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Abstract 

In this work, the effect of surface hydrogenation of different metal oxides, in particular molybdenum and 

tungsten oxides widely used to enhance hole extraction and zinc and titanium oxides widely used to enhance 

electron extraction, on the nanomorphology and the charge generation efficiency of polymer blend solar 

cells, is investigated. It was found that photoactive layers based on blends using different polymers, in 

particular poly(3-hexythiophene) (P3HT) and poly[(9-(1-octylnonyl)-9H-carbazole-2,7-diyl)-2,5-

thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), which normally differ in both 

morphology and electronic structure, benefited, for both polymers, from deposition on metal oxides with 

high surface hydrogen content, in the sense that they exhibited improved crystallinity/order as revealed from 

X-ray diffraction, UV-vis absorption and elipsometric measurements. As a result, increased charge 

generation efficiencies and reduced recombination losses were measured in solar cells using metal oxides 

with highly hydrogenated surfaces at bottom electrodes and based on blends of either P3HT or PCDTBT, 

with a fullerene acceptor, as was verified by transient photocurrent measurements. The power conversion 

efficiency (PCE) of those cells reached values of 4.5% and 7.2%, respectively, an increase of about 30% 

compared with the cells using metal oxides with low surface hydrogen content.  

 

 Key Words: Organic solar cells, surface hydrogenation, metal oxides, improved crystallinity, enhanced 

charge generation. 
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1. Introduction 

In the burgeoning market of renewable energy, organic solar cells (OSCs) are becoming more attractive 

for large-scale, high-throughput and cost-effective manufacturing on flexible plastic substrates as they offer 

a viable alternative to conventional solar cells, which are fabricated via vacuum-based or high-temperature 

processes.
1-3

 Currently, the most efficient OSC designs are based on bulk heterojunction (BHJ) structures, in 

which organic electron donor (D) and electron acceptor (A) materials form an interpenetrating network with 

the goal of optimizing photon absorption, exciton separation and charge transport.
4-8

 Critical to these 

processes is the nanomorphology of the blend; this places a pressing challenge on the science of OSC 

materials and devices, as we have to be able to determine and control how the two materials mix together or 

segregate.
6-18

 The goal of manipulating the nanomorphology of organic photovoltaic blends can be reached 

by using a heuristic fashion of processing approaches, namely by applying a post-annealing process, varying 

polymer blend ratio, solvent choice, solution concentration, film drying time and co-solvent/processing 

aids.
19-30

 In the commonly used blend of regioregular poly(3-hexythiophene) (P3HT) and [6,6]-phenyl C71 

butyric acid methyl ester (PC71BM), the most effective strategy toward constructing the nanoscale D/A 

percolated networks with well-optimized morphology is the application of a post annealing treatment at high 

temperature.
18,21-24 

However,
 
devices based on the new generation donor materials which exhibit small band 

gap to offer a more efficient light harvesting of the solar spectrum, such as poly[(9-(1-octylnonyl)-9H-

carbazole-2,7-diyl)-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), 

perform better if fabricated without the post thermal annealing step.
25-27

 It was found that the π-π stacking of 

the PCDTBT molecules is reduced upon annealing, resulting in simultaneous reduction of both the hole 

mobility and the device performance.
28-30

 As a consequence, the ubiquitous post annealing step applied in 

the P3HT-based OSCs is considered prohibitive for devices using new donor materials, such as the 

PCDTBT copolymer. Hence, the optimization of blend nanomorphology in the devices not allowed to be 

heated is still a challenge. 

Recently, it has also been reported that the crystalline ordering and molecular orientation of polymer 

donors can be tuned by modifying the surface properties of an underneath metal oxide layer.
31-33

 Metal 

oxides with stoichiometric or non-stoichiometric compositions have been proven to be very useful as charge selective 
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 3 

interlayers in organic solar cells.
34-43 In particular, metal oxides exhibiting intrinsic n-type conductivity, such as 

titanium dioxide (TiO2) and zinc oxide (ZnO), have been utilized as electron selective interlayers,
34-38 

while 

high work function molybdenum (MoOx) and tungsten (WOx) oxides are used to allow efficient hole 

extraction.
39-46

 In each case, factors affecting the device efficiency, i.e., the metal oxide stoichiometry and 

work function and the energy level alignment at the metal oxide/organic interfaces, have been intensively 

investigated.
44-46

 Reports about the dependence of photoactive blend film on the metal oxide surface 

properties are, however, limited.
31-33

 Hydrogen, for instance, is a ubiquitous surface impurity in a plethora of 

metal oxides, present in many growth environments and normally being chemisorbed at their surfaces. In 

this paper we investigated the effect of the hydrogen (H) content of the surfaces of metal oxide underlayers 

on the nanomorphology of photoactive blend films and found a most startling result. Not only did the blend 

film nanomorphology exhibit a definite dependence on the content of H atoms in metal oxide surface 

adsorbates, but also this dependence was found to be universal, regardless of the type of metal oxide 

substrate (e. g., tungsten, molybdenum, zinc and titanium oxide) and the polymer donor (e. g., P3HT, 

PCDTBT). This was attributed to the epitaxial growth/texturing of the organic semiconducting layer via the 

formation of an extended interfacial hydrogen bonding network. Organic solar cells with different 

architectures and photoactive layers achieved high efficiencies, arising from the enhanced charge generation 

and reduced recombination losses, both being a result of the improved crystallinity/order of the polymer 

phase in the blend. The common element of all these devices is the intense hydrogenation of the underneath 

metal oxide surfaces.  

