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1.1 Crystal structures and physical chemical properties of molybdenum oxide 

Transition metal oxides with diverse crystal structures and superior functional 

properties have been the focus of much attention in recent years by virtue of their 

scientific and technological applications [1-3]. Molybdenum oxide, as one of the most 

important transition metal oxides, has found its applications in various filed, such as 

chromogenic/electrochromic display devices [4, 5], display devices [6, 7], smart 

window technology [8, 9], sensors, and lithium ion battery electrodes [10-12].  

1.1.1 Crystal structures of molybdenum oxide 

Molybdenum (Mo) is a group VI transition metal lying below chromium and above 

tungsten in the periodic table with 6 outermost electrons. Mo can exhibit diversity of 

oxidation state (from 0 to +6), and coordination numbers (from 4 to 6) in oxide. MoO3 

is mostly concerned within these oxidation states due to its extremely interesting 

structural, chemical, electrical, and optical properties.  

 

 

 

Figure 1.1 Electronic band structure along the high-symmetry points for MoO3, the 

highest occupied state is set to 0 eV [14].  

 

MoO3 is a distinct insoluble (water) yellow powder, with a density of 4.7 g/cm3 at 

room temperature. Typically, MoO3 is n-type semiconductor, since the oxygen is readily 
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intercalated by electron-donating cations, it becomes good conductors, which, therefore, 

makes them are ideal as the electrodes for electrochemical cells [20, 32].  

 MoO3 is readily to be reduced to the lower oxidation state which is the critical 

properties for the gas sensors materials [20, 26]. When being exposed to the target gas, 

MoO3 is considered as the catalytic for the oxidation of gas on the oxide surface. MoO3 

leaves the oxygen vacancies at the surface of it, which result in the resistance change at 

the surface of MoO3 [25, 37, 38].  

As nonstoichiometric form of MoO3, MoO3-x films exhibit the well aligned energy 

level with the active organic material and metal electrodes, which make it suitable for 

fabricating the hole transport layer of the organic solar cells. The electrical properties 

of MoO3-x films can be artificially tuned by the oxygen vacancies as high work function 

and low series resistance in organic solar cells [36, 39].  

 

1.2 Synthesis process of molybdenum oxides nanostructure 

Nanotechnology is expected to have an impact on all industries including 

semiconductors and biotechnology, which provide the motivation to further insight into 

nanoscale phenomena and novel structures [40-42]. In recent decades, development of 

nanoscale materials with different morphologies have become a key area in basic 

scientific researches due to their unique properties compared with respective bulk 

materials [43-45]. However, developing simple and economic methods for preparing 

novel functional nano-structures is still a major challenge in the nanoscience and 

nanotechnology field.  
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Generally, there are three possible solid-gas interaction mechanisms between a 

solid surface and gas molecules [37]. 

(1) Physical adsorption (physisorption), which relies on weak, long-range van der 

Waals dipole/dipole interactions as illustrated in Figure 1.5(a). Physisorbed molecules 

are never dissociated and the physisorption enthalpy is typically about 0.2 eV/molecule.  

(2) Chemical adsorption (chemisorption), which is the formation of chemical 

bonds between gas molecules and solid surfaces, being accompanied with charges 

transfer as illustrated in Figure 1.5(b). Usually, the dissociated and chemisorption 

enthalpy of chemisorbed gas molecules are larger than in physisorption with the values 

of about 2 eV/molecule.  

 

 

   

 

 

 

 

Figure 1.5 Interactions between solids and gas molecules, (a) physisorption, (b) 

chemisoption, (b) non-reversible reaction. 

(3) Non-reversible reactions with the solid surface typically lead to the formation 

of new compounds, which will result in the difficulties of desorption of the gas and is 

undesired for gas sensor operation as illustrated in Figure 1.5(c).  

