZnO, 

there is a large contrast between polymer and ZnO, which makes TEM an excellent imaging 

technique to investigate this type of layers. The TEM image of the 50 nm thin film of 

ZnO:P3HT clearly shows large ZnO clusters and large pure polymer domains (Figure 3a). As 

P3HT is the only absorber of visible light in the active layer, these large P3HT domains are 

unfavorable because the excitons created in such domain cannot diffuse towards the interface 

with ZnO during their lifetime and decay before being able to form charges. In the 50 nm film 
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of ZnO:P3HT-E, however, ZnO is much more evenly dispersed inside the polymer matrix 

(Figure 3b). This more intimate mixing is favorable for charge generation.  

To obtain a more detailed insight into the morphologies, electron tomography was 

performed on the 50 nm thin layers of ZnO:P3HT and ZnO:P3HT-E. The images of the 

reconstructed volumes are shown in Figure 3c, ZnO being yellow and the polymer being 

transparent against a black background. Note that the ZnO:P3HT-E image (Fig. 3d) is shown 

at slightly higher magnification. The images clearly confirm that ZnO much better disperses 

in P3HT-E than in P3HT. The volume fraction of ZnO calculated from the three dimensional 

morphologies that is present differs for the two films; 13 vol-% ZnO present in Zn:P3HT and 

17 vol-% in ZnO:P3HT-E. We note that the composition of both films had been optimized for 

the solar cell performance at this layer thickness. For both films there is less ZnO present then 

expected based on the amount of DEZ in the solution. Assuming full conversion of all added 

DEZ, the ZnO content would have been 20 and 25 vol-%, respectively. In both cases, part of 

the DEZ evaporates during spin coating.  

 

2.2. Spectroscopic analysis 

UV/visible absorption spectra of pure films of P3HT and P3HT-E are virtually identical (Fig. 

4a,b), indicating a similar degree of crystallization and a comparable optical band gap. In 

sharp contrast, the absorption spectra of the mixed ZnO:polymer films differ substantially. 

The ZnO:P3HT film displays an absorption spectrum that closely resembles that of the pure 

polymer, but the ZnO:P3HT-E film exhibits a significantly blue-shifted absorption, 

suggesting less pronounced polymer crystallization. This difference can be explained by an 

increased interaction between this polymer and ZnO and by smaller polymer domains, 

impeding effective aggregation. 

Photoinduced absorption (PIA) spectroscopy was performed on the active layers to 

investigate the efficiency of charge generation. Figure 4c shows PIA spectra of blends of 
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P3HT and P3HT-E with ZnO recorded with photoexciation at 488 nm. The PIA spectrum of 

ZnO:P3HT shows a bleaching band from 1.9-2.5 eV, in correspondence with its neutral 

absorption spectrum. For ZnO:P3HT-E the bleaching band has a less well resolved vibronic 

progression and is located at slightly higher energy (the onset has shifted by 0.07 eV), 

characteristic for less crystalline polythiophene. The signals at 0.4, 1.25, and 1.8 eV in the 

ZnO:P3HT can be attributed to polarons (radical cations) in P3HT. The signal at 0.4 eV is 

overlapping with that of conduction band electrons in ZnO.[22] Importantly, the ZnO:P3HT 

blend shows a significant peak at 1.08 eV which can be attributed to a triplet-triplet 

absorption.[22,25-28] Triplets are indicative for incomplete charge generation because they result 

from intersystem crossing from the singlet excited state, which is a relatively slow process. 

The triplet-triplet (Tn ← T1) absorption in polythiophenes is known to shift to lower energy 

upon aggregation much like the onset of the normal optical absorption (S1 ← S0).
[26-28]  In fact, 

the magnitude of the shift of Tn ← T1 is almost identical to shift of the onset of  S1 ← S0.
 [26] 

Because in the blends of ZnO:P3HT-E the onset has shifted by 0.07 eV, the Tn ← T1 PIA 

would have been expected at ~1.08 + 0.07 = 1.15 eV. Figure 4c shows no signal at this 

position. The absence of a significant triplet absorption in the ZnO:P3HT-E blend indicates 

that virtually all singlet excitons created in P3HT-E are quenched by ZnO and afford charge 

separation before they can intersystem cross to the triplet state. Consistently, the contribution 

of the signal at 0.4 eV of electrons in ZnO has increased in ZnO:P3HT-E film. The P3HT-E 

polaron band is shifted towards higher energy (~1.34 eV) as a result of the reduced 

crystallization inferred from the position of the bleaching band. The improved charge 

generation for ZnO:P3HT-E will to some extend be due to a somewhat larger ZnO content, 

but based on the microscopy, we expect the degree of mixing to have a much larger effect.  

