JURNAL SAINS MATERI INDONESIA (JUSAMI)

ISSN: 1411-1098 (print), 2614-087X (online)
VOL. 23, ISSUE 2, April 2022
DOI: https://doi.org/10.17146/jsmi.2022.23.5.6395

ORIGINAL ARTICLE

Nanorods ZnO Thin Film Performance as Transparent Heater

Jusaml

Jurnal Sains Materi Indonesia

L. Suhaimi'* and A. H. Yuwono?

"Teknik Metalurgi, Fakultas Teknik, Universitas Teknologi Sumbawa, JI. Raya Olat Maras, Kec. Moyo Hulu, Kab. Sumbawa, 65145
2Teknik Metalurgi dan Material, Fakultas Teknik, Universitas Indonesia, Depok, Indonesia 16424

ABSTRACT - Transparent heaters have been used for various applications. In this research, a ARTICLE HISTORY

transparent heater made from ZnO nanorods has been successfully fabricated. ZnO nanorods were ~ Received: 1July 2021
. . " . - Revised: 14 April 2022

produced by using the chemical bath deposition method.The results of the XRD investigation showed Accepted: 14 April 2022

that the ZnO_0.015 and Zn0O_0.025 samples contained three and five ZnO peaks, respectively, with '

a hexagonal wurtzite crystal structure. The crystallite size increased along with the increase in the  KEywoORDS

solution concentration from 71.198 nm to 82.924 nm. The morphological characterization of the  Nanorods ZnO,

samples using FE-SEM showed that ZnO_0.025 sample had a better surface covarege than Transparent heaters

Zn0_0.015 sample. The average diameters of ZnO_0.015 and ZnO_0.025 are 127.130 and 146.756

nm, respectively. The transmittance value decreased along with the increase of solution concentration

which is from 55% to 53%. The value of the band gap energy decreased as the concentration of the

seed solution increased from 3.25 eV to 3.20 eV. The resistivity values of ZnO_0.015 and ZnO_0.025

are 1.126 x 104 and 0.824 x 10-Qcm, respectively. From these results it appears that ZnO_0.025

sample has a more optimal performance as a transparent heater compared to ZnO_0.015 sample.

INTRODUCTION

Transparent conductors have been used for various applications such as flat panel displays [1], [2], photovoltaic [3],
and light emitting diodes [4]. Another application of transparent conductors that is interesting to study is transparent
conductors as a transparent heater [5], [6]. The characteristics that must be possessed by a transparent conductor to be
effective as a transparent heater (TH) are; absorption coefficients in the ultraviolet (UV), visible (VIS) and near-infrared
(NIR) regions must be low and has low resistivity or high conductivity (o) values in order to generates heat at a relatively
low voltage, despite being transparent.

Until now, researchers have used a variety of methods for producing a thin film of a transparent conductor oxide
applications. The method of thin film fabrication used in this study is the chemical bath deposition method. This method
consists of three steps, namely, preparation of seed solution, making layer of the seed by using spin coating technique,
and growing a layer of seeds.

Some types of materials developed as transparent heaters are fluorine doped tin oxide (SnO.:F or FTO) [7]-[9] dan
indium tin oxide (1TO) [10], silver [11]-[14], Cu nanowire [15], graphene [16], single-walled carbon nanotubes (SWCNT)
[17], [18] and multi-walled carbon nanotubes (MWCNT) [19], [20]. Another material used as a TH is Zinc Oxide (ZnO).
ZnO has good transparency, low UV absorption, wide band gap energy, high stability in hydrogen plasma, and is non-
toxic. Tonbul et al. has succeeded in making transparent heaters of aluminum doped ZnO by ultrasonic spray pyrolysis
method [21]. Meanwhile, Jayathilake, et al. has fabricated a thin layer of ZnO co-doped Al and Ga using aerosol assisted
chemical transport (AACT) method for TH application [22]. TH as a windows heater application has also been
successfully made from ZnQO doping Ga with rf-magnetron sputtering method [23]. However, research on ZnO materials
in one-dimensional nanostructures, especially in the form of nanorods as transparent heaters has not been widely
developed yet. Therefore, in this study the researchers do the fabrication of ZnO nanorods using chemical bath deposition
(CBD) method. This study will also carry out and analyze the basic characteristics of ZnO nanorods and its performance
asa TH.