The electrical and gas sensing properties of the metal oxide strongly depend on 

the morphology and thus the used fabrication process. Typical conduction mechanisms 

are grain-boundary-controlled or neck-grain-boundary-controlled in porous thick film 

devices and surface-controlled in compact thin film devices [67]. Depending on the 

crystallite grain size and the Debye length of the material the gas sensitive layers will 

be partly or completely depleted/accumulated due to oxygen ionosorption at the surface 

[68]. 
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conductors and have an optical band gap around 2 eV, which is higher than that of 

silicon of 1.12 eV. Moreover, chemical synthesis methods, which show the perspective 

of low cost, large-scale, and flexible organic solar cells, drives the research both in 

academia and in industry [141-143]. 

Here, the mechanism of solar cell is presented. When light enters the cell through 

the transparent anode, the light is absorbed in the bulk heterojunction layer to generate 

the excitons. In order to make excitons to form charge carriers at the heterojunction 

interface, the offset of the energy bands of the two materials must be greater than the 

binding energy of the excitons [144-146]. Therefore, an efficient OSCs device 

employed a layer structure, schematic of which were shown in Figure 1.8.  

At the middle of the cell is the conjugated polymer:fullerene (Usually C60/70 and 

C60/70 derivatives) composites based active layer, which response for generating the 

excitons when being exposed by photons, due to the photoinduced electron transfer 

from optically excited conjugated polymers to the C60/70 molecule. The charge transfer 

in organic solar cell was schematically shown in Figure 1.9. 

 

 

 

Figure 1.8 Schematic of the layer structured organic solar cell. [141] 
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Figure 1.9 Illustration of photoinduced charge transfer (left) with a sketch of energy 

level scheme (right). After excitation in PPV polymer, electron is transferred to a C60 

due to its higher electron affinity [141].  

 

 

 

Figure 1.10 Illustration of energy level of hole transport layer in organic solar cell  

 

The excitons diffuse in the bulk heterojunction until they either recombine or reach 

a donor-acceptor interface, where they were separated into electrons and holes. 

Therefore it is important to choose the desirably interfacial materials such that the 

charge carriers have an energetically favorable path to electrodes, while still retaining 
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some voltage at output. Finally, electrons and holes will then move to anode and cathode, 

through a donor and acceptor material phase [147].  

As shown in Figure 1.8, between the electrodes and the active layer interfaces, 

there are two ultra-thin electron (only several nanometer in thickness) and hole 

transport layers (ETLs and HTLs). The ETLs / HTLs were developed to efficiently 

extract the excited electron and hole-electron pairs from photo active bulk 

heterojunction layer to transport to the respective electrodes, due to their well aligned 

energy level with the LUMO (lowest unoccupied molecular orbital) / HOMO  (highest 

occupied molecular orbital) of the active layer [148, 149]. Energy level of hole transport 

layer in organic solar cell was shown in Figure 1.10. 

 

 

 

Figure 1.11 Typical I-V curves of the solar cells [150]. 

 

1.4.2 Characterization of organic solar cell 

Usually, solar cell is characterized with the curve of its current and voltage (I-V 

curve) as schematically shown in Figure 1.11. Some important parameters of solar cell 

performance can be extracted from Figure 1.11. 
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Figure 1.13 Schematic energy-level diagrams of (a) several transition metal oxides and 

(b) several organic semiconductors. The lower shaded regions represent the valence 

bands and the upper shaded regions represent the conduction bands [156, 157].  

 

Homogenous smooth MoO3 HTLs have been fabricated by evaporation and 

demonstrated as high performance in OSCs [164]. However, evaporation method is a 

time-consuming and complicated vacuum process that increases the manufacturing cost 

of OSCs and is incompatible with a large-area processing needed to produce flexible 

OSCs. Moreover, because evaporated MoO3 (eMoO3) is very sensitive to contaminants 

[165], evaporation process demands a high-purity MoO3 source which further increases 

the fabrication cost of the OSCs. In addition, heating MoO3 with an oxidation state of 

+6 during thermal evaporation leads to severe loss of oxygen, so the final deposited 

layer will have a lower oxidation state of +5 or even +4 (MoO2). The lower oxidation 

state of Mo changes its energy levels and lowers its work function, making it less 

suitable for extracting holes from the active layer. It has been shown that MoO2 with an 

oxidation state of +4 has similar electrical properties to those of Mo metal, which cannot 

act as an optimum HTL for OSCs [166].  



