
S P E C I A L I S S U E A R T I C L E

Optical design and bandgap engineering in ultrathin multiple
quantum well solar cell featuring photonic nanocavity

Hosni Meddeb | Kai Gehrke | Martin Vehse

German Aerospace Center (DLR), Institute of

Networked Energy Systems, Urban and

Residential Technologies, Carl-von-Ossietzky-

Str. 15, Oldenburg, 26129, Germany

Correspondence

Hosni Meddeb, German Aerospace Center

(DLR), Institute of Networked Energy Systems,

Urban and Residential Technologies, Carl-von-

Ossietzky-Str. 15, 26129 Oldenburg, Germany.

Email: hosni.meddeb@dlr.de

Funding information

German Aerospace Center

Abstract

Ultrathin solar cells are efficient and captivating devices with unique technological

and scientific features in terms of minimal material consumption, fast fabrication pro-

cesses, and good compatibility with semi-transparent applications. Such photovoltaic

(PV) technologies can enable effective synergy between optical and electronic con-

finements with large tuning capabilities of all the optoelectronic characteristics. In

this work, the implications of the optical design and the bandgap engineering in ultra-

thin hydrogenated amorphous Si/Ge multiple quantum well (MQW) solar cells featur-

ing photonic nanocavity are analyzed based on experimental measurements and

optoelectronic modelling. By changing the period thicknesses and the positions of

QWs inside the deep-subwavelength nanophotonic resonator, the spatial and spec-

tral distributions of the optical field and the local absorption are strongly affected.

This leads to a modulation of the absorption resonance condition, the absorption

edge and the resulting photocurrent outputs. Because of quantum confinement

effect, the change of MQW configurations with different individual QW periods

while keeping similar total thickness of about 20 nm alters both the bandgap energy

and the band offset at the QW/barrier heterojunctions. This in turn controls the

photovoltage as well as the carrier collection efficiency in solar cells. The highest

open circuit voltage and fill factor values are achieved by employing MQW device

configuration with 2.5 nm-thin QWs. A record efficiency above 5.5% is reached for

such emerging ultrathin Si/Ge MQW solar cell technology using thinner QWs with

sufficient number, because of the optimum trade-off between all the optoelectronic

characteristic outputs. The presented design rules for opaque ultrathin solar cells

with quantum-confined nanostructures integrated in a photonic nanocavity can be

generalized for the engineering of relevant multifunctional semitransparent PV

devices.

1 | INTRODUCTION

Ultrathin solar cells feature reduced nanoabsorber thicknesses

by orders of magnitude relative to conventional photovoltaic

(PV) technologies.1,2 Apart from the benefits in terms of materials

consumption and cost savings, such ultrathin-film PV technologies can

corroborate excellent compatibility with the diverse applications of

integrated PV.1,3–5 To enable tremendous thickness reduction while

retaining high power conversion efficiency, several characteristics are

desired with regard to the optical and electronic properties of
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absorbers and the architecture of PV devices.1,2,5 Mainly, efficient

ultrathin solar cells require a combination of photoactive materials

with high absorption coefficients, light-trapping structures for the

enhancement of light path and effective approaches for the collection

of charge carriers.1

Regarding the optical aspect, different light management schemes

such as Lambertian scattering and multi-resonant absorption are

employed to preserve high values of photogenerated currents in thin-

ner solar cells.1 Among these concepts, optical nanocavities or nano-

photonic resonators have been successfully implemented in various

organic and inorganic thin-film PV technologies to enhance the light

absorption because of multiple passes and strong interference

effects.1,6–13 In particular, “asymmetric Fabry-Perot (F-P)” nanopho-

tonic cavities with highly lossy layers on reflecting surfaces allow

strong optical confinement into narrow spatial dimensions with thick-

nesses significantly smaller than the incident optical wavelength.14–19

Regarding the electronic aspect, the thickness reduction in low-

dimensional semiconductors (smaller than the fundamental De Broglie

wavelength/exciton Bohr radius) induces a restriction in the spatial

degrees of freedom for charge carriers.20–22 Such quantum confine-

ment (QC) effect leads to size-dependent changes in the optoelec-

tronic properties of absorber materials.23–25 Quantum-confined

nanostructures have been widely developed in emerging high-

efficiency PV technologies.26,27 Especially, quantum well (QW) solar

cells were realized using various semiconductor material systems.28–32

These technologies can afford distinguished advantages including the

ability of bandgap engineering, the alleviation of radiative recombina-

tion, the exploitation of excitonic absorption and the improvement of

photocurrent with minimized voltage losses.28,33,34

Interestingly, the development of novel absorber materials and

device architectures for PV devices can provide effective synergy

between optical and electronic confinements in ultrathin PV technolo-

gies. In this context, these characteristics can be exceptionally satis-

fied by ultrathin QW solar cell with intrinsic nanoabsorber in the

range of only 20 nm, based on hydrogenated amorphous silicon (a-Si:

