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Abstract 
 
Polymer solar cells using non-fullerene acceptors are nowadays amongst the most promising 

approaches for next generation photovoltaic applications. However, there are still remaining 

challenges related to large-scale fully solution-processing of high efficiency solar cells as high 

efficiencies are obtained only at very small areas using hole transport layers based on 

evaporated molybdenum oxide. Solution-processable hole transport materials compatible with 

non-fullerene acceptor materials are still scarce and thus considered as one of the major 

challenges nowadays.  In this work, we present copper-doped nickel oxide nanocrystals that 

form highly stable inks in alcoholic-based solutions. This allows processing efficient hole 

transport layers in both regular and inverted device structures of polymer solar cells. As the 

initial work function of these ionic doped materials is too low for efficient hole extraction, 

doping the nanocrystals with an organic electron acceptor, namely 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquino dimethane (F4-TCNQ) was additionally applied to make the work function 

more suitable for hole extraction. The resulting hybrid hole transport layers were first studied 

in polymer solar cells based on fullerene acceptors using regular device structures yielding in 

7.4% efficiency identical to reference cells based on poly (3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS). For inverted device structures, the hybrid hole transport 

layers were processed on top of blends based on the non-fullerene acceptor IT-4F and PBDB-

T-2F donor. The corresponding solar cells lead promising efficiencies up to 7.9% while the 

reference devices using PEDOT:PSS show inferior performances. We further show that the 

hybrid hole transport layer can be used to tune the color of the polymer solar cells using optical 

spacer effects. 
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1. Introduction 
 

The low cost, flexibility, light weight and solution-processability enable the polymer solar cells 

(PSC) technology to be used in large-scale industrial applications. The intense researches in the 

field of polymer photovoltaics during the last 10 years brought the power conversion efficiency 

(PCE) up to over 18%.
1
 This high efficiency drives PSCs to be one of the most promising new 

generation of photovoltaic solar panels. This technological progress was made possible by 

developing new materials in the active layer, especially the new low band gap donor materials 

as well as the non-fullerene acceptors (NFAs). The presence of interfacial layers (ILs) between 

the photoactive layer and the electrodes is also one of the critical aspects for the fabrication of 

highly efficient and stable optoelectronic devices. Efficient ILs improve the charge carrier 

extraction toward the electrodes, avoid non ohmic contact losses as well as charge carrier 

recombination and exciton quenching at the interfaces.
2
 Typically, an effective hole transport 

layer (HTL) should possess good optical transparency and efficient electron-blocking ability 

with suitable hole transport properties.
3
 Furthermore, the conductivity should be high enough 

to process layers up to several hundreds of nanometers to guaranty robust printing of HTLs. 

Poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) with a work function 

(WF) of 5.10 eV has been widely used as a HTL in regular device structures.
4
 It has even been 

used, in its highly conductive formulations, after treatments with acid
5
 or polar solvents,

6
 as 

electrode itself for ITO replacement. 

Despite the high efficiencies obtained, most of the commercial PEDOT:PSS solutions have a 

pH value between 1 and 3 at 20 °C that causes etching of indium from ITO electrode. The 

indium diffusion into the photoactive layer induces fast device degradation. Thus, to overcome 

the acidity problem, and thereby improve device stability, Meng et al.7  introduced pH neutral 

PEDOT:PSS as HTL in bulk heterojunction (BHJ) devices with a photoactive layer of poly[N-

9″-hepta-decanyl-2,7-carbazole-alt5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole] (PCDTBT) 

and [6,6]-phenyl C71 butyric acid methyl ester (PC70BM). Interestingly, the double treatment 

of the pH-neutral PEDOT:PSS surface with UV-ozone and oxygen plasma not only improves 

the PCE to 6.60% when compared to the acidic PEDOT:PSS-based devices (6.28%) but also 

enhances air stability. 

However, as PEDOT:PSS is highly hydrophilic, processing inverted device structures in which 

PEDOT:PSS has to be solution-processed on top of the photoactive layer leads to poor film 

morphology and worse electrical properties.
8
 Such wettability problems on hydrophobic 

surfaces can be solved by adding proper additives capable of reducing the hydrophilic nature 

of PEDOT:PSS. However, by using modified PEDOT:PSS HTLs for inverted device structures, 

still low efficiencies were obtained.
8,9,10

 Thus, these limitations necessitate the replacement of 

PEDOT:PSS with other solution-processed hole transport materials,
11

 especially for processing 

inverted device structures. Other materials stand out as promising candidates to replace 

PEDOT:PSS HTLs such as the well-known stable transition metal oxides (TMOs) including 

molybdenum oxide (MoO3), tungsten oxide (WO3),
 vanadium oxide (V2O5), and nickel oxide 

(NiOx)11,12
 and ternary metal oxides.

13,14,15
 Indeed for the later ones, the features of low-cost, 

low-temperature, simplicity, ligand-free, and solution processability expose the opportunities 

to be used for large-scale and flexible high performance PSCs. 

 

Among all metal oxides, NiOx shows advantages including good electron-blocking ability, p-

type conductivity and wide band gap with high ionization potential that promotes an ohmic 

contact at the BHJ/anode interface.
16

 Additionally, the valence band of NiOx is well aligned 

with the highest occupied molecular orbital (HOMO) levels of many typical p-type conjugated 

polymers for hole transport which is distinct from other typical oxide-based materials.
17,18
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NiOx HTLs have been prepared for PSCs by various processing methods, such as pulsed laser 

deposition,
19

 sputtering,
20

 thermal evaporation,
21

 atomic layer deposition
22

 and solution 

processes.
23 Among these, solution-processed methods are highly desirable as they meet the 

requirements for low-cost, large-scale and roll-to-roll production.  