27 

 

Recently, solution-processed MoOx (sMoOx) interfacial HTLs have become widely 

preferred to fulfill the requirements of all-solution-processed OSCs by virtue of their 

precise composition control, homogeneity, large-area compatibility, flexibility, and low 

processing cost [167-169] compared with those of counterparts with an eMoOx or 

PEDOT:PSS HTL. However, there are still several difficulties to fabricate efficient 

OSCs with solution-processed HTLs, which are:  

(1) Usually, high temperature annealing is needed to convert the precursors to MoOx, 

which increases the manufacturing cost and limits the choice of flexible substrates. For 

example, Girotto et al. [170] fabricated sMoO3-based OSCs with a fill factor of 65 %. 

However, the solution process needed a complicated reflux procedure and the annealing 

temperature (275 °C) was too high to be compatible with flexible substrates like 

Polyethylene naphthalate (PEN) or Polyethylene Terephthalate (PET). Murase and 

colleagues [171] developed a (NH4)6Mo7O24·4H2O solution decomposition route to 

fabricate OSCs with a high fill factor of 69.3 %. However, this process involved a long 

annealing time of 1 h, which limited the production speed and increased cost.  

(2) Intrinsic sMoOx shows a high resistance, which will increase the series resistance 

and degrade the overall performance of OSCs. Wang et al. [172] developed a low-

temperature (120 °C) solution process to form MoOx HTLs, but the layers displayed 

high resistance and gave devices with insufficient performance. To settle the problem 

of high resistance, Li and co-workers [173] treated sMoOx HTLs in N2 to produce 

oxygen vacancies in order to increase conductivity. To further increase the conductivity 

of sMoOx, silver (Ag) particles were also added, which although enhanced the PCE of 

the resulting devices, increased the cost of the fabrication processes at last. Very 

recently, a conductive sMoOx HTLs were developed by our group, the improved 

performance of the resulting OSCs were reported [174].  
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Chapter 2  

Growth of molybdenum trioxide nanorod 
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volume ratio nanostructures [20-23]. In particular, MoO3 nanorod arrays have been 

applied in field emission [22, 24], as anodes of lithium batteries [25-27], as buffer layer 

of organic light emitting diodes [28], and as gas sensors [20, 29], because of their high 

surface-to-volume ratio, superior crystallinity, and excellent electron transportation 

properties [30].  

 

 

Figure 2.1 XRD pattern of MoO3 nanorod arrays synthesized by 2-ME solvent, 

molybdate:citric acid = 0.5:1.5, spin coated at 1000 rpm for 10 s, annealing at 673 K 

for 15 min (inset, crystal structure of MoO3). 

 

In general, MoO3 nanorod arrays can be synthesized by pulsed electron beam 

deposition [30], RF sputtering31, thermal evaporation [31], and a hydrothermal method 

[32, 33]. However these methods are complicated because they involve high energy 

costs, as well as poor productivity and reproducibility. Developing a new synthesis 

method has become an urgent issue. Sol-gel method has many merits, such as being 

simple, homogeneous, applicable over a large area, performed in a short time, and easy 

to control with low energy costs; as such, it has been applied to prepare metal oxides, 

e.g., ZnO, TiO2, and ITO, as well as other oxides [34, 35].  
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Figure 2.4 SEM and TEM images of as-synthesized MoO3 nanorod arrays (2-ME, 

0.5:1.5, 1000 rpm /10 s, 400 oC / 15 min): (a) vertical view of SEM image, (b) cross-

sectional view of SEM image, (c) low-resolution TEM image of MoO3 nanorod arrays, 

(d) high-resolution TEM image of MoO3 nanorod arrays. 

