
Open Access

Enhanced Optical Properties of Colored
Semitransparent Ultrathin Hybrid Solar Cells
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Abstract: We investigate the effect of a dielectric overlay in a planar microcavity on optical
performances of colorful, see-through ultrathin amorphous silicon/organic hybrid solar cells,
where a conventional Fabry–Pérot cavity is integrated with a cathode. The proposed colored
solar cell devices show an enhanced transmission efficiency by optimizing both a thickness
and a refractive index of the dielectric overlay at a resonance wavelength, which is primarily
attributed to a better admittance matching. In addition, a purity of semitransparent red, green,
and blue colors is improved by increasing a thickness of metallic layers in the microcavity with
little sacrificing the transmission efficiency; thus, achieving a wide color gamut coverage as
compared to conventional liquid crystal displays. Furthermore, mitigating reflection losses
at complementary wavelength ranges and creating sharp resonances lead to an improved
photocurrent generation from the semitransparent hybrid solar cells. The study described
in this work provides insights and possibilities to enhance the characteristic performances
of diverse applications, such as energy-efficient display technologies and decorative solar
cells.

Index Terms: Photovoltaic cells, Fabry-Perot, cavity resonators, optical filters.

1. Introduction
Colored and semitransparent solar cells have in recent years drawn significant attention for their
great potential in achieving various interesting applications, such as building-integrated photo-
voltaics (BIPV), self-powered displays, foldable solar curtains, wearable electronics, and tandem
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solar cells [1]–[11]. A great effort has been devoted to the development of a transparent electrode
for the semitransparent solar cells exploiting thin metallic films, graphenes, metallic nanowires and
conducting polymers, while various color filtering schemes based on photonic and plasmonic res-
onances in nanostructures patterned at a subwavelength scale have been employed to create the
colored solar cells. Although dye-sensitized solar cells (DSSC) have been an extensively investi-
gated subject to realize the colored and semitransparent solar cells due to their ability to generate
different semitransparent colors by using organic dye materials, it is highly challenging to produce a
variety of distinctive colors due to the limited organic dye materials and the light scattering that is in-
duced by an intrinsic mesoporous configuration of the DSSC device structure [12], [13]. To improve
both color tunability and color saturation, organic solar cells were incorporated with either plasmonic
or photonic color filters where a top metallic grating is patterned at the subwavelength scale to pro-
vide an extra momentum and therefore couple incident light into either surface plasmon resonance
(SPR) or guide-mode resonance (GMR) at a certain wavelength of visible light [14]–[17]. Although
vivid colors were created by selectively exciting the SPR and the GMR with the different period of
the subwavelength patterns, the low stability and susceptibility of an organic semiconductor material
as a photoactive layer, which lead to a performance degradation, remain a big challenge. Moreover,
both the SPR and the GMR are highly sensitive to an angle of incidence, which needs to be ad-
dressed especially for solar cell applications. Such angle variant characteristics were resolved by
exploiting strong optical interference effects in ultrathin amorphous silicon (a-Si) solar cells, where
the n- and p-doped regions are replaced by ultrathin organic and inorganic charge transport layers
[18]–[20]. However, it is extremely difficult to produce high purity colors, which is ascribed to the
fact that the resonance is created in the highly absorbing media that have a large optical absorption
coefficient, thus leading to poor quality factor (Q-factor) [21]–[27]. In addition to the poor color purity,
the light absorption in the photoactive layer associated with the power conversion efficiency (PCE)
is also highly limited by the ultrathin thickness of the photoactive layer thinner than 40 nm. In order
to enhance both optical and electrical performances of the colored and semitransparent ultrathin
solar cells, a conventional Fabry–Pérot (F-P) cavity where a transparent dielectric medium with
a quarter wavelength thickness is sandwiched by highly reflecting metals was integrated with a
cathode [19]. Increasing the thickness of the metal layer in the cavity not only results in a very nar-
row spectral response for color generation with significantly improved saturation but also strongly
reflects light energy back toward the photoactive layer for improved electricity generation. However,
the transmission efficiency is still too low (∼30%) to be applied to practical applications, including
color displays and decorative solar windows, and the PCE needs to be further improved as well.

