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Abstract: The feasibility of capturing indoor artificial light using chalcopyrite photovoltaic absorbers has been analyzed.
For this purpose, various chalcopyrite compounds (CulnSe,, CulnS, and CuGaS,) were prepared by evaporation and
then measured to obtain their main structural, morphological and optical characteristics. On the other hand, several
artificial light sources were selected (incandescent, halogen, fluorescent, high-pressure sodium, metal halide and LED
lamps) and represented by their respective spectral radiance. The absorption characteristics of CulnSe, and CulnS, are
optimal for collecting light from fluorescent lamps and warm or cool white LEDs, requiring only a small film thickness
of about 0.6 um to capture 90-100% of the light radiance. Otherwise, the efficiency of CuGaS, is found to increase as
the color temperature of the LED lamp increases, being always lower and more dependent on the film thickness than for
the other evaporated compounds. The worst performances (collection of less than 50% of the light radiance) correspond
to incandescent and halogen lamps, which have a significant emission in the infrared region outside the absorption range
of the evaporated chalcopyrite films. These results provide guidelines for the design of chalcopyrite-based photovoltaic
devices suitable for operation under different indoor lighting conditions.
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1. Introduction

The development of materials for the use of optical energy ranges from photoelectrocatalysts [1] to
photothermal [2] and photovoltaic applications [3]. More specifically, there is great growth in photovoltaic systems
and telecommunication devices. Recent studies linking both fields show that indoor energy harvesting by suitable
photovoltaic cells can help implement concepts such as the internet of things for smart homes and smart cities [3-4].
Indoor photovoltaic cells make it possible to power electronic devices from local light sources and can also be used as
optical data receivers in the context of visible light communications [5-6].

Various photovoltaic materials have achieved great development, including crystalline silicon (c-Si), amorphous
silicon (a-Si), cadmium telluride (CdTe) and copper indium gallium selenide (Culn, _,Ga,Se, or CIGS), which now share
the market for outdoor applications [7]. Culn, _,Ga,Se, belongs to the I-11I-VI, semiconductor alloys with a chalcopyrite
structure, presenting the advantage of an adjustable bandgap between 1.0 eV (CulnSe,) and 1.7 eV (CuGaSe,) to achieve
high photovoltaic conversion efficiency [8]. Another chalcopyrite alloy is Culn,_,Ga,Se,, with an adjustable bandgap
between 1.5 eV (CulnS,) and 2.4 eV (CuGaS,) [9]. These chalcopyrite materials are commonly prepared as thin films on
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different substrates [9-10] since due to their high absorption coefficient (~ 10* cm™) a low thickness (~ 1 pm) is required
to absorb the radiation energy greater than the bandgap [8]. In fact, new designs are being developed to minimize the
thickness below 0.5 pm, which saves material and manufacturing time [10]. On the other hand, it is worth highlighting
the excellent stability and negligible toxicity of ternary chalcopyrites, which have been tested both in photovoltaic
devices [11] and in biosensors for phototherapy [12].

Chalcopyrite thin films have been well developed to collect energy from outdoor solar radiation [13]. However,
estimating its indoor performance is complicated because there is no universally accepted standard for indoor spectral
quality and integrated irradiance (analogous to the standard AM1.5 G solar spectrum) [3, 14]. There are many artificial
light sources, which have been grouped into three categories [15]: 1) incandescent and halogen lamps, whose spectrum
corresponds to a blackbody radiator at 2,800 K, 2) fluorescent lamps, with a correlated color temperature that changes
between 2,000 K and 6,000 K depending on the composition of the internal gas, and 3) high-pressure sodium, metal
halide and LED lamps, which also have different color temperatures depending on their composition. LED lamps
deserve special interest because they significantly reduce the energy consumption for lighting and are considered the
most environmentally friendly among all artificial light sources [16]. At this point, it should be noted that there are white
LEDs with different spectral characteristics according to their color temperature, which affects the amount of energy
captured by a given indoor photovoltaic converter [17].

For the present work, the optical absorption coefficients of various chalcopyrite thin films (CulnSe,, CulnS, and
CuGas, grown by evaporation) were measured and analyzed to test their feasibility for harvesting radiation from several
artificial light sources (belonging to the three categories and with different color temperatures), which are represented by
their respective spectral radiance. The percentage of energy collected is calculated based on the thickness of the absorber
film for the various combinations of light sources and chalcopyrite materials. The objective is to contribute to the design
of photovoltaic devices with chalcopyrite absorbers suitable for operation under different indoor lighting conditions,
adding the possibility of reducing material consumption according to the minimum absorber thickness required in each
case.