Primary, the studies on solution-processed NiOx HTLs were focused on utilizing the sol-gel 

method.
24

 Normally, this method requires post-treatments such as high temperature annealing 

or oxygen-plasma exposure to convert the deposited precursor solution into NiOx thin films. 

Such treatments limit the incorporation of the prepared NiOx in flexible and inverted device 

structures. Thus, an alternative colloidal nanocrystal approach is favored. The main advantage 

of this approach is decoupling the particle synthesis from the film-formation process with the 

utilization of lower temperature annealing step
18,25

, allowing for their use in flexible and 

inverted PSCs.
26 

In this work, we focused on the solution-processed NiOx HTLs prepared by the chemical 

precipitation method. So far, pristine NiOx nanoparticles (NPs) synthesized using the chemical 

precipitation method were employed mostly for inverted-based perovskite solar cells.
27,28,29

 The 

only example utilizing the chemically precipitated aqueous NiOx solutions in PSCs was given 

by Jiang et al.18
   The HTLs were prepared by spin-coating without any post-treatments during 

device fabrication and resulted in PCE of 9.16% and 7.96% with PTB7-Th:PC70BM and 

PTB7:PC70BM-based regular PSCs, respectively. Importantly, the reported NiOx NPs were 

dispersed in water, thus they are not compatible for processing on top of hydrophobic 

photoactive layers. Recently, self-assembled quasi-3D nanocomposite of NiOx nanocrystals and 

graphene oxide (GO) nano-sheets in ethanol have been developed for highly efficient and stable 

inverted organic solar cells based on fullerene and non-fullerene acceptors. Due to enhanced 

conductivity and electron blocking ability of the nanocomposite, JSC and FF were both enhanced 

and the highest PCE obtained was 12.31% using a combination of the polymer donor named 

poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di(5 

-thiophene-2-yl)5,7-bis(2-ethylhexyl)-benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)] (PBDB-T) 

and the non-fullerene acceptor named 3,9-bis(2-methylene-((3-(1,1-dicy anomethylene)-6/7-

methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3d:2’,3’-d’]-s-indaceno [1,2-

b:5,6-b’]dithiophene (IT-M).
30

 The self-assembled quasi-3D nanocomposite could also break 

the conductivity limitation of the 2D-GO material, as up to 32 nm thick HTLs could be included 

in the device without generation of any important performance loss. To further increase layer 

thickness and thus processing robustness of HTLs for industrial printing processes, the increase 

of electrical conductivity of NiOx, via metal ion doping is an effective approach. Jung et al.31
 

demonstrated a Cu-doped NiOx HTL prepared via combustion method with greatly enhanced 

electrical conductivity that improved the performance of the inverted planar perovskite solar 

cells to 17.74%. For solution-processed Cu-doped NiOx prepared by chemical precipitation 

method, the only example was given for the inverted-based structure of perovskite solar cells.
32

 

Thus, up to our knowledge, there exists no reported chemically precipitated Cu-NiOx HTLs 

used for both regular and inverted device structures of PSCs.   

Herein, we developed a strategy to produce chemically precipitated Cu-NiOx NPs that form 

aggregate-free solution in isopropanol (IPA) suitable for processing the HTL on top of 

photoactive layers. We found out that Cu doping level impacts directly the solubility of Cu-

NiOx NPs in IPA. This allows in optimal conditions to obtain highly soluble NPs solutions 

stable over several months. The Cu-NiOx IPA solutions were used to process both regular and 

inverted-based device structures of PSCs. The initial work function of Cu-NiOx HTLs was 

found around 4.5 eV and had to be increased in order to prevent energy loss at the interfaces.
33
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By introducing a strong electron acceptor such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino-

dimethane (F4-TCNQ) into Cu-NiOx layers, the WF was tuned from 4.47 eV to 5.45 eV, 

favoring an energy level alignment of Cu-NiOx with several donor materials having different 

HOMO energy levels. F4-TCNQ is a well-known p-type dopant used to dope not only 

interfacial layers but also photoactive layers.
34

 The organic-inorganic doped NiOx nanoparticle 

composites form highly effective HTLs for regular device structure, leading to PCEs of 7.4% 

in fullerene solar cells using PTB7:PC70BM blends. Applied to NFA-based solar cells using the 

polymer donor named poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-

b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’c’ 

]dithiophene-4,8-dione)] (PBDB-T-2F) and the non-fullerene acceptor named 3,9-bis(2-

methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4hexylphe 

nyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) with inverted device 

structure, these hybrid HTLs lead to PCE of 7.9% compared to 11% obtained with evaporated 

MoOx as well as 6.3% reached with PEDOT:PSS. In both normal and inverted device structures, 

the losses are induced by optical losses and not by the thickness of the HTL. This demonstrates 

that the developed solution-processed organic-inorganic Cu-NiOx NPs are a first step towards 

efficient HTLs for NFA-based solar cells with inverted device structures without thickness 

limitation. Additionally, we show for the first time that Cu-NiOx HTLs can introduce the so-

called optical spacer (OSP) effects in inverted device structures that were so far only reported 

in regular structures using electron transport materials (such as ZnO).
35

 These OSPs modify the 

light distribution inside the devices,
36

 allow color tuning and optimize the generated 

photocurrent of the PBDB-T-2F:IT-4F based polymer solar cells by simply varying the 

thicknesses of both the photoactive layer and the Cu-NiOx HTL. 