 

2.3. Charge carrier generation 



  Submitted to  

7 
 

To quantify the effect of the coarseness of the phase separation on the charge carrier 

generation, the exciton diffusion in the active layers has been modeled using the three 

dimensional electron tomography ZnO morphologies.[22] The diffusion of the excitons in the 

polymer phase can be modeled by solving the diffusion equation for steady state: 

 

02  gnD
n

dt

dn


       (1) 

 

where D is the diffusion constant, n is the exciton density, τ is the exciton lifetime and g is the 

rate of exciton generation. The exciton lifetime and diffusion rate in P3HT are taken from the 

literature,[29] and assumed to be equal for both P3HT and P3HT-E: τ = 400 ps and D = 1.8 × 

10-7 m2 s-1. Furthermore, it is assumed that ZnO is a perfect quencher, consequently, n = 0 at 

the ZnO:polymer interface. Disregarding the effect of electrodes, using cyclic boundary 

conditions, this leads to a charge carrier generation efficiency of 40% in the ZnO:P3HT blend, 

and to 96% in the ZnO:P3HT-E blend. This is illustrated in Figure 5 and summarized in 

Table 1. It has been reported that the excitons can also be quenched at electrodes like 

PEDOT:PSS and Al.[30-32] This quenching, however, will not contribute to the photocurrent. 

When quenching at the electrodes is taken into account in the exciton diffusion modeling, ca. 

32% of the excitons in ZnO:P3HT are quenched at the electrodes and only ca. 32% of the 

excitons afford charge carriers (Table 1). The remaining excitons are lost via intrinsic decay. 

For ZnO:P3HT-E, still 90% of the excitons yield charge carriers, while only 5.8% are 

quenched at the electrodes. This clearly demonstrates that the significantly improved charge 

carrier generation obtained for a finer phase separation also decimates possible exciton losses 

at the electrodes.  
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2.4. Percolation pathways in ZnO 

Besides charge carrier generation, also charge collection is essential. This may be limited, 

especially by discontinuities in the ZnO percolation network which has a volume percentage 

of less than 20%.[22] The three dimensional electron tomography data were analyzed to 

determine the fraction of ZnO connected to the aluminum top electrode where electrons are 

collected and the fraction of ZnO connected via a monotonously rising path. The latter 

excludes pathways that do not continue in the direction towards the collecting electrode where 

electrons may become trapped and recombine before being collected. The results are 

summarized in Table 1. The fraction of ZnO connected to the aluminum electrode is near 

unity for both ZnO:polymer active layers. The fraction connected via monotonously rising 

path is significantly lower for the ZnO:P3HT-E  film, but still quite high at 81%. Looking at 

the combined effects of charge carrier generation and connectivity we would expect larger 

currents in ZnO:P3HT-E compared to ZnO:P3HT. 

 

2.5. Solar cell performance 

Photovoltaic devices have been fabricated by sandwiching a 50 nm thick ZnO:polymer layer 

between glass\ITO\PEDOT:PSS and evaporated aluminum contacts. The ZnO content of the 

active layer was varied to gain optimum power conversion efficiency, leading to 13 vol-% 

ZnO in the ZnO:P3HT layer, whereas the ZnO:P3HT-E devices exhibited this maximum at 17 

vol-%, as determined by electron tomography on the photoactive layers of actual devices. 

Current density - voltage (J-V) characteristics and external quantum efficiency (EQE) 

measurements are shown in Figure 6. Typical parameters are summarized in Table 2. 

Comparing the two 50 nm layer devices, the cell with P3HT-E has a higher open circuit 

voltage (Voc) and short circuit current (Jsc) than the P3HT device, while the fill factor (FF) is 

lower. The high Voc for P3HT-E is attributed to the larger optical band gap, as shown in the 

absorption (Fig. 4b) and EQE (Fig. 6b) onset, while the comparatively low Voc for thin P3HT 
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is likely caused by the presence of shunts that arise when the layer roughness (25 nm RMS, 

vide supra) is on the order of the layer thickness (50 nm). These shunts also cause the strongly 

increased (dark) current for the 50 nm ZnO:P3HT below -0.5 V (Fig 6a). The larger current 

for P3HT-E is ascribed to the increase in charge carrier generation in the active layer resulting 

from the more intimate mixing.  