 

2. Results and discussion 

2.1. The effect of the surface hydrogen content of metal oxides on the nanomorphology of 

P3HT:PC71BM blends. One of the main challenges of this study was to synthesize metal oxides exhibiting 

different amount of surface hydrogen, while keeping nearly the same chemical composition in order for 

them to exhibit quite similar electronic properties (such as the values of their work function and 

conductivity, which are both critical for device operation
39,41

). To this end, we synthesized metal oxide 

films, which were then subjected to a certain hydrogen annealing process. In particular, we deposited 
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 4 

tungsten (WOx) and molybdenum (MoOx) oxides using a hot-wire vacuum deposition method,
43-47

 zinc 

oxide (ZnO) using atomic layer deposition (ALD) and titanium oxide (TiO2) following a sol-gell synthetic 

route (details about metal oxide synthesis are given in the experimental section). These metal oxides were 

then kept at 450 
o
C under 20 bar of either forming gas (FG, 90% N2 and 10% H2, considered as poor 

hydrogen environment) or pure H2 (considered as rich hydrogen environment) for five hours. We 

investigated then, in detail, the effect of annealing in hydrogen containing environments on the metal 

oxides’ composition, electronic properties and surface hydrogenation by performing X-ray (XPS) and 

ultraviolet (UPS) photoelectron spectroscopy, Raman and FT-IR absorption measurements, 

photoluminescence and conductivity measurements. According to these measurements (presented in SI as 

Figures S1-S3 for tungsten, Figures S4-S6 for molybdenum, Figures S7-S9 for zinc and Figures S10-S12 for 

titanium oxides, respectively) metal oxides subjected to annealing in environments containing different 

amounts of hydrogen exhibit similar chemical composition (as evidenced from Figs S1 a, S4 a, S7 a, S10 a, 

where the XPS core level spectra of W 4f, Mo 3d, Zn 2p and Ti 2p, respectively, are presented and 

discussed, while results are also summurized in Table S1) and electronic properties (similar valence band 

onset, midgap states and work function, as derived from the UPS spectra presented in Figs S1 c, d, S4 c, d, 

S7 c, d and S8 c, d). The O 1s XPS spectra, however, of the films annealed in hydrogen rich environment, as 

compared to hydrogen poor one, show dramatic differences. The O 1s XPS peak of metal oxides annealed in 

hydrogen poor environment can be resolved into two main peaks, one peak at 530.8 eV, typical for all metal 

oxides, and a second smaller peak at 532.3 eV, which can be assigned to adsorbed water molecules.
43,46

 In 

the O 1s XPS spectra of metal oxides annealed in hydrogen rich environment a third peak at 531.6 eV has 

also a contribution, which can be attributed to hydroxyl bonded to metal surface species.
43

 The presence of a 

higher amount of surface (and possibly bulk) hydrogen in metal oxides annealed in hydrogen rich 

environment was also supported by Raman, FT-IR and photoluminescence measurements (Figs S2, S3a, S5, 

S6a, S8, S9a, S11, S12a and relative discussion). As a result, metal oxide films exhibiting quite similar 

stoichiometries, electronic properties and, also, conductivities (Figs S3b, S6b, S9b, S12b), but different 

amounts of surface hydrogen (films annealed in FG exhibit low content of surface hydrogen and are termed 

hearafter as WOx, MoOx, ZnO and TiO2 while films annealed in pure H2 exhibit a high amount of surface 
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 5 

hydrogen and termed hearafter as OH-WOx, OH-MoOx, OH-ZnO and OH-TiO2), were synthesized to serve 

as charge selective interlayers when deposited on top of the bottom electrodes of organic solar cells. Note 

that the reason that FG was chosen as the hydrogen poor environment (instead of using non-H2 inert gas 

such as N2) in order to ensure the same electronic structure of the outermost film layers eg., under-

stoichiometric WOx and MoOx would change to nearly stoichiometric oxides when annealed in N2. The use 

of reducing ambient was thus deemed necessary. 

We next investigated the influence of surface hydrogen content of metal oxide layers on the 

nanomorphology of P3HT:PC71BM (1:0.8 %w/w) blend films, spin coated from solutions in chlorobenzene 

under identical conditions and thermally treated at 130 
o
C for 5 min to remove solvent residuals and allow 

the polymer chains to achieve a certain degree of orientation.
48,49

 In order to investigate the 

nanomorphology of blend films deposited on various metal oxide substrates, X–ray diffraction (XRD) 

measurements were carried out. The corresponding XRD graphs are shown in Figures 1 a, d, g and j for 

P3HT:PC71BM films deposited on tungsten, molybdenum, zinc and titanium oxides, respectively, with either 

low or high surface hydrogen content. When deposited on metal oxides with low surface hydrogen content, 

