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Abstract: Several photovoltaic technologies, based on different semiconductor absorbers with band-
gap energy in the range Eg = 1.0-1.5 eV are currently sharing the market for outdoor applications.
These photovoltaic cells are designed to achieve an optimal photovoltaic conversion under solar
illumination (represented by the standard AM1.5 global spectrum), but their performance changes
under different artificial indoor lights. Here, the detailed balance principle that was first applied for
an ideal photovoltaic absorber under solar radiation is now used by considering the actual spectra of
four typical indoor lamps: incandescent, halogen, metal halide and white LED. For each particular
illumination source, the theoretical maximum for short-circuit current, open-circuit voltage and
maximum power point have been calculated and represented as a function of the absorber band-gap
energy. Furthermore, the optical absorption spectra of some semiconductors with optimal solar
conversion efficiencies are used to estimate their comparative performance under the various artificial
light sources. It has been found that wide band-gap absorbers (Eg~1.9 eV) are needed to achieve a
light-to-electricity conversion efficiency of 60% under LED illumination or 31% with metal halide
bulbs, while a lowest band-gap energy of about 0.8 eV is required to obtain a maximum efficiency of
24% with incandescent and halogen lamps.
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1. Introduction

Photovoltaic devices, which directly convert light into electricity, are considered one
of the key renewable energy sources. They are usually developed to collect energy from
outdoor solar radiation and then characterized under a standard AM 1.5 global spectrum [1],
which corresponds to 1000 W/m? perpendicular solar radiation on the Earth’s surface at
air mass 1.5 [2]. This procedure allows comparing different photovoltaic performances,
but it does not represent the real conditions either for outdoor or for indoor usage. While
for outdoor applications a typical daylight is in the 50-1000 W /m? range, indoor devices
have to operate below 50 W/m? [3]. Despite the low energy flux, indoor applications are
receiving great attention because artificial light harvesting by suitable photovoltaic cells can
power low-consumption components for the Internet of Things in smart homes and smart
cities [4]. For this purpose, the use of supercapacitors allows operation when ambient light
is unavailable, prolonging the working time with a low environmental impact [5].

There are several photovoltaic technologies, based on different semiconductor ab-
sorbers such as crystalline silicon (c-Si), cadmium telluride (CdTe) and copper indium
gallium selenide (Culn;_yGaxSe; or CIGS), which currently share the market for outdoor
applications [6]. CIGS belongs to the I-1II-VI, semiconductor alloys with a chalcopyrite
structure, presenting the advantage of an adjustable band-gap energy from Eg = 1.0 eV
(CulnSe;y) to 1.7 eV (CuGaSe,) for selenide compounds [7], or from Eg = 1.5 eV (CulnS,)
to 2.4 eV (CuGaS,) considering sulfides [8]. The toxicity of Cd and the low elemental
abundance of In and Ga have motivated the investigation of alternative photovoltaic ab-
sorbers in I,-II-IV-VI; compounds, which are isoelectronic equivalent of the I-III-VI,
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semiconductors. In fact, copper zinc tin sulfo-selenide (CupZnSnS; «Sex or CZTS) has
already demonstrated good solar conversion efficiency [9], with a band-gap ranging from
1.0 eV (CupZnSnSey) to 1.5 eV (CupZnSnSy), and the possibility of increasing to 2.3 eV
(CupZnGeSy) by Ge-alloying [10]. Taking into account that only photons with energies
above the band-gap are absorbed, the photogenerated current tends to increase, while the
photovoltage decreases as the absorber Eg decreases [11]. Then, the photovoltaic power
will reach a maximum at certain Eg values. Notwithstanding the above, novel organic
compounds and nanostructured materials, as well as multi-junction devices, are being
developed to better exploit the solar spectrum by adding more than one absorption edge [1].
In particular, the flexible optical characteristics of perovskite materials that combine organic
and inorganic cations with halide anions make them good candidates for both outdoor and
indoor applications [1,4].

