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ABSTRACT

Zinc oxide nanorods (ZNR) and P3HT inorganic-organic hybrid composite layers were
fabricated and characterized for the application as the active layers in thin film solar cells.
The effect of different numbers of P3HT layers on the optical properties was studied.
Optimum P3HT thickness on the ZNR was determined to provide a direct electron movement
pathway and reduce the leakage current during the measurement process. ZNR was grown
using the chemical bath deposition (CBD) method on a spin coated ZnO seed layer. P3HT
was deposited on top of the ZNR layer via the sol-gel spin coating route, with the number of
P3HT layers varied. As expected, the number of layers or thickness of the P3HT layer affected
the morphology as confirmed by the FESEM images. Besides, the crystallinity and optical
properties of the ZNR/P3HT films changed due to the increase in thickness. Since absorption
is an important characteristic for a good solar cell, the sample with 5 layers of P3HT (5-L)
sample was found to be the most promising sample with the optimized thickness (356.48
nm) for the application in solar cells. 5-L sample exhibit the highest absorbance value
compared to other samples.

Keywords: active layers, crystallinity, hybrid, inorganic-organic, morphology

1. INTRODUCTION

The typical operation of a solar cell involves absorbing light and then generating excitons. These
excitons tend to dissociate, creating pairs [1-3]. Commonly, the dissociation of exciton into free
charge carriers occurs at the donor/acceptor interface. Then, the electric field will then sweep
away these charge carriers, which are then will be collected at the respective electrodes, and
increase the photocurrent [4,5]. Thus, the performance of a solar cell depends on several factors,
namely the mobility of the material’s charge carrier, the light absorption by the active layer
materials, and energy level alignment built-in electric field occurs at the interface of the
donor/acceptor [4-7].

To achieve a high-efficiency thin film solar cells, researchers focused on materials that are
nontoxic and not limited in abundance, thus compatible with the large-scale implementation of
PVs [8]. Basically, semiconducting organic macromolecules, inorganic nanoparticles, or both
(hybrids) were used during the fabrication of this type of thin-film solar cell. Previously, the
fabrication and development of inorganic UV photodetectors using numerous inorganic
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semiconductors such as SiC, GaN, CdSetc, and ZnO had become noteworthy attention among
researchers. Most of these materials were chosen due to their wide band gap [9-12]. Among these
materials, ZnO becomes a promising candidate because of its morphology which can be reduced
in dimensions. This superiority has a strong impact on its characteristic in optoelectronic devices.

ZnO is a wide bandgap (~3.37 eV) II-VI compound semiconductor with good electron mobility of
range ~205 cm?V-1s- 1, besides having a high exciton binding energy of ~60 meV at room
temperature [13-14]. It has unique physical properties, such as a wide range of nanostructures
family and non-toxicity. A large diversity of morphologies/nanostructures with varying aspect
ratios such as nanowires, nanorods, nanobelts, nanotubes, nanosheets and a few more have been
reported in many studies. All of these nanostructures and morphologies could be grown by
different solutions and physical-based approaches, like sol-gel, hydrothermal, and
electrochemical [15-17]. Many nanostructures can be obtained by the chemical bath deposition
(CBD) method, with the assistance of several additives and by varying the growth parameters
such as temperature, growth duration, and seed layer [18-20]. In solar cell application, the
stability of p-type characteristics in ZnO is still a major challenge and issue, even though ZnO is
one of the promising candidates for nanostructured devices and n-type characteristics can be
easily obtained.

In this context, compositing ZnO with organic semiconductor materials has been described as a
suitable candidate as they have comparable device parameters to their inorganic counterparts
and simultaneously can be fabricated by easier, simpler, and cost-effective solution processing
techniques [21-23]. Numerous stable p-type organic conducting polymers, for example, poly (3-
octylthiophene) (P30T), poly(p-phenylene-vinylene) (PPVs), also poly (3-hexylthiophene)
(P3HT) can be established and synthesized in the fabrication of various organic optoelectronic
devices [24-26]. Usually, common organic semiconductors thin films are amorphous in nature
and have low mobility as compared to inorganic semiconductors [27].