P3HT:PC71BM films exhibit weak diffraction patterns (diffraction angle 2θ=5.3
o
, 10.7

o
 and 15.9

o
 for the 

primary (100), secondary (200) and tertiary (300) peaks), indicating that P3HT chains in P3HT:PC71BM 

films form crystallites with lamellae oriented perpendicularly to the substrate (edge-on orientation).
49

 The 

intensity of the diffraction peaks is relatively low, which is an indication of a moderate degree of P3HT film 

crystallinity in all these cases. However, the situation is quite different when the P3HT:PC71BM films are 

deposited on top of the metal oxide substrates with a high content of surface hydrogen. The characteristic 

diffraction peaks (h00) (h=1,2,3) of P3HT crystallites become more pronounced, indicating that the stacking 

perpendicular to the substrate is significantly enhanced for all films. However, despite the fact that all peaks 

show a clear change in intensity when blend films are deposited on top of the hydrogen-rich metal oxide 

surfaces indicating a higher degree of polymer crystallization, the domain size remains nearly unaffected in 

all these cases. Interestingly, the size of these small domains is generally on the order of the exciton 

diffusion length (the mean size of the polymer crystallites at (100) reflection was estimated to be ~10.60-

10.97 nm by applying Scherrer’s formula
48

). According to these results while the domain spacing (provided 
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 6 

by the position of the XRD peaks) is similar in all blend P3HT:PC71BM films, the purity and volume 

fraction of the domains (resulting from the different intensities of the XRD peaks) are significantly 

enhanced when these films are deposited on top of metal oxides with hydrogen-rich surfaces. Therefore, 

these XRD results support the hypothesis that surface hydrogenation of the underneath metal oxides 

strongly improves the intraplane chain stacking of P3HT in a direction perpendicular to the film substrate, 

irrespective of the metal cation. Moreover, the π-π stacking direction (010) of P3HT chains (corresponding 

to diffraction angle 2θ=22.2
o
) is also seen in the blend films deposited on the metal oxides with the highly 

hydrogenated surfaces, which is indicative of a significant face-on packing;
50,51

 this is not observed in the 

XRD patterns of films deposited on metal oxides with hydrogen-poor surfaces. Note that diffraction peaks 

caused by PC71BM crystallites were not detected in the diffractograms of blend films irrespective of the 

hydrogen content of the metal oxide substrate. This is an indication that the film morphology of PC71BM is 

not affected by the H content on the surface of the oxide layer. Therefore, the main result derived from the 

XRD study is that blend P3HT:PC71BM films fabricated on hydrogenated metal oxide surfaces exhibit a 

strong enhancement of their orientation not only along the (100)-axis normal to the substrate (edge-on 

orientation), but also along the (010)-axis parallel to the underneath metal oxide (face-on orientation). 

Figures 1 b, e, h and k present the evolution of the absorption spectra of P3HT:PC71BM blend films when 

deposited on tungsten, molybdenum, zinc and titanium oxides, respectively, with either low or high 

hydrogen content. All films were annealed at 130 
o
C for 5 min, followed by quenching at room temperature 

and subsequent measurements. In all P3HT:PC71BM films there is a clear vibronic structure in the P3HT 

absorption component in the films, but when these films are deposited on the hydrogen-rich metal oxide 

surfaces the P3HT vibronic structure appears more pronounced, which is in agrement with the increased 

amount of structural ordering/crystallinity of the P3HT phase, resulting from the XRD patterns. Note that 

from the steady-state photoluminescence (PL) spectra of the same films (Figure S13) it is clear that the 

higher surface hydrogen content of the underneath metal oxides tends to increase the PL intensity, 

suggesting a reduction in non-radiative quenching pathways in the more ordered/crystalline films. These 

effects are attributed to the higher degree of segregation of ordered P3HT domains in the blend film when it 

is coated on the highly hydrogenated metal oxide surfaces. 
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 7 

Figures 1 c, f, i, l show the deduced refractive index for the same P3HT:PC71BM blends when deposited on 

the various metal oxide surfaces. The blend films deposited on the hydrogen-poor metal oxide surfaces 

exhibit a less-crystaline polymer phase, seen here as a blue shifted extinction coefficient (k) and a lower 

intensity shoulder at 625 nm (the origin of this shoulder is directly related to crystallinity
52,53

). This result is 

in agreement with the XRD and absorption data, and supports the idea that deposition of P3HT:PC71BM 

blend films on highly hydrogenated metal oxide surfaces significantly increases the crystallization of the 

P3HT phase in the films. Note also that the change in the refractive index (n) at wavelengths well below the 

absorption onset can be correlated to changes in film density.
53

 Consequently, an increase in film density 

(arising from enhancement of the volume fraction of the crystalline domains) can be concluded from the 

increase of the refractive index when these films are fabricated on the hydrogenated surfaces of the 

underneath metal oxides.  

In order to interpret the enhanced crystallization of the P3HT phase in the blend films, we must take into 

account that the polymer is a π-conjugated system bearing polar groups (such as thienyl) in its backbone. 

