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Abstract: This work presents the influence of post processing on morphology, thermal and electrical
properties of indium tin oxide (ITO) thin films annealed at 400 °C in different atmospheres. The
commercially available 170 nm thick ITO layers deposited on glass were used as a starting material.
The X-ray diffraction measurements revealed polycrystalline structure with dominant signal from
(222) plane for all samples. The annealing reduces the intensity of this peak and causes increase of
(221) and (440) peaks. Atomic force microscopy images showed that the surface morphology is typical
for polycrystalline layers with roughness not exceeding few nm. Annealing in the oxygen and the
nitrogen-hydrogen mixture (NHM) changes shapes of grains. The electrical conductivity decreases
after annealing except the one of layer annealed in NHM. Thermal conductivities of annealed ITO
thin films were in range from 6.4 to 10.6 W-m 1K1 and they were higher than the one for starting
material—5.1 W-m~1.K~!. Present work showed that annealing can be used to modify properties of
ITO layers to make them useful for specific applications e.g., in ITO based solar cells.

Keywords: ITO thin films; post processing; thermal conductivity; transparent conductive electrodes

1. Introduction

Indium tin oxide represents a group of wide band gap semiconductors, which exhibits
high electrical conductivity and high optical transparency. The ITO has the energy band gap
greater that 3.2 eV, high transmittance in visible and near IR regions, greater that 70%, and
high electrical conductivity, greater than 10> S-cm~!. Typical measured values of the energy
band gap are in range (3.34.3) eV, and the sheet resistance equals to 20 Q2 /L] [1]. Therefore,
it fulfils requirements for transparent conducting electrodes (TCO)—the transparency over
visible light region and effective carrier transport. The ITO thin films deposited on glass
are widely applied as transparent conductive electrodes in solar cells, flat panel displays,
organic light emitting diodes, transistors and defoggers [2-7].

ITO is formed by doping the indium oxide with tin (Sn), which substitutes the In3*
ions in the cubic bixbyite structure of InpOs. The tin and oxygen vacancies play a dominant
role in carrier transport in the lattice [8]. Substitution of In3* with Sn** results in addition
of free electrons to the lattice and improvement of electrical conductivity. The structure and
physical properties depend on fabrication process and growth conditions like oxygen partial
pressure [9]. It was shown that the ITO thin films transmittance increased from 93% to 99.6%
with the increase in oxygen partial pressure ratio from 0 to 27%. The carrier’s concentration
increased from 5.23 x 10" cm™3 to 4.54 x 10%° cm~3 and the carrier mobility varied in
range (13.1-14.6) cm?-V~1.s71 with the reduction in this ratio from 16% to 2%. ITO layers
are produced by various techniques, e.g., direct current (DC) and radio-frequency (RF)
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magnetron sputtering, pulsed laser deposition [10], vacuum thermal evaporation [11], dip-
coating wet technology [12] and oblique angle deposition [13]. Post-deposition annealing is
often applied to promote crystallinity of the layers and enhances the electrical conductivity
and optical transmittance of ITO films [14]. The rapid thermal annealing in temperature
range (520-670) °C for 10 min. was proposed to fabricate high quality ITO thin films [15].
Investigations of annealing temperature influence in range (150-550) °C on properties
of ITO thin films was shown in [16]. The ITO layers have been fabricated by the sol-gel
process and post annealed in various temperatures. The crystallinity, optical and electrical
properties were improved, what was especially pronounced for temperature equal to
550 °C. Physical properties such as the thermal conductivity, the free carrier density, the
carriers mobility, and optical properties are crucial parameters determining application
of ITO layers. These parameters are sensitive to microstructure and quality of the layer.
The thermal conductivity depends on morphology and thickness of thin film and typically
decreases with decrease in layer thickness, what is especially noticeable for thicknesses
below 1 um [17-20]. This fact contributes to difficulties of theoretical predictions of thermal
properties of nano-scale layers. Thermal properties of thin films can be modified by
doping and by changes of crystalline structure, which depend on fabrication and post
processing parameters. Thus, understanding of thermal transport in thin films is important
for engineering thermal properties for selected applications.