The maximum light to electricity conversion efficiency (1) of a single junction pho-
tovoltaic cell was first calculated approximating the sun spectrum by the emission of a
black body with a surface temperature of 6000 K [12], and later by using the standard
AM1.5 global spectrum [13]. These calculations give an optimal range for photovoltaic
conversion under solar illumination at Eg = 1.0-1.5 eV, according to the experimental results
obtained with different absorber materials [14]. However, if the same question is asked for
indoor applications, there is no single answer because the optimal band-gap energy will
depend on the specific illumination source. Several researchers have already measured the
photovoltaic conversion of radiation emitted by different artificial lights, such as halogen,
fluorescent or other gas-discharge lamps [15], and recently white light LEDs [16]. Most
of the research is focused on commercially available devices [4,17], although alternative
materials are also being investigated [18,19].

In this work, the detailed balance principle that was first applied for an ideal pho-
tovoltaic absorber under solar radiation by Shockley and Queisser [12] is now used for
different artificial light sources, taking into consideration the real spectra of four typical
indoor lamps: incandescent, halogen, metal halide and white LED. For each particular
illumination source, the determination of the efficiency limit includes the calculation of the
theoretical maximum for the various characteristic photovoltaic parameters (short-circuit
current, open-circuit voltage and maximum power point), which are represented as a
function of the absorber band-gap energy. In parallel, the optical absorption spectra of
some semiconductors with the best efficiencies under solar radiation are compared, and
their performance under the different artificial light sources is estimated. This information
is useful to select which of the commercial solar cells is most suitable for each indoor
illumination, while also indicating their output current and voltage characteristics to power
small electronic devices.

2. Photovoltaic Absorbers and Light Sources

The best photovoltaic conversion efficiencies confirmed under standard solar radiation
are reported by Green et al. [20] and some illustrative data are included in Table 1. The
highest value corresponds to cells based on c-5i absorber, closely followed by cells based on
different chalcogenide compounds (CdTe, CIGS and CZTS), which have been mentioned in
the previous section. The photovoltaic performance is determined mainly by the intrinsic
material properties (complex refractive index n + ik) and its thickness t, being the absorption
coefficient o = 47tk /A and the optical absorptance A(A) = 1 — e~ %Mt [21], expressed as
a function of the radiation wavelength A. Figure 1 compares the absorptance spectra
obtained for the selected semiconductors, taking the respective extinction coefficient data,
k(A), from the refractive index database [22]. It should be noted that different thicknesses
are used to achieve 100% absorptance at E > Eg;. While for c-Si the required thickness
is about 0.3 mm [23], lower values around 3 um are needed for CdTe [24] or 2 um for
both CIGS [25] and CZTS [9]. These chalcogenide compounds are commonly prepared
by thin-film deposition on glass substrates, but c-Si wafers are mechanically cut from
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crystalline-grown ingots. In all cases, a front glass is used to protect the photovoltaic cell,
which has a significant absorptance at A < 350 nm, as shown in Figure 1.

Table 1. Confirmed efficiencies for single-junction cells measured under the global AM1.5 spectrum
(1000 W/m?) at 25 °C [20].

Photovoltaic Cell Absorber Absorber Solar Conversion
Acronym Semiconductor Eg (eV) Efficiency (%)
c-Si Crystalline Si 1.12 26.7 + 0.5
CdTe CdTe 1.45 223+02
CIGS Culn; _,GaySep 1.30 23.6 £ 0.4
CZTS CuZnSnS;_,Sex 1.03 149 +0.3
E (eV)
4 3 2 1
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Figure 1. Spectral radiance of typical artificial light sources and optical absorptance corresponding to
different photovoltaic absorbers and the front glass. Data are shown as a function of wavelength (A)
and energy (E = hc/A).