When deposited on the metal oxide substrates, which have O-H terminated bonds in their surface, there are 

π-H interactions between the polar groups of the polymer backbone and the hydrogen atoms of the substrate 

surface. In this way, an extended network of interfacial hydrogen bonds is formed, which act as nucleation 

sites for interfacial crystallization. The proposed interfacial crystallization mechanism is illustated in Figure 

1 m. In this case, the hydrogen bonding between the polar groups of the polymer matrices and the 

hydrogenated metal oxide surface could lead to strong interactions among the macromolecules and the 

underneath layer and, thus, facilitate the nucleation and lateral interfacial crystallization. As one molecular 

layer is nucleated on the hydrogenated surface, other molecules could form hydrogen bonds with the 

molecules already attached to the hydrogenated metal oxide surface. As a result, oriented structures of the 

polymer matrices on top of the hydrogenated surfaces are formed. The above mechanism could also explain 

the lack of crystallinity of the PC71BM phase in the blends; since polar groups are not present in the 

fullerene molecules the formation of a hydrogen bonding network between such molecules and the metal 

oxide surfaces is not expected.  
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 8 

2.2 Conventional and inverted photovoltaic cells based on P3HT:PC71BM. We next evaluated the 

impact of surface hydrogenation of metal oxide substrates on the OSC performance. The conventional 

device structure was glass / ITO / metal oxide hole selective interlayer (20 nm) / P3HT:PC71BM (150 nm) / 

PW-12 POM electron selective interlayer (5 nm)/Al. where the metal oxide was either tungsten or 

molybdenum oxide, with both low and high surface hydrogen content in each case. The PW-12 POM was a 

previously reported electron extraction layer.
54,55

 The reverse device structure was glass /FTO / metal oxide 

electron selective interlayer (20 nm) / P3HT:PC71BM (150 nm) / OH-MoOx hole selective interlayer (10 

nm) / Al, where the metal oxide was either zinc or titanium oxide, also with both low and high content of 

surface hydrogen in each case. In Figure 2 a the forward and reverse device architecture and the 

corresponding energy levels (as derived from UPS measurements shown in the SI or taken from the 

literature
43,46

) of bulk materials used in this study (metal oxides and organic semiconductors of the 

photoactive blends), are shown. The current density-voltage (J-V) characteristics under air-mass 1.5 

simulated irradiance, of the cells based on P3HT:PC71BM blend films as photoactive layers, with both 

conventional and reverse architectures, are shown in Figures 2 b, c and Figures d,e, respectively. A tabular 

presentation of all cell operational characteristics, in particular open-circuit voltage (Voc), short-circuit 

current (Jsc), fill factor (FF) and PCE along with their statistics (average out of 32 devices) is given in table 

S2. It is obvious that all cells show significant improvement in their Voc and Jsc and overall PCE when 

incorporating photoactive layers fabricated on the hydrogen rich metal oxide surfaces. For the conventional 

cells, the device with a WOx hole selective interlayer (Figure 2 b) gives a PCE of 3.2%, while the device 

with the OH-WOx interlayer exhibits a PCE of 4.2% (representing a 31% improvement). Similarly, a high 

PCE of 4.5% was obtained from the device with the OH-MoOx interlayer, which is improved by 32% 

compared with the PCE value of 3.4% for the device with the MoOx interlayer (Figure 2 c). Similar 

improvements were obtained in all reverse devices based on P3HT:PC71BM active layers when 

incorporating the metal oxides with the highly hydrogenated surfaces; a PCE=4.4% was calculated for the 

device with the OH-ZnO layer compared with the PCE=3.4 % for the one with the ZnO interlayer (Figure 2 

d), and a PCE=4.2% was estimated for the device with the OH-TiO2 interlayer, compared with the PCE=3.3 

% for the one with the TiO2 interlayer (Figure 2 e). The above enhancement in the PCE of all OSCs 
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 9 

incorporating the metal oxides with a high surface hydrogen content is mainly a result of the significant 

improvement in Jsc and Voc for those devices, as illustrated in Figures 2 f and g, respectively. Regarding this 

improvement, it is well known that Jsc is related to the device quantum efficiency, which in turn depends on 

the light absorption capacity and the charge transport properties of the organic semiconductor. The 

enhanced crystallinity of the P3HT phase in the blend films fabricated on metal oxides with highly 

hydrogenated surfaces influences both the optical absorption of the films (as shown in Figure 1) and their 

charge transport properties,
18

 and is capable of explaining the large increase in Jsc. 

The incident photon-to-current-conversion efficiency (IPCE) spectra of the solar cells are shown in Figure 

3. It is obvious that all devices incorporating metal oxides with highly hydrogenated surfaces show 

increased IPCE over the entire wavelength range when compared to their counterparts with metal oxides 

exhibiting hydrogen poor surfaces. The average IPCE peak between 450-550 nm is nearly 60% for the latter 

devices, while it jumps to more than 75% for the former devices. The nearly 25% increase in the IPCE of all 

devices is consinstent with the improvement in the Jsc of those devices and can be explained by the 

significant differences in the crystallization of the P3HT phase of the blend films when fabricated on the 

OH-metal oxide surfaces. Note that the increase in the FF of the cells (table S2) also arises from the 

enhancement in polymer organization, which influences the charge transport properties of the blend films. 