In this work we report on results from structural, thermal and electrical properties
investigations of annealed ITO thin films deposited on glass substrates. The annealing in
various atmospheres resulted in the increase in the thermal conductivity value and changes
in surface morphology of layers. The post processing can be applied as an alternative
method to modify layers properties towards particular demand.

2. Materials and Methods

In this work we investigated a set of commercial ITO thin films (Hoya, Japan) deposited
on glass substrate. The thickness of films used in the present work was 170 nm. The ITO
films were annealed at 400 °C for 1 h in various atmospheres: air (sample S2), Nitrogen-
Hydrogen mixture (NHM, sample S3), oxygen, nominal purity of 97% (O,, sample 54))
and nitrogen (Nj, sample S5). The heating and cooling rates were about 3 °C/min. The
as-received sample S1 was used as a reference. The surface topography of ITO samples
was investigated by AFM. Topographical scans were recorded using the XE-70 model
(Park Systems Inc., Suwon, Republic of Korea) working in a contact mode. The Budget
Sensors ContAl-G probes with Al reflecting coating (resonant frequency 13 kHz, force
constant 0.2 N/m) were used. For quantitative analysis, i.e., surface roughness R, and
grains’ size distribution, the built-in Gwyddion algorithms were used. The structure of ITO
thin films was studied by analysis of X-ray diffraction (XRD) technique. The XRD spectra
were recorded on Rigaku Ultima II Max using Cu K« radiation. The thermal conductivity
k of ITO layers was determined applying SThM method. Measurements were conducted
on the same XE-70 scanning probe microscope with SThM module. The KNT-SThM-1a
thermal probe (Kelvin NanoTechnology, Glasgow, UK) was used in measurements. The
probe was working in active mode simultaneously heating a sample and measuring its
temperature. In this mode the probe was driven by DC current equal to 1.9 mA with
a small AC component of 0.1 mA amplitude superposed on it. The static and dynamic
electrical resistances of the probe were measured as the SThM signals applying lock-in
detection (SR-830 DSP lock-in amplifier, Stanford Research Systems, Sunnyvale, CA, USA).
The SThM quantitative measurements require calibration of each thermal probe before
measurements. The probe calibration was based on SThM signal measurement carried out
for a set of reference samples of known thermal conductivities. The thermal conductivity
of thin films was determined from calibration curve. Several examples of thin film thermal
conductivity measurements can be found in [21-23]. The method allows investigation of
thermal properties with a high spatial resolution [24-28]. The modification of SThM method
based on measurements of static and dynamic resistance of thermal probe for quantitative
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thermal measurements was proposed in [29]. The sheet resistance measurements were
performed using a four-point probe (Keithley 4200-SCS, Tektronix, Inc., Beaverton, OR,
USA). The electrical conductivity of ITO layers was calculated as the inversion of the sheet
resistance and the film thickness product. The electrical resistance, the Hall coefficient,
carriers concentration and the mobility in room temperature were determined by applying
the Van der Pauw method (LakeShore 7604, Lake Shore Cryotronic, Inc., Westerville, OH,
USA). The Hall measurements in the van der Pauw configuration enable determination
of the electrical properties of samples in a wide range of magnetic fields up to 1.3 T and
temperatures.

3. Results and Discussion
3.1. Structural Study

The structure of ITO was studied by analysis of XRD spectra recorded under conven-
tional (0-260) scanning configuration. The ITO thin films show the bixbyite type cubic lattice
structure of space group la3 (206). The lattice constant of an undoped In,O; structure is
equal to 10.1195 A, while substitution of In®" with Sn** ions result in the increase in a
to 10.1517 A. The characteristic reflections from the following planes: (211), (222), (332),
(431), (440), (433), (444) with corresponding peaks positions for In,O3 and (300) plane for
InySn301, components in the XRD pattern are depicted in Figure 1a [30,31]. The reflection
from (222) plane corresponding to InpO3 component was dominant for all samples, how-
ever the fraction of IngSn3O1, was also noticeable, as shown in Figure 1b. The decrease in
the intensity of characteristic reflection from plane (222), compared to as-received sample,
could result from more compacted layers or possible degradation of the film quality after
annealing at 400 °C in air, NHM, O, and N atmosphere.