H) and germanium (a-Ge:H) nanostructures integrated in subwave-

length photonic nanocavity.21,23,35 In such structure, a-Ge:H layers

with high absorption coefficient and significant QC susceptibility can

fulfill the role of both nanoabsorber and quantum well.21,23,35 Further-

more, a-Si:H/a-Ge:H heterojunction with good interface quality, suit-

able band offset for electronic transport and comparable refractive

indices can form both QW/barrier heterostructures and lossy media

in absorbing nanocavity.21,35 However, the introduction of multiple

quantum wells (MQW) architecture as nanoabsorber enables extra

degree of freedom in the optical design for the optimization of the

photocurrent and in the bandgap engineering for the enhancement of

the electronic transport.32,35 Considering the distinctiveness of the

photoactive material system and the device concept, a thorough anal-

ysis of optical design and bandgap engineering capabilities in ultrathin

amorphous Si/Ge MQW solar cells integrated in a nanophotonic cav-

ity is still lacking.

In this work, the influence of different Si/Ge MQW nanoabsorber

configurations on the characteristics of ultrathin solar cells featuring a

deep-subwavelength photonic resonator is studied for the first time.

This could be achieved by designing multiple nanoabsorber regions

with different positions and period thicknesses inside the subwave-

length absorbing nanocavity. By adopting the MQW configuration

with thinner QW and specific number inside the absorbing nanocavity

with highly reflective Ag mirror, the efficiency is improved above

5.5%, because of the optimum trade-off between all the optoelec-

tronic characteristic outputs of the corresponding solar cell device. A

detailed optoelectronic modelling analysis is conducted to gain further

understanding of optical design and bandgap engineering principles.

With changing the MQW configuration in the absorbing nanocavity,

the absorption resonance and absorption edge conditions are altered.

The photocurrent output is strongly controlled by the difference in

spatial and spectral distributions of the optical field and the local

absorption. Because of quantum-size effects, the sequential carrier

transport and collection are affected by the change in bandgap energy

and QW/barrier heterojunction discontinuity. This in turn controls the

electronic characteristic parameters of PV devices. The established

design rules for opaque ultrathin Si/Ge MQW solar cells are essential

for the optimization of relevant multifunctional semi-transparent PV

devices. Similar considerations for nanoabsorber architecture engi-

neering should be adopted when opaque reflective back mirror is

replaced by different semi-transparent conductive contacts such as

switchable36–38 or ultrathin metal electrodes35 for window applica-

tions and with metal/oxide multilayers electrode in spectrally selective

solar cell for greenhouse applications.5,39 For semi-transparent ultra-

thin Si/Ge MQW devices, further investigations focusing on the

effects of QWs number, barrier thickness and back reflector thickness

will be insightful to achieve an optimum trade-off between efficiency

and transparency.

2 | EXPERIMENTAL METHODS

On commercial glass substrates from Solayer GmbH (size:

10 � 10 cm2), the front contacts were formed by 1 μm-thick films of

Aluminum-doped Zinc Oxide ZnO:Al (AZO) having surface roughness

RMS of about 15 nm. Prior the depositions, the samples underwent

two-step solvent cleaning (acetone followed by isopropanol) in ultra-

sonic bath for 15 min each, rinsed in deionized water, and then, dried

with N2 gun. The solar cell structures consisted of hydrogenated

amorphous silicon and germanium multilayers with n-i-p superstrate

configuration as (n-a-Si:H/i-a-Si:H/ MQW /i-a-Si:H/p-a-Si:H) with

thicknesses of (7 nm/3 nm /MQW/3 nm/7 nm). The transport layers

for electrons (ETL) and for holes (HTL) as well as the buffer passiv-

ation layers on both sides forming the outer n/i and i/p regions were

kept similar for all solar cell devices.

In the intrinsic MQW region, the alternation between i-a-Si:H

quantum barrier (QB) and i-a-Ge:H quantum well (QW) layers was

changed to obtain different periodic stratified architectures, while

keeping similar total thickness for i-a-Ge:H material in the range of

20 nm. By varying the deposition duration of i-a-Ge:H layers, different

QW thicknesses LQW were obtained, as mentioned in Table S1.