 

 

 

Figure 2.5 (a) low-resolution TEM image of MoO3 nanorod arrays, (b) high-resolution 

TEM image of MoO3 nanorod (inset, selected area electron diffraction (SAED) pattern 

of single MoO3 nanorod). 
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Figure 2.8 SEM images of nine types of samples (2-ME, 1000 rpm/10 s, 400 oC / 15 

min) synthesized using solutions with various molar ratios of molybdate to citric acid, 

(a) 0.5:0.5, (b) 0.5:1.0, (c) 0.5:1.5, (d) 1.0:0.5, (e) 1.0:1.0, (f) 1.0:1.5, (g) 1.5:0.5, (h) 

1.5:1.0, (i) 1.5:1.5. 

 

The top-view SEM images of samples annealing from 1 min to 180 min are seen 

in Figures 2.8 and 2.9. From these SEM images, it is clear that the lengths of the 

nanorod arrays change with annealing time.  
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Figure 2.9 SEM images of MoO3 nanorod arrays (2-ME, 0.5:1.5, 1000 rpm /10 s, 673 

K) sintered at 673 K for various times: (a) 1 min, (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 

min, (f) 15 min, (g) 20 min, (g) 180 min. 

 

The mean lengths of the nanorod arrays were collected from Figure 2.7 (a)-(d) and 

Figure 2.8 and plotted with standard deviation in Figure 2.7 (e) with respect to 

annealing time from 1 min to 180 min. There are two stages in the curve of Figure 2.7 

(e). The lengths of nanorod arrays increase in the range from 0 min to 15 min as the 

first stage, then the lengths descend to zero at 180 min as the second stage. One possible 

reason for the increasing nanorod lengths at the first stage in Figure 2.7 (e) is that the 

nanorod arrays will nucleate and grow with the assistance of high temperature and citric 

acid as aforementioned. However, the process in the second stage will not react after 

15 min because the molar ratio of the remaining citric acid could unsustain the growth 

of the nanorod arrays, resulting in the growth of the other particles, because of the citric 

acid decomposition and evaporation at high temperatures. These results suggest that the 

citric acid molar ratio in the precursors play a critical role in the growth of nanorod 

arrays. 
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Figure 2.11 XRD patterns of MoO3 (2-ME, 0.5:1.5, 1000 rpm/10 s, 400 oC) annealed 

for various times: (a) JCPDs card information 01-073-1537. (b) 3 min, (c) 5 min, (d) 7 

min, (e) 10 min, (f) 15 min, (g) 20 min, (h) 180 min, (i) JCPDs card information 05-

0508. 
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Chapter 3  

VOC gas sensing devices based on 
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3.1 Introduction 

To fabricate electronic devices with high performance through simpler and faster 

processes is an objective of technological evolution [1-3]. In particular, the limitations 

of cost-effectiveness, time consumption and energy conservation in the synthesis of 

advanced functional materials and device fabrication are the main problems that need 

to be overcome for the mass production of electronic devices [4-7]. Over the past 

decades, semiconductor metal oxide (SMO)-based gas sensors for toxic and explosive 

volatile organic compounds (VOCs) have drawn much attention from researchers 

because of their advantages of sensitivity, rapid response and inexpensive production 

[8, 9]. Recently, considerable effort has been devoted to developing much simpler 

routes to control the shape and grain size of SMO to achieve a higher surface-to-area 

ratio and unique surface chemistry behavior to improve sensing performance [10-12]. 

Among the metal oxides, molybdenum trioxide (MoO3) is one of the most 

desirable for use in gas sensors because of its indirect wide band gap of 3.5 eV [13-15]. 