The mean crystallite size A was estimated from the Debye-Scherrer’s formula [32]:

aA

where a is shape factor, A is the X-rays wavelength, 6 is the Bragg diffraction angle and j is
the broadening of the diffraction peak measured at half of its maximum intensity (FWHM).
The shape factor value « = 0.9 was assumed in the calculations. The A parameter varied in
range (60-66) nm. The analysis of the XRD signal amplitude for all identified peaks shows
that, except for one reflection, all signals come from the In,O3 compound. Detailed analysis
of spectra revealed that the (222) reflection peak is composed of two components, In,Os3
(222) and InsSn301, (300) peaks. (Figure 1b). The B parameter of InySnzOq; peak is the
largest among all peaks, which may indicate low crystallinity of this compound in the form
of nanocrystallites woven into In,O3 grains.

The amplitudes of all identified reflection peaks corresponding to In,O3 and InySnzO1;
compounds basing on XRD spectra analysis are gathered in Table 1. The quantitative analy-
sis of amplitudes of the diffraction peaks shows that annealing in different atmospheres
resulted in a decrease in the signal for the dominant (222) reflection, which may indicate
a deterioration of crystallinity of the layers. However, in the case of (300) reflection for
InySn30O1, compound, the signal amplitude increased for all samples except for sample S4
annealed in O,. The amplitude of XRD spectra for ITO layers is depicted in Figure 1c.
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Figure 1. XRD spectra recorded for ITO thin films: as-received (S1) and annealed at 400 °C in various
atmospheres (S2-55) (a), exemplary diffraction peak analysis from plane (222) for as-received sample
(b), amplitudes of reflection signals for ITO layers (c).

Table 1. Amplitudes of pronounced reflection peaks corresponding to In,O3 and IngSnzO1, compounds.

S1 S2 S3 S4 S5

(221) InyO5 29 40 63 47 50
(300) IngSn3012 263 283 322 205 320
(222) InyO; 763 565 517 606 658
(332) InyO5 44 39 23 31 43
(431) Iny O3 8 9 12 11 15
(440) InyO; 28 50 39 32 53
(433) Iny O5 13 14 7 10 16
(444) In, 05 15 10 9 9 10

3.2. AFM Investigations

In order to quantitatively analyze the surface of the ITO layers, the following parame-
ters were determined from AFM topographical images: surface roughness R, (arithmetic
mean of vertical deviations from the mean value), and the grain size distribution. The
lowest R; equal to 1.194 nm was recorded for a sample 54, annealed in O, atmosphere.
The largest value of R, was determined for as-received sample S1 and the one annealed
in air S2, the R, values were 2.013 nm and 2.044 nm, respectively. The roughness of the
sample S3 annealed in NHM atmosphere was similar to the one annealed in oxygen and
equaled to 1.396 nm. The samples S1 is composed of elongated grains with sizes in between
8 nm and 20 nm. The mean grain size is 12.8 nm, and the grain aspect ratio is of about
2.7. The sample S2 mainly consists of densely packed, needle-like grains with sizes similar
to the ones of sample S1. The mean grain size is 12.6 nm, and the grain aspect ratio is
~2.9. Some texturization can be observed in topography images. Samples S3 and 54 are
composed of smaller grains with sizes ranging from 6 nm to 12 nm. The sample 54 has
also a few big clusters of ~20 nm size. Grains are elongated with aspect ratio ~1.6 and ~2.0
for samples S3 and 54, respectively. The results correlate with R, parameters, which are
similar for samples S1 and 52 (~2.0 nm), and S3 and 54 (~1.3 nm). Generally, the ITO thin
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films are composed of small, elongated grains uniformly distributed in the layer with the
mean surface roughness not exceeding few nm. Topographic images and mean grain size
distribution of ITO layers are gathered in Figure 2.
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Figure 2. AFM topographic images of ITO layers and mean grain size distribution graphs.