2 MEDDEB ET AL.
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Therefore, the following combinations of QW thicknesses and num-

bers are adopted: (2 � 10 nm), (3 � 6.7 nm), (4 � 5 nm), (5 � 4 nm),

(8 � 2.5 nm). A gradient-bandgap MQW structure with gradual

increase of QW thickness (2.5 nm/4 nm /5 nm/7.5 nm) from the

front to the back of the device was also fabricated. The thicknesses

of i-a-Si:H layers as QB interlayers separating for all MQW

configurations were kept constant with LQB of 1 nm. After the front

contact opening through the glass substrate by laser scribing in

microSTRUCTvario system from 3DMicromac, 200 nm-thick silver

(Ag) layers were deposited through shadow mask. as reflective back

contacts to define cell core areas of 1 � 1 cm2. For the fabrication of

solar cell devices, DC magnetron sputtering technique was used for

the front and back electrodes deposition in Singulus Vistaris 600 sys-

tem, whereas low-temperature Plasma Enhanced Chemical Vapor

Deposition (PECVD) method at 13.56 MHz was employed for the

coating of semiconductor functional layers in the cluster tool Von

Ardenne CS-400P.

Ellipsometry measurements of single i-a-Ge:H layers with differ-

ent thicknesses on glass were conducted in SENTECHSE850-ST sys-

tem for the determination of optical bandgaps. Then, the computation

of refractive indices were done using SpectraRay software included in

the ellipsometry software package for data modelling and fitting.

Optical spectra measurements were performed by means of UV–VIS

spectrophotometry in Cary 5,000 instrument from Agilent with an

integration sphere. To assess the outputs of different solar cell

devices, illuminated J-V electrical measurements were performed

using a WACOM dual lamp solar simulator at standard test conditions

(AM1.5G spectrum, 1,000 W/m2, 25�C). External quantum efficiency

(EQE) measurements were carried out with an RR-2100 system from

LOT Oriel.

The experimental results of different MQW solar cells devices

were analyzed via a combination of optoelectronic modelling

approaches. On the one hand, optical modelling was done into a 1D

transfer matrix method using the wave-optic-based software package

Scout/CODE (by W. Theiss Hardware and Software) by implementing

the experimental data of refractive (n) and extinction (k) coefficients

for different functional layers.40 Then, a global matrix was generated

for the calculation of the local reflection and transmission coefficients

by solving the Fresnel equations at the interfaces between different

layers considering the associated matrices to the propagation of the

electromagnetic field (light) through each film of the device. As optical

modelling outputs, the distribution of the optical field and the local

absorption as well as the generated photocurrent can be determined.

On the other hand, the electrical simulation was established in AFOR-

SHET (automat for simulation of heterostructures) software after the

implementation of the electronic parameters of different functional

layers in different MQW device structures.41 Based on drift-diffusion

model, this numerical program solved the semiconductor equations

including Poisson's, transport and continuity equations for charge car-

riers. Then, the energy band diagrams can be computed for the analy-

sis of the electronic collection and transport mechanisms. Detailed

inputs of the optoelectronic numerical simulation can be found in

Table S3 as well as in previous works.21,23

3 | RESULTS AND DISCUSSIONS

3.1 | Synergy between photonic and quantum
confinements in ultrathin MQW Si/Ge solar cells
featuring photonic nanocavity

In this section, the synergetic impact of both photonic and quantum

confinements in ultrathin MQW Si/Ge solar cells are introduced.

