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Abstract: HfO, and V,05 as multi-layer thin films are discussed for their potential use as transparent
heat mirrors. Multi-layered HfO, /V,05/HfO, thin films with a thickness of 100/60/100 nm were
prepared via e-beam evaporation on a soda-lime glass substrate. Rutherford backscattering confirmed
the multi-layer structure with uniform surface. The as-deposited thin films were annealed at 300 °C
and 400 °C, respectively, for 1 h in air. The transmittance of approximately 90% was obtained for
all thin films. Due to the relatively low thickness and non-stoichiometry of HfO,, a band gap of
approximately 3.25 eV was determined (instead of the theoretical 5.3-5.7 eV). The as-deposited

1and

thin films possessed conductivity of approximately 0.2 Q~'em~! and increased to 1 Q™ lem™
2 O~ lem™! for thin films annealed at 300 and 400 °C, respectively. Due to the unique intrinsic
properties of HfO, /V,05/HfO, thin films, the results obtained are promising for application as a

transparent heat mirror.

Keywords: V,05; HfO,; multi-layer; thin films; transparent heat mirror

1. Introduction

A pollution-free environment, abundant clean energy, and health risks are the most
important challenges of the 21st century. The world is facing harmful consequences due to
global warming. As a result of global warming, the use of air conditioners is increasing,
leading to increased emission of CO, and other carcinogenic atmospheric pollutants that are
produced during the electricity generation processes. Major changes are required around
us to reduce the effects of global warming [1-5]. For instance, to reduce global warming
and energy consumption in buildings, smart windows are promising, as they stop heat
radiation. Prolonged exposure to harmful heat radiations (UV and IR) damages the skin
and eyes and has an overall negative effect on the quality of living organisms. On a global
scale, IR radiation is one of the main sources of global warming. A large amount of energy,
which is consumed while lightening a room, is lost through windows. These energy losses
could be prevented by improving the thermal performance of windows, thus reducing
energy consumption, electricity costs, and emission of greenhouse gases [6-8].

In general, ordinary windows are not able to reflect harmful IR radiation and to trans-
mit VIS radiation; thus, “special” windows are required. On the other hand, Transparent
Heat Mirrors (THM) possess the aforementioned properties. Nanostructured multi-layered
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THM of suitable composition allow for the transmittance of VIS (A = 400-700 nm) and
reflect IR (A = 700-3000 nm) from the incident sun rays, providing large energy savings [8].
Due to their high refractive index, the transmission of VIS, reflection of IR, and suitable
optical band gap (Egg), HfO;, (Egg ~5.3-5.7 €V) and V,05 (Epg ~1.7-2.3 V) are promis-
ing for the application of THM [9]. Oxide-based materials play a dominant role in the
application of THM due to their promising refractive index. Along with band gap, the
refractive index of the materials is an important parameter for determining the efficiency of
the materials being used. In the present case, the refractive index of HfO, lies in the range
of 1.85-2.1, whereas the refractive index of V,Os falls around 2.70, which is very suitable
for the application of THM [10,11]. Formally, the dielectric/metal/dielectric structure has
been used for THM. However, the second metallic layer (which can be made of silver,
molybdenum, gold, aluminum, copper, etc.) in this structure causes reduced transmittance.
That is why, in the present research, the metallic layer has been replaced with another metal
oxide layer, V,0s, due to its attractive optical properties [12,13].

Manufacturing cost, lifetime, weight, and retrofit capability are crucial factors in
determining which THM could potentially be suitable for use in public facilities. Indeed,
fabrication procedure and materials selection are the main factors that influence the overall
applicability of THM. Over the past few years, several techniques have been used to
fabricate THM, including Physical Vapor Deposition and Chemical Vapor Deposition. The
electron beam (e-beam) evaporation technique provides dense and uniform films but is
overlooked in the current field of THM [14-16]. Due to this scientific knowledge gap, we
focused our work on the preparation of THM using e-beam evaporation.

In the presented work, a novel material that is suitable for energy-efficient films and is
economically affordable was prepared. Multi-layered HfO, /V,05/H{O; thin films were
prepared via e-beam evaporation with thickness 100/60/100 nm on soda—lime glass for
applications in THM. Relatively easy and affordable fabrication of the films would provide
cost-effective and efficient windows for future buildings. The presented THM could
potentially reduce the emission of greenhouse gases and decrease energy consumption in
public facilities.