3.3. Thermal and Electrical Properties

The static (Rs) and the dynamic (R;) thermal resistances were measured for the probe
in contact with the sample and lifted 2.0 mm over the sample surface. Detailed description
of the measuring procedure can be found in Bodzenta, et al. [29]. The thermal conductivity
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of the sample can be related to the ratio of R;—R; differences determined for the probe in
contact with the sample and the probe lifted

(Rd B RS) ‘contuct )

°= (Rg —Rs)

|air

This ratio is hereinafter referred to as SThM signal. The SThM signals obtained for
four reference samples (PET, fused quartz, glassy carbon, and YAG) and ITO samples (as
received, annealed in air, NHM, oxygen) are collected in Table 2. ITO sample annealed
in N, was not available for SThM measurements. The thermal conductivities of reference
samples and the ones of ITO samples determined from a calibration curve are also shown.
The calibration curve was obtained by interpolation of SThM signal obtained for reference
samples, what was shown in Figure 3. The thermal conductivities of ITO samples shown
in Table 2 are the ones obtained from calibration curve. These are apparent thermal
conductivities of the thin layer—substrate system. The apparent thermal conductivity of
the system k; is correlated with the spreading resistance Rs in Equation (3)

1

Ry = 4ak,

®)

Table 2. SThM signals and thermal conductivities of reference and ITO samples. The thermal
conductivities of ITO samples are apparent thermal conductivities (not corrected for an influence
of substrate).

Sample SThM Signal, a.u. kK, Wm 1K1
Reference
PET 0.904 0.20
Fuses quartz 0.901 1.5
Glassy carbon 0.887 6.3
YAG 0.877 12
Thin films
S1 (as received) 0.894 3.7 (apparent)
S2 (annealed in air) 0.886 6.6 (apparent)
S3 (annealed in NHM) 0.891 4.6 (apparent)
54 (annealed in O,) 0.892 4.4 (apparent)

The effective spreading resistance Rs of the system built of a thin layer on a thick
substrate is given by the formula

R :LE/‘” (y + Dexp(0x) + (y — Dexp(—Cx) J1(¢)sing
P omdkyy Jo (y+1)exp(Cx) — (y —Dexp(—Cx) 2

where d is the film thickness, k; is the substrate thermal conductivity, x =d/a, y = k; /kp, and
( is the dummy variable of integration [33]. As the layer thickness d = 170 nm, the contact
radius @ = 100 nm, and the thermal conductivity of the substrate k; = 1.1 W-m~1.K~! are
known, the real thermal conductivity of the layer k; can be determined from theoretical
curve, represented by two dimensionless variables: thermal conductivity ratio y and
layer thickness to thermal probe radius ratio x (Equation (4)). Assuming known thermal
conductivity of the substrate k, thickness of the layer d and thermal conductivity ks for
ITO/Glass sample determined from SThM measurements it was possible to calculate the
corrected thermal conductivity of ITO thin film as kj = y-kp. The SThM signal measurement
uncertainties were in range 1-2%, calculated as a standard uncertainty based on the number
of repeated measurements. The thermal conductivity of thin films was determined from
probe calibration measurements and k uncertainties were in the range 15-20%.

dg, 4)
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Figure 3. SThM signal vs. the thermal conductivity for reference samples (white circles) fitted with
exponential curve (solid line). Points for ITO thin films (black circles) are placed on reference curve.

Taking into account uncertainties of measurements the thermal conductivities of
samples S3, and 54 do not differ significantly. They are ~20% higher than the one of as-
received sample S1. The highest thermal conductivity was obtained for sample S2. The
thermal conductivities, phonon and electron component of the total thermal conductivities
for ITO samples are depicted in Figure 4a for clarity.

The electrical conductivity of reference ITO thin film S1 is 5.06 kS-em~!. Layers
annealed in air and O,, (S2 and S4) show the electrical conductivities equal to 2.79 and
2.11 kS-em™!, respectively. These are the lowest electrical conductivities. The highest
electrical conductivity was obtained for NHM annealed sample S3—b5.53 kS-cm™~!. This
results from the highest carrier’s concentration and relatively high carries mobility. The
electrical conductivity, carriers’ concentration and mobility for ITO samples are gathered in
Table 3 and depicted in Figure 4b.