	

2. Results and discussion 
 

2.1 Synthesis and characterization of nickel oxide nanoparticles 
Non-stoichiometric NiOx NPs were obtained using the chemical precipitation method reported 

by Jiang et al.18
 with some modifications starting with the commercially available nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O) and sodium hydroxide (NaOH). These materials were easily 

dissolved in deionized water. After the dropwise addition of NaOH into the nickel nitrate, the 

clear green aqueous solution turned turbid. Through accurately controlling the solution pH 

value to 10, nickel hydroxide Ni(OH)2 was obtained in a considerable yield. The obtained apple 

green product was washed twice then dried and calcined at 270 °C for 2 hours in air to produce 

dark-black powder. This calcination procedure was based on the thermal decomposition of 

Ni(OH)2 to produce non-stoichiometric NiOx NPs. In fact, the 270 °C is the optimal calcination 

temperature for NiOx that allows the presence of small amounts of unreacted nickel hydroxide 

and nitrate ions critical for stabilizing the dispersion.
28

  

The same procedure was followed for synthesizing Cu-doped NiOx but with the addition of 

copper nitrate hydrate (Cu(NO3)2.xH2O) metal precursor in the starting solution. Cu-NiOx NPs 

with copper doping levels ranging from 2% up to 20% were produced by varying the initial 

molar ratio of the metal precursor with respect to the nickel nitrate while keeping all the other 

parameters and synthetic steps unchanged. Importantly, and as expected, it was proven that the 

nominal doping levels corresponding to the initial precursor ratios of the metal dopants to nickel 

atoms, have resulted in lower doping levels inside the NPs as determined by elemental analysis 

using an Atomic Absorption Spectroscopy (AAS). The results are summarized in Table S-1. 
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Transmission Electron Microscopy (TEM) analysis was performed to determine the 

particle size and the crystallinity of the NiOx NPs. Figure 1a and 1b present the low 

magnification TEM images of the pristine NiOx and the Cu-NiOx(12.2%) NPs, respectively. It was 

obvious that the crystal size of the doped NiOx NPs (5 nm) was smaller than that of the pristine 

NiOx NPs (10 nm). Meanwhile, both of them show clear lattice fringes, suggesting good 

crystalline properties of these NPs.      

 

Figure 1. TEM images of non-stochiometric (a) pristine NiOx and (b) Cu-NiOx(12.2%) NPs with scale 
bar of 50 nm. 

 

X-Ray Diffraction (XRD) measurements were performed to explore the crystal structure 

of both pristine and Cu-doped NiOx NPs. XRD diffractograms are shown in Figure 2a.  The 

diffraction peaks of the pristine NiOx NPs revealed cubic crystal structure with three prominent 

characteristic diffraction peaks at 37.29°, 43.34° and 62.91°, which could be assigned to (111), 

(200) and (220) planes of NiOx, respectively. Meanwhile, no extra diffraction peaks related to 

metallic Cu or to copper oxide phase were observed in the XRD diffractogram of Cu-doped 

NiOx NPs, indicating that doping with Cu did not hardly change the phase structure of NiOx. 
Furthermore, it could be observed that the diffraction peaks were slightly shifted toward lower 

angles upon increasing the Cu-doping content. This suggests that the lattice parameter of NiOx 

was increased upon doping. This was originated from the substitution of Ni ions (ionic radius: 

69 pm) with the slightly larger Cu ions (ionic radius: 73 pm).
37

 The broadening of the diffraction 

peaks by increasing the content of Cu ions from 2 to 15% could be related to the presence of 

smaller crystallites since the incorporation of impurities in oxide semiconductors is known to 

suppress the grain growth and thus results in smaller particles.
32

 These results are in consistence 

with the TEM results.  

 

Although no crystal phase other than NiOx was detected using XRD, X-Ray 

Photoelectron Spectroscopy (XPS) measurements were done to demonstrate the effective 

doping of the NiOx NPs with Cu and to investigate the chemical components of the pristine and 

the doped NiOx films. The XPS spectra for the pristine NiOx films are shown in Figure 2b. The 

Ni 2p3/2 level at 860 eV and the O 1s level at 532.2 eV correspond to the Ni
3+

 state of the 

NiOOH species. The Ni 2p3/2 level at 855 eV and the O 1s level at 531 eV peaks can be assigned 

to the Ni
3+

 state of the Ni2O3. In addition, the presence of the Ni
2+

 state of NiOx is revealed by 

the Ni 2p3/2 level at 853.6 and O 1s level at 529 eV peaks as well as the Ni 2p1/2 peak and its 

satellites at 873.6 and 878.5 eV. These results are in consistence with the XPS measurements 

of the previously synthesized NiOx NPs by Jiang et al.18
 The coexistence of Ni

2+
 and Ni

3+
 states 

is a confirmation of the non-stoichiometric nature of the NiOx. The XPS spectra of the                

Cu-NiOx (12.2%) films proved that Cu atoms have been successfully incorporated into the NiOx 
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NPs due to the presence of two peaks located at 933.3 and 953.5 eV corresponding to Cu 2p3/2 
and Cu 2p1/2 levels, respectively. These peaks revealed that Cu

2+
 ions substituted the Ni atom 

in the NiOx crystal lattice.
32

  

 

 

             

                

Figure 2. (a) XRD diffractograms and (b) XPS spectra of the pristine and the Cu-NiOx(12.2%) films 
showing the Ni 2p, O 1s and Cu 2p core level peaks. 