Here, we propose a novel scheme capable of enhancing optical properties of the colored
and semitransparent ultrathin a-Si/organic hybrid solar cells exploiting a traditional F-P cav-
ity with a dielectric overlay. Optimizing both thickness and refractive index of the top dielec-
tric layer for red, green and blue (RGB) colored solar cell devices allows the transmission ef-
ficiency to be improved without degrading the color purity too much, which can be easily en-
hanced by increasing a thickness of metallic layers in the F-P cavity, exhibiting a wider color
gamut than the standard color space in the existing liquid crystal displays. Moreover, the im-
provement in the generated photocurrent of the colorful, see-through hybrid solar cells is en-
abled by reducing the reflection loss at off-resonance wavelengths and creating a sharp reso-
nance. The presented approach could open up many potential applications, such as self-powered
display technologies and decorative solar panels, with performance enhancements and desired
functionalities.

2. Results and Discussion
2.1 Device Structures

Fig. 1(a) illustrates a schematic diagram of the proposed colored, see-through ultrathin a-Si/organic
hybrid solar cells incorporating a conventional F-P cavity that exploits a dielectric overlay with an
optimized thickness and a refractive index as an anti-reflection (AR) coating at a cathode. We note
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Fig. 1. (a) Schematic representation of the colored, semitransparent ultrathin hybrid solar cells where
a conventional F-P cavity is embedded at the cathode. (b) Real (top) and imaginary (bottom) parts of
refractive indices of the materials used in the solar cell device structures. Constant refractive indices
are used for a glass (1.46), ITO (1.775 + 0.012i), ICBA (2.1), and C60 surfactant (1.75), due to their
trivial wavelength-dependent properties at visible frequencies.

that optical simulations based on the transfer matrix method were carried out with a 1D model
where both a length and a width of the solar cell device structure are assumed to be infinite. The
propagation of the electromagnetic wave through a multilayer structure can be described by using
Maxwell equations and a continuity condition for a tangential component of an electric field at
interfaces between two media with different refractive index. A simple matrix multiplication is able
to find the electric field in the last medium of the entire structure, given that the electric field in the
incident medium is known. Details of the transfer matrix method can be found in the references
of 28 and 29. In previous works, a dielectric-metal-dielectric (DMD) electrode was used for an
anode to create a strong optical resonance in an ultrathin photoactive layer sandwiched by the two
DMD electrodes for color generation [20], [30]. Here, an indium tin oxide (ITO) electrode that shows
higher transmission than the DMD electrode enabling the light absorption in the ultrathin photoactive
layer to be enhanced is utilized, and the semitransparent colors are generated at the microcavity-
embedded cathode. Due to a high work function of vanadium pentoxide (V2O5), it is employed as a
hole-transporting layer [31]. Besides, the refractive index of V2O5 (n = 2) is intermediate between
ITO (n = 1.7) and a-Si (n = 4), thereby efficiently reducing the reflection loss at the a-Si interface.

Fig. 2 presents calculated short-circuit current density (J sc) values of the colored semitransparent
ultrathin a-Si solar cells as a function of the a-Si thickness, displaying that a 12 nm-thick a-Si
photoactive layer (thicknesses of the other layers provided in the schematic diagram in Fig. 1(a) are
fixed) yields the highest light absorption in the photoactive layer in the ultrathin thickness regime
to ensure the highest J sc (6.249 for a blue, 6.363 for a green, 6.609 for a red) and thus PCE. This
is because of the fact that a strong interference occurring in such an ultrathin a-Si photoactive
layer is responsible for creating a resonance at the wavelength of the green color, which allows the
wavelengths near the green color to be efficiently absorbed by the a-Si active layer. In addition to
the green portion of visible light, the a-Si material has a high absorption coefficient at the shorter
wavelengths so that a broad range of incident light ranging from the ultraviolet (UV) range to the band
gap of a-Si (i.e., 700 nm) can be harvested by the solar cell for electricity generation. Therefore,
the thickness of an intrinsic a-Si layer is designed to be 12 nm. Details of the J sc calculation
will be described in the Section 2.5 later. On top of the intrinsic photoactive layer, indene-C60

bisadduct (ICBA) and bis-adduct fullerene surfactant (C60 surfactant) with 5 nm thickness are used