ZnO:P3HT devices significantly improve by increasing the active layer thickness to 

120 nm (Table 2), resulting from fewer shunts and thus a higher Voc, and improved currents, 

owing to a better mixing.[22] On the other hand, when a thicker ZnO:P3HT-E active layer 

(~120 nm) is produced, the Jsc does not increase, despite the increased absorption of light. 

Charge carrier generation calculations were not available for this layer, because three 

dimensional electron tomography was not possible due to the fine phase separation. However, 

in the PIA spectrum of a thick ZnO:P3HT-E layer (not shown) no triplets were observed, 

indicating quantitative charge carrier generation. Therefore, charge collection must be a 

serious loss factor for these devices. Also at reverse bias (-2 V) the photocurrent of the 120 

nm ZnO:P3HT-E cell remains less than that of the ZnO:P3HT cell, showing that at higher 

reverse electric fields the additional carriers are not yet collected. 

Ternary mixtures of ZnO:P3HT:P3HT-E did improve the performance. For a range of 

film thicknesses between 50 and 120 nm, 1:1 mixtures of P3HT:P3HT-E gave very similar 

performance in combination with ZnO as P3HT-E. 

A critical parameter for collection is the charge carrier mobility. The hole mobilities in 

the pure polymers and ZnO:polymer blends were determined in hole-only devices which were 

fabricated by sandwiching a neat polymer or ZnO:polymer layer between PEDOT:PSS and 

gold electrodes. In these devices, the space charge limited current can be described by the 

Mott-Gurney law (equation 2).[33] 

 



  Submitted to  

10 
 











L

V

L

V
J r  891.0exp

8

9
3

2

0        (2) 

 

Where the applied voltage Vapp has been corrected for the built-in voltage (Vbi) originating 

from the work function difference between the electrodes and for the series resistance (Vrs), 

which is mainly the resistance over the ITO contact such that V = Vapp – Vbi – Vrs. Further, μ is 

the hole mobility in the sandwiched layer, ε0 the permittivity of vacuum, εr the weighted 

average dielectric constant of the two components, and γ the field activation parameter. By 

fitting the experimental J-V curve, the hole mobility was determined. The results are 

summarized in Table 3. The hole mobility found for P3HT was 2 × 10-8 m2 V-1 s-1, which is 

consistent with literature values.[34] The hole mobility found for neat P3HT-E is in the same 

order of magnitude. When P3HT is blended with ZnO, the mobility decreases with about one 

order of magnitude. This effect is strongly enhanced in blends of P3HT-E with ZnO where 

hole mobilities are 3 to 5 orders of magnitude lower than in the pure P3HT-E. We note that 

the hole-only devices of the blends exhibited a noticeable built-in voltage (0.5 V for 

ZnO:P3HT-E and 0.3 V for ZnO:P3HT), therefore injection of electrons into the LUMO of 

the ZnO cannot completely be excluded. Consequently, the measured values for the hole 

mobility of blends are maximum values. 

It has been demonstrated before that the morphology affects hole mobility. A finer 

morphology leads to lower mobilities and solar cell efficiencies, because of more complicated 

pathways for charges.[35-37] Besides the morphology, also crystallinity is of importance, as 

polythiophenes are known to have higher hole mobility in the crystalline state with a lamellar 

organization of polymer chains .[38,39] Crystallinity is indicated by a red-shift in absorption 

compared to the amorphous material. The blue-shifted absorption for ZnO:P3HT-E indicates 
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a lower crystallinity for this polymer when mixed with ZnO (Fig. 4b). This is likely due to 

interaction with the ZnO surface and/or the extended interface area between the two materials. 

 
 
3. Conclusions 

Using an ester-functionalized P3HT-E that has a better compatibility towards the hydrophilic 

ZnO a dramatic change in the morphology of the mixed bulk-heterojunction ZnO:polymer 

film has been obtained compared to P3HT that lacks these groups functional. The use of 

P3HT-E leads to a much finer phase separation when blended with ZnO, and hence, a higher 

surface area for exciton dissociation and charge carrier generation between the two materials. 

The fraction of large polymer domains has decreased significantly using P3HT-E compared to 

P3HT, leading to nearly quantitative charge carrier generation within the blend. The more 

intimate mixing in ZnO:P3HT-E, however, seems to reduce the ZnO connectivity and due to a 

lower degree of crystallinity the hole mobility decreases compared to the reference compound, 

P3HT. Therefore, only in thin devices, the current and power conversion efficiency is 

enhanced. 