 

The ultraviolet-visible (UV-vis) absorption spectra of the NiOx solutions were primarily 

used to find any possible modification in the energy band structure upon doping. As can be 

observed in Figure S-1, the absorption edge was red-shifted to the visible region upon Cu-

doping. This indicates the narrowing of the optical band gap. The band gap of the pristine NiOx 

as determined from Tauc plot (3.74 eV) is in good agreement with the reported band gaps.
32

 By 

increasing the Cu-doping level, the band gap was decreased to 3.65, 3.6 and 3.56 eV for Cu-

NiOx(2.4%), Cu-NiOx(12.2%) and Cu-NiOx(28.2%), respectively.  It was reported that the particle size 

in the metal oxide systems may affect the electronic properties (such as the band gap) of the NPs due 

to quantum confinement effect. However, it was also proven that not only quantum confinement can 
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affect the electronic structure, but also doping can have an impact by introducing defect centers into 

the lattice. These defects can interact with the host lattice to alter the band structure and cause large 

changes in their properties.
38

 This phenomenon proved again that Cu was successfully included 

into the NiOx NPs. 

 

 

2.2  Solution-processing of NiOx nanocrystals (NCs) 

2.2.1 Alcoholic-based NiOx solutions 
Pristine and the Cu-doped NiOx nanoparticles with different doping percentage levels can 

be easily dispersed in water as mentioned elsewhere in literature.
25

 It is worth mentioning that 

the dispersion was dependent on the pH during synthesis. A pH of 10 results in a better 

dispersion, while any further increase in the basicity of the medium decreases the dispersion of 

the NPs. This can be related to a previous study showing the effect of pH on the outcome of the 

precipitation reaction. Nickel salt solutions tend to be acidic (pH ≈ 3) and upon the addition of 

a strong alkali, precipitation takes place at pH=5.5–6. Thus, it was proven that Ni(OH)2 

produced at pH=10-12 is a material deficient in hydroxyl ions and requires the inclusion of 

nitrates for charge neutrality. However, the NPs produced at higher pH are stoichiometric. 

Therefore, the increase in the basicity of the medium eliminates the presence of nitrates.
39

 On 

its turn, Jaramillo and coworkers
28

 proved the importance of the presence of an amorphous 

phase containing nitrates, sodium and hydroxides to get a better dispersion of the NiOx NPs. 

Thus, not only the calcination temperature but also the pH have an effect on the dispersion of 

the NiOx NPs by affecting the final Ni(OH)2 surface product. 

 

It is known that the water-based NiOx solutions can be easily deposited on top of ITO substrates. 

However, it is not possible to directly deposit such aqueous solutions on top of photoactive 

layers in PSCs. As seen in the AFM image of Figure 3a, the deposition of Cu-NiOx(12.2%) 

solution on top of PTB7:PC70BM photoactive layer resulted in a bad morphology due to the 

poor wettability of the water-based solutions on the hydrophobic organic blend. This effect is 

similar to the case of water-based PEDOT:PSS solutions. Normally, wetting agents such as 

2,5,8,11-tetramethyl-6-dodecyn-5,8-diolethoxylate (Dynol 604),  Zonyl FS300 fluorosurfactant 

(Zonyl)
40

 or Triton-X
41

 can be added to the PEDOT:PSS water-based solution to decrease the 

surface tension, thus improving the wettability on top of photoactive layers. However, such 

additives showed no effect with the synthesized NiOx NPs. Therefore, we followed another 

strategy to transfer the NiOx dispersion from water into isopropanol by using probe 

ultrasonication in a mixture of water, isopropanol and methoxy acetic acid surfactant that 

stabilizes the Cu-NiOx NPs when transferred into IPA solution. The use of this intermediate 

step allows producing monodispersed cluster-free IPA-based NiOx solutions. Dynamic Light 

Scattering (DLS) measurements shows that the size of the aggregate inside the isopropanol-

based solutions corresponds to the size of single NC as determined by TEM.  

Additionally, we found that the doping level of the Cu-NiOx NPs impacts the dispersion of the 

nanoparticles in IPA. Indeed, the highest solubility and most stable solution in IPA were found 

for 12.2% of Cu-doping, while pristine NiOx or NPs with other doping levels showed lower 

stability. Importantly, the Cu-NiOx(12.2%) IPA-based solutions were stable for more than six 

months without occurrence of any NCs aggregation, as confirmed by regular DLS 

measurements, unlike the aqueous-based solutions having stability not exceeding few days as 

can be seen in Figure S-2.  
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2.2.2 Thin film processing 
Taking into account the importance of the film quality for efficient charge extraction,

42
 

we studied the morphology of the IPA-based Cu-NiOx films on ITO substrates as well as on 

photoactive layers based on PTB7:PC70BM blends by using AFM. As shown in Figure S-3, 

closely-packed layers were observed on ITO with a low surface roughness of 6 nm for the 40 

nm-thick Cu-NiOx(12.2%) layers. Interestingly, the morphology of the Cu-NiOx layer processed 

on PTB7:PC70BM is also compact with a 7 nm surface roughness (Figure 3b). This indicates 

that the IPA-based Cu-NiOx NPs are well adapted for the solution-processing in inverted device 

structures. 