Vol. 10, No. 6, December 2018 8400510



IEEE Photonics Journal Properties of Colored Semitransparent Ultrathin Hybrid Solar Cells

Fig. 2. Simulated short-circuit current density (J sc) of the colorful, see-through solar cells as a function
of the a-Si thicknesses, which present that the highest J sc can be achieved with a 12 nm-thick a-Si layer.

Fig. 3. Calculated 2D contour plots of the transmission efficiency as a function of the thickness and the
refractive index of the optimized dielectric overlay for (a) B, (b) G, and (c) R colored solar cells at the
resonant wavelength.

for efficiently transporting electron and creating ohmic contact at the cathode by making the work
function of silver (Ag) lower [32], [33]. Tungsten trioxide (WO3), a transparent dielectric material,
is used as a cavity medium whose thickness determines a position of the resonance wavelength
and thus the resulting color (e.g., 120, 95 and 70 nm for RGB). The colored solar cell device is
completed by coating a protection layer on top of the metallic reflecting surface of the F-P cavity. This
protection layer also functions as the AR layer that has the optimized thickness and the refractive
index for different semitransparent colors, which will be explored in the next section. Refractive
indices of a-Si, V2O5, silver (Ag), and WO3 measured by a spectroscopic ellipsometer (M-2000,
J. A. Woollam) are provided in Fig. 1(b). Due to negligible dispersion characteristics of glass, ITO,
ICBA, and C60 surfactant at visible frequencies, 1.46, 1.775 + 0.012i, 2.1, and 1.75 are used for
the glass, ITO, ICBA, and C60 surfactant, respectively.

2.2 Antireflection (AR) Coating Optimization

2D contour plots of the transmission efficiency at the resonance (i.e., 462 nm for blue (B); 541 nm
for green (G); 632 nm for red (R)) as a function of the thickness and the refractive index of the
top AR layer, calculated by the transfer matrix method, are given in Fig. 3. Yellow and blue colors
in a color map represent high and low transmission efficiency, respectively. As can be seen from
Fig. 3(a), the transmission of the B colored cell can be enhanced from 34.7% to 35.4% when having
the optimized AR protection layer with the thickness of 103 nm and the refractive index of 1.15. The
material with the refractive index of 1.15 could be obtained by using a nanoporous structure, which
can be fabricated by a selective etching and a glancing angle deposition [34], [35]. For the G colored
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Fig. 4. (a) Simulated transmission spectra of the RGB colored solar cells the at normal incidence
without (dotted lines) and with (solid lines) the dielectric overlay as the AR coating. (b) Calculated color
coordinates (x, y) of the RGB colored solar cells with and without the top dielectric overlay illustrated
on the CIE 1931 chromaticity diagram.

solar cell as exhibited in Fig. 3(b), the transmission efficiency is improved from 38.1% to 46.4% by
utilizing the optimized AR layer that has n = 1.7 with 51 nm thickness. As compared to the B and the
G colors, the transmission efficiency of the R colored cell is much enhanced from 32.3% to 67.3%
with the optimized AR coating that has n = 2.7 with 35 nm thickness. Relatively lower transmission
enhancement for the B colored cell compared with the G and the R colored solar cells could be
attributed to the fact that the a-Si photoactive layer strongly absorbs the shorter wavelengths, which
can be utilized for electric power generation instead of color generation. Alumina (Al2O3; n = 1.75)
and ITO can be used for the AR of the G colored cell, while titanium dioxide (TiO2; n = 2.66), zinc
selenide (ZnSe; n = 2.67), and zinc sulfide (ZnS; n = 2.55) can be employed for the AR of the
R colored cell. Note that V2O5, molybdenum trioxide (MoO3), zinc oxide (ZnO), hafnium dioxide
(HfO2), tantalum pentoxide (Ta2O5), and WO3, all of which have n∼2 can also be used for the AR
layer with the different thickness.