3.1.1 | Photonic confinement in ultrathin MQW
Si/Ge solar cells

Figure 1a shows the structure of superstrate n-i-p QW solar cell based

on a-Si:H (QB)/a-Ge:H (QW) nanostructures. The photoactive material

forming the optical absorber is in the order of 20 nm, while the total

thickness (h) of the cell core remains below 50 nm which is signifi-

cantly smaller than the incident optical wavelength (λ). In such device

configuration, lossy a-Si:H/a-Ge:H multilayer with high and compara-

ble refractive and extinction indices (n � k � 4) is embedded between

transparent front AZO film and Ag metallic back reflector as two

regions with lower refractive-indices (n < 2). The dispersion relations

of refractive index n and extinction coefficient k for different func-

tional layers in ultrathin MQW Si/Ge solar cell devices are plotted in

Figure S1. Such architecture with ultrathin and highly lossy films and

opaque reflecting metal surfaces, forms an “asymmetric Fabry-Perot

(F-P)” deep-subwavelength nanophotonic cavity.14,15 A detailed theo-

retical background of the absorption enhancement in optical planar

nanocavity can be found in the Section S5 of supporting information

as well as in previous papers.7,15,16,23 The light confinement into small

spatial dimensions by resonant recirculation is enabled because of

multiple passes of light beam and coherent superposition of the

reflected and transmitted electromagnetic fields.15

When an incident light beam penetrates the solar cell through the

front side, three different phase shifts can occur i.e. the reflection

phase shifts at both front (ɸAZO/a-Si) and back (ɸa-Si/Ag) interface edges

as well as the round-trip propagation (ɸpropagation) across the n-i-p

functional layers of cell device.15,42,43 Because of the significant dif-

ference in refractive index, the reflection phase shifts are mainly con-

sidered at both photonic resonator edges in the vicinity of Ag back

and AZO front contacts.44 Whereas the reflections at the interfaces

between the a-Si:H and a-Ge:H absorbing semiconductor multilayer

are assumed negligible because of comparable refractive index

values.6 Through the nanophotonic cavity length, the lossy media is

characterized by an effective index as an average of optical indices of

a-Si:H layers and a-Ge:H QWs weighted by their corresponding thick-

nesses.45 In addition, the change of the optical properties of a-Ge:H

QWs as a function of thickness because of quantum-size effects must

be considered.23 Considering the ultrathin (L < <λÞ and highly lossy

(n � k) a-Si:H/a-Ge:H multilayer with high absorption coefficients,

negligible accumulated propagation phase shift is obtained in the

asymmetric subwavelength F-P nanocavity.14,15 With a highly reflec-

tive metallic mirror, a compensation (cancellation) between the

MEDDEB ET AL. 3
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reflection and propagation phase shifts takes place, leading to a non-

trivial net reflection phase shift (different from 0 and π) at the inter-

face between Ag metal and semiconductor layers.14,15,46 It follows

that the iteration of one-dimensional destructive interferences

between incident and reflected light waves generates multiresonant

light trapping and multiple passes circulation which maximizes the

amount of light absorption in ultrathin photoactive materials because

of the field build-up through the nanophotonic cavity.11,15 Hence, this

enables strong absorption resonance (i.e. maximum absorption and

minimum reflection) and angle robustness.15,19,47,48

The absorption resonance condition corresponds to the situation

where the net reflection phase shift including the sum of the two front

and back reflection phase shifts (ɸAZO/a-Si) and back (ɸa-Si/Ag) as well as

the round-trip propagation phase shift (ɸpropagation) is a factor of 2π
15:.

ɸAZO=a�Siþɸa�Si=Agþ2ɸpropagartion ¼2mπ ð1Þ

where m in an integer related to the resonance order. Thus, an opti-

mum combination of nanocavity thickness (Lnanocavity < <λ) and its

effective refractive index (neff,nanocavity) is desired to maximize the

absorption.15 This will be further elucidated via optical modelling of

different MQW solar cell configurations in terms of optical field and

local absorption distributions.

