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Abstract

Considering the pressing demand for energy conservation, sustainable solutions in the building
sector have become paramount. This study focuses on the development of sustainable, energy-efficient
technologies for window glasses and transparent solar shielding film materials. The primary objective
is to achieve a delicate balance: enabling the transmission of visible light while effectively shielding
against Near Infrared Radiation (NIR). Copper sulfide (CuS) emerges as a promising p-type
semiconductor material due to its favorable NIR shielding performance. In this research, CuS particles
were synthesized via a simple co-precipitation method. Additionally, with certain dopant ratios of
erbium (Er) as rare earth dopants and the various dopant ratios of aluminum (Al), explore the
enhancement of the solar spectral selectivity. The X-ray diffraction technique was used to characterize
the crystalline structure of the synthesized powders, while X-ray photoelectron spectroscopy was
utilized to explore the valence states of the samples. Furthermore, the optical properties of the
synthesized powders and prepared thin films were observed using a diffuse reflectance
spectrophotometer. Lastly, the thermal insulation performance of the prepared thin films was evaluated
using a custom device, supplemented by an infrared lamp. The NIR shielding performance was assessed
by examining the lowest transmittance in the NIR region, attributed to changes in the valence state
induced by the dopant, thereby enhancing the semiconducting behavior of CuS.
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1. Introduction

Nowadays, energy-saving technologies have drawn large amounts of attention due to the
increase in energy consumption in every departure from previous years [1]. Buildings account for
approximately 40% of total energy consumption, largely attributed to the low shielding performance of
conventional windows [2]. These windows can primarily reduce brightness from the external
environment but have low performance to effectively block intense solar radiation, particularly in the
ultraviolet (UV) and near-infrared (NIR) regions [3]-[5], which contribute about 4% and 57% of solar
energy, respectively. This results in indoor temperatures rising beyond human comfort levels,
extensively increasing the usage of air conditioning, especially in tropical and subtropical regions [3]-
[6]. Therefore, the development of energy-saving technologies to enhance thermal insulation efficiency
has become an urgent priority. NIR shielding technologies such as transparent solar shielding materials
[7]-[13] were developed, and various types of NIR shielding material such as indium tin oxide (ITO),
antimony tin oxide (ATO), lanthanum hexaboride (LaBg), tungsten bronze, and copper sulfide (CuS)
[14]-[24] were used.

Among them, CusS is a p-type semiconductor that has a band gap energy in the range of 1.2-2.6
eV. It not only has good chemical and electric properties but also has a brilliant performance as a
photocatalyst and is non-toxic with low-cost material [25]-[27]. Previous reports showed that its high
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hole carrier concentration due to p-type semiconductor properties also made the material exhibit strong
localized surface plasmon resonance (LSPR), leading to the enhancement of NIR absorption
performance [28]-[32]. These properties lead to its good electrochemical performance and NIR shielding
properties, which can be further enhanced by various types of methods. There are many phase structures
of copper sulfide, just like villamaninite (CuS;), yarrowite (Cu;.12S), spionkopite (Cu;39S), geerite
(Cu16S), anilite (Cuy.75S), digenite (Cu, 5S), djurleite (Cu;.96S), chalcocite (Cu,S), and covellite (CuS)
[33]. Therefore, covellite CuS is the structure that shows the strongest LSPR in the NIR region due to
its highest hole concentration compared to all structures [33]-[35]. Hence, enhancement of the NIR
shielding performance can be done by increasing the hole concentration of the materials. Doping with
metal ions is one of the candidate methods since it can adjust and control free carrier concentration and
optical properties of materials by introducing new energy levels within the band gap, also it is
compatible with simple and low-cost synthesis methods like the co-precipitation method which needed
lower temperatures than others method like solvothermal or hydrothermal methods to receive a
controllably particle size and stoichiometric structure [36]-[38].

For the enhancement of NIR shielding performance, Er and Al dopants were used. Erbium
dopant is a lanthanide, a rare earth metal that possesses 4f electrons with specific energy levels that
enable transitions in the NIR range between *I 32 and *I;s,2, leading to strong absorption at 1540 nm [39]-
[40]. These properties make Er** complexes valuable for NIR shielding. Meanwhile, Al dopant is a high
ductility, malleability, low density, corrosion-resistant, good electrical dopant that was used as a p-type
dopant for semiconductors, leading to the creation of hole carriers in the material lattice while
substituting the material ions [41]. In this case, AI** dopants will be capable of substituting the Cu** ions
of CusS since their ionic radii are nearly the same. The dual doping was meant to improve the NIR
shielding performance of CuS particles while maintaining structural stability.