MoO3-based gas analyzing devices show excellent gas sensing properties for several 

kinds of gas species [16-21] because of their special quantum size effect, surface effect, 

high reactivity and the polyvalency of molybdate. In particular, MoO3 nanostructures, 

such as MoO3 nanobelts, flower-like microstructured MoO3, and net-like MoO3 porous 

architectures synthesized by the hydrothermal route, exhibit appealing sensing 

properties for VOC vapors [22-24]. The gas sensing properties of MoO3 thin film 

fabricated by radio-frequency (RF) sputtering have also been investigated [25]. These 

reports showed the nanostructures possessed typical sensing performance for VOC 

vapors; however, these nanostructures need to be processed with two or more steps, 

which is time consuming. For instance, these nanostructures need to be transferred or 

arranged on a ceramic substrate and then annealed to obtain substantial 

growth/adhesion on the substrate. To increase the VOC gas sensing performance of 

nanostructures, they needed to be loaded with noble metal particles (e.g., Au, Pt, Pd) 

by further sputtering or solution processes, which increased the fabrication time and 
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with much higher surface potential energy than that of the seed layer display rapid 

desorption of EtOH vapor and readsorption of oxygen, leading to a rapid increase in 

resistance. Conversely, the dense seed layer area can retain comparatively more 

remnant charges, because of the slow desorption/readsorption process, which are 

caused by the strong bonding of VOC molecules. The slow decrease of charges in the 

dense seed layer results in the slow increase of the whole sensor resistance, which 

explains the slow recovery times of NR-A and NR-B. This mean that the nanorod-

covered surface area dominate the recovery process of the VOC gas sensing devices. 

The detailed mechanism of the NR-C and NR-D-based sensors is outlined in Figure 3.6.  

  Moreover, the random 3D nanorod array samples are composed of an upper 

layer of nanorods and lower seed layer. The sensor performance are influenced by the 

different adsorption and desorption abilities of these two layers to target molecules. 

Compared with the dense seed layer, the nanorod array layer provided much more 

active sites to allow the quicker and increased adsorption of target molecules[43]. The 

nanorod arrays possess much higher surface potential than the seed layer[45], which 

cause more induced charges to generate and combine more quickly in the nanorod 

arrays layer than in the seed layer. Surface energy band variation of the nanorods and 

seed layer in air and EtOH are shown in Figure 3.5a and b.  

When exposed to EtOH vapor, the much higher adsorption velocity gives rise to 

the faster and greater number of induced charges in the nanorod layer than in the seed 

layer. The rate of resistance decrease of the nanorod layer was therefore much higher 

than that of the seed layer ({dR/dt}nanorods >> {dR/dt}seed). At a certain applied voltage, 

the induced charges in the gas sensor would preferentially transport along the nanorod 

layer, as shown in the schematic diagrams in Figure 3.6 a-c. The resistance variation of 

the nanorod layer represented that of the whole sensor. The longer nanorods will shorten 

the transportation routes because of the many junctions in the 3D nanorod networks. 

Therefore, the response time shortened considerably as the nanorod length increased, 

as illustrated in Figure 3.4b.  
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Figure 3.5 Surface energy band bending of the nanorods are higher than that of the seed 

layer because of their higher surface potential. (a) Surface energy band bending of 

nanorods when exposed to oxygen and ethanol; (b) Surface energy band bending of the 

seed layer when exposed to oxygen and ethanol. 

 

When the sensor is exposed to air again, the target gas will be desorbed and oxygen 

would be readsorbed to recover the initial higher resistance of the sensor. For the NR-

A and NR-B sensors, the surface coverage of nanorods was low. The porous random 

3D nanorods with high surface potential underwent rapid desorption of EtOH vapor 

and readsorption of oxygen, leading to a rapid increase in resistance. In contrast, the 

dense seed layer with much lower surface potential would retain comparatively more 

remnant charges because of its slow desorption/readsorption process. The slow 

decrease of charge in the seed layer resulted in the slow increase of the sensor resistance, 

which explains the slow recovery time of the NR-A and NR-B sensors. A schematic 

illustration of the charge variation in the NR-A and NR-B sensor is provided in Figure 