For a composite thin film in solar cell application, the thickness of each layer is crucial to be
considered. To be specific, in the case of compositing nanorods in another matrix, short circuits
could easily happen if the nanorods layer was not fully covered. Other than that, the thickness of
the upper layer was also important to be optimized, to ensure that the electron movement has a
direct pathway to the electrode. Since the upper layer acts as the photoactive layer, the optimum
thickness is required to trap more light during the measurement process. For this reason, the
suitable thickness of the photoactive layer needs to be determined to enhance the performance
ofthe solar cells. Thus, the thickness of P3HT photoactive layer was varied by varying the number
of spin coated layers covering the n-type ZNR layer. The effect of the P3HT thickness on the optical
properties of ZNR/P3HT inorganic-organic hybrid layers was studied.

2. EXPERIMENTAL

ZNR/P3HT composite bilayer film was fabricated on indium tin oxide (ITO) via sol-gel spin
coating and the chemical bath deposition (CBD) method. Prior to the deposition of ZNR and P3HT,
ITO was cleaned using a standard cleaning process, to eliminate all the contaminants. Ethanol,
C2Hs0H, and deionized water (DI) were used during the cleaning process and sonicated in an
ultrasonicator (Hwashin Technology Powersonic 405) for 10 minutes. For the deposition process,
there were three different parts, namely deposition of the ZnO seed layer, growing process of
ZNR, and deposition of the P3HT layer.

2.1 Deposition of ZnO Seed Layer
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To prepare a 0.4M ZnO solution for the seed layer, the sol-gel route was used. A precursor, zinc
acetate anhydrate, ZnAc; was dissolved in 2-methoxyethanol, C3HgO2 and monoethanolamine
(MEA), C2H7N14 which act as the solvent and stabilizer respectively. This mixture was stirred at
300 rpm, and 80 °C heat was applied. After 3 hours, the heat was switched off, and the ZnO
solution was kept stirred at room temperature for 24 hours, to obtain a clear and homogenous
solution.

When the 0.4M ZnO solution was ready, the deposition process of 5 layers seed layer was
conducted by spin-coating technique. A cleaned ITO substrate was placed at the center of the spin
coater (Laurell Model WS-650MZ -8NPP/Lite) stage, and 10 drops of ZnO solution were dropped.
4000 rpm spin rotation was set for 60 seconds. After that, the seed layer was dried in a furnace
(Protherm Furnace PLF 160/5) for 10 minutes at 150 °C. These deposition and drying steps were
repeated until 5 layers of the ZnO seed layer were produced. After the 5t layer, the deposition
process of the seed layer was completed followed by an annealing step. The seed layer was
annealed at 500 °C for 1 hour.

2.2 Growth Process of ZNR by Chemical Bath Deposition

A 0.1IM ZnO was prepared as the chemical solution for the growing process. Zinc nitrate
hexahydrate, Zn(NO3)2:6H,0 and hexamethylenetetramine (HMT), CsH12N4, which function as
precursor and stabilizer were dissolved in DI water (solvent). The mixture was sonicated in an
ultrasonicator for 30 minutes at 50 °C. After that, the sonicated solution was kept stirred at room
temperature for another 3 hours. Prepared 0.1M ZnO solution was poured into a 100 mL Schott
bottle, and the ZnO seeded ITO substrate was placed upside down in the center of the bottle. This
Schott bottle was immersed in a pre-heated water bath (Memmert, C1-WNB 7SC) for 1 hour, at
95 °C. After 1 hour, the sample was taken out and rinsed with DI water. The grown ZNR was dried
at 150 °C for 10 minutes and annealed at 500 °C for 1 hour.

2.3 Deposition of P3HT Layer

P3HT solution was synthesized by dissolving P3HT powder into a solvent, dichlorobenzene
(DCB), C¢H4Cl,. The mixture of P3HT and DCB was stirred for 15 minutes at 300 rpm. Then, the
solution was sonicated in an ultrasonicator for 1 hour. When the solution was ready, the
deposition process was conducted by spin coating technique. The ZNR sample was placed at the
center of the spin coater’s stage. 10 drops of P3HT solution were dropped onto the ZNR layer,
with the spin rotation set to 3000 rpm for 60 seconds. The deposited layer was let dry at room
temperature for 5 minutes. In this study, the number of P3HT layers was varied to find the
optimum thickness that could cover the ZNR layer. The number of layers for the P3HT layer was
varied from 1 to 5 layers. The deposition and drying process was repeated until the topmost layer
was obtained. At the end of the process, all of the deposited and dried samples were annealed at
160 °C for 10 minutes. The low temperature was applied during the annealing process due to the
polymer characteristic of P3HT. The schematic for ZNR/P3HT synthesis process is illustrated in
Figure 1. All of the fabricated samples were labeled as in Table 1:

Table 1 Classification and sample labelling

Type of sample  Label
7ZNR ZNR
1 layer of P3HT 1-L
2 layers of P3HT 2-L
3 layers of P3HT 3-L
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4 layers of P3HT 4-L
5layers of P3HT 5-L

Deposition of 1- 5
layers P3HT layer by
sol-gel spin coating

Deposition of 5 layers Growth of ZNR using
Zn0 seed layer by chemical bath
sol-gel spin coating deposition process

f—
ZNR ZNR
) )
frig T moiser s - —

Figure 1. The overall process for deposition of ZNR/P3HT thin film

2.4 ZNR/P3HT Thin Films Characterization

All of the fabricated samples were characterized morphologically, structurally, and optically. A
field emission scanning electron microscope (FESEM, JEOL JSM-7600) was used to observe the
morphology of the samples. The thickness of the samples was measured by surface profilometer
(SP, KLA-Tencor P-6 Stylus Profiler), while for the crystallinity quality, x-ray diffraction (XRD,
PANalytical X’PERT PRO) was used. Lastly, all of the samples were characterized by an ultra-violet
visible spectrometer (UV-Vis) to determine their optical properties. By using UV-Vis, the
transmittance and absorbance of the samples were measured. The optical band gap for all
samples was calculated based on the transmittance and absorbance results obtained.

3. RESULTS AND DISCUSSION
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Figure 2. The morphology of (a) ZnO seed layer; (b) grown ZNR; (c) ZNR with 1-layer P3HT; (d) ZNR
with 5-layers P3HT; (e) cross section of ZNR with - layer P3HT and (f) cross section of ZNR with 5-layers
P3HT. (i) - (iv) in (f) indicate the (i) ITO substrate, (ii) ZnO seed layer, (iii) ZNR and (iv) P3HT layer

Figure 2 shows the morphology of the ZnO seed layer, ZNR, and ZNR/P3HT deposited with 1 and
5-layers of P3HT. From Figure 2 (a), a crack-free, dense, and agglomerated ZnO seed layer could
be observed. Deposition of 5-layers ZnO seed layer produced a uniform distribution of ZnO
nanoparticles. It is important to have a uniform and dense seed layer because this seed layer act
as the nuclei site for the ZNR. ZNR will be grown according to the morphology of the seed layer
prepared. Uniform nuclei sites would assist the growth of ZNR. This can be seen in Figure 2 (b),
in which dense and uniform ZNR was successfully grown. Similar phenomena were reported by
B. Ikizler et. al. stating that the surface of the parent seeds may serve as nuclei for further growth
for the rods [27].

P3HT layers were then deposited on the ZNR. Figure 2(c) and (d) represent the samples deposited
with 1 and 5-Layers of P3HT. The changes in the structures are evident where the size of the
particles becomes larger in the 5-layers sample. It can be said that the particles agglomerated
when the subsequent layer was deposited. This agglomeration leads to the increasing size of the
particles, as shown in Figure 2(d). The increment of the particle’s size might be due to the drying
process that was conducted after the deposition of each layer. During the drying process, a solid
bridge may build up between the particles, thus the agglomeration between the particles occurs
[28]. This process continues until all the layers had been deposited. Since the 5-layers was the
highest deposition layer, this may be the reason why the particles are bigger compared to the 1-
layer ZNR/P3HT film.