      

Figure 3. AFM images of (a) water-based Cu-NiOx(12.2%) and (b) IPA-based Cu-NiOx (12.2%) films  
deposited on top of PTB7:PC70BM layer. 

Transmission spectra of the casted NiOx films as a function of Cu-doping levels are 

shown in Figure S-4. The 40 nm-thick pristine NiOx films revealed a high transmission (>80%) 

in the visible region. As expected, the optical transmittance was slightly decreased with the 

increase of Cu-doping level. This is attributed to the presence of defect states that are 

responsible for additional absorption, thus lowering the transmittance as seen before for the 

doped TiO2 NPs.
43

  Despite this decrease in transmittance, the Cu-NiOx(12.2%) layers still owe a 

percentage of transmittance higher than 78% in the visible region. This allows them to function 

as efficient semi-transparent interfacial layers in polymer solar cells. 

 
2.3 Solar cell devices using Cu-NiOx HTLs 

2.3.1 Regular device structures 
In order to evaluate the potential of the Cu-NiOx(12.2%) as HTLs, PSCs have been first 

studied in fullerene-based solar cells using a regular device structure with the following 

architecture: ITO/HTL/PTB7:PC70BM/ZnO/Al, as shown in Figure 4a. The corresponding 

solar cells showed poor performance with a PCE of 1.2% when compared to the reference 

device based on PEDOT:PSS HTL with a PCE of 7.6%. The main losses of the devices using 

the Cu-NiOx(12.2%) HTLs were in VOC and FF. It has been shown that different techniques help 

in suppressing the interface recombination in metal oxide based HTL.
15

 In the present case, 

such losses can be induced by the hole extraction barrier at the interface due to the energy level 

mismatch between the HOMO of PTB7 and the valence band of Cu-NiOx(12.2%) HTL. By using 
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UPS analysis, we found indeed that the Cu-NiOx(12.2%) layers have a low WF of only 4.47 eV 

(Figure S-5). To improve the electronic properties of the Cu-NiOx(12.2%) HTLs, we thus applied 

molecular doping with F4-TCNQ molecule that was found to tune the work function of NiOx 

materials.
16

 In our work, the molecular doping was performed by spin-coating the F4-TCNQ 

solution on top of NiOx HTL.  

The UPS measurements of the Cu-NiOx(12.2%) layers with and without F4-TCNQ are shown in 

Figure S-5. The WF was increased from 4.94 eV to 5.45 eV by increasing the F4-TCNQ 

concentration from 0.2 to 2 mg mL
-1

, similarly to NiOx:F4-TCNQ nanocomposite reported by 

Cheng et al.16
 Consequently, solar cells using a 40 nm-thick Cu-NiOx(12.2%) with different F4-

TCNQ concentrations from 0.2 to 1 mg mL
-1

 were processed in order to study the impact of the 

WF tuning on the photovoltaic parameters of the devices. The J-V curves of the devices are 

shown in Figure 4b and the photovoltaic parameters are summarized in Table 1. An optimal 

performance was found for 1 mg mL
-1

 F4-TCNQ leading to a PCE of 7.4%, a FF of 60%, a VOC 

of 751 mV and a JSC of 16.6 mA cm
-2

. This is comparable to that obtained using PEDOT:PSS 

HTLs with a PCE of 7.6%. Further increase in the F4-TCNQ concentration causes a drop in 

VOC and FF. These losses could be related to the high WF (5.45 eV) as well as the potential 

additional resistances generated by the F4-TCNQ layer. We also studied the impact of the HTL 

thickness on the device performance. The optimized Cu-NiOx(12.2%) thickness was found at 40 

nm, as thinner layers of 15 nm showed less compact layer morphology, while further increase 

in the HTL thickness caused a decrease in efficiency mainly due to a drop in JSC (see Figure S-
6). The later can be related to the increased absorption of the thicker Cu-NiOx HTLs.  

Figure 4. (a) The architecture of the studied regular device structure and (b) typical J-V curves of the 
PTB7:PC70BM-based devices using different HTLs. 

 
Table 1. Summary of photovoltaic parameters of the PTB7:PC70BM regular-based devices using 
different HTLs. 

 [ F4-TCNQ ] (mg mL-1)            
 

VOC (mV) JSC (mA cm-2) FF (%) PCE (%) 

w/o 340 11.05 33 1.2 

0.2 693 15 50 5.2 

0.4 730 15.5 55.2 6.2 

1 751 16.6 60 7.4 

2 729 13.9 53 5.3 

PEDOT:PSS 752 15.5 65 7.6 
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   2.3.2 Inverted device structures 
  After optimizing the Cu-NiOx(12.2%) HTLs in regular device structures, these alcoholic-

based Cu-NiOx(12.2%) HTLs were used for the first time in an inverted device structure as a 

replacement of the classical evaporated MoO3. For such a device architecture, the non-fullerene 

acceptors have attracted strong attention as they possess an improved visible-NIR light-

harvesting capability and good electron mobility, thus, delivering higher JSC and PCE in solar 

cells than fullerene acceptors.
1  

In this regard, we focused our studies on the inverted device structures using PBDB-T-

2F:IT-4F photoactive layers. The studied device architecture is ITO/ZnO/80 nm-thick PBDB-

T-2F:IT-4F/HTL/Ag as shown in Figure 5a. The J-V curves of the corresponding devices are 

presented in Figure 5b and the photovoltaic parameters are summarized in Table 2. As a 

reference cell, an efficiency of 11% was obtained using a 2 nm-thick evaporated MoO3 with a 

62% FF after post-annealing the whole device at 100 °C for 10 minutes. By replacing the 

evaporated HTL with a 40 nm-thick molecularly doped Cu-NiOx (12.2%), the optimized efficiency 

obtained was 7.92% with a FF of 53.3%, a VOC of 827 mV and a JSC of 18 mA cm
-2

. The lower 

PCE, compared to the reference cells using MoOx, is due to losses in all photovoltaic parameters 

indicating that the HTL is not yet fully optimized for the NFA-based solar cells.  