3.6 d-f. In contrast, for the NR-C and NR-D sensors, the nanorod arrays covered almost 

the whole surface of the sensors, unlike the cases of NR-A and NR-B, as depicted in 

Figure 3.2 and 3.3c. When exposed to air, the nanorod arrays would also quickly adsorb 

numerous oxygen ions and then deplete the charges in the nanorods. At the same time, 

the large oxygen density gradient between the nanorod layer and seed layer caused the 

oxygen to transport from the nanorod array layer to almost all the surface of the seed 

layer. The abundant oxygen at the surface of the seed layer would quickly deplete the 

charges in the seed layer, which led to the rapid increase of the resistance of the seed 
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layer, like that of the nanorod layer. The quick depletion of charges in both the nanorod 

and seed layers caused the resistance of the NR-C and NR-D sensors to increase 

promptly when exposed to air. Schematic diagrams of the charge variation in NR-C and 

NR-D are shown in Figure 3.6 g-i. Overall, the sensors with higher coverage of 

nanorods showed a quicker recovery time, while those with a lower coverage of 

nanorods exhibited a slower recovery time. 

 

     

 

 

 

Figure 3.6 Schematic diagrams of the charge variation in the nanorod arrays when 

exposed to ethanol (EtOH) and oxygen: (a - c) charges generation process of the 

nanorods and seed layer when exposed to EtOH; (d - f) charges depletion process in 

NR-A and NR-B sensors, when exposed to the air; (g - j) charges depletion process in 

NR-C and NR-D, when exposed to air. 
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Figure 3.7 (a) Normalized resistance modulation in the NR-D gas sensor to four types 

of VOC vapors with different concentrations at 300 oC. (b) Sensitivity-dependent 

concentration of four types of VOC vapors for the NR-D sensor. Purple, blue, red and 

green indicate EtOH, MeOH, IPA and ACE vapors, respectively.  

 

The above results reveal that the dependence of the response and recovery times 

of the sensors on different morphological factors, i.e., the length and surface coverage 

of the nanorods, respectively, originated from the different adsorption/desorption 

abilities of the 3D-network of nanorods and dense seed layer. The sensitivity of the 

sensors was controlled by the whole surface area-to-volume ratio, i.e., the integration 

of the length, number and area coverage of nanorods in the sensor. 
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oxide, which will change its energy levels, lower its work function and make it less 

suitable for extracting holes from the active layer [27].  

Recently, the solution processed MoOx (sMoOx) interfacial HTLs are widely 

preferred to fulfill the requirements of the entire solution processed OSCs with the 

simplified device fabrication process. Several routes for the sMoOx HTLs have been 

reported by virtue of precise composition control, high homogeneity, large area, flexible, 

and low processing cost [28-30]. However, the solution-processed MoOx HTLs are still 

facing several challenges in fabricating the efficient OSCs. One of the difficulties is to 

control the stoichiometry of oxygen and Mo within the intrinsic oxide using a simple 

annealing process, which is required to optimize the annealing temperature to convert 

the precursors to MoOx to fabricate oxide HTL with abundant polyvalence and high 

work function [31-34]. 

Hydrogen peroxide (H2O2) is a strong oxidizer, which can be used to control the 

oxidation state of the oxides though simple solution process. Choy et al, [10, 35] 

developed a solution process for the efficient MoOx HTLs by using H2O2 as the solvents 

to dissolve the metallic Mo into the water, which demonstrated that the H2O2 can 

effectively control the stoichiometry of Mo and oxygen in the MoOx HTLS. However, 

this dissolving process will also introduce more excessive oxygen vacancies to lower 

the work function and is a violently exothermic oxidation reaction, which needs to be 

processed with further step to lower the reaction temperature. Very recently, a much 

more mild H2O2-based process for the sMoOx HTLs were developed by our group [36]. 

The smooth and more conductive sMoOx HTLs were fabricated and a better 

performance of the OSCs were achieved, which show a light for achieving the solution-

processed MoOx HTLs with a simple annealing process. However, the function of the 

H2O2 for fabricating the HTLs is still far away from entirely clear. 