Table 3. Electrical conductivity, carriers” concentration and mobility of ITO layers.

o, kS-cm~1 n,10%0 cm—3 #, cm?.V-1.5-1
S1 5.06 8.86 35.64
S2 2.79 5.85 29.73
S3 5.53 10.43 33.10
S4 2.11 4.13 36.19

S5 476 9.17 31.77
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Figure 4. Electrical conductivity, carriers’ concentration and mobility of ITO thin films (a), and
thermal conductivities, with electron and phonon components shown (b).

The thermal conductivity connected with carriers k,; is defined in terms of the electrical
conductivity o by the Wiedemann-Franz law, stating that carrier contribution of the thermal
conductivity k, to the electrical conductivity ¢ of metals is directly proportional to the
temperature T:

ke/o=L-T Q)

where L = 2.44-108 V2.K~2 is the Lorentz number.

The thermal conductivity carried by phonons was estimated by subtracting k,; from
the total thermal conductivity of thin films determined from SThM measurements. The
results for the corrected thermal conductivity, and the phonon and electron components
were gathered in the Table 4.
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Table 4. Thermal conductivities, phonon and electron component of ITO layers.
k, Wm-1.K-1 ke, Wm—1.K-1 kpn, W-m—1.K~1
S1 5.1 3.7 14
S2 10.6 2.0 8.6
S3 6.7 4.0 2.7
S4 6.4 3.7 2.7

The thermal treatment increased the thermal conductivity value for all samples. The
thermal conductivity carried by phonons was constant for samples annealed in NHM and
O,, what could suggest that the phonon mean free path should be almost constant for
two ITO thin films. This observation is corroborated by topography images of sample
53 and S4. The layers are composed of rounded, densely packed grains and the surface
roughness is about 1.3 nm. The phonon component of the thermal conductivity of ITO layer
annealed in air (S2) is three times larger in comparison to sample S3 and 54, pointing to
phonon heat transport in the thin film. Relatively high thermal conductivity can result from
effective phonon transport along needle-like grains. The different trend is also reflected in
the topography image. The layer consists of densely packed, needle-like grains arranged in
sections resembling texturization. The surface roughness equal to 2 nm is also larger for
sample S2.

The differences in surface morphology of ITO layers are not fully consistent with
parameters determined from XRD spectra analysis. The mean grain size of ITO layers is
equal to around 63 nm. This observation could suggest that thermal treatment resulted
more in changes of grains orientation and less in changes of mean size of grains. The
thermal conductivity carried by electrons is higher in comparison to the phonon part for as-
received sample and samples annealed in NHM and oxygen atmosphere. The contribution
of k,; is about 60% of the total thermal conductivity values.

4. Conclusions

In this work the effect of annealing atmosphere on thermal, electrical, and structural
properties of indium tin oxide thin films was investigated. The preferential crystal orien-
tation along (222) plane was confirmed for all samples by the XRD spectra analysis. The
post processing resulted in slight decrease of (222) peak intensity for ITO layers annealed
at 400 °C. The AFM images proved uniformity of layers with surface roughness parameter
R, not exceeding 2.1 nm. The layer annealed in air was composed of densely packed,
elongated grains with some texturization visible. The grains orientation could suggest
anisotropy of thermal properties of layer with relatively high conductivity along grain
axis. The layers annealed in NHM, and oxygen were built from more rounded grains and
were characterized by smoother surface, the value of R, parameter equalled to 1.4 nm
and 1.2 nm, respectively. The post processing increases their thermal conductivities The
thermal conductivity of ITO thin films annealed in NHM, and oxygen atmosphere equalled
to 6.7 and 6.4 W-m~1.K~!, what was the increase of 21-24% compared to 5.1 W-m~1.K~!
for as-received sample. The highest thermal conductivity value equal to 10.6 W-m~1.K~!
was determined for sample annealed in air, what was the doubled value of the thermal
conductivity in comparison to as-received ITO. Surprisingly, this sample has the lowest
electrical conductivity. A possible explanation is that sample S2 is built of well oriented,
tightly packed, elongated grains. It may result in anisotropy in the thermal conductivity
with relatively high phonon conductivity along grains. High phonon thermal conductivity
means low phonon scattering on defects. However, defects can create levels in the energy
gap which can lead an increase in carrier’s concentration. Therefore, low density of defects
can result in lower electrical conductivity. This is a hypothesis which should be verified
experimentally.