The hypothesis in this study is that the thin layer of ZnO nanorods produced by CBD method will produce good
electrical conductivity and good optical properties. Good conductivity and good optical properties are important
characteristics in transparent heating technology. One of the factors that affects the electrical conductivity and optical
properties of the thin layer ZnO nanorods is the concentration of the seed layer. The higher the concentration of the seed
solution used, the higher the conductivity value is. Increasing the amount of concentration used effectively improves the
coverage of the ZnO nanorods on the substrate. Thus, it allows each nanorod to connect with each other and form more
conductive pathways for electron movement. In addition, the increasing concentration of the seed solution used is able to
increase crystallinity and increase the average grain size (crystallite) so that the mobility of the carriers are greater which
directly affect the increase in the conductivity value of the sample. Another study conducted by Igbal et al. reported that
the electrical conductivity of the ZnO nanorods thin film was influenced by the orientation of the rods to the substrate.
The better the orientation of the rod to the substrate, the better the conductivity value will be.
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This research is expected to be a reference in using nanorod ZnO which is one of 1-D materials to develop transparent
heater technology.

EXPERIMENTAL METHOD
Materials and Instruments

The materials used in this study are zinc nitrate tetrahydrate (N2OsZn.4H,O/ZNT, Merck); hexamethylenetetraamine
(CeH12N4/HMTA, Merck); deionized water; technical ethanol; technical acetone; indium tin oxide glass (Sigma-Aldrich);
and copper tape (Sigma-Aldrich).

Meanwhile, the tools used in this research are ultrasonic cleaner (GT Sonic VGT-1620QTD); muffle furnace; spin
coaters; DC power supply, and thermocouple. The tools used for sample characterization are Field Emission Scanning
Electron Microscope (FE-SEM JEOL JIB 4610F) for morphology analysis of the sample, X-Ray Dif-fraction (XRD,
Shimadzu 7000) for crystal structure investigations, Ultraviolet-Visible (UV) Spectroscopy -Vis, Shimadzu 2450) for
optical properties analysis, four point probe (Veeco FPP-500) for electrical properties analysis.

Method and Procedure

Procedure in this study was adopted from previous work whose done by Amalia et al. [24]. The procedure begins with
the manufacture of seed solution. Preparation of seed solution was carried out by using an equimolar mixture of Zn-nitrate
and HMTA (hexamethylenetetramine) at 0 °C temperature for about one hour with variations in solution concentration
of 0.015 (ZnO_0.015) and 0,025 molar (ZnO_0.025). The next research procedure is making layer of the seed. The seed
layer is made by using spin coating technique.

Each concentration of seed solution was dripped onto the ITO substrate and then allowed to stand for 10 minutes so
that the seed solution was absorbed on the surface of the substrate. After that, the sample was rotated at 2000 rpm for 20
seconds. The coated substrate was then annealed in a muffle furnace at 200°C temperature for five minutes to increase
the adhesion between the seed layer and the substrate.

That seed layer was then given the process of growing ZnO nanorods by using CBD method.The method of growing
ZnO nanorods with CBD was done by hanging the substrate vertically in a glass beaker containing Zn-Nitrate and HMTA
equimolar solutions with concentrations of 0.015 and 0.025 molar, at 90°C temperature for 3 hours.After that, the substrate
was washed using deionized water and then dried in air. The results of this process will be continued with XRD, SEM,
UV-Vis and fourpoint probe characterization processes, as well as testing the sample's performance as a transparent
heater. This experiment has done in nanomaterials laboratories Metallurgy and Material Engineering, Universitas
Indonesia.

RESULT AND DISCUSSION

The results of the crystal structure investigation using XRD on samples of ZnO_0.015 and ZnO_0.025 are shown in
Figure 1. Based on the results of XRD analysis, the ZnO_0.015 sample there are threeZnO peaks with a hexagonal
wurtzite crystal structure based on ICSD data located at angles of 26 ~30,785°, ~35,349°, and 63,268°, each of which is
a crystal plane. (100), (101), and (311). The peaks identified in this sample have low intensity. These results indicate that
the resulted ZnO crystals have a low crystal density. In addition, two other confirmed peaks of ITO glass were detected.
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Figure 1. An XRD patterns of the Nanorods ZnO Thin Film
with concentra-tion; (a) 0.015 and (b) 0.025 molar
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Meanwhile, in the ZnO_0.025 sample, fiveZnO peaks with a hexagonal wurtzite crystal structure were detected, each
of which is a crystal plane (101), (200), (110), (311), and (201) with a higher peak intensity than the ZnO_0.015 sample,
especially at the peak of the crystal plane (101). Other diffraction peaks were confirmed as crystal planes of ITO.