2. Experimentation

HfO; (purity > 99.99%) and V,05 (purity > 99.9%) powders were used as starting
materials, which were converted to pellets using polyvinyl gel (PVA) as a binder. Briefly,
2.5 g of PVA gel was dissolved in 100 mL of distilled water. Afterward, the solution (binder)
was heated to 200 °C and stirred for 3 h. The binder solution was subsequently used for
10 mm thick pellets, prepared by applying 600 Torr using a hydraulic press.

Tri-layer nanostructure was manufactured by EDWARD vacuum coating system (A306,
USA). Pellets of HfO, and V,0s5 were prepared from the powder and were placed in two
molybdenum crucibles. Targeted palettes were heated by an electron beam collimated
from DC-heated tungsten cathode filament, and the pellets’ surfaces were bombarded
by a 180° deflected electron beam with accelerating voltage of 3.8 kV. The electron beam
was operated at 10-20 kW power. To achieve uniformity of deposited layers, the distance
between source and target was 6 cm, and the substrate holder was rotated at 30 rpm. As a
result, the evaporated species were deposited on the substrate surface as a nanolayer. Film
thickness was measured by a quartz crystal monitor during the entire deposition process.
First, the layer of HfO, with a thickness of ~100 nm was deposited on a glass substrate
(Figure 1a) at a temperature of 270 °C. Subsequently, V,Os5 (Figure 1b; ~60 nm thickness,
200 °C) and HfO, (Figure 1c; ~100 nm thickness, 270 °C) were deposited, respectively.

Different kinds of thin films were fabricated: (i) as-deposited; (ii) annealed at 300 °C;
and (iii) annealed at 400 °C. Optical transmittance was measured at room temperature using
a Perkin Elmer UV /VIS/NIR Lambda 19 spectrophotometer (USA) at room temperature at
the wavelength range from 300 nm to 2500 nm. A (5MeV) Tandem Pelletron Accelerator
(BUDH-2 pelletron, National Electrostatics Corporation, Middleton, WI, USA) was used
for Rutherford backscattering (RBS) to determine the thickness, elemental composition,
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depth profiling, and surface properties of the thin films. The beam of helium particles
(He?*; with an average energy of 2 MeV) with Cornell geometry was used to obtain the
RBS spectrum and simulated using SIMNRA and XRUMP software (version 6.05), with
an incident scattering angle of 170°, by keeping the 13 cm distance between sample and
detector. The absorption depth was calculated using absorption coefficient () as follows:

Absorption depth =1/«

HfO, 100 nm \
V,0; 60 nm V,0; 60 nm |
HfO, 100 nm, HfO, 100 nm |
(b) (©
Single Layer Multi-Layered Multi- Layered
(HfO,) (HfO,/V,05) (HfO,/V,04/HfO,)

Figure 1. Schematic illustrations of (a) HfO,; (b), HfO,/V,0s; and (c) HfO, /V,05/HfO, thin films.

The conductivity of fabricated thin films was measured via DC-2 probe point tests.
The values of length, width, and height of the sample were known; thus, the resistance was
calculated by using the formula V = IR.

3. Results

Electron beam evaporation is a very cost-effective technique that can fabricate films at
the nanoscale with good accuracy. However, the deposition parameters play a dominant
role in determining the thickness and uniformity of the films deposited. In the present
research, V,0Os and HfO, are very tricky materials due to the dissociation of oxygen during
deposition, which ultimately causes more non-stoichiometry in the deposited films [17-19].
For these reasons, the deposition parameters were optimized after many trials with good
control over thickness. First, we optimized the thicknesses of the different layers, i.e., HfO,
and V,05, via RBS; the results are summarized in Table 1. Numerous samples were
prepared, with different thicknesses of the thin films (from 70 to 4000 nm) and in-depth
profiling, along with an elemental analysis conducted to determine the surface quality and
stoichiometry of the thin films. This is discussed in more detail later in the manuscript.
Based on these preliminary results, the most promising thin films, with a thickness of
100/60/100 nm (HfO,/V,05/HfO;), were further studied for their potential application
as THM.

Table 1. In-depth profiling thickness and the elemental ratio of as-deposited samples.