Obtained results show that annealing in selected atmosphere can be an effective tool
for controlling electrical and thermal transport in ITO layers. Therefore, post processing
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allows controlled modification of as-received layer properties and their adjustment for
specific application.

Author Contributions: Conceptualization, A.K.-B. and ].B.; methodology, A.K.-B.; investigation,
AK.-B, M.D,, V.V. and ].M,; data curation, M.D.; writing—original draft preparation, A.K.-B.;
writing—review and editing, A.K.-B. and ].B.; visualization, A.K.-B.; supervision, J.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Silesian University of Technology, grant number 14/030/SDU/
10-27-01.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the ESpeFuM laboratory at the Institute of Physics,
Silesian University of Technology and UiO MiNaLab, University of Oslo for access to facilities. A.K.-B.
acknowledges the support from the Silesian University of Technology through a pro-quality grant
(project number 14/030/SDU/10-27-01).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Seong,S.; Jung YCh Lee, T.; Park, L.-S.; Ahn, J. Enhanced uniformity in electrical and optical properties of ITO thin films using a
wide thermal annealing system. Mater. Sci. Semicond. Proc. 2018, 79, 14-19. [CrossRef]

2. Xiao, Y.;; Gao, F; Dong, G.; Guo, T; Liu, Q.; Ye, D.; Diao, X. Amorphous indium tin oxide films deposited on flexible substrates by
facing target sputtering at room temperature. Thin Solid Film. 2014, 556, 155-159. [CrossRef]

3.  Lewis, B.G.; Paine, D.C. Applications and Processing of Transparent Conducting Oxides. MRS Bull. 2000, 25, 22-27. [CrossRef]

4. Limmer, S.J.; Cruz, S.V.; Cao, G.Z. Films and nanorods of transparent conducting oxide ITO by a citric acid sol route. Appl. Phys.
A 2004, 79, 421-424. [CrossRef]

5. Kwon, ].-Y; Lee, D.-].; Kim, K.-B. Review paper: Transparent amorphous oxide semiconductor thin film transistor. Electron. Mater.
Lett. 2011, 7, 1-11. [CrossRef]

6. Liu, Z; Nie, S.;; Luo, J.; Gao, Y.; Wang, X.; Wan, Q. Flexible Indium-Tin-Oxide Homojunction Thin-Film Transistors with Two
In-Plane Gates on Cellulose-Nanofiber-Soaked Papers. Adv. Electron. Mater. 2019, 5, 1900235. [CrossRef]

7. Roy, S.; Kumar, H.; Anderson, R. Efficient defrosting of an inclined flat surface. Int. ]. Heat Mass Transf. 2005, 48, 2613-2624.
[CrossRef]

8.  Jagadeesh Kumar, K.; Ravi Chandra Raju, N.; Subrahmanyam, A. Thickness dependent physical and photocatalytic properties of
ITO thin films prepared by reactive DC magnetron sputtering. Appl. Surf. Sci. 2011, 257, 3075-3080. [CrossRef]

9. Cui, H.-N; Teixeira, V.; Meng, L.-J.; Martins, R.; Fortunato, E. Influence of oxygen/argon pressure ratio on the morphology,
optical and electrical properties of ITO thin films deposited at room temperature. Vacuum 2008, 82, 1507-1511. [CrossRef]

10. Andreev, A.T,; Zafirova, B.S.; Karakoleva, E.I.; Dikovska, A.O.; Atanasov, P.A. Highly sensitive refractometers based on a
side-polished single-mode fibre coupled with a metal oxide thin-film planar waveguide. |. Opt. A Pure Appl. Opt. 2008, 10, 035303.
[CrossRef]

11.  Usha, S.P,; Shrivastav, A.M.; Gupta, B.D. A contemporary approach for design and characterization of fiber-optic-cortisol sensor
tailoring LMR and ZnO/PPY molecularly imprinted film. Biosens. Bioelectron. 2017, 87, 178-186. [CrossRef] [PubMed]