The phenomenon of increasing the intensity of the diffraction peak with increasing concentration of seed solution was
due to the fact that when the concentration of the solution was increased, the nucleation of ZnO became faster than the
formation of ZnO nuclei in the early stages, then the nuclei gathered together forming ZnO crystallites. Based on the
results of the crystallite size calculation using the Debye-Scherrer equation, the crystallite sizes for each sample were
71.198 and 82.924 nm. In general, the increase of crystal size was influenced by the concentration of HMTA used. HMTA
will decompose when heated to form formaldehyde and ammonia. Ammonia reacts with water to produce OH- which
contributes to the crystallization of ZnO [25].

Figure 2 shows the morphology of the ZnO_0.015 and ZnO_0.025 sample structures. From the ZnO_0.015 sample,
the coverage of the substrate surface growth orientation was not uniform and irregular. Meanwhile, from the ZnO_0.025
sample, the characteristic appearance of the thin film of ZnO nanorods was getting better and the growth of the nanorods
was more uniform. The characteristic appearance of the thin film of ZnO nanorods which improved by increasing
concentration of seedling solution could be related to the XRD pattern formed on the sample as shown in Figure 1. Ata
solution concentration of 0.025 M, the peak of the ZnO crystal formed was more dominant along with greater intensity
than the concentration of the seed solution of 0.015 M. Meanwhile, the average diameter of ZnO nanorods for ZnO_0.015
and ZnO_0.025 samples were 127.130 and 146.756 nm. These results indicate that the concentration of the solution has
an important role in the process of forming the morphology and size of the nanorod, due to increased Van der Waals
forces in the seed solution. According to the Van der Waals force, the smaller the distance between the particles, the
greater the attractive force between the particles. As a result, the size of the colloid in solution increases, resulting in a
larger average diameter of the ZnO nanorods [26].

Figure 2. The FESEM images (at 1000 and 50000 magnification) of nano-rods ZnO
thin film for (a), (b) 0.015 and (c), (d) 0.025 molar

Investigation of the optical properties of the ZnO_0.015 and ZnO_0.025 samples is shown in Figure 3. The
transmittance value decreased along with increasing concentration of the seed solution used. The transmittance value of
Zn0O_0.015 is 55%. Meanwhile, ZnO_0.025 has a 53% transmittance value. The decrease in transmittance value occurs
due to the increase in the thickness of the film. Generally, increasing the thickness of the film causes more molecules
involved in the absorption of the given light energy, thus less energy fraction can be passed, so that the resulting
transmittance degree becomes smaller. In addition, the higher the thickness of the film will cause an increase in oxygen
vacancies which causes a decrease in the percentage of transmittance. The band gap energy (Eg) value decreased as the
concentration of the seed solution increased, which were 3.25 and 3.20 eV, respectively. With the lower the value Eg,
excitation of electrons from the valence band to the conduction band will be more easy. These results have similar to
research that has been done by Abdulrahman et al. [27].
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Figure 3. Optical transmissions spectra of nanorods ZnO thin
films for (a) 0.015 and (b) 0.025 molar

Characterization of the electrical properties of the ZnOnano-rods thin layer seen from the resistivity value. The
resistivity value of ZnO_0.015 is greater than the resistivity value of ZnO_0.025, which is 1.126x10* and
0.824x10**Qcm, as shown in Figure 4. This result was due to the increase in mobility carrier as the concentration of the
solution increased. Mobility depends on several factors, one of which is the texture of the coating. The coating texture of
the sample improves along with the increasing of solution concentration as shown from the FESEM.
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Figure 4. Resistivity of hanorods ZnO thin film with different concentration

The performance of the sample ZnO_0.015 and sample ZnO_0.025 are shown in Figure 5. When both samples were
given an initial voltage of 7 volts for 60 seconds, the surface temperature increased through time. However, at the 60
seconds, the surface temperature of the ZnO_0.015 sample is smaller than that of the ZnO_0.025 sample. An increase in
the input voltage of 9 volts for 60 seconds for each sample shows that the ZnO_0.025 sample has a higher surface
temperature than the ZnO_0.015 sample. The surface temperature of the sample occurs due to the presence of an electric
field on the surface of a thin layer of ZnO nanorods after an electric voltage is applied. The electric voltage accelerates
the movement of charge carriers (electrons), so that the heat energy generated due to collisions between electrons and
atoms in the layer is getting bigger which is indicated by an increase in surface temperature through time. These results
show that the ZnO_0.025 sample has a more optimal performance as a transparent heater than the ZnO_0.015 sample.
However, compared to the results of research conducted by Jayathilake et al., the performance of transparent heaters
based on ZnO nanorods obtained is still relatively low. In the study conducted by Jayathilake et al., transparent heaters
were fabricated by ZnO-based materials doped with aluminum and gallium [22].
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Figure 5. Temperatures measured as a function of time for the nanorods ZnO thin film with concentration
(a) 0.015 and (b) 0.025 molar