In this research, we focused on Er/Al co-doped CuS particles synthesized with a constant Er
dopant at 10 mol% while varying Al dopant concentrations via the co-precipitation method to
demonstrate the enhancement of NIR shielding properties of the material. The crystal structures,
elemental analysis, chemical composition, optical properties, and thermal insulation performance of the
synthesized Er/Al co-doped CuS samples were investigated. Expecting that this material can be a
candidate for improving light-shielding film in the future.

2. Experimental
2.1 Materials

Copper (II) nitrate trihydrate (Cu(NOs),-3H»0), thiourea (CH4N,S), erbium (III) nitrate
pentahydrate (ErNOs3);-5H,0, and aluminum (III) nitrate nonahydrate ((AINO3); - 9H,O) were used as
starting materials. Diethanolamine (DEA, C4H1NO>) and isopropyl alcohol (IPA, CsH3O) were used as
capping agents. Deionized water was used as a solvent. Ammonia (NH3) was used for pH adjustment.
Polyvinyl alcohol ((C2H4O),, PVA) was used as a binder for film coating. All chemicals in this study
were analytical grade and used in experiments.

2.2 Preparation of Er/Al-doped CuS particles

For the synthesis of Er/Al-doped CuS particles, 0.1 mol of copper (II) nitrate trihydrate
(Cu(NO3)2-3H0), 0.01 mol of erbium (III) nitrate pentahydrate (ErNO3)3-5H,O, and a certain amount
of aluminum (III) nitrate nonahydrate ((AINO3)3 - 9H,O) were dissolved in 200mL of DI water. Then,
4 mL of DEA and 8 mL of IPA were added and stirred for 30 minutes at a constant temperature of 70
°C (pH = 8). Next, 0.1 mol of thiourea was mixed with the solutions and stirred for 2 hours at a constant
temperature of 70 °C (pH = 10). Finally, the as-obtained particles were washed with DI water until pH
=7 and dried overnight at 100 °C to receive Er/Al-doped CuS particles. The Er content in the precursor
was fixed at 10 mol%, and Al composition mol ratios were varied at 0, 0.02, 0.04, 0.06, and 0.08. The
corresponding samples are denoted as CuS, CuSEr10%, CuSEr10%Al2%, CuSEr10%Al4%,
CuSEr10%Al16%, and CuSEr10%Al18%, respectively.
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2.3 Preparation of Er/Al-doped CusS films

PV A was dissolved in DI water to get a 10 wt% PV A solution. Thereafter, 0.15g of Er/Al-doped
CusS particles were dispersed in the dark-green slurry. The coating slurry was then cast onto the glass.
Finally, the coated glasses were dried at 70 °C until dry.

2.4 Characterization

The crystal structure of the synthesized samples was determined by the X-Ray Diffractometer
(XRD, Rigaku, SmartLab) equipped with Cu-Ka radiation. The elemental analysis and composition
analysis of the samples were investigated by X-ray Photoelectron Spectroscopy (XPS, ULVAC-PHI,
JEOL JSM-7610F). The optical property of the particles and films was measured by a UV-VIS-NIR
Spectrophotometer (UV-VIS-NIR, HITACHI, UH4150) in the range of 250-1500 nm. The thermal
shielding properties of Er/Al co-doped CusS films were evaluated by a home-made device with a 100 W
infrared lamp, as shown in Fig.1.

Infrared lamp

E1/Al co-doped films

25cm

Digital thermometer

Fig. 1. Schematic diagram of the device used for the thermal insulation performance testing.

3. Result and discussion

3.1 Structure and composition analysis of Exr/Al co-doped CuS particles

Fig. 2 shows the XRD patterns of CuS and Er/Al co-doped CuS with different doping amounts
of Al prepared by the co-precipitation method. The peaks of CuS at 27.7°, 29.4°, 31.9°, 32.8°, 48.0°,
52.8°,and 59.4° referred to the (101), (102), (103), (006), (110), (108), and (116) planes of the hexagonal
CusS structure [JCPDS No: 03-065-3561], respectively. These peaks also appeared for Er-doped CuS
and Er/Al co-doped CusS particles, indicating the maintenance of the covellite hexagonal CuS structure,
except for the (116) plane. The disappearance of the (116) plane may have occurred from the
replacement of the dopants in the lattice [42]. The crystallite size and lattice parameter are calculated
using the following formulas for more information.
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where D is the crystalline size of particles, A is the X-ray wavelength (Cu-Ka), £ is the full width at half
maximum (FWHM), 0 is the Bragg angle, d is the interplanar spacing, h, k, and | are the Miller indices,
and a and c are lattice constants.