2. Materials and methods

Thin films of CulnSe,, CulnS, and CuGaS, were prepared by modulated flux deposition in a custom-designed
vacuum chamber [18]. It contains a rotating holder that transports soda-lime glass substrates at 30 rpm around for
evaporation from Cu, In, and Ga beam sources, heating to 350 °C by halogen lamps, and reaction with vapor from
elemental Se or S sources in every rotation. Before use, the substrates were degreased with neutral soap, rinsed with
deionized water, and dried in air. The base pressure was 10° mbar and the evaporation time was about 20 min to obtain
a film thickness ¢ = 0.6 um, which was verified by post-deposition measurements with a Dektak 3,030 profilometer.

The films were examined by X-Ray Diffraction (XRD) in a Philips X’pert instrument, with radiation CuKa
(4 = 1.54056 A) and a Bragg-Brentano 6-26 configuration. The tetragonal chalcopyrite structure was identified
regarding the standard Powder Diffraction Files (PDF) for the different compounds. The mean crystallite size (S')
was calculated from the Full Width at Half Maximum (FWHM = p) of the main diffraction peak located at the Bragg
reflection angle 6, applying the Scherrer formula [19]: S = 0.94 1/(f cosf). The topography was examined by Atomic
Force Microscopy (AFM) with a Park XE-100, taking digital images that allow surface roughness to be quantified.
The optical characterization was based on transmittance (7') and reflectance (R) data recorded with a double beam
spectrophotometer Perkin-Elmer Lambda 9 in the wavelength range 4 = 300-1,800 nm. The transmittance is corrected
for reflection losses, 7, (%) = 100 T'(%)/(100-R (%)), and the optical absorption coefficient is calculated as [20]: a = (1/7)
In [100/T, (%)], including the film thickness value (¢).

In order to evaluate the performance of chalcopyrite absorbers under typical indoor conditions, several commercial
light sources (incandescent, halogen, fluorescent, high-pressure sodium, metal halide and LED lamps) have been
considered in this work. They were selected to cover a wide range of illumination intensities and color temperatures,
as well as different spectral radiances [21], which were obtained from the National Oceanic and Atmospheric
Administration (NOAA) database [22].
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3. Results and discussion

All the evaporated films show a tetragonal chalcopyrite structure, according to the XRD patterns depicted in Figure
1(a). The diffraction peaks are indexed regarding the standard PDF cards for CulnSe, (card No. 40-1487), CulnS, (card
No. 27-0159), or CuGaS, (card No. 25-0279), and no secondary phases are observed. In these chalcopyrite structures,
each anion (Se” or S¥) is tetrahedrally coordinated to two Cu' cations and two In*" or Ga®" cations, while each cation (Cu’"
and In’* or Ga’") is surrounded by four anions (Se” or S*) [23]. The largest lattice parameters correspond to CulnSe,,
decreasing by the substitution of Se by S in CulnS, and furthermore by the substitution of In by Ga in CuGaS, [24].
Lower lattice parameters explain the shift of the diffraction peaks toward higher diffraction angles. The (112) reflection
is predominant in these compounds, as has been explained by the availability of the chalcopyrite structure for massive
surface reconstruction [25]. This is due to the low defect formation energies on the cationic sublattice, which make the
polar {112} planes more stable than the non-polar {110} surfaces in tetrahedra [26]. A detailed analysis of the (112)
diffraction peak is also presented in Figure 1(b), including the mean crystallite size (S,,,) calculated from the FWHM for
each sample [19]. The crystallite size is somewhat higher in the evaporated CulnSe, (S,,, = 47 nm) than in CulnS, (S,,,
= 38 nm) and CuGaS, (S,,, = 37 nm) layers, which may be related to the fact that the substitution of Se by S increases
the compound formation heat [27]. The substrate temperature (set at 350 °C) is high enough to achieve chalcopyrite
formation in all cases, but provides a greater scope for crystallization of CulnSe, compared to CulnS, and CuGaS,.
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Figure 1. (a): XRD patterns, and (b): detail of the main (112) reflection for the evaporated CulnSe,, CulnS, and CuGaS, thin films. The mean
crystallite size obtained from the (112) peak width (S,,,) is included