On the other hand, the enhanced crystallinity of the P3HT phase of the blend film is not expected to have a 

direct impact on the Voc. Generally, Voc is given by the following relationship:
56

 

2

ln
eff

O C D A

N
V H O M O LU M O kTq

np
                (1) 

where |HOMOD| is the highest occupied molecular orbital (HOMO) of the polymer donor, |LUMOA| is the 

lowest unoccupied molecular orbital (LUMO) of the fullerene acceptor, k is Boltzmann’s constant, T is the 

temperature, q is the elementary charge, Neff is the effective density of states, and n and p are the 

concentrations of electrons and holes, respectively. From this relationship it can be deduced that Voc is 

determined both by the energy level difference between |HOMOD| and |LUMOA| (which is not altered by the 

hydrogenation of the underneath metal oxide) and by the carrier concentrations. The steady-state carrier 

concentration is mainly influenced by the charge generation efficiency and the presence of interfacial trap 

states; both can be significantly influenced by the nanomorphology of the photoactive blend film.  
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 10 

2.3. Recombination study. In an effort to probe the charge generation and extraction dynamics in these 

cells, we carried out transient photocurrent (TPC) measurements, where a brief pulse of light photogenerates 

carriers in the solar cell. These carriers are driven towards the electrodes by the internal field of the cell. 

Through applying an external DC bias, we can change the internal field and we can alter the amount of time 

the carriers spend in the device prior to extraction. It is therefore possible to observe carrier generation, 

transport and recombination dynamics in these systems.
57

 Figure 4 shows the TPC traces for each of the 

four different types of cells (with the different metal oxides exhibiting low and high surface hydrogen 

content in each case), while they are operating at their maximum power point (500 mV applied bias). It is 

obvious that the fewest carriers were extracted from the cells with the photoactive layers fabricated on the 

metal oxides exhibiting hydrogen poor surfaces. From the photocurrent peaks, we see that the surface 

hydrogenation of metal oxide substrates has the effect of seriously enhancing carrier generation, consistent 

with the improvement of P3HT phase crystallinity/order observed by XRD measurements. Molecular order 

not only increases the generation yields of mobile carriers, and also the charge separation efficiency within 

the photoactive layer of the cells, but also decreases the recombination rates, as charges transport through 

the blend film; this has a significant positive impact on device operation.  

Figure 5 shows the time integral of the photocurrent trace, which gives the total number of the extracted 

charges as a function of time, for each of the solar cells by applying a bias at the maximum power as before, 

for which the internal field of the device is reduced (i. e., the internal field becomes maximum for high 

reverse bias). At these conditions the mobile carriers slow down and recombination limits the quantity of the 

extracted charge. It is obvious that in the cells with the blend photoactive films fabricated on the highly 

hydrogenated metal oxide surfaces the mobile carriers collected at the maximum power point are allways 

more numerous than those collected under the same conditions in the cells incorporating the metal oxides 

with the hydrogen poor surfaces. The above results indicate that the major difference between the cells 

fabricated on metal oxides with hydrogen poor or rich surfaces is between the initial charge generation 

(being higher in the latter devices) and the recombination losses (being reduced in the latter cells). As a 

result, a higher number of mobile carriers are extracted at the maximum power point in the devices with the 

blend films fabricated on OH-metal oxide surfaces. 
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 11 

Up to this point, we investigated the effect of the hydrogen content of the underneath metal oxide surfaces 

on the nanomorphology of a P3HT:PC71BM blend film and also on the charge generation, the 

recombination losses and the overall performance of conventional and reverse solar cells. Our results 

indicate that the P3HT phase is more crystalline/ordered in the blends fabricated on the highly hydrogenated 

metal oxide surfaces, which has a direct positive impact on the charge generation and recombination losses, 

resulting in an improved performance in these cells. However, to ensure a fair comparison we have to take 

into account the small, but worth mentioning, increase in conductivity of the metal oxides with the higher 

surface hydrogen content (Figs S3 b, S6 b, S9 b, S12 b), which may influence transport of mobile carriers 

transport within the metal oxide layer. An other important issue is whether the hydroxyl groups at the metal 

oxide/photoactive blend interface may act as charge carrier traps as reported previously for the SiO2/organic 

semiconductor interface in organic transistors.
58

 If this is the case here it can only strengthen our argument 

about the influence of metal oxides surface properties on the photoactive blend nanomorphology. However, 

to reveal if hydrogen introduces interface traps at the metal oxide/organic interface further investigated in 

needed which is beyond the scope of the present work.  

2.4. The effect of surface hydrogen content of metal oxides on the nanomorphology and solar cell 

performance of PCDTBT:PC71BM blends. Noteworthily, similar results were obtained when 

PCDTBT:PC71BM blend films were spin-coated on top of metal oxides. It is well-known that PCDTBT has 

only weak, short-range molecular order, while, in contrast to P3HT, thermal annealing reduces the 

coherence length of its π-π stacking, increasing the disorder of the polymer electronic structure.
59,60

 The 

XRD patterns of PCDTBT:PC71BM films deposited on different metal oxide surfaces are presented in 

Figures 6 a, c, e, g. These films were annealed at 70 
o
C for 5 min because annealing at high temperatures 

increases recombination losses and worsens device performance.
61

 A few weak peaks which we attribute to 

lamellar and backbone spacings of the polymer, are present in the XRD graphs of the PCDTBT:PC71BM 

films fabricated on metal oxides with slightly hydrogenated surfaces. However, by using a high degree of 

surface hydrogenation of the undeneath metal oxides, we were able to construct the interpenetrating network 

structure of the PCDTBT:PC71BM system, as evidenced by the XRD graphs presented in Figure 6. A 

prominent broad peak at 2θ=19.1
o 
arises in the XRD patterns of these films; we attribute this peak to the π-π 
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 12 

stacking of the polymer, which is primarily oriented with its chains parallel to the substrate (face-on 

packing), while the broadness of this peak indicates that there is a distribution of π-π stacking orientations. 