3.1.2 | Quantum confinement in ultrathin MQW
Si/Ge solar cells

As depicted in Figure 1B, the single QW nanoabsorber with a total

thickness of 20 nm is replaced by different periodic MQW

configurations. By keeping a constant 1 nm-thick QB interlayer, the

following QW periods are adopted: (2 � 10 nm), (3 � 6.7 nm),

(4 � 5 nm), (5 � 4 nm), (8 � 2.5 nm). For different periodic MQW

configurations, the energy band alignment consists of periods includ-

ing narrow-bandgap QW sandwiched between two wide-bandgap

QBs, duplicated according to the number of QWs. Furthermore, a

gradient-bandgap MQW structure with gradual QW thickness

increase (2.5 nm /4 nm /5 nm/6.7 nm) from the front to the back of

the device is also considered. Accordingly, the sequence of the band-

gaps across the nanobsorber follows a descending order from higher

values at the side of the device facing the light source, toward lower

values at the adjacent region to the back reflective contact. A

detailed theoretical background of quantum-size effects in a-Si:H

(QB)/a-Ge:H (QW) nanostructures and the main implications on the

quantization of energy levels, the density of states and the electronic

transitions can be found in supplementary Section S4 as well as in

previous publications.20,22,24,49 Importantly, the reduction of a-Ge:H

QW thickness induces a bandgap widening due an upward shift of

the conduction band edge to higher discrete energy level.49–53

Therefore, QC effects enable significant bandgap engineering in

ultrathin MQW Si/Ge solar cell by altering both the QW bandgap Eg

and the conduction band offset ΔEC at the a-Si:H (QB)/a-Ge:H

(QW) heterojunction, as shown in Figure 1C.21 Based on the UV–VIS

and ellipsometry optical measurements reported in our previous

works, the values of Eg are 0,99 eV, 1,03 eV, 1,09 eV 1,13 eV,

1,18 eV, and 1.3 eV for QW thicknesses of 20 nm, 6.7 nm, 10 nm,

5 nm, 4 nm and 2.5 nm, respectively. Given a QB bandgap of 1.7 eV

and a fixed valence band offset ΔEv = 0.15 eV, this corresponds to

ΔEC values of 0.56 eV, 0.52 eV, 0.46 eV, 0.42 eV, 0.37 eV, 0.25 eV,

respectively.21,23 The thickness-dependent variations of QW bandgap

F IGURE 1 Synergy between optical and electronic confinements in ultrathin MQW Si/Ge solar cells. (A) Schematic of n-i-p solar cell device based
on a-Si:H (QB)/a-Ge:H (QW) nanostructures embedded as an absorbing optical nanocavity. The multiple passes of light inside the nanophotonic cavity
are highlighted by yellow arrows. (ɸAZO/a-Si), (ɸa-Si/Ag) (ɸpropagation) stand for the reflection phase shift at front and back edges as well as the round-trip
propagation across the optical nanocavity, respectively. L is the total thickness of n-i-p multilayer forming the nanocavity length. (B) Illustration of
different MQW configurations in real space. (C) Illustration band alignment of a-Si:H (QB)/a-Ge:H (QW) heterostructures in energy space under
quantum confinement effects as a function of QW thickness. ΔEc is the conduction band discontinuity and Eg is the bandgap energy.
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Eg and conduction band offset ΔEC at a-Si:H (QB)/a-Ge:H

(QW) heterojunction are plotted in Figure S2.

3.2 | Experimental characteristics of different
ultrathin MQW Si/Ge solar cells

Herein, the experimental performance outputs of the fabricated

devices are presented. Figure 2A showcases the EQE spectra of dif-

ferent ultrathin MQW solar cells. On the one hand, the broadest EQE

is obtained for SQW (1 � 20 nm) with the smallest bandgap. While a

blue-shift of the absorption onset is manifested as QW thickness

reduces because of the bandgap widening under quantum-size

effects. This leads to a photocurrent loss at long wavelengths in

MQW configuration with the thinnest QW (8 � 2.5 nm) compared to

thicker QW counterparts with broader EQE profiles. Moreover, by

reducing QW width, a slight deviation to short wavelengths can be

noticed for the maximum EQE peak which characterizes the absorp-

tion resonance. On the other hand, comparable EQE level of about

60% is reached for all MQW configuration with a slight drop as QW

thickness decreases. This is a clear indication for a collective contribu-

tion of MQW nanoabsorbers in different configurations to the total

photocurrent. In accordance to EQE evolution, a slight increase in the

reflection, mostly in the long wavelength range beyond 600 nm is

noticed, as the QW period gets narrower. This is a further indication

of the absorption drop at the expense of higher reflection by

approaching the corresponding absorption onset of each MQW

configuration. The aforementioned results are relevant for periodic

MQW devices. However, for the gradient-bandgap MQW architec-

ture, the turn-on absorption threshold is similar to MQW

(3 � 6.7 nm), implying that the absorption threshold in the case of

multiple nanoabsorbers with different bandgaps is imposed by the

thickest QW with the narrowest bandgap. For all MQW configura-

tions, the difference between measured EQE and (1-R) spectra con-

firms the charge extraction deficit in the corresponding solar cell

devices.

Figure 2B shows the J-V curves under illumination for different

configurations of MQW solar cells. The corresponding performance

characteristics are plotted in Figure 2C–F. In accordance with EQE

results, the short-circuit current (JSC) values rise progressively from

16.5 mA/cm2 up to 20.4 mA/cm2 when QW thickness is increased

from 2.5 nm to 20 nm. While, Jsc values remain comparable for large

QW periods, a remarkable decrease is particularly noticed for the thin-

nest LQW of 2.5 nm. The Jsc values increase in MQW configurations

with wider QW periods due to additional absorption of low-energy

photons in the lower band-gap QWs. However, an opposite trend is

obtained for open-circuit voltage (Voc) and Fill factor (FF) evolution

where thinner QWs lead the higher values. Relative improvements of

about 60% in Voc and 35% in FF are attained by just changing the

MQW period. In combination, the best PCE above 5.5% is achieved

with MQW (8 � 2.5 nm), corresponding to a relative enhancement

close to 70% compared to the lowest PCE of about 3.3% with MQW

(2 � 10 nm). As for gradient-bandgap MQW configuration, Voc value

is similar to MQW (3 � 6.7 nm) implying that the photovoltage in case

F IGURE 2 Experimental outputs of different configurations of ultrathin MQW Si/Ge solar cells (A) EQE; (B) illuminated J-V curves; the solar
cell characteristics as a function of MQW configuration. (C) Jsc: short-circuit current, (D) Voc: open-circuit voltage, (E) FF: fill factor and (F) PCE:
Photoconversion efficiency. The red circle highlights the best efficiency among different MQW configurations.
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of multiple nanoabsorbers with different bandgaps is controlled by

the narrowest bandgap of the thickest QW. While FF is slightly better

that MQW (3 � 6.7 nm) because of the reduction of carrier transport

obstruction at lower potential barrier adjacent to thinner QW.