The surface morphology and the corresponding root-mean-square roughness (R,), as analyzed by AFM for
the various samples, are presented in Figure 2(a). The evaporated layers are constituted by small grains grouped in
cauliflower-like clusters that are typical of chalcopyrite thin films [28]. The surface roughness (R, ~ 60 nm) is suitable
for efficient photovoltaic cells [29], with no significant differences for the various compounds. This is because all
depositions were carried out under the same temperature and pressure conditions. In other cases, it has been observed
that the surface roughness increases when the heating temperature [28] and/or the base pressure [30] increases, due
to the coalescence and reorganization of the grains. Figure 2(b) shows the scan lines taken by profilometry for the
respective layers, where the film thickness (¢) is given by the height from the chalcopyrite surface (where the scan starts)

to the glass substrate (where the measurement ends).
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Figure 2. (a): AFM images taken on 10 um x 10 pum areas, and (b): Profilometric measurements on 1,000 um lines for the various chalcopyrite layers.
The root-mean-square roughness (R,) and the film thickness (¢) are included for each sample

Figure 3(a) contains the optical transmittance and Figure 3(b) the corresponding absorption spectra for the different
chalcopyrite layers. All the films show high absorption within the visible spectral range, especially at wavelengths 1 <
600 nm or energies E > 2.07 eV, as required for their application in outdoor photovoltaics. Compared to CuGaS,, the
absorption extend towards the near-infrared for CulnS, and further for CulnSe,, due to the difference in bandgap energy
(E,) for each material [31]. In the high absorption region (a > 10* cm™) the experimental data show a good fit to the
expression a, = A (E — Eg)”z, which is typical of direct transitions [20], giving the E, values specified in Table 1. It is
known that in CulnSe, the valence band maximum (VBM) consists of Cu 3d and Se 4p orbitals, while the conduction
band minimum (CBM) consists of In 5s and Se 4p orbitals [24]. Therefore, substituting the anion Se by S is expected
to change both VBM and CBM in CulnS, with respect to CulnSe,, but substituting In by Ga changes only the CBM but
not the VBM in CuGaS, with respect to CulnS,. The forbidden bandwidth is the energy difference between CBM and
VBM, which is observed at 1.02 eV for CulnSe, [32], and higher for CulnS, and CuGaS, according to the literature [33-
34].

During gap calculations, the presence of some absorption below E, has been considered, which is due to tail states
that are typical of chalcopyrite materials [35]. In this region (E < E,) the absorption coefficient has been fitted to the
form [36]: a, o< exp{—(E — E)/26°}, where E, is a characteristic transition energy and o represents the width of the tail
[37]. The density of states has a point of inflection from the expected decay below the conduction band edge (below
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E,) to the increase due to the tail of the band (located at E,), and the measured absorption may appear almost linear at
energies between £, and E, [38]. Table 1 includes the results of the fits illustrated in Figure 3(b) for the various samples,
being in the same order as reported for analogous photovoltaic absorbers [39]. It should be noted that band tails
depend on the presence of defects and structural disorders in these compounds [40]. Therefore, the optical absorption
coefficients in Figure 3(b) include information about the structural and morphological features shown in Figures 1 and 2.
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Figure 3. (a): Optical transmittance (7,), and (b): Absorption coefficient (¢) data obtained as a function of the radiation wavelength (1) or energy (E)
for the diverse chalcopyrite layers

Table 1. Summary of the main characteristics of evaporated chalcopyrite thin films, including the mean crystallite size (S,,,), root-mean-square
roughness (R,), gap energy (E,) and band tail width (o)

Sample Si1, (nm) R, (nm) E, (eV) o (eV)
CulnSe, 47 61 1.02 0.042
CulnS, 38 62 1.42 0.057
CuGasS, 37 59 2.20 0.071

The optical absorption coefficients achieved for these chalcopyrite films have been used to evaluate their
performance under different indoor illuminations. For this purpose, the spectral radiances of typical artificial light
sources (incandescent, halogen, fluorescent, high-pressure sodium, metal halide and LED lamps obtained from the
NOAA database [22]) are plotted in Figure 4. Specifically, the first group in Figure 4(a) includes various light sources
with a similar Correlated Color Temperature (CCT = 2,000-2,800 K) [21], but different illumination intensities (R; =
5-58 W/m’) calculated by integration of the respective radiance spectrum. Another group in Figure 4(b) contains only
LED lamps, which deserve particular attention due to their large commercial growth, and are shown for different CCT
ranging from 2,038 K (warm glow) to 7,419 K (cool white). It is important to note that all the LED spectra have a
blue emission peak located at A, ~ 450 nm in addition to the main emission at 4, ~ 600 nm, and the color temperature
increases with the ratio between both maxima (Z,/,) [17]. Otherwise, the illumination intensity value is independent of
the color temperature, as it is illustrated in Figure 4(b).
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Figure 4. (a): Radiance of artificial light sources with similar Correlated Color Temperature (CCT), and (b): Radiance of LED lamps with different
CCTs, including the integrated value (R;) obtained for each one. In the case of LED lamps, the ratio of the two emissions (/,/1,) is also included