12.  Del Villar, I.; Zamarreno, C.R.; Sanchez, P.; Hernaez, M.; Valdivielso, C.F.,; Arregui, F].; Matias, .R. Generation of lossy mode
resonances by deposition of high-refractive-index coatings on uncladded multimode optical fibers. J. Opt. 2010, 12, 095503.
[CrossRef]

13.  Zhong, Y,; Shin, Y,; Kim, C,; Lee, B.; Kim, E.; Park, Y.; Sobahan, K.; Hwangbo, C.; Lee, Y.; Kim, T. Optical and electrical properties
of indium tin oxide thin films with tilted and spiral microstructures prepared by oblique angle deposition. J. Mater. Res. 2008, 23,
2500-2505. [CrossRef]

14. Horstmann, F; Sittinger, V.; Szyszka, B. Heat treatable indium tin oxide films deposited with high power pulse magnetron
sputtering. Thin Solid Film. 2009, 517, 3178-3182. [CrossRef]

15. Lin, Y.-5.; Li, C.N,; Chang, Y.-C; Tseng, C.-L.; Shen, C.-H. Improved output power and low forward voltage for GaN-based light
emitting diodes with an annealed ITO transparent conducting layer. | Mater Sci: Mater Electron 2016, 27, 6265-6270. [CrossRef]

16. Hammad, T.M. Effect of annealing on electrical, structural, and optical properties of sol-gel ITO thin films. Phys. Status Solidi A
2009, 206, 2128-2132. [CrossRef]

17.  Xu, Y,; Goto, M.; Kato, R.; Tanaka, Y.; Kagawa, Y. Thermal conductivity of ZnO thin film produced by reactive sputtering. J. Appl.

Phys. 2012, 111, 084320. [CrossRef]


http://doi.org/10.1016/j.mssp.2018.01.015
http://doi.org/10.1016/j.tsf.2014.01.039
http://doi.org/10.1557/mrs2000.147
http://doi.org/10.1007/s00339-004-2738-3
http://doi.org/10.1007/s13391-011-0301-x
http://doi.org/10.1002/aelm.201900235
http://doi.org/10.1016/j.ijheatmasstransfer.2005.01.022
http://doi.org/10.1016/j.apsusc.2010.10.119
http://doi.org/10.1016/j.vacuum.2008.03.061
http://doi.org/10.1088/1464-4258/10/3/035303
http://doi.org/10.1016/j.bios.2016.08.040
http://www.ncbi.nlm.nih.gov/pubmed/27551998
http://doi.org/10.1088/2040-8978/12/9/095503
http://doi.org/10.1557/jmr.2008.0312
http://doi.org/10.1016/j.tsf.2008.11.092
http://doi.org/10.1007/s10854-016-4558-6
http://doi.org/10.1002/pssa.200881781
http://doi.org/10.1063/1.4706569

Materials 2023, 16, 362 12 of 12

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

Yamashita, Y.; Honda, K,; Yagi, T; Jia, J.; Taketoshi, N.; Shigesato, Y. Thermal conductivity of hetero-epitaxial ZnO thin films on c-
and r-plane sapphire substrates: Thickness and grain size effect. J. Appl. Phys. 2019, 125, 035101. [CrossRef]

Vogel-Schauble, N.; Jaeger, T.; Romanyuk, Y.E.; Populoh, S.; Mix, C.; Jakob, G.; Weidenkaff, A. Thermal conductivity of
thermoelectric Al-substituted ZnO thin films. Phys. Status Solidi RRL 2013, 7, 364-367. [CrossRef]

Ahmad, A.; Umer, M.; Tan, X;; Liu, R.; Mohmad, F.; Hussain, M.; Ren, G.-K; Lin, Y.-H. High-temperature electrical and thermal
transport behaviors of In203-based ceramics by Zn-Sn co-substitution. J. Appl. Phys. 2018, 123, 245108. [CrossRef]

Zhang, Y.; Zhu, W.; Borca-Tasciuc, T. Sensitivity and spatial resolution for thermal conductivity measurements using noncontact
scanning thermal microscopy with thermoresistive probes under ambient conditions. Oxford Open Mater. Sci. 2021, 1, itab011.
[CrossRef]