It is important to disentangle FF and Voc losses by distinguishing

between the effects related to carrier escape and energy bandgap

tuning. An intriguing observation that confirm this aspect is the com-

parison of Voc and FF outputs of thick QW devices. Although, MQW

(2 � 10 nm) yields higher Voc due to slightly wider bandgap compared

with SQW (1 � 20 nm), the corresponding FF value is conversely

lower because of the existence of additional intermediate barrier. In

contrast, even by multiplying the number of QWs and corresponding

QW/barrier heterointerface, the configuration of MQW (8 � 2.5 nm)

with thinner QWs and lower potential barrier height still deliver the

highest FF. This is a clear indication that FF parameter in Si/Ge MQW

solar cells is predominately imposed by large potential barriers causing

a blocking of carrier transport and difficulty in collection process.

Further information can be deduced from the rectifying dark J-V

characteristics of different MQW solar cell configurations in

Figure S4. In the linear plot, it is clear that dark current is sensitively

influenced by the bias voltage, especially in MQW configurations with

thicker QWs. This points out the crucial role of applied electric field in

the extraction and sweeping of the charge carriers out of amorphous

QWs and in the drift-assisted carrier collection across intrinsic MQW

depletion region of n-i-p diode.54 In log scale plot, it can be noticed

that the dark currents drop gradually over the entire voltage range

when QW periods get thinner, confirming lower resistive losses and

better carrier transport.55,56 In particular, the reduction of dark cur-

rent implies lower non-radiative recombination rate across the intrin-

sic MQW region via defects through gap states of semiconductor

layers and at the heterointerfaces.57,58 This proves that lowering the

potential barrier height at QW/QB heterojunction in MQW region

controls the mitigation of recombination processes, leading to facili-

tated carrier escape and reduced of resistive losses.59 It is worth men-

tioning that thinner nanoabsorbers relative to the diffusion/

recombination length of the charge carriers promote short escape

times and elevated velocities under applied electric field.60

The significant aforementioned variations in the experimental

results of different ultrathin MQW Si/Ge solar cells point out the

importance of the understanding of optical design and bandgap engi-

neering in our emerging PV technology. Therefore, in the following

sections, the output characteristics of solar cell devices will be

explained based on optoelectronic modelling.

3.3 | Bandgap engineering in ultrathin MQW Si/Ge
solar cells

Considering the described physical mechanisms in Figure S5 from

the supplementary Section S7, we analyze the photogeneration,

recombination and transport mechanisms via optoelectronic model-

ling and experimental measurements to further elucidate the devices

operation.

3.3.1 | Open-circuit voltage in ultrathin MQW
Si/Ge solar cells

In order to explain the photovoltage change for different n-i-p MQW

configurations, band diagrams at the corresponding Voc conditions are

computed with numerical simulation (Figure 3), considering the band

alignments depicted in Figure 1C. The calibration and validation of

optoelectronic modelling with J-V experimental results for different

Si/Ge MQW device configurations is presented in Figure S6. As

explained in supplementary information S6 related to physical mecha-

nisms in ultrathin Si/Ge MQW solar cell, the supplied Voc voltage is

linked to the absorber bandgap Eg and depends on the effective den-

sity of states, and the effective generation and recombination rates of

free charge carriers, as follows61:.