Table 2 Classification and sample labelling

Sample Thickness (nm)
ZNR 321.54
1-L 325.10
2-L 330.14
3-L 337.15
4-L 344.63
5-L 356.48

Other than that, the structure of the 5-layers sample is deduced to have a thicker thickness,
proportionally with the number of layers. Generally, the film will have a thicker thickness when
the number of layers is deposited. To confirm that the layer of ZNR had been fully covered, a cross-
section observation was performed for the 1 and 5-L samples. These cross-sections are labelled
as (e) and (f) in Figure 2. However, only 5-L samples show a clear separated layer. Based on the
image in Figure 2(c), four different layers can be observed, (i) the ITO substrate layer, (ii) the ZnO
seed layer, (iii) the ZNR layer, and (iv) the P3HT layer. The P3HT layer can be observed to be on
top of the ZNR layer. The SP measurement was conducted to determine the thickness of each of
the deposited samples and the results are tabulated in Table 2.
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The measured samples exhibit an increasing thickness trend with the increasing number of
layers.-As in Table 2, the thickness of the ZNR/P3HT significantly increases, with the 5-L sample
having the highest thickness at 356.48 nm, while the sample with 1-layer gave the least thickness
value at 325.10 nm. As a reference, the thickness of the ZNR layer was also measured. It can be
seen that the deposition of 1 layer of P3HT does not significantly change the total thickness of the
sample. This shows that the P3HT acts as the matrix for the nanorods. The second layer of P3HT
(as observed in the 2-L sample) was then deposited on the underlying P3HT. It should be noted
that as mentioned in the methodology section, a drying process was carried out after the
deposition of each P3HT layer. According to a study reported by M. Addamo et al.,, the drying
process during the deposition of each layer might increase the thickness of the film [29]. This
means that, when a film is deposited with more than one layer, it will undergo a few times drying
processes, thus a thicker film would be produced. This is because during drying each layer grows
over irregular and crystalline surface or structure preformed, thereby producing greater
thickness. Other than that, the increment of thickness may also be attributed to the increase in
the particle quantity of P3HT with the increasing number of layers. During the first layer of P3HT,
the P3HT particles had already settled on and between the ZNR layer. When subsequent layers
are deposited, the number of particles increases, thereby increasing the thickness of the film.
Therefore, the thickness of the thin film increases continuously with the number of P3HT layers.

All samples were also characterized using XRD, to investigate their crystalline quality. Results
obtained from this characterization are shown in Figure 3. All samples were deposited with a
different number of P3HT layers, and also the bare ZNR sample exhibited a polycrystalline
structure based on the XRD results. ZNR sample exhibits three dominant peaks that belong to
(100), (002), and (101) planes, while other minor peaks that belong to ITO substrate were
identified. On the other hand, for the samples deposited with different P3HT layers, two major
peaks for ZNR was observed in all samples which are at the (002) and (101) plane. The peak
intensities decrease as the P3HT thickness increases. A peak at 25.77° can be observed for the 5-
L. sample which is attributed to P3HT(010). The decrease of ZNR peaks with increasing P3HT
layer thickness probably can be related to the reduction in ZNR crystalline quality or due to the
ratio of P3HT to ZNR layers of which, increasing P3HT peak will relatively reduce the ZNR peaks.
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Figure 3. XRD spectra for ZNR, 1-L, 2-L, 3-L, 4-L, and 5-L samples

From the XRD spectra, full width at half maximum (FWHM), the crystallite size (D), dislocation
density (6) and interplanar spacing (d), lattice constant (Coo2) were calculated by referring to
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(002) plane. Strain, &, and stress, o were also calculated and tabulated in Table 2. D was
calculated using Scherer’s formula, according to eq. (1) below:

0.941
- B cosb (1)

By referring to eq. (1), D is the crystallite size for the samples, obtained according to the
crystallographic peaks in XRD spectra, A is the x-ray wavelength (1.542 A), B is the diffraction line
broadening at half of the maximum intensity (FWHM) of the peak, and 0 is the Bragg’s angle of
diffraction in radian (obtained from 26). From the determination of D, dislocation line density
was calculated, using eq. (2) and interplanar spacing, d for all peaks were determined using eq.

(3):

§=— (2)
ni
d = 2sin @ (3)

According to eq. (2), dislocation line density was obtained by dividing 1 by the value of crystallite
size, calculated using eq. (1). D in eq. (2) is referring to the value of calculated crystallize size. For
interplanar spacing, d, n=1 is the order value of diffraction, while A is the same value used in eq.
(1), which is the x-ray wavelength (1.542 &), and 8 is the Bragg’s angle of diffraction, which is the
same value used for D calculation.

