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Abstract. We examine the potential of a multijunction spectrum-splitting photovoltaic (PV)
solar energy system with perovskite PV cells. Spectrum splitting allows combinations of differ-
ent energy band gap PV cells that are laterally separated and avoids the complications of fab-
ricating tandem stack architectures. Volume holographic optical elements have been shown to be
effective for the spectrum-splitting operation and can be incorporated into compact module pack-
ages. However, one of the remaining issues for spectrum splitting systems is the availability of
low-cost wide band gap and intermediate band gap cells that are required for realizing high
overall conversion efficiency. Perovskite PV cells have been fabricated with a wide range of
band gap energies that potentially satisfy the requirements for multijunction spectrum-splitting
systems. A spectrum-splitting system is evaluated for a combination of perovskite PV cells with
energy band gaps of 2.30, 1.63, and 1.25 eV and with conversion efficiencies of 10.4%, 21.6%,
and 20.4%, respectively, which have been demonstrated experimentally in the literature. First,
the design of a cascaded volume holographic lens for spectral separation in three spectral bands
is presented. Second, a rigorous coupled wave model is developed for computing the diffraction
efficiency of a cascaded hologram. The model accounts for cross-coupling between higher dif-
fraction orders in the upper and lower holograms, which previous models have not accounted for
but is included here with the experimental verification. Lastly, the optical losses in the system are
analyzed and the hypothetical power conversion efficiency is calculated to be 26.7%. © 2022
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.12.022206]
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1 Introduction

Lateral spectrum splitting is a technique for increasing the conversion efficiency of a photo-
voltaic (PV) system. In a lateral spectrum-splitting photovoltaic (SSPV) system, an optical filter
such as a dichroic filter or a diffraction grating is used to divide the solar spectrum between a set
of single-junction PV cells with different band gap energies1 [Fig. 1(a)]. One of the main lim-
itations of lateral SSPV systems is the availability of inexpensive wide-band gap PV cells.

A new class of perovskite materials for PV cell applications has rapidly developed in the
past decade. Perovskite solar cells (PSCs) have been demonstrated with band gap energies rang-
ing between 1.25 eV and 2.30 eV making them good candidates for use in SSPV systems.2–4

In addition to a variety of energy band gaps, PSCs are inexpensive5 and have conversion
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efficiencies up to 25.5%.6,7 As shown in the literature, multijunction PSC systems have been
implemented as vertically stacked cells in a tandem module configuration8–10 [Fig. 1(b)].
However, to the authors’ knowledge, lateral spectrum splitting configurations using PSCs have
not been demonstrated or studied in detail. In a tandem configuration, the cell on the top of the
stack converts the shorter wavelength light, and the cell on the bottom converts longer wave-
length light. Optimal band gaps for each were demonstrated in a perovskite/perovskite, four-
terminal tandem device with 20.5% conversion efficiency.8 More recently, a 24.2% conversion
efficiency was confirmed for a perovskite/perovskite two-terminal tandem cell using a combi-
nation of 1.22 and 1.77 eV PSCs.7,9

Two-terminal, vertically stacked tandems are the focus of most efforts due to their relative
simplicity.9,10 However, the lateral spectrum splitting arrangement has several advantages that
make it attractive for implementing multijunction systems, such as reduced parasitic absorption,
greater solar cell design flexibility, and reduced PV cell material usage. Parasitic absorption is
less in a lateral SSPV arrangement than vertically stacked tandem cells since the optical filter
sends each spectral band directly to the individual PV cells without transmitting through multiple
transparent conductive oxide layers that absorb sunlight.4,9–14 A second advantage of a lateral
spectrum splitting configuration is fewer constraints on the solar cell design. In a vertically
stacked cell arrangement, the spectrum of light transmitted through the top cell must be con-
sidered in the design process since it affects the conversion efficiency of the bottom cell.14 This in
turn limits the design of the electrodes, antireflection coatings, rear reflector, and absorber. In a
lateral SSPV system, however, these design aspects can be independently optimized since each
cell receives sunlight directly from the optical filter without transmission through other cells.
Furthermore, recent advancements in perovskite deposition techniques provide a potential route
for manufacturing lateral SSPV systems with PSCs.15 One of the most common, slot-die coating,
allows for deposition of cells ∼1 cm across on flexible substrates such as plastic, stainless steel,
or thin glass.16 This technique could be extended by developing a head with multiple, offset slots
for depositing different materials on a common substrate.17 Alternatively, a single head with the
ability to deposit different materials could be developed.

Despite the potential advantages of the lateral SSPV configuration, it remains a challenge to
design a module with both high conversion efficiency and a form factor comparable to conven-
tional flat-panel modules. One potential approach uses a volume holographic lens (VHL) array to
disperse light onto rectangular shaped PV cells.18 Light at a transition wavelength focuses in one
dimension to the boundary between two adjacent PV cells. The transition wavelength is selected
to be equal to the band gap wavelength of the wide-band gap cell, and once this is established the
hologram is designed based on the Bragg condition and the grating equation.18 Light at longer
wavelengths disperse across the narrow-band gap cell, and light at shorter wavelengths disperse
across the wide-band gap cell. The VHL module also converts diffuse sunlight and can be inte-
grated in a single-axis sun tracking system.18,19 Roll-to-roll manufacturing processes have been
demonstrated by Prism Solar20 with costs as low as $2 to $3∕m2. The small added cost may be

Fig. 1 Illustration of two different configurations for multijunction PV systems: (a) lateral spectrum
splitting and (b) tandem cell stack.
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justified by the increased conversion efficiency when considering the higher estimated manu-
facturing cost for a PSC ($7 to $11∕m2).21,22 However, this approach has only been demonstrated
with two band gaps, and it would be beneficial to incorporate the wider range of energy band
gaps afforded by perovskites into a spectrum splitting design.