As we can see, Table 1 shows that the crystalline size of CuSEr10% has the lowest value
compared to other conditions. Combined with the disappearance of the (006) hexagonal CuS plane in
CuSEr10%, we can assume that due to the larger ionic radius of Er*" (114 pm) than Cu?" (71 pm), the
interstitial site of Er ions interrupted the formation of lattice crystalline, decreasing its crystalline size
and increasing d-spacing in the lattice, causing the lower angle shift while remaining as a hexagonal
CusS structure [38]. Lattice parameter c is increasing when there are dopants in the lattice, resulting from
the interstice of Er ions, which causes lattice expansion due to the difference in ionic radii and local
lattice distortion. Meanwhile, the increasing lattice strain can be attributed to the appearance of dopants
in the lattice, further confirming the interrupted formation of lattice crystalline, which leads to the
decrease of crystalline size.
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Fig. 2. XRD patterns of CuS and Er/Al co-doped CusS particles with different doping amounts of Al
prepared by the co-precipitation method.
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Table 1. Crystallite size and lattice parameter (a, b, ¢) of CuS and Er/Al co-doped CusS particles

Crystalline _ .
Sample size (nm) a=b(A) c(A) Strain
CuS 80 4.26 6.59 0.0019
CuSEr10% 29 5.60 17.65 0.0061
CuSEr10%Al12% 31 3.80 16.15 0.0058
CuSEr10%Al14% 31 3.79 16.14 0.0060
CuSEr10%A16% 32 3.76 17.10 0.0060
CuSEr10%AI18% 35 4.13 15.48 0.0047
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Fig. 3. XPS survey spectra of CuS and Er/Al co-doped CuS with different doping amounts of Al

Fig. 3 shows the XPS survey spectra of CuS and Er/Al co-doped CuS with different doping
amounts of Al. This result confirmed the presence of Cu and S in CuS, the presence of Cu, S, and Er in
Er-doped CusS, and the presence of Cu, S, Er, and Al in Er/Al co-doped CuS. Fig. 4a shows the peak
signal of Er 4d at 163.78 eV, which can be referred to as the binding energy of Er** 4d 5/2 [43]. This
result confirmed that Er3* is the Er dopant ion. Moreover, there is a peak at 169.80 eV, which is indicated
to be the binding energy of S* 2p 1/2, which confirms the bonding between Cu and S [44]. Fig. 4b shows
the signal peaks at 76.6 eV and 77.6 eV for CuSEr10%AI12% and CuSEr10%AI18%, respectively, which
refer to AI** 2p 3/2, confirming that AI** is in the lattice [45]-[47]. The slight shift in this binding energy
further confirmed the difference in hole concentration, which can affect the bonding of Al ions in the
lattice.
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Fig. 4. XPS spectra of (a) S 2p core-level and Er 4d core-level of Er/Al co-doped CuS with different
doping amounts of Al, and (b) Al 2p core-level of Er/Al co-doped CuS with different doping amounts
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Fig. 5. XPS spectra of Cu 2p core-level of Er/Al co-doped CuS with different doping amounts of Al.
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Fig. 5 shows XPS spectra of the Cu 2p core level of Er/Al co-doped CuS with different doping
amounts of Al. There are six main peaks at approximately 955.38 eV, 953.72 eV, 951.12 eV, 934.98
eV, 933.82 eV, and 932.77 eV for the CuSEr10% and CuSEr10%AI2% samples, which are related to
the CuS Cu 2p core-level peaks. The peaks at 952.12 eV and 932.77 eV were attributed to Cu’. The
peaks at 953.72 eV and 934.98 eV were attributed to Cu* 2p 1/2 and Cu* 2p 3/2, respectively, and the
peaks at 955.38 eV and 933.82 eV were attributed to Cu? 2p 1/2 and Cu®* 2p 3/2, respectively [48]. The
ratio of Cu*/Cu?" was calculated to study the effect of hole concentration on the LSPR properties in the
NIR region [38], as shown in Table 2.