The drops in VOC and FF indicate still residual misalignments of the interface levels 

leading to barriers for hole extraction. For comparison, we also processed devices using 

modified PEDOT:PSS inks with suitable wettability properties for processing on top of  

polymer blend. These inks have been previously optimized for fullerene-based blends. As can 

be seen in Figure S-7 and Table 2, these devices show clearly lower performances compared 

to the devices processed with the hybrid HTLs. Indeed, even stronger losses in Voc and FF are 

found for PEDOT:PSS-based devices, indicating the occurrence of strong interfacial losses 

compared to cells using fullerene acceptors. While the performance losses in Voc and FF need 

further improvement in the electronic properties of the hybrid HTL, we focus in the following 

paragraph on the losses in JSC that may be related to optical spacer effects. 

 

 

 

 

 

 

Figure 5. (a) The architecture of the studied inverted device structure and (b) The J-V curves of the 
PBDB-T-2F:IT-4F-based inverted device structures using different HTLs. 
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Table 2. Summary of the photovoltaic parameters of the PBDB-T-2F:IT-4F based inverted devices 
using different HTLs. 
 

 

2.3.3 Optical spacer effects in inverted device structures 

As mentioned previously, by replacing the evaporated MoO3 with the solution-

processed Cu-NiOx(12.2%) HTL, losses in JSC  of around 10% are observed. It is well known that 

metal oxides such as ZnO can introduce optical spacer effect in polymer solar cells that modifies 

strongly the light distribution inside the cell and thus the intensity of the photocurrent 

density.
35,42 While these optical spacer effects have been only described in devices using regular 

structures, it is possible that the JSC losses in inverted device structures, as used here, may be 

also related to such effects. In order to study the optical effects more in details, the photonic 

absorption inside the photoactive layer as function of both the photoactive layer and HTL 

thickness was investigated using a transfer matrix method.
42 The device structure used for the 

calculation was ITO/ZnO/PBDB-T-2F:IT-4F/Cu-NiOx(12.2%)+F4-TCNQ/Ag. The polymer 

blend and the HTL thicknesses were varied from 0 to 300 nm and 0 to 70 nm, respectively, 

while the thicknesses of the other layers were kept constant (150 nm for the ITO layer, 15 nm 

for the ZnO layer, and 100 nm for the Ag layer). The optical indices of ITO, ZnO and Ag were 

taken from literature
42,44

 while the optical indices of PBDB-T-2F:IT-4F and Cu-NiOx(12.2%) 
layers were determined by spectroscopic ellipsometry (SE) (see the Experimental Section and 

Figure S-8). Figure 6a shows the total number of photons absorbed inside the photoactive layer 

as a function of the photoactive layer thickness for different Cu-NiOx(12.2%) thicknesses. Two 

maxima appear in the absorption curve, which are related to interferential phenomena occurring 

in the thin film stacks.
44,35,45  

The first maximum corresponds to blend thicknesses ranging from 50 to 90 nm with the exact 

position of each maximum depending on the Cu-NiOx layer thickness. The second maximum 

is broader with photoactive layer thicknesses ranging from 170 to 250 nm. These simulations 

reveal that, for thin photoactive layers, the Cu-NiOx-based HTLs always lead to a reduction of 

light absorption inside the active layer compared to solar cells processed without any HTL. In 

contrast, using thick blend layers, light absorption is almost unchanged as long as the HTL is 

not surpassing 40-50 nm range. This finding is identical to solar cells using the regular device 

structures with ZnO or aluminum-doped ZnO as optical spacers.
42,35 Here, the solar cells using 

Cu-NiOx(12.2%) HTL have 80 nm-thick photoactive layers that were optimized for the ultrathin 

MoO3 HTLs. This is comparable to the situation of the red curve in Figure 6a, considering that 

devices using a 2 nm-thick MoO3 have almost equivalent absorption to those processed without 

any HTL. The use of a 40 nm-thick Cu-NiOx(12.2%) HTL reduced strongly the amount of the 

absorbed light in the photoactive layer by approximately 10-15%, as shown on the vertical red 

dotted line as eye guide. By considering these calculations, we indeed find the corresponding 

losses in JSC for the devices fabricated with Cu-NiOx(12.2%) (18 mA cm
-2

) when compared to the 

reference cells done with MoO3 generating 20.3 mA cm
-2

. These calculations allow also to 

discuss the most suitable conditions for the developed Cu-NiOx(12.2%):F4-TCNQ bilayers used 

HTL VOC (mV) JSC (mA cm-2) FF (%) PCE (%) 

2 nm e-MoO3 871 20.3 62 11 

40 nm Cu-NiOx (12.2%)+ F4-TCNQ 827 18 53.3 7.92 

 40 nm modified PEDOT:PSS 700 19 46.3 6.3 
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in inverted device structures. By considering a 40 nm-thick Cu-NiOx(12.2%) HTL, the photoactive 

layer should be at least 180 nm in order to limit the optical losses.  