In this paper, a lateral SSPV system is proposed that uses a cascaded volume holographic lens
array (CVHLA) for splitting the solar spectrum between three PSCs. The module consists of an
array of unit cells as depicted in Fig. 2(a). The CVHLA is designed for fabrication in the dichro-
mated gelatin material23 and is located at a distance t above an array of rectangular shaped PSCs.
The material between the PSCs and the CVHLA is assumed to be glass with a refractive index of
1.5, but it can also be PMMA, air, or any other transparent material.

The band gap energy, conversion efficiency, and spectral conversion efficiency (SCE) of the
PSCs (Table 1) are taken from the literature and are based on experimental data. The SCE is
calculated from the reported values for the external quantum efficiency (EQE), fill factor (FF),
and open circuit voltage (VOC) using the following equation:1

EQ-TARGET;temp:intralink-;e001;116;289SCEðλÞ ¼ Voc · FF ·
qλ
hc

· EQEðλÞ: (1)

Although this equation is defined for a one-sun illumination condition, it can be used for
low-concentration illumination conditions with minimal error. The conversion efficiency of a
PSC may even increase slightly for low illumination levels by adjusting the absorber thickness.24

In the system described in this paper, PSC I has a band gap of 2.30 eVand a conversion efficiency
of 10.4%,2 PSC II has a band gap of 1.63 eVand a conversion efficiency of 21.6%,3 and PSC III

Fig. 2 (a) Unit cell for a three-bandgap lateral spectrum-splitting system. (b) SCE for the three
perovskite cells used in the spectrum-splitting system.

Table 1 List of perovskite PV cells.

PV cell
index Perovskite cell type

Bandgap
(eV) Spectral band

Published
efficiency (%)

I CH3NH3PbBr3 perovskite2 2.30 0.300 μm < λ ≤ 0.535 μm 10.42

II Rubidium cation perovskite3 1.63 0.535 μm < λ ≤ 0.760 μm 21.63

III Sn-Pb perovskite4 1.25 0.760 μm < λ ≤ 1.050 μm 20.44
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has a band gap of 1.25 eV and a conversion efficiency of 20.4%.4 Each PSC is assumed to be
electrically independent. The SCE of each PSC is shown in Fig. 2(b). The spectral bands for
PSCs I, II, and III are defined based on the band gap energies as 0.300 μm < λ ≤ 0.535 μm,
0.535 μm < λ ≤ 0.760 μm, and 0.760 μm < λ ≤ 1.050 μm, respectively.

With ideal optical filters, this combination of PSCs could reach a conversion efficiency of
31.5% in an SSPV system as calculated using the method described by Russo et al.1 However,
the spectral separation of the CVHLA is not ideal and must be evaluated using a detailed model
to determine the conversion efficiency that can be realized with this design. In this paper, the
optical design of the CVHLA is presented first. Next, a spectral diffraction efficiency model for
cascaded VHLs is developed and experimentally verified. Finally, the model is used to analyze
the optical losses and their effect on the overall hypothetical conversion efficiency. From this
model, it is calculated that the optical losses would reduce the conversion efficiency from 31.5%
to 26.7%.

2 Cascaded Volume Holographic Lens Array

The CVHLA consists of two vertically stacked VHL arrays (Fig. 3). The upper VHL array is
denoted as layer A, and the lower VHL array is denoted as layer B. Each hologram array consists
of six different VHLs with dimensions that match the solar cells underneath them. The spectral
diffraction range and diffraction angles of each VHL are selected to achieve optimal spectral
separation between the PV cells. The VHL in the upper layer diffracts light in one of the three
spectral bands towards a PV cell with the corresponding spectral conversion range (e.g., spectral
band I is diffracted toward PV cell I). In a similar approach, the hologram in the lower layer
diffracts light in one of the other two spectral bands toward a PV cell with the matching spectral
conversion range. This leaves the final spectral band to be transmitted directly to the underlying
PV cell without diffraction. The selection of the two diffracted spectral bands ensures that the
transmitted spectrum matches the spectral conversion range of the underlying cell.