2.3 Optical Properties and Chromaticity Diagrams

In Fig. 4(a), calculated transmission spectra of the proposed colored solar cells with (solid lines) and
without (dotted lines) a dielectric overlay at normal incidence are shown. As calculated in a previous
section, 35, 51 and 103 nm thick AR layers with the optimized refractive index (i.e., 1.15 for B, 1.7
for G, 2.7 for R) are used for the RGB colored solar cell devices, respectively. It is apparent that the
overall transmission efficiency is improved by applying the AR coating on top of the structure with
little affecting a sharpness of the resonance that is associated with the color purity. To study how
the color purity is influenced by encompassing off-resonant wavelength components of visible light,
(x, y) color space coordinates for each case are calculated based on the simulated transmission
spectra and described on the CIE 1931 chromaticity diagram as depicted in Fig. 4(b). As is seen
from the figure, the color purity of the colorful, see-through solar cell structures with the AR coating
is little degraded from (0.6521, 0.3332), (0.3016, 0.6525) and (0.1564, 0.0741) to (0.6361, 0.3559),
(0.3157, 0.6283) and (0.1596, 0.0779) for the RGB colors, respectively. It is worthwhile noting that
the color space coordinates of the RGB colored solar cells with the AR capping layer are comparable
to a standard color space used in a liquid crystal display (LCD) system ((0.640, 0.330) for R; (0.300,
0.600) for G; (0.150, 0.060) for B), and they can be easily improved by increasing a thickness of
the Ag layers in the planar microcavity that will be examined in the next section.
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Fig. 5. (a) Simulated transmission spectra of the colored, semitransparent solar cells with 40 nm- (dotted
lines), 45 nm- (dashed lines), and 50 nm-thick (solid lines) Ag layers in the F-P cavity. (b) Transmission
efficiency and the full width at half maximum (FWHM) of the RGB colored cells as a function of the Ag
film thickness in the F-P cavity. (c) Calculated color spaces (x, y) of the RGB colored solar cell devices
with the different thickness of the Ag layer in the F-P microcavity on the CIE 1931 chromaticity diagram.

Next, we study how the thickness of the Ag layer in the cavity affects the optical properties and the
color purity. Fig. 5(a) presents calculated spectral curves of transmittance of the proposed structure
with the different thickness of the metallic film in the microcavity (Ag = 40 nm: dotted lines, Ag =
45 nm: dashed liens; Ag = 50 nm: solid lines). With increasing the thickness of the two Ag layers in
the cavity, the resonances get much sharp without sacrificing the transmission efficiency too much.
The strong reflections from the thick Ag films lead to not only a little lower transmission efficiency
but also a narrow full width at half maximum (FWHM) as displayed in Fig. 5(b). Improved FWHM
directly indicates the improved color purity, which can be observed in Fig. 5(c) presenting that the
chromaticity coordinates (x, y) calculated from the spectral transmittance in Fig. 5(a) with 40, 45 and
50 nm-thick Ag layers in the cavity represent a square, a circle and a triangular shape, respectively.
It is apparent that the calculated color spaces approach a curved boundary on the chromaticity
diagram with increasing the Ag thickness, which implies that the color becomes spectrally pure
(i.e., the edge represents the maximum saturation of the colors). Such improved purity of the color
arises from the strong reflections occurring at a surface of the thick Ag layer and hence the enhanced
Q-factor. The evaluated color coordinates (x, y) of the proposed colored, see-through solar cells
with the different Ag thickness are summarized in Table I. For easy comparison, the standard RGB
color space for the LCD technologies are also provided in the table. When having 50 nm-thick Ag
films in the microcavity with the dielectric overlay, a color triangle that encloses the coordinates for
the RGB colors, which represents a range of producible spectral colors from the solar cell devices,
is the widest with the fact that the transmission efficiency for the RGB colors is quite similar to
that achieved from the devices where the Ag layer thickness is 40 nm without the top AR capping
layer. Such increased Ag layer thickness is also beneficial to the electrical performance of the solar
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Table I