Table 2. The Cu*/Cu** contents ratio of CuS and Er/Al co-doped CuS with different doping amounts of
Al

Sample CuS CuSEr10% CuSEr10%AI2% CuSEr10%AI8%

Cu*/Cu?* 2.66 1.49 0.79 1.03

Table 2 shows the comparison of Cu’/Cu?* contents. Therefore, the Cu”/Cu®" content is
decreasing before increasing at the CuSEr10%AI8% condition, which can be attributed to the oxidation
and reduction of the hole carrier concentration in a different synthesis condition. The Cu*/Cu?** contents
of CuSEr10%AI12% are the lowest value at 0.79. Assuming the AI** with a 0.53 A ionic radius, which is
approximately equivalent to Cu>* with a 0.7 A ionic radius, the substitution of AI** in Cu* is completely
successful. The vacancy created an increasing hole carrier concentration. Leading to the oxidation of
Cu* to Cu*, increasing the Cu** contents, and decreasing the Cu*/Cu?* ratio. Meanwhile, if the dopant
is higher than appropriate, the AI*" ions can enter the interstitial sites of the CusS lattice. Induced electrons
in the crystal, causing the combination of Cu?* and electrons, which led to the reduction of Cu?* to Cu’,
further increased the Cu*/Cu?" ratio [38]. In summary, based on these structure and composition analyses
of Er/Al co-doped CuS particles, AI** ions will preferentially substitute for Cu®" sites within the CuS
lattice due to their similar ionic radius, while Er** ions are more likely to occupy interstitial positions
due to their relatively large ionic radius, which also leads to lattice distortion through interstitial
incorporation. Alternative models for dopant position in Er/Al co-doped CuS are shown in Fig. 6.

AI ‘i A 4
\T’\/

e Er'*=114pm
o Al**= 53pm

@ o =71pm

Fig. 6. Alternative models for dopants' position in Er/Al co-doped CusS.

3.2 Optical properties of CuS and Er/Al co-doped CuS particles

Fig. 7a illustrates the differences in absorbance between CuS and Er/Al co-doped CuS. Two
absorption peaks at about 410nm and 705nm corresponded to the excitonic absorption of covellite CuS
and interband transitions within the copper d-band, respectively [49], [50]. The red shift peak of
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interband transitions from ~705 nm to ~780 nm can be explained by changes in the local dielectric
environment caused by the incorporation of Er** ions [51]. Meanwhile, the absorbance in the NIR range
of Er/Al co-doped CusS is higher than that of CuS, indicating that the dopants influence the material's
optical properties. To study further enhancement of optical properties of Er/Al co-doped CuS, a Tauc
plot is plotted using the data from absorbance spectra to give an approximate band gap energy as
calculated by formula 3.

(ahv)n = B(hv — E,) 3)

where «a is the absorption coefficient, h is the Planck constant, v is the photon’s frequency, Eg is the
optical band gap energy, and A is a constant. The n factor depends on the nature of the electron transition
and is equal to 1/2 or 2 for the direct allowed and indirect allowed transitions, respectively. The direct
optical band gap of CusS is then obtained from the extrapolated linear region of a Tauc plot, as shown in
Fig. 7b.
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Fig. 7. Tauc plot calculation of all film samples with varied Sb dopant concentration and number of
film coating layers

Table 3 shows the lower optical band gap energy trend when increasing the Al dopants to more
than 2 mol%. The decrease in optical band gap energy can be used to ensure better performance of p-
type semiconductors, which enhance LSPR properties in the NIR region of the material [52]. This can
indicate that doping material with 2 mol% Al contents is causing Al ions to substitute with Cu ions,
which have nearly the same ionic radius, creating holes, making it show the best performance of a p-
type semiconductor. While higher dopant ratios of more than 2 mol% Al-doped can cause the interstitial
of Al ions, creating free electrons in the lattice and lowering the p-type semiconductor properties of the
material.

Table 3. Optical band gap energy of CuS and Er/Al co-doped CusS.

CuSEr10% CuSEr10% CuSEr10% CuSEr10%

[
Sample CuS CuSEr10% A% Al4% A16% Al8%

Band gap (eV) 2.20 2.13 2.00 2.24 2.35 2.40

3.3 Optical properties of CuS and Er/Al co-doped CuS films

Fig. 8 shows the transmittance spectra of all the samples compared with the uncoated glass slide
and the coated glass slide with PVA. The trends of spectra are divided into three groups. This may be
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due to the difference in created hole concentration from the replacement of various dopant contents of
dopants. To summarize the analysis, visible transmittance, NIR shielding value, and spectral
performance are calculated using formulas 4 and 5, respectively [38]. The results are shown in Table 4.

roo T “
vis 400

Y8300 T(A)

Svir=1-—
NIR 00

)

where T, is visible transmittance of the film, Sy;r is NIR shielding value of the film and T(}) is the
optical transmittance obtained by UV-VIS—-NIR spectrometer.
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Fig. 8. UV—Vis—NIR transmittance spectra of CuS and E1/Al co-doped CuS with different doping
amounts of Al.