Each VHL has several design parameters which must be selected to implement the spectral
separation described above. Each VHL has a transition wavelength, λT;I or λT;II, which corre-
sponds to the band gap energy of PV cell I or II. Light at the transition wavelength comes to a
focus at an intersection Rf between two PV cells as discussed in further detail later in this sec-
tion. Incident solar illumination with a wavelength longer than the transition wavelength is dis-
persed across the PV cell with the narrower band gap and shorter wavelength light is dispersed
across the PV cell with the wider band gap. The specific transition wavelength is selected based
on the energy band gaps of the two adjacent PV cells. For example, if the two adjacent cells are
PV cells I and II, then the transition wavelength λt;I ¼ 0.535 μm is selected to provide a sharp
transition between spectral bands I and II. In the case where the adjacent cells are PV cells II
and III, the transition wavelength λt;II ¼ 0.760 μm is selected. In addition to the transition wave-
length, each VHL also has a Bragg wavelength λB. The Bragg wavelength is selected to match
the diffracted wavelengths with the spectral conversion range of the target PV cell. For example,
a VHL diffracting light toward PV cell III may have a Bragg wavelength λB ¼ 0.850 μm to
maximize diffraction efficiency in spectral band III and have a transition wavelength λT;II ¼
0.760 μm to provide a sharp spectral cutoff between spectral bands II and III.

There are several alternative combinations of the design parameters λT , Rf, and λB that
can accomplish lateral spectral separation. The combination used in this paper is selected for

Fig. 3 A cascaded VHL array used in a three-band gap lateral spectrum-splitting module.
The numbers 1 to 6 denote the VHL indices, and A and B denote the VHL layer.
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minimizing the optical losses which are described in greater detail in Sec. 4. One of the losses
that occurs when using cascaded holograms is cross-coupling, which reduces the diffraction
efficiency of the primary diffraction order and results in reduced power conversion efficiency
(PCE).25–27 Cross-coupling is an effect that occurs when light diffracted by a hologram in the
upper layer is subsequently diffracted by a hologram in the lower layer. Cross-coupling is miti-
gated by minimizing the overlap between the diffracted spectral and angular bands of the upper
hologram and the spectral and angular acceptance bands of the lower hologram. The simplest
way to accomplish this is to design the cascaded VHL pair to diffract light in opposite (right/left)
directions.28 This approach is used in the CVHLA design to reduce the cross-coupling.

The illustration in Fig. 4 shows the mapping between spectral bands and PV cells for each
VHL. The colors of the arrows represent the different spectral bands, and the directions of the
arrows show which PV cell the VHL is designed to diffract to. In Fig. 4(a), the diffracted spectral
bands for VHLs 1 and 6 are shown. These VHLs are located at the edges of the unit cell. Light
incident on the upper VHL (element 6, layer A) is diffracted in the green spectral band (II:
0.535 μm < λ ≤ 0.760 μm) and directed toward the left side of the unit cell. The lower VHL
(element 6, layer B) diffracts light in the blue spectral band (I: 0.300 μm < λ ≤ 0.535 μm)
toward the right side of the unit cell. This configuration reduces cross-coupling since each
element diffracts in opposite directions. VHLs 2 and 5 are shown in Fig. 4(b) and, unlike the
VHLs just described, do not diffract in opposite directions. For this pair of VHLs, a more impor-
tant consideration is the suppression of higher order diffraction since, for a hologram diffracting
light in spectral band III, the second-order diffraction resonance occurs in the same wavelength

Fig. 4 Illustration depicting the target PV cell and spectral band for each VHL. Neighboring unit
cells are also shown. Blue colored arrows indicate spectral band I, green colored arrows indicate
spectral band II, and red colored arrows indicate spectral band III. (a) VHLs 1 and 6. (b) VHLs 2
and 5. (c) VHLs 3 and 4.
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range as spectral band I. The upper VHL is selected to diffract light in spectral band I, and the
lower VHL is selected to diffract light in the red spectral band (III: 0.760 μm < λ ≤ 1.050 μm).
This arrangement suppresses higher-order diffraction by reducing the overlap between the trans-
mitted zeroth-order of the upper VHL and the spectral diffraction range of the second-order of
the lower VHL. There is still sufficient angular and spectral separation for this configuration to
suppress most of the cross-coupling due to the greater difference in wavelength between spectral
bands I and III. Lastly, VHLs 3 and 4 are shown in Fig. 4(c) and, like elements 1 and 6, diffract
light in opposite directions to minimize cross-coupling.

An illustration of the transition wavelengths and focus positions for each VHL is shown in
Fig. 5. The cyan-colored light indicates that the VHL has a transition wavelength of λt;I , and the
yellow light indicates the VHL has a transition wavelength of λt;II . The point Rf for each VHL is
located where the diffracted beam comes to a focus and is marked by an orange dot. VHLs 1 and
6 are shown in Fig. 5(a), and both have a transition wavelength equal to λt;I . For each of these
elements, the position Rf is located between PV cells I and II. VHLs 2 and 5 are shown in
Fig. 5(b). The VHL in the upper layer has a transition wavelength of λt;I , and a focus position
Rf between PV cells I and II. The VHL in the lower layer has a transition wavelength of λt;II , and
a focus position Rf between PV cells II and III. VHLs 3 and 4 are shown in Fig. 5(c). The VHL in
the upper layer has a transition wavelength of λt;II , and a focus position Rf between PV cells II
and III. The VHL in the lower layer has a transition wavelength of λt;I , and a focus position Rf

between PV cells I and II.