As it was shown recently, the use of optical spacers allows also to modify the color of polymer 

solar cells.
35

 Indeed, the HTLs not only modify the amount of light absorbed inside the active 

layer but also determine the light reflection of the solar cell, thus affecting the color of the 

devices. To estimate the potential of the Cu-NiOx optical spacers in generating colored polymer 

solar cells, we calculated the color coordinates of the devices in the reflection mode as function 

of the photoactive layer and Cu-NiOx thicknesses. Thus, for a 40 nm-thick Cu-NiOx(12.2%) HTL, 

the color coordinates corresponding to the reflected light were calculated for photoactive layer 

thicknesses ranging between 80 and 250 nm. Figure 6b is a chromaticity diagram showing a 

comparison between the calculated and the measured color coordinates of three different solar 

cells (B, G and P) with different blend thicknesses (80, 180 and 250 nm, respectively). One can 

first notice that, as expected, the color of the devices can be strongly tuned by adjusting the 

photoactive layer thickness, thus comparable to solar cells using regular device structure having 

ZnO electron transport layers. For an 80 nm-thick photoactive layer, the devices have a blue 

color. They become successively green and pink when the active layer thickness was increased 

to 180 and 250 nm, respectively. Importantly, very good agreements were found between the 

color coordinates obtained from simulations with the different measured colors of the three 

solar cells. Thus, these results show that a large palette of colors can be produced with this 

technique, making fine-tuning of the color possible via adjusting the Cu-NiOx optical spacer 

and the photoactive layer thicknesses, thanks to the control in the light absorption amount.   
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Figure 6. (a) The theoretical total number of photons absorbed inside the PBDB-T-2F:IT-4F 
photoactive layer as a function of photoactive layer thickness for different Cu-NiOx(12.2%) thicknesses. 
(b) Measured (blue dots) and calculated (grey dots) color coordinates for the three experimental Blue, 

Green and Pink solar cells (left) and photograph images of the corresponding cells (right). 
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3. Conclusion 
Nickel oxide nanoparticles in alcoholic solutions were developed in this work for processing 

hole transport layers and were applied to non-fullerene acceptor-based solar cells using inverted 

device structures. We show that copper doping of NiOx nanoparticles is beneficial to reach 

aggregate-free solution suitable for processing the HTL on top of photoactive layers. Further 

doping of these nanoparticles with the organic electron acceptor F4-TCNQ was necessary to 

optimize the work function of the HTL for efficient hole extraction. Solar cells using normal 

device structures revealed that such hybrid HTL can be processed up to 45 nm without inducing 

electric losses due to optimized work function and high conductivity. Processing the hybrid 

HTLs on top of polymer blends based on IT-4F and PBDB-T-2F led to solar cells with 

promising efficiencies up to 7.9%, while further work function optimization is needed to reach 

fully optimized solution-processed organic-inorganic Cu-NiOx nanoparticles for NFA-based 

solar cells using inverted device structure. We also demonstrated for the first time that the use 

of the hybrid HTL in the inverted device structure of polymer solar cells allows for color tuning 

over a large palette using optical spacer effects. Our future work will focus on the optimization 

of the work function and transport properties of the organic-inorganic doped NiOx HTL by 

combining 2D-materials such as graphene oxide to generate highly efficient HTLs for fully 

solution-processed solar cells using NFAs with improved air stability. 

 

 
4. Experimental Section 
 
Synthesis of Highly soluble NiOx NPs: All the materials were purchased from Sigma 

Aldrich unless specified elsewhere. NiOx NPs were prepared by a chemical precipitation 

method according to a previous report.
18

 Typically, 0.05 mole of Ni(NO3)2·6H2O were 

dispersed in 100 mL deionized water. A dark green solution was obtained. Under continuous 

magnetic stirring, the pH of the solution was adjusted to 10 by the dropwise addition of 10 M 

NaOH aqueous solution. The pH value was measured by a pH meter (Hanna HI 8417 pH meter). 

After stirring for 10 minutes, the green colloidal precipitate was washed twice by deionized 

water using centrifugation and dried at 80 °C overnight. To ensure a complete calcination, the 

obtained green solid was ground to finer powder using a pestle and a mortar, then calcined at 

270 °C for 2 hours to yield a black powder. For the Cu-NiOx NPs, the same procedure was 

followed. The only difference is the addition of the Cu(NO3)2·xH2O precursor in the initial 

solution at various molar ratios (from 2 to 20%). 

 

Preparation of the NiOx solutions: NiOx NPs were dispersed in water to the desired 

concentration. Then, the solution was transferred to IPA solvent and dispersed using a probe 

ultrasonication until obtaining an aggregate-free solution. 

 

Preparation of the ZnO solutions: ZnO NPs were prepared as published elsewhere.
46,47

 The 

cluster-free ZnO nanoparticle solution of 5 mg mL
-1

 was prepared by transferring the as-

synthesized ZnO nanoparticles from methanol into isopropanol mixed with ethanolamine (0.2 

vol.%).  