CONCLUSION

A thin film of ZnO nanorods has been successfully fabricated by using the chemical bath deposition method. The
crystallite size and the average diameter of ZnO nanorods increased along with increasing solution concentration from
71.198 nm to 82.924 nm and from 127.130 nm to 146.756 nm, respectively. Investigation of the optical characteristics
of the samples showed a decrease in transmittance from 55% to 53% as the increasing concentration of the seed solution
used. The samples were investigated for use as transparent heaters; Maximum temperatures of 65°C and 80°C were
reached after applying 7 and 9 V, respectively, for one min at the sample with 0.015 M concentration. Meanwhile,
maximum temperatures of 70°C and 90°C were reached after applying 7 and 9 V, respectively, for one minute at the
sample with 0.025 M concentration.

ACKNOWLEDGEMENT

This project was financially supported by the Directorate of Research and Community Services of Universitas
Indonesia through the PITTA Research Grant of Universitas Indonesia, Year 2018, contract number
2370/UN2.R3.1/HKP.05.00/2018.

REFERENCES

[1] T.Isonoetal., “Highly conductive SnO; thin films for flat-panel displays”, J. Soc. Inf. Disp., vol.15, no. 2, pp. 161—
166, 2007.

[2] V. Belyaev, A. Abduev, A. Akhmedov, A. Asvarov, A. Skvortov, and D. Plentsova, “ 34.2: Invited Paper: ZnO
based transparent conductive oxides for to-date flat panel displays”, SID Symp. Dig. Tech. Pap., vol. 50, no. S1,
pp. 372-375, 2019.

[3] J.S.Jang et al., “Comparison study of ZnO-based quaternary TCO materials for photovoltaic application”, J.
Alloys Compd., vol. 793, pp. 499-504, 2019.

[4] H.S. Das, R. Das, P. K. Nandi, S. Biring, and S. K. Maity, “Influence of Ga-doped transparent conducting ZnO
thin film for efficiency enhancement in organic light-emitting diode applications”, Appl. Phys. A Mater. Sci.
Process., vol. 127, no. 4, pp. 225, 2021.

[5] R.G. Gordon, “Criteria for Choosing Transparent Conductors Materials Properties Relevant to Transparent
Conductors Optical and Electrical Performance of Transparent Conductors”, MRS Bull., 2011.

[6] D. T. Papanastasiou et al., “Transparent Heaters: A Review”, Advanced Functional Materials, p. 1910225, 2020.

[7] C.Hudaya, J. H. Park, W. Choi, and J. K. Lee, “Characteristics of Fluorine-Doped Tin Oxide as a Transparent
Heater on PET Prepared by ECR-MOCVD”, ECS Trans., vol. 53, no. 4, pp. 161-166, 2013.

[8] C.Hudaya, B. J. Jeon, and J. K. Lee, “High thermal performance of SnO,:F thin transparent heaters with scattered
metal nanodots”, ACS Appl. Mater. Interfaces, vol. 7, no. 1, pp. 57-61, 2015.

[9] Y.R.Kim,J. H. Jung, S. M. Yong, J. W. Hong, S. J. Lee, and J. W. Park, “Design of patterned fluorine-doped tin
oxide for radome de-icing heater”, J. Phys. D. Appl. Phys., vol. 54, p. 105301, 2021.

[10] J. Txintxurreta, E. G-Berasategui, R. Ortiz, O. Hernandez, L. Mendizabal, and J. Barriga, “Indium tin oxide thin
film deposition by magnetron sputtering at room temperature for the manufacturing of efficient transparent
heaters”, Coatings, vol. 11, pp. 92, 2021.

[11] P. Lietal., “Flexible transparent heaters based on silver nanotrough meshes”, J. Alloys Compd., vol. 664, pp. 764—
769, 2016.