qVoc ¼ EgþKBT
NcNv

ngpr
ð2Þ

where q is the elementary charge, Nc and Nv denote the effective

density of states of the conduction and valence bands, respectively,

ng and pr are related to the effective generation and recombination

rates of free charge carriers, respectively. Indeed, the photovoltage of

MQW solar cell device is directly linked difference of quasi-Fermi

levels between electrons (EF,n) and holes (EF,p) determining the elec-

trochemical potential of electrons/holes and the occupation of states

between the conduction and valence bands.62 Hence, the most impor-

tant finding is that, in periodic MQW structures, thinner QWs with

larger bandgap yield higher Voc values. This is induced by the large

spatial splitting of the quasi-Fermi levels between EF,n (electrons) and

levelled down EF,p (holes) because of bandgap widening under QC

effects, as can be clearly observed when QW thickness decreases

from 10 nm down to 2.5 nm. This implies a promoted separation of

the photogenerated carriers because of better asymmetric conductivi-

ties, as well as minimization of recombination between opposite elec-

trons and holes leading to longer electron lifetime in MQW

configurations with thinner QWs.50,63 Wider QWs with deeper con-

duction band prolong the escape time of electrons, leading to higher

recombination and lower Voc.
64 Interestingly, the Voc improvement in

thinner QW was previously demonstrated in single QW solar cell

devices and it is further confirmed to be also valid in MQW solar

cell devices.21 In gradient MQW configuration, the splitting of quasi-

Fermi level and hence Voc value is governed by the thickest QW with

narrower Eg adjacent to the back side of solar cell device. The afore-

mentioned interpretations based on numerical simulation for the

dependence of Voc on the QW thickness in MQW devices, are consis-

tent with experimental J-V results shown in Figure 2B and D. It is

noteworthy that coupling of QWs when employing ultrathin QBs can

alter the bandgap because of the formation of mini-bands by wave-

function overlapping in superlattice-like band structure.52 This points

out the importance of studying the impact of QB thickness variation

in further works related to Si/Ge MQW solar cells. Based on the

experimental dark and illuminated J-V results, even though MQW

configuration (8 � 2.5 nm) with thinner period yields the highest

6 MEDDEB ET AL.
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photovoltage owing to bandgap widening, it is noticed that Voc

parameter is still a limiting factor because of the multiplication of the

recombination sites at the QW/barrier heterointerfaces. In this

regard, it is expected that the enhancement of passivation at

QW/QB heterointerfaces by post-treatments during the fabrication

process could minimizes the recombination defects and hence,

improve the overall Voc.
65 Thus, we estimate that the achieved effi-

ciency can be further improved by boosting Voc output, while pre-

serving similarly high Jsc and FF achieved for ultrathin Si/Ge MQW

solar with the thinnest QW.

3.3.2 | Fill factor in ultrathin MQW Si/Ge solar cells

As explained in supporting information S6 on the physical mecha-

nisms in ultrathin Si/Ge MQW solar cell, the change of the

conduction band discontinuity at the a-Si:H (QB)/a-Ge:H (QW)

heterojunctions under QC effect strongly affects the sequential car-

rier transport and collection behavior. Mainly, the FF parameter is

strongly dependent on the Voc and is dominated by the carrier

transport and the resistive losses at the junctions. Therefore, it is

evident that lower Voc values for MQW configuration with wider

QWs directly leads to reduced FF. Moreover, a reduction of the

potential barrier height between a-Ge:H QW and a-Si:H barrier is

expected to improve the carrier collection by tunneling and thermal

emission mechanisms, minimize the resistive losses and hence

improve the FF output.

EQE under voltage bias and carrier collection efficiency

To examine the collection processes in solar cell devices with different

MQW configurations, the EQE spectra at varied voltage bias are dis-

played in Figure 4A–F. Broader and more intense EQE profiles are

obtained for MQW configurations with thicker QW periods. Slight

enhancements in quantum efficiency of different MQW devices occur

by applying increasingly negative electrical biases. This suggests an

increase in the density of photogenerated carriers reaching both front

and back transport layers. It is clearly observed that EQE spectra

undergo a degradation for positive bias voltages, with more pro-

nounced variation for MQW configurations with thicker QW periods.

This can be considered as a signature for the existence of transport

barriers at the a-Si:H (QB)/a-Ge:H (QW) heterointerfaces upon the

dominant drift-assisted carrier collection in these n-i-p device archi-

tectures.66,67 The configuration with gradient MQW follows similar

trend to MQW (3 � 6.7 nm), suggesting that the carrier collection

mechanism is dominantly imposed by thicker QWs with narrower

bandgap and larger band discontinuity at QW/QB heterojunction. In

fact, applying a forward bias weakens the electric field within the

intrinsic MQW regions, and declines the carriers escape from QWs in

the drift transport.68,69 Also, the recombination rate increases when

more carriers flow into the intrinsic MQW region with higher forward

bias.64 The hindrance of carriers sweeping out of QWs leads to even-

tual recombination events, and hence, a drop in the generated current

at forward bias.68,69 Therefore, the degradation of EQE under forward

bias, especially for thick QW periods, is an indication of deficient car-

rier collection at low electric field.67–69

F IGURE 3 Energy band diagram at open circuit conditions for different n-i-p MQW configurations. (A) MQW 2 � 10 nm, (B) MQW
3 � 6.7 nm, (C) MQW 4 � 5 nm, (D) MQW 5 � 4 nm, (E) MQW 8 � 2.5 nm, (F) gradient MQW. The band gap energy of QW Eg and the
QW/barrier conduction band offsets ΔEc are highlighted with black and red arrows, respectively.
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To effectively assess the efficiency of carrier transport in

quantum nanostructured solar cells, the parameter of carrier collection

efficiency (CCE) can be defined, referring to the fraction of photo-

generated carriers that are collected as photocurrent.68 Since large

fraction of photogenerated carriers can be collected from the MQW

under sufficient reverse bias because of high electric field, the CCE

can be determined via a normalization of the illumination-induced cur-

rent enhancement to the corresponding saturation value at reverse

bias, as follows33,68:.