In this work, a mild route for the H2O2-disposed sMoOx HTLs was developed with 

a modified recipe from our previous work [36-38]. The corresponding HTLs and the 

referential eMoOx or PEDOT:PSS HTLs was used to fabricate the OSCs. This sMoOx 

HTLs were recently testified by our group as very promising for the CZTSe-based solar 
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cells [39], which requires the high temperature and corrosive environment. Here the 

material properties of this sMoOx HTLs were focused on, by trying to analyze the 

function of H2O2 in the precursors and by examining the hole transport abilities for the 

OSCs. A detailed study to understand the evolution of their structural, chemical, and 

electronic properties of the sMoOx were carried out. The knowledge garnered from this 

study will greatly contribute to the research and development universal applications for 

the organic electronic devices by using the solution coated MoOx buffer layer (or HTLs). 

 

4.2 Experimental 

4.2.1 Fabrication process of sMoOx based thin films 

For comparison, precursor solutions with and without H2O2 were prepared, as 

shown in Figure 4.1a. The precursors without H2O2 were prepared using a modified 

procedure from that in our previous work [37, 40]. Ammonium molybdate (97.0 %, 

Sigma-Aldrich, Germany) and citric acid (anhydrous, 98.0 %, Sigma-Aldrich) were 

dissolved in 2-methoxyethanol (5 mL, Sigma-Aldrich) with a ratio of 0.025:0.075 

mol/L, by magnetic stirring for 4h and then the solution was aged for 24 h in air. This 

solution was defined as (A). The precursor with H2O2 was prepared as A, except H2O2 

(30 wt.%, Sigma-Aldrich) was added to 2-methoxyethanol to give a total volume of 5 

mL with a volume ratio of H2O2 to 2-methoxyethanol of 10:90 (vol.%). This solution 

was defined as solution (B). After adding H2O2 into the precursor solution, it instantly 

changed from faint to bright yellow, as shown in the inset of Figure 1(c) and (d). This 

suggested that the valence of the Mo ions in the solution changed from +5 to +6 and 

Mo octahedral formed [36].  

4.2.2 Fabrication process of organic solar cells based on sMoOx HTLs 

To fabricate sMoOx HTLs, patterned ITO substrates were first cleaned with 

detergent, and then sequentially sonicated in deionized water, acetone, and isopropyl 
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alcohol for 10 min. The ITO substrates were further cleaned by UV/ozone treatment to 

improve their wettability for the solutions. The Mo solutions with and without H2O2 

were then spin coated on the precleaned ITO substrates at 1000 rpm for 30 s, as shown 

in Figure 4.1b. Subsequently, these samples were annealed on a preheated hotplate at 

about 200 °C for 10 min in air to make the solution-processed MoOx-based HTLs, as 

shown in Figure 4.1c. Films synthesized without and with H2O2 were defined as 

sMoOx_A and sMoOx_B, respectively. For comparison, 25 nm-thick spin-coated 

PEDOT:PSS (Heraeus Clevios 4083, Heraeus, USA) and 20 nm-thick eMoOx layers 

were also fabricated on clean ITO substrates as HTLs to compare with the solution-

processed MoOx HTLs. The PEDOT:PSS HTLs were annealed at 110 °C in air.  

 

 

 

Figure 4.1 Fabrication process of organic solar cells based on solution processed hole 

transport layer. 

 

PV10 (14 mg, Polyera, USA) and PC70BM (21 mg, Nano-C, USA) were dissolved 

with a weight ratio of 1:1.5 in ortho-dichlorobenzene (1 mL, anhydrous, 99.0 %, Sigma-

Aldrich) by magnetic stirring at 80 °C for 24 h to form a PV10/PC70BM blend solution. 