A small increase in the peak at 2θ=4.85
o
 also indicates improved edge-on packing, which means that the 

overall crystallinity of PCDTBT is improved when blend films are deposited on highly hydrogenated metal 

oxide surfaces. The enhanced crystallinity/order of the PCDTBT phase in the blend films, quite similar to 

that of the P3HT phase in its own blend, fabricated on the OH-metal oxide surfaces, was further evidenced 

by UV-vis absorption measurements, shown in Figures 6 b, d, f, h. All blend films exhibited a broad 

absorption peak, extending from 450 nm to 700 nm, which is attributed to the PCDTBT phase. The shape of 

the absorption peaks is unchanged; the intensity, however,  is significantly increased in the spectra of blend 

films fabricated on the OH-metal oxide surfaces, which is an indication or improved order in these films.  

Solar cells using the conventional and reverse structures were fabricated with PCDTBT:PC71BM blend 

films (with an approximate thickness of 100 nm) used as photoactive layers and with metal oxide interlayers 

on the bottom electrode. Results are shown in Figures 7 a, c, e, g and are summarized in table S3. It is seen 

that the devices with OH-metal oxides exhibit a significant increase in their operational characteristics, 

achieving higher efficiencies, than their counterparts with metal oxides having low surface hydrogen 

content. The conventional device with the WOx anode interlayer shows a PCE of 5.6%; the one with the 

OH-WOx interlayer, however, exhibits a higher PCE of 7.0% (25% improvement). Our champion device 

with the OH-MoOx interlayer exhibits even higher efficiency, reaching 7.2%, which represents a 26% 

improvement relative to that of 5.7 % corresponding to the device with the MoOx interayer. Similarly, a 

large efficiency enhancement was achieved in the reverse OSCs with the hydrogenated Zn and Ti oxide 

surfaces (exhibiting PCEs equal to 7.1% and 7.0%, respectively, compared with the devices using their 

counterparts with hydrogen poor surfaces presenting efficiencies 5.6% and 5.5%, respectively). From all 

these results it again becomes evident that the hydrogenation of the metal oxide surfaces lying underneath 

the organic photoactive layer (on the bottom eletrode) is highly critical for optimal solar cell performance.  

In Figures 7 b, d, f, h the IPCEs of the above devices show a pronounced evolution of their intensity when 

using OH-metal oxide surfaces. The enhanced structural order of PCDTBT in these devices may explain the 

improvement in IPCEs as a result of higher carrier photogeneration and reduced recombination losses, as 
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discussed in the case of P3HT:PC71BM blend films. All the above results provide unambiguous evidence for 

the significant role of hydrogen incorporation on the metal oxide surface (or lattice) in solar cell 

performance.  

 

3. Conclusions 

In this work, a novel approach was employed to contol the crystallinity/morphology of P3HT:PC71BM and 

PCDTBT:PC71BM blend films. A simple hydrogenation step of the surface of metal oxide layers deposited 

at the bottom electrodes, to serve as charge selective interlayers in organic solar cells, was found to enhance 

the self-organization ability of the polymer chains into an more ordered structure consisting of a larger 

volume fraction of crystallites exhibiting both the edge-on and, remarkably, the face-on orientation. These 

optimal morphology changes were universal, regardless of the metal oxides (e. g., tungsten, molybdenum, 

zinc and titanium oxide) used as either hole or electron selective interlayers at the bottom electrode of 

conventional and reverse solar cells, respectively. The morphology change was followed by enhanced 

charge generation and suppressed mobile carrier recombination losses, which allowed for a substantial 

improvement in Jsc, Voc and FF of the devices, resulting in high PCE values of up to 4.5% and 7.2% in 

P3HT:PC71BM and PCDTBT:PC71BM-based devices, respectively, using hydrogenated metal oxide 

surfaces at the bottom electrodes. 

 

4. Methods 

Preparation of hydrogenated metal oxides: Under-stoichiometric tungsten (WOx) and molybdenum (MoOx) 

oxides were deposited, using a previously reported hot-wire vapour deposition system,
62-64

 by heating a 

metallic filament at 560 
o
C in N2 environment with a simultaneous injection of atomic hydrogen pulses.   