Fig. 5 Illustration showing the transition wavelength and focus position for each VHL. Neighboring
unit cells are also shown. The cyan light indicates the transition wavelength λT ;I and the yellow
light indicates the transition wavelength λT ;II . Each point that the beam comes to a focus is a focus
position Rf and is marked by an orange dot. (a) VHLs 1 and 6. (b) VHLs 2 and 5. (c) VHLs
3 and 4.
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The parameters λT , Rf, and λB are used to determine an optimal pair of point sources
for constructing the holographic lenses. Since the reconstruction wavelengths differ from the
laser construction wavelength (0.532 μm), there is no exact solution for the point sources.
Accordingly, the positions of the construction point sources for each VHL are optimized using
a numerical method.19

The final two VHL parameters are the holographic film thickness d and index modulation n1.
The film thickness determines the spectral bandwidth of the hologram. In general, thicker vol-
ume holograms have narrower bandwidths, and thinner holograms have wider bandwidths.
However, if the film thickness is too thin, other issues occur such as significant diffraction
in higher orders or index modulation that exceeds the capability of the material. For this design,
the film thickness values were determined through simulation and optimization to balance and
minimize the various optical losses, which are described in Sec. 4. After choosing the film thick-
ness, the index modulation is selected for maximizing the diffraction efficiency of light with
wavelength λB. The film thickness and index modulation values are selected within ranges
(2 μm ≤ d ≤ 30 μm, 0.01 ≤ n1 ≤ 0.10) that can be manufactured in the dichromated gelatin
material.23

The CVHLA parameters are listed in Table 2. The dimensions of the VHLs were selected
assuming a distance between the hologram and the PV cells of t ¼ 10 mm and a total unit cell
width of wu ¼ 10 mm. The dimensions of the unit cell can be scaled without affecting the hypo-
thetical conversion efficiency or the simulated optical loss analysis in the proceeding sections.
The VHL widths, PSC widths, and VHL construction point sources should be scaled propor-
tionately, but the film thickness and index modulation values should not change from the initial
design values listed in Table 2. In practice, the differences in the implementation of the SSPV
system at different scales will affect the conversion efficiency. In this design, it is assumed that
the cells are directly adjacent to each other without any separation gap. However, slot-die coating
deposition techniques leave a gap of ∼1 mm between the cells.15 Some of the incident light will
be diffracted toward the gap region and reduce the irradiance converted by the solar cells. For this
reason, the PCE measured in practice will be lower than the simulated values. This effect could
be mitigated by scaling the dimensions of the design so the gap area accounts for a lower pro-
portion of the overall cell area. Other optical techniques could be designed to mitigate the loss,
such as the implementation of diffuse or reflective, holographic surfaces.29

3 Modeling a Cascaded Volume Holographic Lens

Although the CVHLA model above was designed to mitigate cross-coupling, this effect
cannot entirely be eliminated. Therefore, an accurate model of the diffraction efficiency must
include the effect of cross-coupled light. In this section, a diffraction efficiency model for cas-
caded VHLs is developed that extends approaches found in literature. Existing models calculate
the cross-coupling between the primary diffraction orders of the upper and lower holograms but
do not calculate the efficiency of modes diffracted in a higher order by one or both of the
holograms.25,27 The effect of higher order diffraction cannot be neglected since it accounts for
nearly 20% of the optical losses. The model presented in this paper helps address this limitation
by calculating the cross-coupled diffraction efficiency between combinations of higher diffrac-
tion orders.

The first step in simulating a cascaded volume hologram is to calculate the diffraction
efficiency of the upper hologram using rigorous coupled wave analysis (RCWA) techniques
as described by Moharam and Gaylord.30 The diffraction efficiency in the l’th diffraction order
of the upper hologram is denoted as ηlðθi; λÞ, where θi is the angle of incidence, and λ is the
wavelength of light. The lower hologram is also simulated using RCWA, but the angle of
incidence is set equal to the diffraction angle θd of the upper hologram (Fig. 6). The angle
θd varies as a function of wavelength and diffraction order and is calculated using the grating
equation:

EQ-TARGET;temp:intralink-;e002;116;104 sin½θd% ¼ sin½θi% −
Kx

2 · π · n∕λ
· l; (2)
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where Kx is the lateral component of the grating vector, and n is the index of refraction. The
diffraction efficiency of the lower hologram in the k’th diffraction order is denoted as ηkðθd; λÞ
and is calculated by inserting Eq. (2) into the argument of ηk:

EQ-TARGET;temp:intralink-;e003;116;429ηkðθd; λÞ ¼ ηk

!
arcsin

"
sin½θi% −

Kx

2 · π · n∕λ
· l
#
; λ
$
: (3)

The combined diffraction efficiency of the cascaded hologram ηmðθi; λÞ can now be calcu-
lated where m ¼ l; k is the light diffracted in order l by the upper hologram and subsequently
diffracted in order k by the lower hologram. This value is obtained by multiplying ηlðθi; λÞ by
Eq. (3):

EQ-TARGET;temp:intralink-;e004;116;335ηmðθi; λÞ ¼ ηlðθi; λÞ · ηk
!
arcsin

"
sin½θi% −

Kx

2 · π · n∕λ
· l
#
; λ
$
: (4)