Layer Thickness Hf v O (Film) Si Ca O (Substrate)
1 104 nm 0.279 0 0.720 0 0 0
2 104-159 nm 0 0.249 0.750 0 0 0
3 159-255 nm 0.721 0 0.278 0 0 0
4 255-4000 nm 0 0 0 0.336 0.028 0.636

Figure 2 shows the plots of transmittance vs. wavelength of as-deposited multi-layered
HfO, /V;05/H{O; thin films annealed at 300 °C and 400 °C. The optical transmittance in
the visible range reached approximately 90% in all thin films. In thin films annealed at
400 °C, only one peak appeared in the spectrum (Figure 2c). This is due to the increased
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annealing temperature where the thin films of HfO, and V,0s diffused into each other.
Nevertheless, all thin films were highly active in the visible range.
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Figure 2. Transmittance spectra of multi-layered HfO,/V,05/HfO, thin films: (a) as-deposited;
(b) annealed at 300 °C; (c) annealed at 400 °C.

The absorption coefficient (or attenuation coefficient) of the thin films was calculated
using the following equation:
a=In(1/T)/x 1)

where « is the absorption coefficient, T (%) is the transmittance, and x (nm) is the thickness
of the thin films.

A Tauc plot (Figure 3) was used to calculate the optical band gap by plotting the
absorption coefficient vs. photon energy [20,21]. The photon energy was calculated using
Equation (3):

hv =1240/A 2

where hv (eV) is the photon energy and A (nm) is the incident wavelength.
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Figure 3. The plot of optical absorption coefficient («) vs. photon energy (hv) of multi-layered
HfO, /V,05/HfO, thin films: (a) as-deposited; (b) annealed at 300 °C; and (c) annealed at 400 °C.

Figure 3 shows the optical band energy gap vs. photon energy for the multi-layer
thin films. Figure 3a shows two distinct band gap energies for the as-deposited film. The
optical band gaps (Epg) of 3.48 eV and 2.17 eV were obtained for the as-deposited HfO,
and V,0s thin films, respectively. It is clear from Figure 3a that the multi-layer films were
deposited with a sharp interface at the nanoscale using an electron beam evaporation
technique. A decrease in Egg was observed after annealing at 300 °C (Egg ~3.24 eV HfO»;
Epg ~2.07 eV V;,05). This decrease may be attributed to a decrease in defect density, a
decrease in residual stresses generated during deposition and structural modifications [22].
At 400 °C, the increase in Epg was observed, with a continuous decrease in band gap of
V705 (Epg ~3.51 eV HfO,; Epg ~1.94 eV V;05). The results are quite interesting here. At
this high temperature, the oxygen from the upper layer of HfO, diffused to the second
layer (V,0Os), causing more stoichiometry in the V,0Os5 layer and non-stoichiometry in the
HfO; layer, which caused the Epg of HfO; to rise. The calculated Epg for V,Os5 agrees with
the theoretically calculated values from the literature, i.e., 1.7-2.3 eV. A significant decrease
in Epg of HfO, was observed compared to the reported Egg values, i.e., 5.3-5.7 eV [23,24].
This is due to the reduced particle size, the relatively low thickness of the films, and the non-
stoichiometry of HfO;. The overall Egg reduction (from as-deposited to annealed thin films)
was due to increased annealing temperature. Indeed, increased annealing temperature
resulted in enhanced grain growth, structure modification, and porosity reduction in the
thin films [25-27].
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To confirm the efficient transmittance of the thin films, measurements of absorption
depth vs. wavelength of the thin films were conducted and are shown in Figure 4. Ab-
sorption depth is basically the measure of penetration of electromagnetic radiations in a
particular material before they are absorbed or reflected. In the present samples, the radia-
tion entered the samples and was reflected back in the visible range of the solar spectrum,
as shown in Figure 4. However, the films annealed at 400 °C (Figure 4c) showed better
results than all radiation other than visible light reflected in the near IR region. All in all,
the obtained results from the optical characterizations (Figures 2—4) of the thin films were
all in agreement. The prepared thin films possessed the optical properties crucial for the
application of the presented material as THM.
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Figure 4. Absorption depth («) vs. wavelength (nm) of multi-layered HfO, /V,05/HfO, thin films:
(a) as-deposited; (b) annealed at 300 °C; and (c) annealed at 400 °C.