Zinc oxide (ZnO) films were deposited using an atomic layer deposition (ALD) system (LUCIDA M100, 

NCD). Diethyl zinc [DEZ, Zn(C2H5)2] and water (H2O) vapor were used as the zinc precursor and reactant, 

respectively. The DEZ source was maintained at 10°C using a cooling circulator. The canister containing the 

water source was at room temperature. During deposition, Ar gas was continuously supplied to the reaction 

chamber at a flow rate of 100 sccm. ALD-ZnO was deposited at 1.39 Å/cycle. Titanium oxide (TiO2) films 
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were spin coated from their titania precursor solution, consisting of 550 µl titanium(IV) ethoxide, 375 µl 

conc. HCl, and 7 ml THF. Titanium(IV) ethoxide (99+%) precursor was purchased from Alfa Aesar and 

used as received. Afterwards, the samples were calcinated at 450 °C for 30 min. A slow heating ramp of 

1.2 °C min
-1

 was found to be crucial in order to avoid cracking of the titania film due to shrinkage upon 

crystallisation. The hydrogenation of all metal oxide layers was performed by heating the films at 450 
o
C 

for 5 hours in either FG or pure H2 environment  

Device fabrication and characterization. Organic solar cell devices were fabricated either on indium tin 

oxide (ITO) or on fluorinated tin oxide (FTO) coated glass substrates (2x2 cm
2
), which served as the anode 

and cathode electrode in devices with conventional and reverse architecture, respectively. Substrates were 

ultrasonically cleaned with a standard solvent regiment (15 min in deionized water, acetone and isopropanol 

successively). In conventional devices a W or Mo oxide layer about 20 nm thick was deposited on top of 

ITO on glass to serve as anode interlayer, while Zn and Ti oxide cathode interlayers with a thickness of 

approximately 20 nm were deposited on FTO on glass substrates, followed by the photoactive layer. The 

active layer consisted of either a P3HT:PC71BM blend (1:0.8 wt.% ratio) with a concentration 20 mg/ml in 

chlorobenzene (resulting in a film thickness of approximately 150 nm) or a PCDTBT:PC71BM blend (1:4 

wt.% ratio) with a concentration 25 mg/ml in chlorobenzene solution (resulting in a film thickness of about 

100 nm); it was spin-cast on top of the metal oxide layers at 600 and 900 rpm, respectively. After spin 

coating, the active layer was annealed at 130 or at 70 ºC, respectively, for 5 min in air. Then, a ~5 nm 

tungsten polyoxometalate  (12-phosphotungstic acid, H3PW12O40, “PW-12 POM”) film was spin coated 

from a methanol solution to serve as the electron selective interlayer in the conventional devices, while a 

~10 nm under-stoichiometric molybdenum oxide (MoOx) film was deposited to serve as the hole selective 

interlayer in the devices with reverse architecture. The devices were completed with a 150 nm thick 

aluminum top electrode, deposited in a dedicated chamber. All chemicals were purchased from Sigma-

Aldrich and used with no further purification.  

Measurements and instrumentation: The crystalline phase of P3HT:PC71BM and PCDTBT:PC71BM films 

deposited on either under-stoichiometric or hydrogenated metal oxide substrates was investigated by X-ray 

diffractometry (XRD) (with a SIEMENS D500 diffractometer) using CuKα radiation. The measurements 
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were performed using the following combinations of slits: 1.0
o
/1.0

o
/1.0

o
 as aperture diaphragms, 0.15

o
 as 

detector diaphragm and 0.25
o
 as diffractor beam monochromatic diaphragm. The measured 2θ, ranging 

between 1
o
 and 30

o
, was scanned in steps of 0.03

o
/5s. Film thicknesses were estimated with ellipsometry. 

The current density-voltage characteristics of the fabricated solar cells were measured with a Keithley 2400 

source-measure unit. For Voc and photocurrent measurements, devices were illuminated with a Xenon lamp 

and an AM1.5G filter to simulate solar light illumination conditions with an intensity of 100 mW/cm
2
. To 

accurately define the active area of all devices we used aperture masks during the measurements with areas 

equal to those of the Al contacts (12.56 mm
2
).  The measurements were performed in air and at room 

temperature. Chemical analysis of all metal oxide films before and after hydrogenation was performed with 

XPS measurements in an ultra-high vacuum VG ESCALAB210. The spectra were obtained after excitation 

using Mg Kα (1,253.6 eV) radiation of a twin anode in a constant analyzer energy mode with pass energy of 

30 eV. All binding energies were referred to the C 1s peak at 284.8 eV and to the O 1s peak at 530.2 eV of 

the surface adventitious carbon and oxygen, respectively. The stoichiometry of W and Mo oxides was 

estimated using the XPS-measured W 4f and Mo 3d core levels, respectively, and the corresponding O 1s 

core-level spectra. To this extent, the areas under the photoemission peaks were integrated by fitting the O 

1s and W 4f (or Mo 3d) spectra with asymmetric Gaussian-Lorentzian curves. A qualitative estimation of 

the hydrogen content was performed by fitting the O 1s core levels. The raw data, after a Shirley background 

subtraction, were fitted by a non-linear least squares routine using peaks with a mix of Gaussian and 

Lorentzian shapes. The error is estimated at ± 10% in all the XPS-derived atomic percentages. Similarly, to 

define the Zn and Ti oxide stoichiometry the Zn 2p and Ti 2p XPS core levels, respectively, were recorded 

and analyzed. The valence band spectra of the metal oxides were evaluated after recording the UPS spectra 

of film about 10 nm thick, deposited on an ITO (or FTO) substrate, taken from the batch used for solar cell 

fabrication. For the UPS measurements, the He I (21.22 eV) excitation line was used. A negative bias of 

12.28 V was applied to the samples during UPS measurements in order to separate the sample and analyzer 

high binding energy (BE) cut-offs and estimate the absolute work function value from the high BE cut-off 

region of the UPS spectra. The analyzer resolution is determined from the width of the Au Fermi edge to be 

0.16 eV. Regarding the UPS measurements, because the high intensity UV photons used for UPS 
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measurements may alter the surface of metal oxide films, we adopted a certain protocol for the measurement 

of the oxides’ work function: we first measure the core levels and work function of the sample using low 

intensity X-rays, then we measure the work function with UPS and finally we measure again the core levels 

and work function with XPS to verify that the samples have remained unaffected.  