The diffraction model is verified experimentally by measuring the diffraction efficiency of a
cascaded volume hologram. The individual holograms are constructed by exposing 16-μm-thick
Covestro Bayfol HX photopolymer film31 with light from a 0.457-μm DPSS laser. The upper
hologram is formed with beams at angles of 0 deg and 30 deg, and the lower hologram is formed
with beams at angles of 0 deg and 25 deg. The photopolymer is exposed with an energy dosage
of 8.4 J∕cm2 and then cured by exposing the film to sunlight for more than 5 min. After curing
the photopolymer, the diffraction efficiency is measured using a Thorlabs power meter and is
adjusted to account for surface reflections from the glass substrate.18,28

First, the diffraction efficiency of the upper and lower holograms is measured separately
and compared with the computed RCWA diffraction efficiency. The RCWA model is imple-
mented in Python19 and assumes each hologram is formed with the construction angles specified
in the previous paragraph, has a film thickness of 16 μm, and has an index modulation of 0.01.
The experimental diffraction efficiency of the individual holograms and the computed RCWA
diffraction efficiency are in close agreement (Fig. 7). Next, the upper hologram is placed in
contact with the substrate of the lower hologram to form a cascaded hologram (Fig. 8). The
gap between the two holograms is filled with an index matching fluid to reduce surface reflec-
tions. The diffraction efficiency of the cascaded hologram is measured as a function of incidence
angle for the m ¼ þ1; 0, m ¼ 0;þ1, m ¼ 0; 0, and m ¼ þ1;−1 orders. The diffraction effi-
ciency of the cascaded hologram pair is measured experimentally and then compared with the

Fig. 6 Illustration of the diffraction orders and geometry in a cascaded hologram. The angle of light
diffracted by the upper hologram is equal to the angle of incidence of the lower hologram.
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RCWA model for cascaded holograms [Eqs. (1)–(3)]. The measured and computed diffraction
efficiencies are plotted in Fig. 9. The error is quantified by taking the absolute difference between
the measured and computed curves and averaging between −10 deg and 10 deg. The error for
each of the diffracted orders (m ¼ þ1;0, m ¼ 0;þ1, m ¼ þ1;−1) is <5% and the error for the
transmitted order (m ¼ 0;0) is <10%. In addition to the diffraction orders plotted in Fig. 9, the
m ¼ −1;0, m ¼ 0;−1, and m ¼ −2;þ1 orders are also visible in Fig. 8. These orders were not
measured as a function of angle of incidence, but it was confirmed that the diffraction efficiency
did not exceed 1%.

This method is suitable for computing the diffraction efficiency of a uniform cascaded holo-
gram stack in which each hologram has a constant grating period. However, in the CVHLA, the
grating period is modulated across the element to provide focusing. Since the RCWA model is
only applicable for a constant grating period,30 the CVHLA is divided into L different segments
that are each locally approximated as a uniform cascaded hologram with diffraction efficiency
calculated using Eq. (4). This approach is based on the method implemented by Luo et al. for
single-layer VHLs32 but is extended here for application to cascaded VHLs.

The diffraction efficiency of the CVHLA is computed using this approach. The spatial varia-
tion is simulated by dividing the element into 120 segments along the aperture of the unit cell.
The individual diffraction efficiency of the upper VHLs is plotted in Figs. 10(a)–10(c) without
accounting for any interactions with the lower VHLs. Likewise, the diffraction efficiency of the
lower VHLs is plotted in Figs. 10(d)–10(f). The results in the plot are obtained by averaging the
computed spectral diffraction efficiency for each segment of the VHL. Each of the VHLs has a
resonance in either the þ1 or −1 diffraction order (the −1 order diffracts toward the right and

Fig. 8 Picture of a cascaded hologram diffracting light into several orders. The orders that are
identified in the text blocks are measured and plotted in Fig. 9. The other orders that are visible
but not identified are the m ¼ −1;0, m ¼ 0;−1, m ¼ −2;þ1 orders and have <1% diffraction effi-
ciency. The laser wavelength is 0.457 μm and the energy exposure density is 8.4 J∕cm2. The
upper and lower holograms both have a film thickness of 16 μmand an index modulation of
0.01. The grating period of the upper hologram is 0.91 μm and is 1.08 μm for the lower hologram.

Fig. 7 Individually measured (solid line) and computed (dotted line) diffraction efficiencies for the
upper and lower holograms.
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Fig. 10 Plot of the spectral diffraction efficiencies for individual and cascaded hologram layers.
(a) Upper layer A VHL 1, (b) upper layer A VHL 2, (c) upper layer A VHL 3, (d) lower layer B VHL 1,
(e) lower layer B VHL, 2 (f) lower layer B VHL 3, (g) cascaded VHL 1, (h) cascaded VHL 2, and
(i) cascaded VHL 3. Since the CVHLA is symmetrical, the diffraction efficiency of VHLs 1, 2, and 3
are equal to the oppositely signed diffraction orders of VHLs 6, 5, and 4, respectively. For example,
the spectral diffraction efficiency of VHL 5 in order m ¼ −1;0 is equal to VHL 2 in order m ¼ þ1;0.