While for the lattice constant, c, the values were obtained by using eq. (4), below:

A

c= (4)

sin @

Here, A is the constant value of wavelength for the x-ray radiation source (0.154 A) and 6 is the
value obtained from 26 in the spectra. As for the strain, €, and stress, o, the values were
calculated based on eq. (5) and (6) below:

Cfilm— Cbulk
£, = L0k 4 100% (5)
Cbulk
o= 2¢f3—C33(Cract €12) (6)
2C13

For eq. (5), Crim signifies the lattice parameter of the ZnO nanorod films and Cpux is the unstrained
lattice parameter for bulk ZnO (5.2066 A). According to the equation used to calculate the stress,
Cjjis the elastic stiffness constant of bulk ZnO (C11=208.8 GPa, C12=119.7 GPa, C13=104.2 GPa,
and C33=213.8 GPa) and ¢ is the lattice strain obtained from eq. (5). The film thickness may
influence the thin film crystalline quality including the formation of strain and stress in the lattice
[30]. The positive and negative strain values represent the tensile strain when the film is
stretched and the compressive strain when the film is compressed [31]. In short, if the value is
positive, it is considered as a tensile strain, otherwise, it is considered as a compressive strain.
While for stress, if the value obtained is positive, it is considered tensile stress, and the negative
value indicates the compressive stress [31]. As seen in Table 3, the diffraction angle (26) for (002)
peak in samples composited with the P3HT layer had shifted to a smaller angle when a further
number of layers were deposited. As observed from the XRD spectra, the ZNR sample has a higher
angle of (002) peak, compared to samples with P3HT layers. By referring to the X. Zhao et al,, the
diffraction angle might shift when a thin film/material was composited with another material
[32]. This shifting may due to the lattice mismatch between the transition layer and the thin film
and also the stress between two layers in the composited bilayer thin film [32].
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Table 3 Crystallinity properties (FWHM, crystallite size, dislocation line density, lattice constant, strain
and stress) for ZNR deposited with different number of layers of P3HT

Dislocation
Crystallite line Interplanar Lattice Strain Stress,
Samples 20(°) FWHM size, D density, 8§ spacing,d constant o/ c,
(nm) (6x10° (Am) (coz) 2% (Gpa)
line/nm?)
ZNR 35.06 0.4019 36.77 0.740 2.5594 5.112 -1.8150 4.22
1-L 34.60 0.4262 34.67 0.832 2.5927 5.179 -0.5300 1.23
2-L 34.58 0.4462 32.94 0.922 2.5941 5.18 -0.4724 1.09
3-L 34.57 0.4485 32.75 0.932 2.5949 5.183 -0.4533 1.05
4-L 35.55 0.4515 31.97 0.978 2.5963 5.186 -0.3957 0.92
5-L 34.52 0.5082 29.07 1.183 2.5985 5.190 -0.3188 0.74

Other than that, composite bilayer film is different from the film that was composited during the
solution preparation and doped film. Composited bilayer film does not involve the combination
and composition of two different materials in the same solution. A doped or composite film
usually will shift the diffraction angle to a higher value, different from the composite bilayer film,
which shifts the diffraction angle to a lower value, as obtained in this study. The main reason
behind this occurrence is that, composite bilayer film does not affect the atom arrangement or
substitution process in both materials [33]. Besides, the crystallite size, lattice constant, strain,
and stress for all P3HT samples also have the same trend with the diffraction angle, which is a
decrement trend. These outcomes may be ascribed to the variations in the crystallographic
properties of the films. All of these properties decrease, as the thickness/number of P3HT layers
increases. In this study, the negative value of strain emerges for compressive strain, while the
stress value is positive, which indicates tensile stress for all samples. Y. Q. Dai et. al, stated that
the variation in these properties occurs due to the thickness of the film that increases
significantly, thus causing stress relaxation [34].

Optical properties for all of the deposited samples were characterized using UV-Vis.
Transmittance and absorbance spectra for ZNR and ZNR/P3HT deposited with the different
number of P3HT layers were measured in the range of 350-800 nm. Figure 4 shows
transmittance, while Figure 5 presents the absorbance spectra for all the samples, respectively.
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Figure 4. Transmittance spectra for (a) ZNR and (b) ZNR/P3HT samples
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Figure 5. Transmittance spectra for (a) ZNR and (b) ZNR/P3HT samples