Color Spaces of the sRGB, and the Colored Semitransparent Solar Cells With the Different Ag
Thickness

Fig. 6. Admittance diagrams of the colored, semitransparent solar cell devices with the top dielectric
overlay at the resonant wavelengths for (a) B, (b) G, and (c) R colored cells.

cell as a large amount of light is reflected back toward the photoactive layer for the electric power
generation, which will be explore in the last section.

2.4 Admittance Analysis

We explore the effect of adding the dielectric protection layer to the top of the structure on the
reflection by studying a surface admittance (Y = √

ε/μ) of the structure that is the inverse of the
impedance. A starting point of the admittance of the whole structure is the glass substrate (1.46,
0), and the admittance loci of the following medium are determined by both the thickness and
the refractive index of the subsequent layer. By minimizing the distance between an admittance
termination point and air (1, 0), the reflection of the structure can be reduced, which can be
calculated by using Eq. (1).

R =
(

Y0 − Y1

Y0 + Y1

) (
Y0 − Y1

Y0 + Y1

)∗
(1)

where Y0 and Y1 are incident medium’s admittance point (air in this work) and the admittance
termination point, respectively [36], [37]. The admittance diagrams of the colored solar cells with
and without the dielectric overlay are provided in Fig. 6, and calculated admittance coordinates
of the termination point of the colored solar cells without the top AR layer are found to be (2.15,
−2.28), (2.20, −1.13), and (1.32, −0.16) at the resonant wavelengths of the RGB colored cells (R:
632 nm, G: 541 nm, B: 462 nm), respectively, which are far from the admittance of the air (1, 0). The
corresponding reflections are 43.1%, 23.6%, and 2.32% for the RGB cells, which result in a low
transmission efficiency of ∼35% as observed in Fig. 4. After the top protection layer is placed as
the AR coating, in contrast, the calculated admittance ending points of the colored semitransparent
solar cells are (1.06, 0.12), (0.92, −0.16), and (1.00, 0.13) for the RGB solar cells, respectively. As
the admittance coordinates with the AR layer are greatly closer to the air than the those without the
AR layer, it is thus expected that the reflections can be remarkably reduced after applying the AR
coating, achieving 0.42%, 0.85%, and 0.43% of the reflections for the RGB colored cells.
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Fig. 7. (a) Simulated absorption spectra in the a-Si photoactive layer of the RGB colored cells without
(dashed lines) and with (solid lines) the top dielectric overlay as the AR coating, at the fixed Ag layer
thickness of 40 nm in the microcavity. (b) Simulated absorption profiles in the photoactive layer of the
RGB colored solar cells with 45 nm- (dashed lines) and 50 nm-thick (solid lines) Ag layers in the F-P
cavity. (c) Calculated J sc values as a function of the Ag layer thickness in the F-P cavity without (dashed
lines) and with (solid lines) the top dielectric overlay.

2.5 Short-Circuit Current Density (J sc)

Lastly, we investigate the electrical property of the colorful semitransparent solar cells. Particularly,
the J sc that is associated with how much light is absorbed in the photoactive layer is studied.
Fig. 7(a) describes calculated optical absorption spectra in the photoactive layer with (solid lines)
and without (dashed lines) the top AR capping layer, given a fixed Ag film thickness of 40 nm.
Positions of a valley in the absorption spectra for the RGB colors correspond to peak positions in
the transmission spectra as revealed in Fig. 4(a). Although there is not much difference between
the results with and without the AR layer atop the structure for the B colored cell, which is also
noticed in the transmission spectrum, it is observed that the overall absorption in the photoactive
layer becomes a little lower for the G and the R colors after applying the top AR layer. The reduced
absorption in the photoactive layer is a direct evidence for the increased transmission efficiency
due to a better admittance matching as investigated in Fig. 6. Calculated absorption spectra in the
a-Si layer of the colored solar cell devices with 45 nm- and 50 nm-thick Ag layers are provided in
Fig. 7(b). Sharper valleys with high absorption efficiency are attained with the thicker Ag films as
compared to the absorption spectra obtained with the 40 nm-thick Ag layers in the cavity. Such
high absorption profiles with the sharp resonance yields the improved J sc that can be computed by
utilizing the following equation Eq. (2) [38].