In order to evaluate the photovoltaic performance under typical indoor conditions,
several commercial light sources have been considered in this work. They were selected
to illustrate different spectral radiances, which were obtained from the National Oceanic
and Atmospheric Administration (NOAA) database [26] as depicted in Figure 1. Although
the representation of the radiance (R) versus A is the most used, the figure shows also the
dependence on light energy (E = hc/A) to better illustrate the subsequent calculations that
are carried out in terms of energies. The various artificial light sources can be grouped
into three categories. One of them is constituted by incandescent and halogen lamps,
with smooth spectra corresponding to a blackbody radiator at 2800 K, giving a maximum
radiance around A = 950 nm [27]. Another group includes fluorescent bulbs, high-pressure
sodium and metal halide lamps, with multiple emission peaks and correlated color temper-
atures between 2000 K and 6000 K depending on the composition of the internal gas [28].
The last group is made up of LED lamps, which have two emission peaks centered at
A1~450 nm and A;~600 nm, increasing their color temperature with the ratio between both
maxima (I; /L) as reported by [29]. The various light sources represented in Figure 1 have
a similar correlated color temperature (near 2800 K) and different illumination densities.
Artificial light spectra are shown unnormalized and the respective total light intensities are
calculated by integrating each spectrum over the same region as standard sunlight. They
range from 58 W/m? for the incandescent lamp to 30 W/m? for the halogen source and
22 W/m? for the metal halide and LED lamps. These intensities are common in the lighting
of commercial and work buildings, although the increasing improvement of LED systems
is allowing values around 3 W/m? to be used in some office environments.
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3. Photovoltaic Performance Analysis
3.1. Photogenerated Current Density and Recombination Losses

Figure 2 illustrates the main input and output parameters that are considered here to
evaluate the photovoltaic performance according to the ideal model developed by Shockley
and Queisser [12]. For the balanced photovoltaic converter, at zero output voltage, all
electron-hole pairs generated by the incident radiation can in principle be extracted as
current into the external circuit, giving a maximum current density (Jmax) that depends
on the incident photon flux (F;) and the material absorptance. The incident photon flux is
calculated for each lamp represented in Figure 1, from the respective spectral radiance:

_ Pripy = 4
Fj = hT:RQ) = ER(E)/ )
where q is the elementary charge, h is the Planck constant, ¢ is the vacuum speed of light,
and E is the photon energy related to the respective wavelength. Then, the maximum
current density is given by the integration of the incident photon flux with the material
absorptance, considering A(E < Eg) = 0 and A(E > Eg) = 1 for each photovoltaic absorber
with band-gap energy Eg [13]:

o (B) = [ AER(E)E= [T R(E)E @

—
—

Lamp radiance (R)

Output J-V characteristics
Incident flux (F;)
/Voc

Vivier

0
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Jexl

MPP

@

Figure 2. Operating diagram of a photovoltaic cell with front illumination. The cell at voltage V emits

External load (V, J.,) \

photons from its top and bottom according to [12]. The output parameters are explained throughout
the text.

At non-zero output voltage, the concentration of electron-hole pairs inside the semi-
conductor material exceeds the equilibrium concentration and some of the energy stored
in the photo-generated electrons and holes and internal luminescence are lost through
different recombination processes and emission of luminescent photons. Non-radiative
recombination mediated by defects and impurities can be neglected in the ideal limit, but
there are radiative losses that are independent of the material quality and give an emitted
photon flux according to the generalized Planck law [30]:

27E?
h3c2 [exp (%) - 1}

Fe(E, V) = ®)
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where V is the external applied voltage, k is the Boltzmann constant and T, is the pho-
tovoltaic cell temperature, which is assumed 300 K in the model [12]. Subsequently, the
radiative recombination current density can be calculated as:

E=c0 E=c0
Jraa(Bg, V) =2q [ A(E)Fe(E,V)E=2q [ Fe(E V)dE, )
- -8

where the factor 2 is due to the assumption that the photovoltaic converter emits radiation
from the front and rear sides, as illustrated in Figure 2.

Both Jmax and Joq are calculated by entering Equations (2) and (4) into OriginPro 8
software (a widely used commercial program) and they are represented in Figure 3 for
the different artificial light sources as a function of the absorber band-gap energy. For the
incandescent and halogen lamps, the evolution of Jmax with Eg is analogous to that reported
under solar radiation [13], with a fast decrease when the energy increases from 0.5 to
2.0 eV. For typical c-Si solar cells with Eg = 1.1 eV, the obtained values are Jmax =19 A/ m?2
under the incandescent light (58 W/m?) and Jmax = 10 A/m? under the halogen lamp
(30 W/m?), which are consistent with Jax = 440 A/m? reported under standard sunlight
(1000 W/m?) [13], taking into account the respective illumination intensity. A smoother
decay is observed for the metal halide lamp and a plateau for the LED at energies lower than
1.8 eV. This is because LED radiation is located in a short wavelength range (400-700 nm)
that can be absorbed by any semiconductor with Eg < 1.8 eV, but for the other lights the
radiance extends to longer wavelengths, where it can only be absorbed by lower Eg values
(Figure 1).