72 http://jurnal.batan.go.id/index.php/jsmi «



L. Suhaimi et al. | Jurnal Sains Materi Indonesia | Vol. 23, Issue 2 (2022)

[12] M. Bobinger, D. Angeli, S. Colasanti, P. La Torraca, L. Larcher, and P. Lugli, “Infrared, transient thermal, and
electrical properties of silver nanowire thin films for transparent heaters and energy-efficient coatings”, Phys.
Status Solidi Appl. Mater. Sci., vol. 214, no. 1, p. 1600466, 2017.

[13] J. C. Goak, T. Y. Kim, D. U. Kim, K. S. Chang, C. S. Lee, and N. Lee, “Stable heating performance of carbon
nanotube/silver nanowire transparent heaters”, Appl. Surf. Sci., vol. 510, p. 145445, 2020.

[14] M. Kaikanov et al., “Modification of silver nanowire coatings with intense pulsed ion beam for transparent
heaters”, Nanomaterials, vol. 10, pp. 2153, 2020.

[15] H. Zhai, R. Wang, X. Wang, Y. Cheng, L. Shi, and J. Sun, “Transparent heaters based on highly stable Cu
nanowire films”, Nano Res., vol. 9, pp. 3924-3936, 2016.

[16] Y. Zhang et al., “Properties of undoped few-layer graphene-based transparent heaters”, Materials (Basel)., vol. 13,
pp. 104, 2020.

[17] S.J. Lee et al., “SWCNT-Ag nanowire composite for transparent stretchable film heater with enhanced electrical
stability”, J. Mater. Sci., vol. 53. pp. 12284-12294, 2018.

[18] L. R. Shobin and S. Manivannan, “Enhancement of electrothermal performance in single-walled carbon nanotube
transparent heaters by room temperature post treatment”, Sol. Energy Mater. Sol. Cells, vol. 174, pp. 469477,
2018.

[19] D. Jung, D. Kim, K. H. Lee, L. J. Overzet, and G. S. Lee, “Transparent film heaters using multi-walled carbon
nanotube sheets”, Sensors Actuators, A Phys., vol. 199, pp. 176-180, 2013.

[20] J. Zhou et al., “Multi-walled carbon nanotubes functionalized silk fabrics for mechanical sensors and heating
materials”, Mater. Des., vol. 191, p. 108636, 2020.

[21] B. Tonbiil, H. A. Can, T. Oztiirk, and H. Aky1ldiz, “Solution processed aluminum-doped ZnO thin films for
transparent heater applications”, Mater. Sci. Semicond. Process., vol. 127, p. 105735, 2021.

[22] D. S. Y. Jayathilake, J. S. Sagu, and K. G. U. Wijayantha, “Transparent heater based on Al,Ga co-doped ZnO thin
films”, Mater. Lett., 2019.

[23] M. K. Roul, S. K. Pradhan, K. D. Song, and M. J. Bahoura, “RF magnetron-sputtered Al-ZnO/Ag/Al-ZnO (AAA)
multilayer electrode for transparent and flexible thin-film heater”, J. Mater. Sci., 2019

[24] A. Sholehah, A. H. Yuwono, N. Sofyan, C. Hudaya, and M. I. Amal, “Effect of post-hydrothermal treatments on
the physical properties of ZnO layer derived from chemical bath deposition™, Int. J. Technol., vol. 8, no. 4, pp.
651-661, 2017.

[25] W. Feng, B. Wang, P. Huang, X. Wang, J. Yu, and C. Wang, “Wet chemistry synthesis of ZnO crystals with
hexamethylenetetramine(HMTA): Understanding the role of HMTA in the formation of ZnO crystals”, Mater. Sci.
Semicond. Process., vol. 41, pp. 462-469, 2016.

[26] E. Pourshaban, H. Abdizadeh, and M. R. Golobostanfard, “ZnO Nanorods Array Synthesized by Chemical Bath
Deposition: Effect of Seed Layer Sol Concentration”, Procedia Mater. Sci., vol. 11, pp. 352-358, 2015.

[27] A.F. Abdulrahman, S. M. Ahmed, N. M. Ahmed, and M. A. Almessiere, “Enhancement of ZnO Nanorods Properties
Using Modified Chemical Bath Deposition Method: Effect of Precursor Concentration”, Crystals, vol. 10, pp. 386,
2020.

Copyright © 2019 Jusami | Indonesian Journal of Material Science. This article is open access
@ @@@ article distributed under the terms and conditions of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International License (CC BY-NC-SA 4.0)

73 http://jurnal.batan.go.id/index.php/jsmi «