Characterization Methods: The NiOx NCs were characterized by HR-TEM (JEOL 3010, 

acceleration voltage of 300 kV). The samples were prepared by drop-casting a diluted 

isopropanol solution of NiOx NCs onto a carbon-coated copper grid.  UV–vis absorption of the 

NiOx NCs in solution and on films were recorded using a Varian CARY 50 spectrophotometer. 
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Size distribution of the NCs within the solution was determined by DLS using a NanoZetaSizer 

from Malvern. Crystallinity of the NiOx NCs was measured by XRD using an INEL with a 

linear detector. AFM was realized using a NTEGRA Prima of the brand NT-MDT in taping 

mode to study the quality of the NiOx NCs layers. Layer thicknesses were determined using a 

mechanical profilometer. Photoemission spectroscopy using UV (UPS, HeI 21.2 eV) and X-ray 

(XPS, monochromatized Al Kα 1486.7 eV) light sources were performed at Linkoping 

University in Sweden.  

Optical Simulations of the Solar Cells: Ellipsometry has been used to extract the optical 

indices of Cu-NiOx thin films. The measurements have been performed for wavelengths ranging 

between 380 and 1000 nm using a Semilab rotating compensator ellipsometer equipped with a 

microspot which focuses the beam on a very small area of the sample (a circle with a diameter 

of 100 μm).  

The layers were coated on glass substrates. SEA software (Semilab company) was used to fit 

the SE measurements of tan (Ψ) and cos (Δ) and extract the optical indices n(λ) and k(λ) of the 

materials. The dielectric functions ε = ε1 + i*ε2 of PBDB-T-2F:IT-4F have been fitted with 

Gaussian model that is adequate for the parameterization of the optical functions of amorphous 

thin films in the interband region.
48

 The dielectric functions of Cu-NiOx(12.2%) have been fitted 

with a Gauss-Sellmeyer model in order to take into account both the dielectric and the absorbing 

character of this material. The optical indices of PBDB-T-2F:IT-4F and Cu-NiOx(12.2%) are 

shown in Figure S-8. While the optical indices of ITO, ZnO and Ag were taken from 

literature.
42,44

 The CIE xyY (1931) model has been employed for the color prediction of the 

polymer solar cells. This model allows calculating the normalized color coordinates (x, y) of 

solar cells from their reflection spectra by considering the human eye sensitivity. Using the 

optical indices of the materials as input parameters, the reflection spectra of the solar cells have 

been calculated using a transfer matrix method.
45

 The reflection spectra of the cells were carried 

out using a Perkin Elmer spectrophotometer Lambda 950.  

Solar Cell Fabrication: The organic-BHJ solar cells were prepared following several steps. 

First, the ITO substrates (15 W sq
−1

) were cleaned by deionized water, acetone, ethanol, and 

isopropanol with ultrasonication. Then, the pre-cleaned ITO substrates were exposed to UV-

ozone treatment for 15 min to reform the surface. In the case of regular device structures, a thin 

layer of PEDOT:PSS (Heraeus, CLEVIOS PVP AI 4083) was spin-coated on the pre-cleaned 

ITO substrates at a speed of 3500 rpm for 60 s followed by heating on a hotplate at 140 °C for 

20 min to obtain a film thickness of ≈40 nm. The NiOx HTLs were spin-coated at 2500 rpm for 

60 s from different concentrations (10 to 30 mg mL
-1

) to obtain different film thicknesses. These 

NiOx films were then annealed on a hot plate in air at 80 °C for 10 min. A solution of F4-TCNQ 

(Ossilla) with different concentrations (from 0.2 to 2 mg mL
-1

) was spin-coated with the same 

speed and annealed at 80 °C for 30 min. The substrates were then transferred into a nitrogen-

filled glovebox. The PTB7:PC70BM blend solution was prepared from the weight ratio of 1:1.5 

and a total concentration of 25 mg mL
-1 

in chlorobenzene with 0.3 vol% 1,8-diiodooctane 

processing additive. After stirring overnight at 60 °C, the BHJ thin films (90 nm) were obtained 

from spin-coating the solution at 1800 rpm for 120 s. The active layers were then transferred 

into high vacuum for overnight. ZnO NCs were processed by spin-coating a 5 mg mL
-1 

solution 

on top of the active layers at 1500 rpm for 60 s followed by annealing for 2 min at 80 °C. The 

top Al metal electrode (100 nm) was thermally evaporated at 1 × 10
-6 

Torr pressure through a 

shadow mask with a device area of 0.27 cm
2
. 
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For the inverted device structures, 1 wt.% ZnO (Avantama) was spin-coated on top of the pre-

cleaned ITO substrates at 5000 rpm for 60 s then annealed at 120 °C for 10 min in air. The 

PBDB-T-2F:IT-4F solution was prepared from a weight ratio 1:1 and a total concentration of 

20 mg mL
-1 in o-xylene. After stirring overnight at room temperature, the active layers were 

prepared by spin-casting the ink at 2200 rpm for 2 min (without annealing). A 2 nm-thick MoO3 

layer and a 100 nm-thick silver layer were then thermally evaporated onto the surface of the 

active layer at 2 × 10 
−6

 Torr pressure through a shadow mask. For each device configuration, 

a total of six cells were measured. The current density-voltage (J-V) characteristics of the 

devices were measured using a Keithley 238 Source Measure Unit. Solar cell performance was 

measured using a Newport classe AAA 1.5 Global solar simulator (Oriel Sol3ATM model n° 

94043A) with an irradiation intensity of 100 mW cm
-2

. The light intensity was determined with 

a Si reference cell (Newport Company, Oriel n° 94043A) calibrated by National Renewable 

Energy Laboratory (NREL). 
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