60 =
> > > > 1S
© o N [T (oo o
—;E
40+
=
E, 30 Jmax photogenerated
o

under the lamps:

—o— Incandescent
—o— Halogen
—&— Metal Halide

0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Absorber Eg (eV)

Figure 3. Maximum current density Jmax (at V = 0) and radiative recombination current density J,,q
(at V # 0) calculated for the different lamps as a function of the absorber band-gap energy.

The external current density is the sum of all the current densities in the cell:

]ext (Eg/ V) = ]max (Eg) - ]rad (Eg/ V), (5)

giving an equation that describes the output current-voltage characteristics of each photo-
voltaic cell. These are also defined by the cell parameters called short-circuit current density
(Jsc), open-circuit voltage (Voc) and fill factor (FF), as depicted in Figure 2.

The short-circuit current density corresponds to the generation of electron-hole pairs
by incident light from which the thermal recombination at zero bias has to be subtracted:

]SC (Eg) = ]max (Eg) - ]rad (Eg/V = 0) (6)
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According to Figure 3, the value of J,,4 at V = 0 is zero in the range of interest (that is
for Eg > 0.5 eV), where the short-circuit current is equal to the maximum photogenerated
current (Jsc = Jmax)-

On the other hand, the maximum output voltage occurs in the open-circuit condition
(Voc), when the current extracted by the external circuit is zero:

E=00 E=c0

Faa (g Voc) = Tmax(Fe) = 24 Fe(E, Voc)dE = / _ RECE. )

Since the function F; (incident photon flux given by the lamp radiance) has no analyti-
cal expression, Equation (7) has no analytical solution. Therefore, the Voc values shown in
Figure 4 are obtained numerically from the J;,q and Jmax data represented in Figure 3. It
should be noted that higher open-circuit voltages may be gained if the temperature of the
photovoltaic cell is reduced towards zero. Under these circumstances, the emitted photon
flux tends to zero and the Voc tends to the band-gap potential Eg/q [12]. However, at room
temperature (T, = 300 K) the open-circuit voltage has a lower value that is represented
in Figure 4 for the different light radiances. The range of interest is considered to end at
Eg = 2.5 eV, because according to Figure 3 no significant photocurrent can be generated
with higher band-gap energies. In the analyzed region (0.5 < Eg < 2.5 eV), the open-circuit
potential follows a linear dependence in the form Voc = a + bEg/q, as reported under solar
illumination [13]. The data in Figure 4 evidence that the independent term decreases, from
a=—0.22 to a = —0.30, when the overall light power decreases, from P; = 58 W/ m? for the
incandescent bulb to P; = 22 W/m? for the metal halide and LED lamps. Such a decrease of
Voc with the illumination power is expected [3,31], but it is only seen at band-gap energies
below 1.5 eV. The behavior changes because at Eg > 1.5 eV the photogenerated current is
greater for the metal halide and LED lamps (Figure 3), and this increases the corresponding
slope value (up to b = 0.95) in comparison with that obtained for the incandescent and
halogen lamps (b = 0.89). Consequently, at Eg > 1.5 eV the open-circuit voltage is higher for
the LED than for the incandescent lamp, despite the lower LED power density, approaching
that reported by [13] for the standard of 1000 W /m? sunlight (which is Voc = 2.15 V for
Eg =25eV).

2.1
1.9-
1.7
15

" Incandescent —o— Vec= -0.22 + 0.89Eq4/q
Halogen —o— Voc=-0.24 + 0.89E¢/q
Metal Halide —~— Voc= -0.29 + 0.93E4/q
LED —v— Voc= -0.30 + 0.95E4/q

01 ‘ Y T T T T T T T T T T T T T T T T T T
05 07 09 11 13 15 17 19 21 23 25
Absorber Eg (eV)

Figure 4. Open-circuit voltage Vo calculated for the different lamps as a function of the absorber
band-gap energy.