 

 
4. Experimental 

Regioregular P3HT (Mn = 30 kg/mol with a polydispersity of 2.1) was obtained from 

Rieke Metals. Before use, it was reduced using hydrazine and purified using soxhlet 

extraction with hexane and chloroform. Regioregular P3HT-E (Mn = 21 kg/mol with a 

polydispersity of 2.1) was prepared following the Rieke method.[24] Poly(3,4-

ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) was purchased from H.C. 

Stark (Clevios P VP.AI 4085) and filtered over a 5 μm filter before use. Aluminum wire was 

used for evaporation and purchased from Alfa Aesar, DEZ was purchased from Sigma-

Aldrich (1.1 M solution in toluene). 
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Polymer:DEZ solutions were prepared by mixing a known amount of polymer with the 

appropriate amount of chlorobenzene and DEZ stock solution (0.4 M, obtained by the 

addition of a 1.1 M DEZ solution (1.8 mL) in toluene dry tetrahydrofuran (to 3.2 mL)). The 

correct amount of stock solution, leading to the desired vol-% ZnO in the active layer, 

assuming full conversion of the DEZ into ZnO, was added and chlorobenzene was added to 

yield an overall polymer concentration of 10 mg mL-1. 

Substrates for device preparation were glass plates covered with patterned tin-doped 

indium oxide (ITO). These substrates were thoroughly cleaned by sonication in acetone and 

aqueous dodecyl sulfate solution, followed by rinsing with water and sonication in 

isopropanol. Finally UV-ozone was applied for 30 min. After this step, the substrates were 

transferred to a nitrogen-filled glove box with a controlled relative humidity of 40%. 

PEDOT:PSS was spin coated at a spin speed of 3000 rpm for one minute, followed by 

annealing on a hot plate for 15 min. at 100 °C. Then, the active layer was spin coated from the 

solution described above; with the spin speed adjusted to the desired layer thickness for one 

minute, and was subsequently dried at 3000 rpm for one minute. The layer was aged for 15 

min. and heated at 100 °C for 15 min. to form the ZnO and anneal the polymer. The substrates 

were then transferred to a glove box with an inert nitrogen atmosphere (<1 ppm H2O and <1 

ppm O2) using an air-tight container. The back electrode, consisting of 100 nm aluminum, 

was evaporated under high vacuum (<3 × 10-7 mbar). For hole-only devices a layer of 80 nm 

gold was evaporated instead. All subsequent handling and analysis of the cells was carried out 

under an inert atmosphere. 

J-V characteristics were measured using a Keithley 2400 Source Meter, controlled by a 

computer. The device was illuminated by a 50 W tungsten-halogen lamp filtered by a Schott 

GG420 UV filter and a Hoya LB120 daylight filter. External quantum efficiency 

measurements were performed with respect to a calibrated silicon reference. A homebuilt set-
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up utilizing a Philips focusline 7027 light source and an Oriel monochromator was used. The 

devices were exposed to bias illumination during the EQE measurement, using a 530 nm laser, 

to emulate the charge carrier density in the device that would occur at 1000 W m-2 AM 1.5 

conditions. The monochromatic and laser light was focused on an aperture with a diameter of 

2 mm, to create a light spot smaller than the device area. Convoluting the EQE spectrum with 

the AM1.5 spectrum yields the Jsc, which was in good correspondence (within 20 %) of the Jsc 

measured using the tungsten-halogen lamp. 

Atomic force microscopy (AFM) was applied on the devices using a Veeco MultiMode 

with a Nanoscope III controller, in tapping mode. The used probes were PPP-NCH-50 from 

Nanosensors. The thicknesses of the layers were determined using a Veeco Dektak 150 

surface profiler. 

For TEM investigations, the P3HT:ZnO films were floated from the water soluble 

PEDOT:PSS substrate onto the surface of demineralized water and picked up with 200-mesh 

copper TEM grids. Bright-field TEM morphology observation and acquisition of tilt series for 

electron tomography were performed on a Technai G2 20 TEM (FEI Co.) operated at 200 kV. 