For each of the light sources, the illumination intensity that can be absorbed by one of the chalcopyrite films is
given by the product of the lamp radiance (R) and the chalcopyrite absorptance at each wavelength [41]: 4 = 1 — &
which depends on the absorption coefficient () and the film thickness (7). In this way, the percentage of radiance that
is adsorbed, P = (R x A)/R;, has been calculated from the previous data (Figures 3 and 4) and it is represented in Figure
5 as a function of the absorber thickness for the various combinations of light sources and chalcopyrite materials. The
lowest values (P < 50%) correspond to the incandescent and halogen lamps, in Figure 5(a), which have a significant
radiance in the infrared region requiring absorbers with a low bandgap energy (£, < 1.0 eV). Obviously, the light
collection is better when the lamps have lower infrared emissions. Thus, the use of a thin CulnSe, film (¢ ~ 0.6 um)
allows obtaining P = 70% in the case of high-pressure sodium or metal-halide emissions, while both CulnSe, and
CulnS, layers with ¢ ~ 0.6 um are suitable to achieve P = 90% in the case of fluorescent lamp. The same percentage (P
= 90%) is obtained in Figure 5(b) with a lower thickness of CulnS, (¢ = 0.35 pm) or CulnSe, (¢ = 0.25 pm) for all the
LED lamps, achieving P ~ 100% when ¢ ~ 0.6 um. Otherwise, the efficiency of CuGaS, is found highly dependent on
the film thickness and the color temperature of the LED, being for the thickest layer (¢ ~ 1.0 um) in the range P = 70-
85%, increasing as the color temperature increases. Previous studies on the indoor conversion efficiency of different
photovoltaic absorbers have indicated that warm white LEDs are preferred for material bandgaps of 1.5 eV or less, and
cool white LEDs for higher bandgap compounds [17]. However, the results in Figure 5(b) show that both warm and cool
white LEDs are optimal for absorbers with £, < 1.5 eV, and cool white LEDs are better for higher bandgap materials.
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Figure 5. (a): Percentage of the lamps radiance in Figure 4(a), and (b): Percentage of the LEDs radiance in Figure 4(b) that is absorbed by the
chalcopyrite films as a function of their thickness

4. Conclusions

All the evaporated films have tetragonal chalcopyrite structure with predominant (112) orientation, smooth
surfaces (roughness R, ~ 60 nm) and high optical absorption within the visible region (o > 10* cm™ at A < 600 nm). The
absorption extends towards the near-infrared when the bandgap energy decreases from £, = 2.20 eV for CuGasS, to E,
= 1.42 eV for CulnS, and E, = 1.02 eV for CulnSe,. Some additional absorption is detected below E, due to band tails,
which have a width that increases in the range o = 42-71 meV as the gap energy increases.

Comparing artificial light sources with a similar correlated color temperature (CCT = 2,000-2,800 K), the infrared
radiance is high for incandescent and halogen lamps, lower for high-pressure sodium or metal-halide emissions and
minimum in the case of fluorescent and LED lamps. White LEDs with different color temperatures (from warm glow
with CCT = 2,038 K to cool white with CCT = 7,419 K) all show a main emission around 600 nm wavelength and a
blue emission at 450 nm, increasing the color temperature with the blue emission ratio.

The percentage of radiance that can be absorbed by CulnSe, is around 50% for incandescent and halogen lamps
and around 70% for high-pressure sodium or metal-halide emissions. Furthermore, both CulnSe, and CulnS, films
can collect 90% of the fluorescent radiance and 100% of LED emissions (for all CCT values), requiring only a small
thickness of about 0.6 um. Otherwise, CuGaS, with 1.0 um thickness can capture 80% of the fluorescent emission and
of cool white LEDs (with CCT > 4,731 K), although its efficiency decreases when the color temperature of the LED
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light decreases.
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