J SC =
∫ 800nm

400nm

eλ
hc

Q E (λ)I AM1.5(λ)dλ (2)

where, e, λ, h, c, QE(λ), and IAM1.5(λ) are elementary charge, wavelength, Plank constant, speed
of light, quantum efficiency, and AM 1.5 standard solar irradiance spectrum, respectively. Note that
the internal quantum efficiency is assumed to be 100% in this study, which could be valid due to the
fact that the thickness of the a-Si photoactive layer is much thinner than a charge diffusion length
of a-Si, thereby resulting in a considerably suppressed charge recombination [39]. This suggests
that the QE(λ) corresponds to the absorption in the a-Si layer, implying that the all photogenerated
charges contribute to the electric current generation, which was confirmed by the experiment in the
previous works [20], [30]. Fig. 7(c) displays calculated J sc values of the RGB colored solar cells with
the AR dielectric overlay (solid lines) as a function of the Ag thickness, along with the J sc obtained
from the solar cell without the dielectric protection layer at the fixed 40 nm-thick Ag layer (dashed
lines) as a reference. As the absorption spectra in the photoactive layer for the B colored solar
cell without and with the AR dielectric overlay with the 40 nm-thick Ag layer are quite similar as
observed in Fig. 7(a), it is thus expected that J sc values attained from the B colored cell without the
with the dielectric capping layer are similar to each other as is seen from the figure (6.218 without
the AR; 6.208 with the AR). As the thickness of the Ag layer in the cavity increases, the reflection
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from the metal surface becomes strong so that a large portion of incident light can be harvested
by the solar cell leading to a higher J sc. For both the G and the R colored solar cells, J sc values
after applying the AR coating (6.260 for G and 6.396 for R) are found to be a little lower than those
without the AR coating (6.334 for G and 6.537 for R) when the Ag layer thickness is 40 nm. As
noticed in the transmission spectra shown in Fig. 4(a), the transmission efficiency after applying
the AR dielectric layer is improved from 38.1% (32.3%) to 46.4% (67.3%) for the G (R) colored cell.
Thus, the improved J sc can be obtained by increasing the thickness of the Ag layer in the cavity with
sacrificing the transmission efficiency a little bit. For the G (R) colored cells, J sc of 6.321 (6.535) is
attained with the Ag thickness of 41.5 nm (45 nm), which is comparable to the J sc before applying
the AR coating with the 40 nm-thick Ag layer. The corresponding transmission efficiencies for the G
and the R colored solar cells are found to be 44.6% and 60.1%, both of which are still much higher
than those without the top AR layer (38.1% for G and 32.3% for R). It is important to note that the
thickness of the Ag layer can be further increased to get the similar transmission efficiency while
producing a markedly enhanced J sc.

3. Conclusion
In summary, we have presented the colored, see-through ultrathin hybrid solar cells that exploit
the F-P microcavity with the optimized dielectric AR layer atop the structure, with performance
enhancements in optical characteristics. It has been demonstrated that the transmission efficiency
of the RGB colored cells is enhanced with the optimized dielectric overlay as the AR coating with
little affecting the color purity. Moreover, the similar J sc values are obtained from the G and the R
colored cells after applying the AR layer with a slightly increased Ag thickness in the F-P cavity,
while presenting much improved transmission efficiency of 44.6% and 60.1% for the G and the R
colored solar cell. The strategy explored in this study could offer future colored solar cell designs
with the performance enhancements, which is beneficial to various applications, such as BIPV,
energy-saving display systems, and tandem solar cells.
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