Micro-Raman spectra were obtained with a Renishaw inVia Reflex microscope, using an Ar
+
 ion laser (λ = 

514.5 nm) as excitation source. The laser beam was focused onto the samples by means of a 50x objective 

lens and the laser power density was 0.4 mW/µm
2
. All Raman spectra of the samples were obtained on 

silicon wafers. To remove the background signal, the spectrum of a clean silicon wafer was subtracted from 

all Raman spectra of the films. Cosmic ray lines were also removed from the spectra. Overlapped bands in 

specific areas of the Raman spectra were resolved using Gaussian functions to fit the data.  

Absorption measurements were taken using a Perkin Elmer Lampda 40 UV/Vis spectrophotometer. The film 

resistance was measured using the four-point probe method with a dedicated Keithley meter. FT-IR 

transmittance spectra were recorded on a Bruker, Tensor 27 spectrometer using 128 scans at 4 cm
-1

.  

Incident photon-to-current efficiencies (IPCE) were measured on an Autolab PGSTAT-30 potentiostat, 

using a 300W Xe lamp in combination with an Oriel 1/8 monochromator for dispersing the light in an area 

of 0.5 cm
2
.  

Transient photocurrent measurements were performed by photogenerating carriers in solar cells through 

illumination from the ITO (FTO) side by a 7 ns pulse of Nd:YAG laser (Quanta-Ray PRO-170, Spectra 

Physics) at 532 nm excitation wavelength. The laser system was running at a repetition rate of 2.177 Hz, and 

a fluence of 3.75 mW cm
-2

.  In order to improve the signal-to-noise ratio, the transient photocurrent data 

were obtained by an average of up to 100 measurements. The cells were biased with an Agilent 33519B 

waveform generator operating in DC mode. 

 

Supporting Information 

Additional Figures (XPS, UPS, FT-IR, Raman, conductivity measurements and steady-state 

photoluminescence spectra) are included in SI (Figures S1-S14 and tables S1-S3). 
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Figure caption 

Figure 1 Effect of metal oxides surface hydrogenation on P3HT:PC71BM  blend film nanomorphology: (a), 

(d), (g), (j) XRD graphs, (b), (e), (h), (k) absorption spectra, (c), (f), (i), (l) refractive indices of 

the films deposited on metal (tungsten, molybdenum, titanium, zinc) oxides with low and high 

hydrogen content. (m) Illustration of the edge-on and face-on alignment of polymer chains in 

blend fils deposited on H-metal oxide surfaces via the formation of an extended interfacial 

hydrogen bonding network. 

Figure 2 
Device architecture and energy levels of metal oxides and photoactive blend bulk materials. 

Current density-voltage (J-V) characteristics of devices based on P3HT:PC71BM photoactive 

layer and different metal oxide substrates. Devices (b), (c) exhibit conventional arcitecture with 

(b) WOx and OH-WOx, (c) MoOx and OH-MoOx as hole selective interlayers. Devices (d), (e) 

exhibit reverse architecture with (d) ZnO and OH-ZnO, (e) TiO2 and OH-TiO2 as electron 

selective interlayers. Variation of (f) Jsc and (g) Voc for P3HT:PC71BM based devices using metal 

oxide layers with low and high surface hydrogen content.  

Figure 3 IPCE spectra of the solar cells based on P3HT:PC71BM photoactive layer and different metal 

oxide at the bottom electrodes. 

Figure 4 Transient photocurrent measurements for OSCs based on P3HT:PC71BM photoactive blend and 

different metal oxides substrates near the maximum power point (500 mV) at room temperature.  

Figure 5 The integrated photocurrent as a function of time for the four type of P3HT:PC71BM based OSCs. 

Figure 6 Effect of metal oxide surface hydrogenation on PCDTBT:PC71BM  blend films nanomorphology: 

(a), (d), (e), (g) XRD graphs, and (b), (c), (e), (h) absorption spectra, of the films deposited on 

metal (tungsten, molybdenum, titanium, zinc) oxides with low and high hydrogen content.  

Figure 7 (a), (c), (e), (g) Current density-voltage (J-V) characteristics of devices based on 

PCDTBT:PC71BM photoactive layer and tungsten, molybdenum, zinc and titanium oxides at 

botom electrodes, respectively. (b), (d), (f), (h) The corresponding IPCE spectra of the same cells. 
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TOC graphic 

 

Polymer blend solar cells exhibit improved nanomorphology and charge generation when deposit on metal 

oxides with high surface hydrogen content. 
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