3.2. Maximum Power Point and Photovoltaic Conversion Efficiency

The maximum power point (MPP) represents the bias potential at which the photo-
voltaic cell provides the maximum net power, such that Pyipp = Jvipp Vmpp is the maximum
of the output J-V curve under illumination (Figure 2). In practice, these values correspond
to a particular load resistance that is equal to Vypp/Impp [17]. Alternatively, in order to
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obtain this point from the ideal photovoltaic cell model, the product V X Jext is calculated
for the different lamps and represented in Figure 5 as a function of the absorber band-gap
energy. These curves give:

Vmpp (Eg) = max [V X Jox (Eg, V)], ®)
Impp (Eg) = Jext (Eg, Vivpp)- )
16 = Z = 16
5 < h
14+ o 2 T @ —o—Incand., P= 56 Wim’ 14 —o— Halogen, P= 30 W/m’
12_5 g > s —<—LED, P=22 Wim* 12 —— Metal Halide, P= 22 W/m’
E 104 =
% 81
ﬁxﬂ)
> 6+ ;
o~
4,
24
o B
05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 40
Absorber Eg (eV) Absorber Eg (eV)

Figure 5. Output power (V X Jext) calculated for the lamps with various illumination densities (P;) as
a function of the absorber band-gap energy, taking the respective data shown in Figure 3.

According to Figure 5, the maximum output power reaches a similar value of around

14 W/m? for the incandescent and LED lamps, while it is around 7 W/ m? for the halogen

and metal halide lamps. Taking into account the different lighting power density of each

source (P; in the figure), the maximum light to electric power conversion efficiency (1) can
be calculated as:

N = JmepVmrr /P (10)

Moreover, the fill factor (FF) is defined as the ratio of the maximum power to the
product of Jsc and Vpc. This factor indicates the quadrature of the output J-V curves and
can be described geometrically by the ratio of two rectangles (as depicted in Figure 2):

FF = (JMPPVMPP) /(ISCVOC)' (11)

These parameters (1 and FF) are the most significant to determine the photovoltaic
quality, and they are represented in Figure 6 for the different artificial lights as a function
of the absorber band-gap energy. When illumination is provided by the incandescent and
halogen lamps, the efficiency data are practically the same, reaching their greatest values
Nmax = 0.24 £ 0.01 at Eg = 0.84 4 0.10 eV. This corresponds to Vypp = 0.4 V in Figure 5
(Jmpp of 35 A/m? with incandescent light and 18 A/m? with halogen light), resulting in
a maximum power point voltage that is half the band-gap potential (Vypp = 0.5Eg/q).
Otherwise, higher absorber band-gap energies are needed to achieve higher conversion
efficiencies with the metal halide lamp (Nmax = 0.31 4= 0.01 at Eg = 1.80 & 0.30 eV) and LED
(Mmax = 0.60 £ 0.01 at Eg = 1.90 + 0.10 eV), which correspond to the same Vypp = 1.4 V but
different Jypp of 5.0 A/m? and 9.5 A/m?, respectively. In these other cases, the maximum
power point voltage is closer to the band-gap potential (Vypp~0.8Eg/q), and then closer
to Voc, indicating a better photovoltaic quality that is related to an increase of the fill
factor with the absorber band-gap energy. Certainly, high-quality factors FF > 0.85 are
obtained in Figure 6 for Eg > 1.10 eV (achieving for LED a FF = 0.91 at Eg = 1.90 eV), but
the fill factor drops to 0.80 at Eg = 0.80 eV, and even below 0.70 with the incandescent and
halogen lamps when Eg < 0.60 eV. This leads to worse conversion efficiencies at the lowest
band-gap energies, as reported under solar illumination [13]. The conversion efficiency is
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predicted to achieve a value as high asn = 0.60 for an absorber with Eg = 1.90 eV under the
LED light spectrum depicted in Figure 1, with P; = 22 W/m?. It is in the same order than
the theoretical value 1 = 0.55 obtained for an equivalent absorber under a LED light with
P; = 3 W/m? [32], which indicates that the conversion efficiency is not highly dependent
on the LED power density. In relation, it is interesting to note that LED arrays with
P;~200 W/m? are also considered for office building lighting [33].