Fig. 9 Measured (solid) and computed (dotted) diffraction efficiencies of a cascaded volume
hologram.
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the þ1 order diffracts toward the left). As expected from the initial design, the resonance occurs
in one of the three spectral bands corresponding to the different PV cell energy band gaps.

The spectral diffraction efficiency after cascading the VHLs is then plotted in Figs. 10(g)–
10(i). Since the upper and lower holograms each diffract in a different spectral band, the
cascaded hologram has two primary resonance peaks. Each of the primary resonance peaks cor-
responds to the m ¼ þ1;0, m ¼ −1;0, m ¼ 0;þ1, or m ¼ 0;−1 diffraction order. In addition to
the primary diffraction orders, light is also diffracted into cross-coupled modes and higher order
modes. Compared with other VHLs, holograms 1 and 6 [Fig. 10(g)] have the least diffracted
power in cross-coupled or higher order modes. Conversely, cascaded VHLs 2 and 5 [Fig. 10(h)]
have greater diffraction efficiency in cross-coupled modes (m ¼ −1;−1; m ¼ −1;þ1). Lastly,
cascaded VHL pairs 3 and 4 [Fig. 10(i)] have little power diffracted in cross-coupled orders but
have the greatest parasitic loss from higher order modes (m ¼ þ2;0; m ¼ 0;−2).

4 System Analysis

After computing the diffraction efficiency, a ray trace simulation is used to calculate the spectral
flux on the surface of the PV cells. This method is selected for versatility and the availability of
literature describing related approaches.18,19 The effect of different optical losses that reduce the
conversion efficiency of the PV system is then analyzed.

The ray trace simulation is implemented in Python. Rays are created at 100 different starting
positions across the aperture of the unit cell and for 50 different wavelengths. The rays are
assumed to intersect the CVHLA at normal incidence, and the direction of diffraction is com-
puted using the grating equation. The flux of each ray is then weighted by the diffraction effi-
ciency as computed in the previous section. After tracing the rays to the surface of the PV cells,
each diffracted ray is sorted into one of the three different spectral bands and plotted as a spatial
distribution in Fig. 11(a). The horizontal axis corresponds to the position on the PV cell plane
and is normalized to the unit cell width (+0.5 is the right edge of the unit cell, and −0.5 is the left
edge). The blue, green, and red colored background indicates the position of PV cells I, II, and
III, respectively. Ideally, each spectral band diffracted by the CVHLA is directed to the corre-
sponding PV cell. For example, all flux in spectral band I should be located on PV cell I without
any flux reaching PV cells II or III. The spatial distribution validates the CVHLA design by
showing that most of the light within each spectral band reaches the intended PV cell. Sharp
transitions between spectral bands are observed on the edges of the PV cells and validate the
selection of the transition wavelengths and focal positions. However, it is also observed that
some of the flux is directed to unintended solar cells. The source of this misallocated light
is analyzed in the following discussion.

To analyze the sources of the misallocated light, each ray is sorted based on the diffraction
order from the CVHLA. The spatial distribution of light from the primary diffraction order is
plotted in Fig. 11(b). Most of this light reaches the intended PV cell but some is diffracted across
the edge to an adjacent PV cell. Losses from the main diffraction order are classified as
dispersion losses since they occur when light from the main order is dispersed onto a nonoptimal
solar cell. An example of the dispersion loss is observed in Fig. 11(b) where spectral band I leaks
across the edge of PV cell I and onto PV cell II. Next, the light that is transmitted without dif-
fraction (m ¼ 0; 0) is plotted in Fig. 11(c). As described previously, the VHL is designed to
transmit one of the three spectral bands to the underlying PV cell without diffraction. This aspect
of the design is evident in Fig. 11(c), since the flux in each spectral band is greatest inside the
corresponding PV cells. However, some of the light that is ideally diffracted to a different PV cell
is instead transmitted to the underlying cell. This loss is classified as a low diffraction efficiency
loss. The low diffraction efficiency loss results from nonuniform spectral diffraction efficiency
(Fig. 10) and from the variation of diffraction efficiency across the VHL aperture. The spatial
distribution of light from the cross-coupled orders is plotted in Fig. 11(d). As mentioned pre-
viously, cross-coupling can significantly reduce the flux reaching the intended solar cells.
However, the effect shown here is relatively small since it was specifically addressed in the
design of the CVHLA. Lastly, the spatial distribution of light diffracted into higher orders
(l and k up to the third order) is shown in Fig. 11(e). Very little light from the higher order
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modes reach the intended PV cells. 97% of the light diffracted in a higher order mode is in
spectral band I and is distributed across PV cells II and III. The reason most of the higher-order
diffraction is in spectral band I is because higher-order modes have resonances at shorter
wavelengths.33

The relative contribution of each loss is shown as a fraction of the total loss in the pie chart in
Fig. 11(f). The relative loss is calculated by dividing the misallocated flux for a given diffraction
order by the total misallocated flux. The greatest loss is low diffraction efficiency (42.6%)
followed by dispersion (22.8%), higher orders (19.8%), and cross-coupled orders (14.7%).