Kondratenko, K.; Hourlier, D.; Vuillaume, D.; Lenfant, S. Nanoscale thermal conductivity of Kapton-derived carbonaceous
materials. J. Appl. Phys. 2022, 131, 065102. [CrossRef]

Trefon-Radziejewska, D.; Juszczyk, J.; Fleming, A.; Horny, N.; Antoniow, J.S.; Chirtoc, M.; Kazmierczak-Batata, A.; Bodzenta,
J. Thermal characterization of metal phthalocyanine layers using photothermal radiometry and scanning thermal microscopy
methods. Synth. Met. 2017, 232, 72-78. [CrossRef]

Zhang, Y.; Zhu, W.; Hui, E; Lanza, M.; Borca-Tasciuc, T.; Murioz Rojo, M. A Review on Principles and Applications of Scanning
Thermal Microscopy (SThM). Adv. Funct. Mater. 2020, 30, 1900892. [CrossRef]

Gomes, S.; Assy, A.; Chapuis, P-O. Scanning thermal microscopy: A review. Phys. Status Solidi A 2015, 212, 477-494. [CrossRef]
Gotsmann, B.; Lantz, M. Quantized thermal transport across contacts of rough surfaces. Nat. Mater. 2013, 12, 59-65. [CrossRef]
[PubMed]

Wielgoszewski, G.; Gotszalk, T. Scanning Thermal Microscopy (SThM): How to Map Temperature and Thermal Properties at the
Nanoscale. Adv. Imaging Electron Phys. 2015, 190, 177-221.

Dobson, P.S.; Weaver, ] M.R.; Mills, G. New Methods for Calibrated Scanning Thermal Microscopy (SThM). In Proceedings of the
SENSORS, 2007 IEEE, Atlanta, GA, USA, 28-31 October 2007; pp. 708-711. [CrossRef]

Bodzenta, J.; Juszczyk, J.; Chirtoc, M. Quantitative scanning thermal microscopy based on determination of thermal probe
dynamic resistance. Rev. Sci. Instrum. 2013, 84, 093702. [CrossRef]

Buchholz, D.B.; Ma, Q.; Alducin, D.; Ponce, A.; Jose-Yacaman, M.; Khanal, R.; Medvedeva, J.E.; Chang, R. The Structure and
Properties of Amorphous Indium Oxide. Chem. Mater. 2014, 26, 5401-5411. [CrossRef]

Kim, H.; Horwitz, ].S.; Kushto, G.; Piqué, A ; Kafafi, Z.H.; Gilmore, C.M.; Chrisey, D.B. Effect of film thickness on the properties of
indium tin oxide thin films. . Appl. Phys. 2000, 88, 6021-6025. [CrossRef]

Venkateswarlu, K.; Sreekanth, D.; Sandhyarani, M.; Muthupandi, V.; Bose, A.C.; Rameshbabu, N. X-Ray Peak Profile Analysis of
Nanostructured Hydroxyapatite and Fluorapatite. Int. ]. Biosci. Biochem. Bioinform. 2012, 2, 389-393. [CrossRef]

Dryden, ].R.; Yovanovich, M.M.; Deakin, A.S. The Effect of Coatings on the Steady-State and Short Time Constriction Resistance
for an Arbitrary Axisymmetric Flux. J. Heat Transf. 1985, 107, 33-38.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1063/1.5055266
http://doi.org/10.1002/pssr.201307025
http://doi.org/10.1063/1.5026492
http://doi.org/10.1093/oxfmat/itab011
http://doi.org/10.1063/5.0074407
http://doi.org/10.1016/j.synthmet.2017.07.012
http://doi.org/10.1002/adfm.201900892
http://doi.org/10.1002/pssa.201400360
http://doi.org/10.1038/nmat3460
http://www.ncbi.nlm.nih.gov/pubmed/23085568
http://doi.org/10.1109/ICSENS.2007.4388498
http://doi.org/10.1063/1.4819738
http://doi.org/10.1021/cm502689x
http://doi.org/10.1063/1.1318368
http://doi.org/10.7763/IJBBB.2012.V2.139

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Structural Study 
	AFM Investigations 
	Thermal and Electrical Properties 

	Conclusions 
	References