1.0
P
0.8
—o— Incandescent n
L 0.6 1 —o— Halogen
- —— Metal Halide
= ——LED
0.4
0.2 ¢
0.0

Absorber Eg (eV)

Figure 6. Photovoltaic conversion efficiency (1) and fill factor (FF) calculated for the different lamps
as a function of the absorber band-gap energy.

The exploration of new absorber materials has already given record efficiencies greater
than 40%, obtained experimentally under LED light with P;~3 W/ m? [34], but there are
still stability problems and other obstacles that must be resolved for their commercializa-
tion [35]. Regarding commercial photovoltaic devices, a solar conversion efficiency 1 > 0.20
(i.e., 20%) is considered optimal [20], noting that the model gives n = 0.32 £ 0.01 in the
range Eg = 1.0-1.5 eV under the standard AM1.5 global spectrum [13]. In Section 2, the
characteristics of currently available solar cells with different absorber band-gap energies
were presented. Its expected performance under the various artificial light sources analyzed
here is illustrated in Figure 7, by applying the results of Figure 6 for the respective Eg value.
Both CZTS (Eg = 1.03 V) and ¢-Si (Eg = 1.12 eV) show conversion efficiencies in the 20-30%
range for the various light sources. The efficiency is also in this range for the other absorbers
under metal halide illumination, but under incandescent and halogen lamps it decreases to
15% for CIGS (Eg = 1.30 eV) and below 12% for CdTe (Eg = 1.45 eV). Otherwise, such wider
band-gap materials are expected to increase the conversion efficiency to 40-45% under
LED illumination. These data are in accord with the results obtained for typical solar cells
measured under artificial lights, which confirm the use of c-Si with halogen or incandescent
lamps to supply low-power devices [17], and the excellent performance of CdTe under
LED illumination [36].
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Figure 7. Maximum conversion efficiencies calculated for the different absorber materials and
artificial light spectra represented in Figure 1.

4. Conclusions

Applying the detailed balance principle, the photovoltaic performance has been an-
alyzed as a function of the absorber band-gap energy under four different artificial light
sources (incandescent, halogen, metal halide and white LED) with a similar correlated
color temperature (near 2800 K) and diverse illumination power densities (22-58 W/m?).
The evolution of the maximum photogenerated current (or Jsc) is analogous for the incan-
descent and halogen lamps, with a fast drop when the band-gap energy increases from
0.5 to 2.0 eV. A smoother decay is observed for the metal halide source and a plateau
for the LED at Eg < 1.8 eV, because the LED radiation is located in a small energy range
above 1.8 eV while the other lights extend towards lower energies. On the other hand, the
open-circuit voltage follows a linear dependence (Voc = a + bEg/q), with an independent
term that decreases when the illumination density decreases, but a slope that is greater for
the LED lamp despite its lower power, because it provides a higher photogenerated current
atEg > 1.5eV.

The maximum conversion efficiency of light into electricity (with respect to the incident
illumination power) is of 24% (+1%) at Eg = 0.84 & 0.10 eV for the incandescent and halogen
lamps, increasing to 31% at Eg = 1.80 & 0.30 eV for the metal halide light and more to 60% at
Eg =1.90 & 0.10 eV for the LED source. Another indicator of photovoltaic quality is the fill
factor, defined as the ratio between the maximum output power and the product of Jsc and
Voc, which tends to increase as the band-gap energy increases. Thus, high-quality values FF
> 0.85 correspond to Eg > 1.10 eV (achieving for LED a FF = 0.91 at Eg = 1.90 eV), but the
fill factor decreases to FF = 0.80 at Eg = 0.80 eV, and even below 0.70 for the incandescent
and halogen lamps when Eg < 0.60 eV.

About some commercial photovoltaic devices that are actually developed for outdoor
applications, it is estimated that cells based on CZTS (Eg = 1.03 eV) and c-Si (Eg = 1.12 eV)
can offer maximum conversion efficiencies in the 20-30% range for the various artificial
light sources. The maximum efficiency is also in this range for wider band-gap absorbers
under metal halide illumination, but under incandescent and halogen lamps it decreases to
15% for CIGS (Eg = 1.30 V) and below 12% for CdTe (Eg = 1.45 eV). Otherwise, these wider
band-gap materials are expected to increase the conversion efficiency to 40-45% under
LED lighting.
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