The optical loss analysis above assumes normally incident sunlight and perfect alignment
between the hologram and the PV cells. In practice, these conditions will not be perfectly met
and will reduce the conversion efficiency of the system. The diffraction efficiency of a volume
hologram is primarily sensitive to the in-plane angle of incidence. The design in this paper
assumes implementation with a single-axis sun tracking system such that the angle of incidence
lies in the plane of the grating vector. In this arrangement, the out-of-plane incidence angle varies
between −23.45 deg and þ23.45 deg throughout the course of the year. However, the diffrac-
tion efficiency remains high within this range, and the average conversion efficiency is only
reduced by a fraction of a percent.19,28,34 Vertical misalignment (i.e., the distance t) reduces the
isolation of the cutoff between spectral bands since, in this case, sunlight at the transition wave-
length does not come to a focus between solar cells as intended in the design. However, the peak
diffraction efficiency occurs for wavelengths in the center of the spectral band which are further
from the transition wavelength and dispersed further away from the edges of the PV cell.
Therefore, the sensitivity to vertical misalignment may be tolerable within deviations of several
percent.

Next, the spectral optical efficiency SOEðλÞ of the system is calculated. First, the spectrum
incident on the j’th PV cell EjðλÞ is calculated by summing the flux on each PV cell as a function

Fig. 11 Plot of the spatial distribution of light on the surface of the PV cells for spectral bands I, II,
and III. The fluxes from the different diffraction orders are plotted separately. The color of the back-
ground indicates the position of each PV cell. The horizontal axis is the position along the unit cell
and is normalized to the total width of the unit cell. The ray flux is plotted on the vertical axis and is
reported in arbitrary units. (a) Total flux from all diffracted orders. (b) Light that is diffracted in a
primary order. (c) Light that is transmitted without being diffracted. (d) Light that is cross-coupled.
(e) Light that is diffracted in a higher order. (f) Pie chart indicating the percentage of optical losses
caused by low diffraction efficiency, cross-coupled light, dispersion, and higher order diffraction.
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of wavelength. The SOEjðλÞ is then calculated by dividing EjðλÞ by the total incident direct solar
spectrum AM1.5DðλÞ35 illuminating the unit cell:

EQ-TARGET;temp:intralink-;e005;116;540SOEjðλÞ ¼
EjðλÞ

AM1.5DðλÞ : (5)

The SOEðλÞ is plotted in Fig. 12 and shows clear transitions between spectral bands at wave-
lengths λ ¼ 0.535 μm and λ ¼ 0.760 μm. The SOEðλÞ for PV cell I is lower than other PV cells
since more flux is diffracted in higher orders or cross-coupled orders at shorter wavelengths.

The PCE for direct normally incident sunlight is obtained by multiplying the solar spectrum
AM1.5DðλÞ by the SOEjðλÞ and the SCEjðλÞ for the j’th cell, integrating over all wavelengths,
and summing the contributions from each PV cell:1,19

EQ-TARGET;temp:intralink-;e006;116;421PCE ¼
X

j

R
AM1.5DðλÞ · SOEjðλÞ · SCEjðλÞ · dλR

AM1.5DðλÞ · dλ
: (6)

The PCE for diffuse sunlight is calculated using a modified form of Eq. (6) by replacing the
direct solar spectrum with the diffuse solar spectrum AM1.5FðλÞ, which is defined here as the
difference between the global AM1.5GðλÞ and direct AM1.5DðλÞ spectra:

EQ-TARGET;temp:intralink-;e007;116;335AM1.5FðλÞ ¼ AM1.5GðλÞ − AM1.5DðλÞ: (7)

The SOEjðλÞ was also modified since the differing angular distribution of diffuse sunlight
results in a different spatial distribution on the PV cells. Diffuse light is uniformly incident from
2π steradians above the module. Avolume hologram has significant diffraction efficiency within
two angular bands corresponding to the two Bragg angles. Light with incidence angles outside
the diffraction range passes through the hologram and illuminates the PV cell plane. Diffuse light
within the diffraction range of an angular band is diffracted in the direction of the other angular
band and vice versa resulting in a very small net change in the angular distribution of light as it
passes through the hologram. The effect of diffraction is therefore assumed to be negligible and
the spatial distribution on the PV cell plane is assumed to be uniform. The SOEjðλÞ for diffuse
sunlight was therefore modeled as the fraction of the PV cell width over the total width of the unit
cell:19

EQ-TARGET;temp:intralink-;e008;116;169SOEjðλÞ ¼
Wj

WI þWII þWIII
: (8)

The total PCE is the weighted sum of the direct and diffuse PCE. In the global AM1.5GðλÞ
solar spectrum,35 90% of the total solar irradiance is direct and 10% is diffuse. Therefore, the
PCE for the direct spectrum is weighted by 90% and the PCE for the diffuse spectrum is
weighted by 10%. Based on this analysis, the overall PCE for the CVHLA spectrum-splitting
system is found to be 26.7%.