All tilt series were obtained in an automatic fashion by using EXPLORE 3D software (FEI 

Co.), in the tilt range of ±70º with a saxton tilt scheme with a 0º tilt step of 1.5º. The 

alignment and (SIRT-)reconstruction of the data series was performed by using INSPEC 3D 

(FEI Co.) and visualization of the 3D reconstructed volume was done with Amira 4.1 

(Mercury Computer Systems, Inc.). For the statistical analysis with GeoStoch (Institute of 

Stochastics, Ulm University) and exciton diffusion modeling the electron tomography data 

were binarized. 

Photoinduced absorption (PIA) measurements were carried out using a homebuilt setup, 

by exciting a part of the device where no ITO or metal electrode is present, inside a 

continuous flow cryostat at 80 K with a mechanically modulated (275 Hz) Ar-ion laser 
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(Spectra Physics 2025) pump beam at 488 nm (25 mW, beam diameter of 2 mm). The 

resulting change in transmission of a tungsten-halogen white-light probe beam was monitored 

after dispersion by a triple-grating monochromator, using Si, InGaAs, and a cooled InSb 

detector using lock-in amplifiers. 
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Figure 1. Molecular structures of P3HT and P3HT-E. 
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Figure 2. AFM height images of ZnO:P3HT (a) and ZnO:P3HT-E (b) active layers. 
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Figure 3. TEM images of a blend layer of ZnO:P3HT (a) and ZnO:P3HT-E (b), and the 

reconstructed volumes from electron tomography of ZnO:P3HT (c) and ZnO:P3HT-E (d). 



  Submitted to  

21 
 

 
 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

A
b

so
rp

tio
n

 (
n

o
rm

al
iz

e
d

)

Wavelength (nm)

 P3HT pure
 ZnO:P3HT 50 nm

(a)

 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

A
b

so
rp

tio
n

 (
n

o
rm

a
liz

e
d

)

Wavelength (nm)

 P3HT-E pure
 ZnO:P3HT-E 50 nm

(b)

 

0.5 1.0 1.5 2.0 2.5

-1

0

1

2

 

 

-
T

/T
 (

n
o

rm
a

liz
e

d
)

Energy (eV)

 ZnO:P3HT 50 nm
 ZnO:P3HT-E 50 nm

3000 2000 1000
 Wavelength (nm)

(c)

 
 

Figure 4. Normalized absorption, measured in transmission, of pure polymers and the 

respective blends with ZnO for P3HT (a) and P3HT-E (b). Photoinduced absorption spectra of 

ZnO:P3HT and ZnO:P3HT-E (c). 
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Figure 5. Calculated charge carrier generation efficiency in experimentally determined 

morphologies for ZnO:P3HT (a) and ZnO:P3HT-E (b). The ZnO appears white; the efficiency 

is indicated by the color. 
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Figure 6. J-V (a) and EQE (b) curves of ZnO:P3HT and ZnO:P3HT-E solar cells. 
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Table 1. Exciton quenching and ZnO connectivity data for 50 nm films. 

  Without 

electrodes 

With  

electrodes 

  

 ZnO 

volume 

fraction 

 

[%] 

Generation 

efficiency 

 

 

[%] 

Generation 

efficiency 

 

 

[%] 

Quenched by 

electrodes 

 

 

[%] 

ZnO 

connected 

to top 

 

[%] 

ZnO 

monotonously 

connected  

to top 

[%] 

ZnO:P3HT 13 40 32 32 96 93 

ZnO:P3HT-E 17 96 90 6 95 81 

 
 
 
Table 2. Device parameters for ZnO:polymer cells. 

Device d 

[nm] 

Voc 

[V] 

Jsc 

[mA cm-2]

Fill factor PCE 

[%] 

ZnO:P3HT  124 0.75 4.3 0.53 1.7 

 50 0.44 1.3 0.39 0.22

ZnO:P3HT-E  117 0.80 2.2 0.38 0.74

 50 1.02 2.1 0.40 0.83

 
 
 
Table 3. Hole mobilities (m2 V-1 s-1) of pure polymers and blends (±1 order of magnitude). 

 P3HT P3HT-E 

Pure polymer 2 × 10-8 5 × 10-8 

Thick blend (~120 nm) 8 × 10-10 2 × 10-11

Thin blend (~50 nm) 4 × 10-8 9 × 10-13
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The efficiency of ZnO:polythiophene hybrid solar cells critically depends on the intimacy 

of mixing of the ZnO and the polymer. An ester functionalized polythiophene copolymer is 

able to greatly enhance mixing of the materials, leading to superb exciton generation 

efficiency, but the fine phase separation hinders charge carrier transport to the electrodes, 

limiting the device performance. 
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