Figure 4 exhibits the transmittance for all deposited samples. The value of the transmittance
rapidly drops and apparently decreases as the number of P3HT layers increases. In this study, it
could be clearly observed that the transmittance spectra for the samples changed when been
composited with P3HT. As shown in Figure 4(a), ZNR transmittance spectra have a transmission
peak at ~400 nm, while for samples composited with P3HT, two vibrionic shoulders at ~550 nm
and ~605 nm existed. The vibrionic shoulders are clearly visible when the number of P3HT layers
was increased. Generally, the absorbance value will have an inverse relationship with the
transmittance value. As can be observed in Figure 5, the 1-L sample has the least absorbance value
and the 5-L sample shows the highest absorbance value. The thickness of the film is the major
reason for this. When a film has a thicker thickness, the light that enters through the film has a
longer traveled path, thus the film could trap more lights, resulting in a low value of transmittance
and a higher value of absorbance. Results obtained in this measurement proved that the thickness
plays an important role, in determining the optical properties of the ZNR/P3HT films. For further
investigation, the optical energy band gap was estimated, using Tauc’s plot. Figure 6 shows the
estimation graph for all samples deposited in this study.
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Figure 6. Tauc’s plot for Egestimation of ZNR and ZNR deposited with different numbers of P3HT layers

The change in the optical energy band gap, E; reflected the effect of the number of P3HT layers
on the optical properties of ZNR/P3HT films. The E; value was obtained from Tauc’s relation, as
expressed in eq. (7):

(ahv) = B (hv — Ey)" (7)

The estimated values of Egare provided in Table 4.

Table 4 Crystallinity properties (FWHM, crystallite size, dislocation line density, lattice constant, strain,
and stress) for ZNR deposited with different numbers of P3HT layers

Samples Optical Band Gap Value (eV)
ZNR 3.23
1-L 3.21
2-L 3.17
3-L 3.13
4-L 3.13
5-L 3.12

In this study, it was found that the E,; values are in the range of 3.1 ~ 3.2 eV, the highest is from
the bare ZNR sample which is 3.23 eV. The optical band gap value started to decrease when the
P3HT layer was deposited and decreased continuously as the number of P3HT layers increased.
When the number of P3HT layers is increased, the thickness of the P3HT layers affected the
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optical band gap of the samples because of the low P3HT band gap (~1.9 eV), due to which
indirectly, leads to the decrement of the overall E; value for all of the samples. On the other hand,
thickness increment may introduce some of the defects in film, which will create the localized
state in the band-gap, thus affecting the value of the E; [35]. Similar results were also observed in
the studies reported by S. Sonmezoglu et. al, and H/ B. Yao et. al [36,37].

4. CONCLUSION

ZNR/P3HT thin films were successfully fabricated via sol-gel spin coating and chemical bath
deposition methods. From this study, the influence of the P3HT layer on the optical characteristics
of the samples was investigated, where the number of P3HT was varied from 1 to 5 layers. In the
comparison, the bare ZNR layer (without the P3HT layer on top) was also characterized. FESEM
images revealed that the presence of the P3HT layer changed the morphology of the ZNR, the
thickness of the samples increased when the number of P3HT layers was increased. From the
FESEM and surface profiler characterization, the 5-L sample exhibit the highest thickness, with a
value of 356.48 nm. It was evident from the FESEM image that the ZNR layer was fully covered
when deposited with 5-layers of the P3HT layer on top. Compositing ZNR and P3HT had also
affect the crystallinity of the samples, in which the (002) peak was seen shifted to the lower angle
when more P3HT layers were deposited on the ZNR. These changes also influenced the other
crystallinity properties, such as FWHM, D, d, lattice constant, stress, and strain. As the thickness
of the samples increased, the optical properties were also affected. The transmittance value
shows a decrement trend, while the absorbance value increased as the thickness of the films
increased with the addition of P3HT layers. This occurrence had led to the changes in optical band
gap value. The optical band gap decreased from 3.23 eV for the sample without the P3HT, to 3.21
with 1-layer of P3HT and further reduced to the lowest, 3.12 for the sample with 5-layers of P3HT.
Based on the characterization process conducted, fabricated ZNR/P3HT thin films have the
potential to be applied in solar cell applications. From the analysis, the 5-L sample is the most
suitable sample to be applied as solar cells, due to the highest absorption value, and has the
suitable thickness to fully cover the ZNR layer. It is important to cover all of the ZNR layers to
avoid and reduce the short circuit during the solar cell measurement process.
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