This solution was spin coated on different HTLs (sMoOx_A, sMoOx_B, eMoOx, and 















113 

 

though it possessed the highest Voc of 0.82 V, because it had the lowest FF of 68.26 % 

and Jsc of 12.61 mA/cm2. Like the device with PEDOT:PSS, the device with eMoOx 

achieved an moderate PCE of 6.48 %, because its FF and Jsc were low (70.93 % and 

12.51 mA/cm2, respectively) although it showed the same Voc as that of the sMoOx_B 

device (0.73 V).  

 

 

 

 

 

Figure 4.7 J-V curves of HTL-based OSCs (a) under illumination, and (b) in the dark. 

(c) EQE curves of the OSCs based on sMoOx_A and sMoOx_B. 

 

The above-mentioned device characteristics were also reflected in the current 

curves of the devices obtained in the dark, as illustrated in Figure 4.7b. The device with 

a PEDOT:PSS HTL showed the highest leakage current density in both reverse and 
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forward bias, implying poor diode properties, which coincides with its low Jsc and FF. 

Although the sMoOx_B and sMoOx_A devices showed almost the same low leakage 

current, the current density of the H2O2-modified HTL in forward bias was a little higher 

than that of the one fabricated without H2O2, indicating that sMoOx_B possesses the 

lowest series resistance and thus improved performance compared with that of 

sMoOx_A. The reverse-bias current of the eMoOx-based device was higher than that of 

the device with sMoOx_B but lower than that of the one with PEDOT:PSS. The EQE 

of the sMoOx_B device was also much higher than that of the one with sMoOx_A. 

The J-V curves of the sMoOx_A, sMoOx_B, and eMoOx-based OSCs indicate that 

Voc of the three devices are almost the same; however, their Jsc values follow the order 

of sMoOx_B > sMoOx_A > eMoOx. Considering the UV-Vis, XPS, AFM, J-V, and EQE 

results, the sMoOx_B-based device exhibited the highest performance, which coincides 

with its high transparency throughout the visible region, high polyvalence, and smooth 

surface.  

To optimize the OSCs with sMoOx_B HTLs, the molar ratio of the Mo and citric 

acid in precursors was changed to 0.05:0.15 and 0.1:0.3 to study the influence of HTL 

thickness on device performance. The HTLs synthesized from these precursor solutions 

by spin coating on ITO substrates and subsequent annealing at 200 °C for 10 min were 

defined as sMoOx_2B and sMoOx_4B, respectively. The J-V curves of these OSCs are 

shown in Figure 4.8a. The Jsc, Voc, FF, and PCE values of these solar cells are also listed 

in Table 4.1 Figure 4.8a revealed that the devices fabricated with various precursor 

molar ratios exhibited different performance.  

The cells without a HTL showed poor performance with the lowest Voc, Jsc, FF, 

and PCE of 0.14 V, 11.73 mA/cm2, 41.08 %, and 0.67 %, respectively, indicating 

mismatch of energy levels at the interface between the electrode and active layer. In 

contrast to the device without a HTL, those with sMoOx_B, sMoOx_2B, and sMoOx_4B 

HTLs showed improved performance. These three devices displayed almost the same 

Voc of about 0.7 eV. Meanwhile, Jsc decreased with the increasing of molar ratio of Mo 

in the precursors, which resulted from the non-optimum layer thickness by increasing 
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of the series resistance of these HTLs [32]. The sMoOx_B-based device exhibited the 

highest FF and PCE of 72.5 % and 7.19 %, respectively.  

 

 

 

 

Figure 4.8 (a) J-V curves of OSCs with sMoOx HTLs fabricated using precursors with 

different Mo molar ratios. (b) J-V curves of OSCs with sMoOx HTLs fabricated with 

different H2O2 vol.%. (c) PCEs and fill factors of OSCs annealed at different 

temperatures. 
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and discontinuity of the HTL annealed at the higher temperature of 300 °C, as shown 

in Figure 4.9.  

 

 

Figure 4.9 AFM image of a solution-processed MoOx_B film on a Si substrate 

following annealing at 300 °C for 10 min. 
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