Fig. 12 Plot of the spectral optical efficiency showing the fraction of light reaching each PV cell as
a function of wavelength. The optimal spectral bands are shown by the colored arrows on the top.
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The final two aspects of the spectrum-splitting design that are analyzed are the effects of the
individual perovskite cell conversion efficiency and the diffraction efficiency of the hologram
array on the overall PCE. The first aspect, the individual perovskite cell conversion efficiency, is
considered since the rapid advances in perovskite cell technology affect the overall conversion
efficiency that can be achieved with spectrum splitting systems. This aspect is analyzed by com-
puting the PCE for five different sets of hypothetical perovskite cells (Table 3) that each have
greater conversion efficiency than initially assumed in Table 1. For each hypothetical perovskite
cell, the experimentally measured SCEðλÞ curve is scaled by a constant factor from the raw data
obtained from the literature.2–4 This scaling step is equivalent to scaling the short circuit current
(ISC), open circuit voltage (VOC), or fill factor (FF) of the cell.

1 The second aspect, diffraction
efficiency, is considered since the diffraction efficiency that is attainable in theory (∼100%)33 is
significantly higher than values attained in manufacturing (85% and 95%).23,36 In this paper, the
maximum diffraction efficiency (MDE) is used as a metric and refers to the diffraction efficiency
at the Bragg wavelength λB for normally incident light. For the initial design parameters
(Table 2), the MDE was nearly 100% (Fig. 10). Here, the MDE is reduced from the initial value
by decreasing the index modulation. For example, VHL 3 in layer A has an index modulation of
0.014 (Table 2) corresponding to an MDE of ∼100%. An MDE of 80% is obtained by setting the
index modulation to a value of 0.010.

The overall PCE is plotted as a function of the MDE for each of the five sets of perovskite
cells (Fig. 13, Table 4). The results show minimal degradation (0.3%) in the PCE when reducing
the MDE from 100% to 90%. The drop in performance is more than twice as much (0.7%) when

Table 3 Five different sets of PSCs with conversion efficiency values
scaled from the experimental values (set 1).

PSC Set 1 (%) Set 2 (%) Set 3 (%) Set 4 (%) Set 5 (%)

I 10.40 10.92 11.44 11.96 12.48

II 21.60 22.68 23.76 24.84 25.92

III 20.40 21.42 22.44 23.46 24.48

Fig. 13 PCE as a function of the DE for each perovskite cell set listed in Table 3.

Table 4 PCE for different values of the MDE for the perovskite cell
sets listed in Table 3.

MDE (%) Set 1 (%) Set 2 (%) Set 3 (%) Set 4 (%) Set 5 (%)

80 25.7 27.0 28.2 29.5 30.8

90 26.4 27.7 29.1 30.4 31.7

100 26.7 28.0 29.4 30.7 32.0
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the MDE decreases from 90% to 80% and further reduces by 0.5% when the MDE decreases
from 80% to 70%. Decreasing the MDE has a different effect on each of the optical losses. Not
surprisingly, the low diffraction efficiency losses increase when the MDE decreases from the
initial value of 100%. However, the higher-order losses and cross-coupling losses decrease and
offset some of the low diffraction efficiency losses. This somewhat counterintuitive behavior
occurs since reducing the index modulation also decreases the diffraction efficiency of higher
orders and higher harmonics. The overall effect is a nonlinear decrease in conversion efficiency
as the diffraction efficiency is decreased. An MDE of 90% avoids the highest rate of degradation
between 90% and 80% and is a value that can be achieved in practice. Based on this tolerance
analysis, a manufacturing target is to have an MDE greater than 90%.

The final aspect to be discussed is the effect of the individual perovskite cell conversion
efficiencies on the overall system conversion efficiency. Figure 13 shows that a set of perovskite
cells with individual conversion efficiencies of 12.0%, 24.8%, and 23.5% has potential for attain-
ing a system conversion efficiency of 30.4% when combined with a CVHLA that has a diffrac-
tion efficiency greater than 90%. The most efficient PSC on record already has a conversion
efficiency of 25.5%6,7 (small-area, certified) with a band gap (1.55 eV) close to PV cell II
(1.63 eV).3 Significantly less research has been conducted on PSCs with 1.25 and 2.30 eV band
gaps. With improvements in the conversion efficiency of PSCs at these band gaps, a lateral
spectrum-splitting system with a conversion efficiency greater than 30% may be attainable.

5 Conclusion

In this paper, a lateral SSPV system is proposed that splits sunlight between three PSCs.
The design uses a cascaded VHL array for spectral separation. Each VHL has a transition wave-
length, focus position, and Bragg wavelength that are specified for attaining sharp transitions
between spectral bands. The cascaded holographic array elements are analyzed using RCWA to
determine the diffraction efficiency and sources of optical losses. The simulated hologram per-
formance is verified with experimental measurements, and the results agree to within 5%. A
combination of optical losses such as low diffraction efficiency, higher order diffraction,
dispersion, and cross-coupled orders is shown to contribute to reduced spectral optical efficiency.
The spectrum-splitting system was shown to attain a hypothetical conversion efficiency of 26.7%
using a set of perovskite cells based on published, experimental results with efficiencies of
10.4%, 21.6%, and 20.4%. It is also shown that a PCE of 30.4% could be realized using per-
ovskite cells with individual conversion efficiencies of 12.0%, 24.8%, and 23.5%, respectively,
and using VHLs with high diffraction efficiencies (>90%) that can be achieved in practice.
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