Figure 5 shows the fitted and experimental RBS spectra of the multi-layered HfO, /
V1,05 /HfO, thin films. The spectra in Figure 5a show no impurities within the prepared films,
and the thin films were composed of the desired elements, i.e., Hf, V, and O (surface/film).
The presence of Ca and Si stemmed from the underlying soda-lime glass substrate.
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Figure 5. (a). Fitted and experimental RBS spectra of nanostructured multi-layered HfO,/V,05/
HfO; coatings: (b). as-deposited; (c) annealed at 300 °C; and (d) annealed at 400 °C.

The RBS spectra in Figure 5b reveal relatively sharp peaks and a sharp interface
between the layers. Moreover, two Hf peaks are present in the RBS spectra, and the dip
between these two peaks confirms that Hf was coming from the two different layers (bottom
and upper HfO; layers, as seen in Figure 1). This indicates that there was a distance between
the two layers from which Hf was coming. This indicates a presence of a layer in between
the two HfO; layers, i.e., the V,0Os layer. As reported [28-30], the ratio of elements was
determined via in-depth profiling. In the as-deposited thin film, the calculated thickness of
104 nm was determined, agreeing with the theoretical intended value of 100 nm (Table 1).
Thus, the development of the thin films was conducted with high accuracy. Moreover, the
presence of Ca, Si, and substrate oxygen (O) stemming from the underlying substrate was
not present in the material. This confirmed no porosity on the prepared thin films [31-34].
The sharp interface between the different layers, i.e., HfO, and V;,0s, is clearly visible from
the RBS spectra. As the resolution of RBS is ~7 nm, the sharp interface between the different
layers is <7 nm.

After 1 h annealing at 300 °C in air, the layers started to diffuse into each other due
to the thermal treatment. The dip between the two Hf peaks decreased with increased
annealing temperature, indicating that the distance between the two layers (from which Hf
is derived), i.e., HfO,, was decreasing. Thus, the layers began to merge into one another, as
shown in Figure 5c. Moreover, the height of the Hf and V peaks decreased as the FWHM
increased. This was due to diffused interface present between the layers that arose as a
result of diffusion with increased annealing temperature. Nevertheless, the total area under
the curve remained the same. The in-depth profiling revealed diffused interface between
the two HfO, layers and the V,0s layer, as shown in Table 2.
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Table 2. In-depth profiling of a 400 °C annealed sample’s thickness and its elemental ratios.

Layer Thickness Hf v O (film) Si Ca O (Substrate)
1 76 nm 0.256 0 0.743 0 0 0
2 76-85 nm 0.278 0.106 0.615 0 0 0
3 85-102 nm 0.298 0.103 0.598 0 0 0
4 102-110 nm 0 0.112 0.873 0 0 0
5 110-144 nm 0.290 0.102 0.607 0 0 0
6 144-168 nm 0.263 0.07 0.66 0 0 0
7 168-235 nm 0.244 0 0.756 0 0 0
8 235-258 nm 0.065 0 0.204 0.143 0.005 0.580
9 258-274 nm 0.036 0 0.186 0.267 0.009 0.601
10 274-4000 nm 0 0 0 0.322 0.033 0.644

The RBS spectrum (Figure 5c) shows a decrease in the dip between the two Hf peaks
compared to Figure 5b. Moreover, the V peak spreads widely, confirming that the distance
between the two layers from which Hf was coming, i.e., HfO,, was decreasing, and indicat-
ing that the layers were starting to diffuse into each other (but not fully). Additionally, as
the FWHM grew, the height of the Hf and V peaks decreased, confirming that there was a
diffused interface present between layers that arose due to diffusion as the temperature
increased. Nevertheless, the total area under the curve remained similar.

Moreover, two peaks represent Hf with different total heights of the peak. Indeed,
the height of the peak indicates the position of the HfO; thin film in our material, i.e., the
smaller peak stems from the HfO, adjacent to the substrate, whereas the highest peak
represents the top HfO, thin film. This difference is related to energy loss in a scattering
cross-section. The thickness of the diffused interface between HfO, (layers 2 and 3) and
the V05 (layers 4 and, 5) showed increased in-depth profiling for materials annealed at
400 °C, as shown in Table 2. A substantial amount of V appeared in these layers, indicating
that as the temperature increases, the layers will mix and a diffused interface will occur.
Layers 8 and 9 also exhibited the formation of a diffused contact between the substrate and
bottom HfO; layer.