Table 4 shows the increase of visible transmittance range from 50.5% to 78.7% and the decrease
of NIR shielding value range from 26.8% to 59.1% according to the increase in Al doping. Considering
the visible transmittance, NIR shielding value range, and spectral performance calculated from the
difference of maximum transmittance in the visible region and minimum transmittance in the NIR
region, CuSEr10%AI12% has the highest spectral performance with high visible transmittance at 56.2%
and high NIR shielding value at 55.7%, which considered a high performance for NIR shielding
application compared to Nimitnopphasit et al. (NIR shielding value at 50.1% for the highest spectral
performance) [24]. This is consistent with the analysis results of p-type semiconductor material
performance and LSPR in the NIR region performance obtained by comparing the optical band gap
energy values of the materials in Table 3.
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Table 4. Visible transmittance, NIR shielding value, and spectral performance of CuS and Er/Al co-
doped CusS.

Visible transmittance NIR shielding value
(%) (Y0)

CuS 50.5 58.0 Vis-max (54.6%)
NIR-min (39.7%)
A=149%
CuSEr10% 51.3 59.1 Vis-max (55.6%)
NIR-min (38.8%)
A=16.8%
CuSEr10%AI12% 56.2 55.7 Vis-max (61.0%)
NIR-min (42.0%)
A=19.0%
CuSEr10%Al14% 73.5 33.9 Vis-max (76.2%)
NIR-min (64.3%)
A=119%
CuSEr10%Al16% 76.0 30.2 Vis-max (78.2%)
NIR-min (67.9%)
A=10.3%
CuSEr10%Al18% 78.7 26.8 Vis-max (80.5%)
NIR-min (71.3%)
A=9.2%

Sample Spectral performance

3.4 Thermal shielding properties of CuS and Er/Al co-doped CusS films
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Fig. 9. The indoor temperatures of the heat box covered with different types of glasses.

Fig. 9 shows that under all film synthesis conditions, the temperature inside the heat box sharply
increases while irradiated with an IR lamp at 1000 lux. The equilibrium temperature inside the heat box
covered with uncoated glass, CuSErl10% film, CuSEr10%Al2% film, CuSEr10%Al4% film,
CuSEr10%Al16% film, and CuSEr10%Al18% film is 35.7, 33.9, 32.7, 34.3, 33, and 33 °C, respectively.
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The maximum difference in temperature inside the heat box between uncoated glass and coated glass is
3.0 °C for the CuSEr10%AI2% film. Due to the optimal Al doping, which can replace Cu ions and result
in a vacancy of the hole carrier, the material exhibits the best LSPR properties in the near-infrared region
[38]. The previous research has shown that the increase in the Earth's surface temperature by 1.0 °C
results in an increase in annual electricity consumption by 9.2% [53]. The Er/Al co-doped CusS film of
10 mol% Er-doped CuS and 2 mol% Al-doped, which can reduce the heat inside the thermal simulation
box by 3.0 °C, is a suitable material for further development to increase the efficiency of near-infrared
radiation protection to reduce energy consumption in buildings.

4. Conclusion

Er/Al co-doped CuS particles were successfully synthesized by the co-precipitation method.
XRD analysis confirms that all the samples had a hexagonal CuS structure with high crystallinity. The
ratio of Cu’/Cu®" was calculated from the area ratio received from the XPS Cu 2p core-level analysis to
confirm the change of Cu ion contents. The result shows that CuSEr10%AI12% has the lowest value at
0.79 due to its optimal hole carriers created, making this condition have the best LSPR property in the
NIR region. Leading to the decreasing trend of optical band gap energy at the CuSErl10%Al2%
condition, it also has the lowest optical band gap energy at 2.00 eV. The visible transmittance of Er/Al
co-doped CusS films ranged from 51.3% to 78.7%. The NIR shielding value of Er/Al co-doped CusS films
ranged from 59.1% to 26.8%. The highest spectral performance is 19.0% at the CuSEr10%AI12%
condition, and the NIR shielding value of CuSEr10%AI12% is 55.7%, which is considered a high value.
The glass coated with CuSEr10%AI12% films decreases the indoor temperature of the heat box by 3 °C.
A one-degree Celsius increase in surface temperature leads to an increase in annual electricity
consumption of 9.2%. Thus, Er/Al co-doped CuS can be considered a suitable material for development
to improve the protection efficiency of nearby infrared radiation and further reduce indoor energy
consumption.
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