Electrical properties were measured through a two-point probe technique and, subse-
quently, the resistance and conductivity were calculated using the following equations:

p=Rxt 3)

c=1/p 4)

where p (Q)cm) is the resistivity, R (()) is the resistance, t (nm) is the thickness, and o
(Q lem™1) is the conductivity.

The conductivity of the thin films is depicted in Figure 6. The conductivity of annealed
thin films increased compared to the as-deposited ones because the conductivity of the as-
deposited thin film is 0.223 Q~lem™!, which is greater than the HfO; (1 x 102 QO lem™1)
layer and less than the V,0s5 (0.32 Q~!em™!) layer. The change in conductivity of our
thin films was due to the measured conductivity of combined layers, and each layer
had a different atomic arrangement as well as an interface between each layer, which
caused the conductivity of our as-deposited sample to differ from theoretical values. The
other reason for lowering the conductivity of the as-deposited thin films is that the strong
interface between the layers caused electron scattering and prevented electron transport, as
mentioned in Table 1, which concerns RBS data. The conductivities of thin films annealed
at 300 °C and 400 °C were 1.02 Q" 'cm~! and 1.9 Q~'ecm ™!, respectively.
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Figure 6. The plot of conductivity Q lem 1) vs. temperature (°C) of nanostructured multi-layered
HfO,/V,05/HfO, thin films.

Based on RBS, when the V,05 and HfO, layers were heated, a diffused interface
formed between them, as shown in Table 3. As a result, electron scattering was reduced
in comparison to the as-deposited thin films because electrons obtained a path to flow
through, which ultimately increased the conductivity. For thin films annealed at 400 °C, the
highest conductivity was achieved. This was due to diffusing the HfO, and V;,Os layers
into each other, causing the thickness of the diffused interface to increase, as shown in
Table 3, and giving electrons a relatively smooth path to flow. Due to this, conductivity
increased with increased annealing temperature.

Table 3. In-depth profiling of a 300 °C annealed sample’s thickness and its elemental ratios.

Layer Thickness Hf A% O (Film) Si Ca O (Substrate)
1 90 nm 0.271 0 0.728 0 0 0
2 90-106 nm 0.15 0.298 0.5512 0 0 0
3 106-146 nm 0 0.123 0.877 0 0 0
4 146-163 nm 0.199 0.212 0.588 0 0 0
5 163-250 nm 0.261 0 0.738 0 0 0
6 250-265 nm 0.020 0 0.203 0.218 0.006 0.550
7 265—4000 nm 0 0 0 0.322 0.033 0.644

Allin all, THM are energy-efficient thin films designed to save energy in hot climates
by reflecting infrared heat and allowing only the visible part of solar radiation to pass
through the films. Such thin films can potentially be used as energy-saving windows in
energy-efficient buildings and greenhouse agriculture. The thin films presented herein,
based on HfO, /V,05/HfO,, possess all of the intrinsic properties of an efficient THM and
should be considered for potential use for this application.

4. Conclusions

Fabrication via e-beam evaporation of multi-layered HfO,/V,05/HfO, thin films
with a thickness of 100/60/100 nm was shown for their potential use as THM. The as-
deposited and annealed thin films (at 300 °C and 400 °C in air) possess a transmittance
of approximately 90%. The relatively high transmittance is due to the interface diffusion
of HfO, and V,0Os layers. The optical Epg of 3.28 eV and 2.17 eV was obtained for the
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as-deposited HfO, and V;,Os thin films, respectively. A slight decrease in Egg was observed
after annealing at 300 °C (Epg ~3.24 eV HfO,; Epg ~2.07 eV V,05) and 400 °C (Epg ~3.23 eV
HfOy; Epg ~1.94 eV V,05). The RBS confirmed uniform thin films with no porosity
or pinholes. The qualitative analysis of Rutherford backscattering spectroscopy results
shows that developed thin films were fabricated with high accuracy using electron beam
evaporation because the thickness of developed layers calculated by RBS is similar to the
intended thickness. The conductivities of as-deposited films, films annealed at 300 °C,
and films annealed at 400 °C were 0.223 QO lem ™1, 1.02 QO lem ™!, and 1.9 O lem !,
respectively. Interface diffusion is responsible for increased conductivity in annealed thin
films compared to that of as-deposited ones. The intrinsic properties of the developed thin
films support their use as transparent heat mirrors.
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