CCE V,λð Þ¼ EQE V,λð Þ
EQE Vreverse,λð Þ ð3Þ

where EQE (V, λ) is the external quantum efficiency at a given illumi-

nation wavelength and bias voltage, EQE (Vreverse, λ) is the EQE

obtained at sufficiently high reverse bias of �0.6 V in this case. In

Figure 4G, the spectral variation of CCE for solar cells with different

MQW configurations is depicted. The shift of the absorption thresh-

old to shorter wavelengths by decreasing QW thickness affect in turn

the edge of CCE spectra. Importantly, it is clearly noticed that CCE

improves at the corresponding spectral absorption range of different

MQW configurations when the thickness of QW period decreases.

This means that the fraction of photogenerated carriers contributing

to photocurrent under strong electric field is higher for MQW with

the thinnest QW periods because of better carrier transport com-

pared to thicker counterparts.

A simplified picture of possible microscopic collective charge car-

rier dynamics and electronic transport mechanisms in a-Si:H/a-Ge:H

MQW solar cell using semi-classical drift -diffusion modelling is pro-

vided in supporting information S6. This includes the spatial distribu-

tions of electrons and holes densities, the current densities, the

recombination rates and the electric field distributions for different

MQW configurations at their corresponding maximum power point

(MPP) conditions under AM1.5G spectrum. Further insights into the

transport mechanisms in our ultrathin Si/Ge MQW solar cell beyond

semi-classical drift-diffusion model can be gained in case of using

advanced microscopic quantum kinetic approaches in prospective

works.70–75

General interpretations from microscopic collective charge carrier

dynamics and electronic transport mechanisms in ultrathin Si/Ge

MQW solar cell

Given the small forward voltage bias at each MPP condition, the diffu-

sion of majority carriers into the intrinsic MQW region gives rise to

forward dark current in opposite direction to the solar cell current

flow. While, a diffusion of minority carriers occur from the opposite

doping polarity toward the space charge region.64

In Figure S7, steeper decrease in electron current density across

the intrinsic MQW region for thicker QW periods (MQW 2 � 10 nm)

compared to thinner QW counterparts, reaching a minimum level

around the middle nanoabsorber positions. This is a possible indica-

tion of the deficiency of electrons collection in wide QWs because of

the blocking by large potential barrier which inhibits the escape pro-

cess and the increment of photocurrent flowing through the QWs.

Such interpretation is consistent with the lowest FF value in Figure 2E

obtained for the solar cell device with MQW (2 � 10 nm).

In the MQW regions, the escape conduction mechanisms of

photogenerated carriers can occur either by the tunneling or therm-

ionic emission processes, as explained in Section S6.76,77 For the ther-

mal transport mechanism, it is strongly dependent on the potential

height as the charge carriers are compelled to overcome over the top

of barrier by means of thermal kinetic energy. This implies that the

F IGURE 4 EQE extracted from spectral response measurements at varied voltage bias on devices with different MQW configurations.
(A) MQW 2 � 10 nm, (B) MQW 3 � 6.7 nm, (C) MQW 4 � 5 nm, (D) MQW 5 � 4 nm, (E) MQW 8 � 2.5 nm, (F) gradient MQW. (G) Carrier
collection efficiency (CCE) for all MQW configurations with reverse bias of - 0.6 V.

8 MEDDEB ET AL.
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change of barrier height and applied electric field affects the occur-

rence of thermal escape mechanism. As for tunneling transport mech-

anisms, the transmission probability and the escape time is dependent

on the barrier height and thickness.

Therefore, the reduction of potential barrier height at the conduc-

tion band of a-Ge:H (QW)/a-Ge:H (QB) heterojunction under QC

effects, leads to improved carrier collection by both tunneling and

thermal emission processes (Figure S5). This is consistent with the

experimental FF results in Figure 2E.

Within the intrinsic MQW region, both dominant recombination

forms including band-to-band radiative (Rrad) and trap-assisted

Shockley-Read-Hall (RSRH) non-radiative are strongly correlated to the

electrons n and holes p carrier populations, as described in Section S7.67

It was reported that the spatial profiles of carrier densities and

the distribution of the majority/minority carriers govern the collection

and the recombination processes in the intrinsic MQW region. In fact,

photogenerated electrons tend to recombine in the region with oppo-

site polarity i.e. hole-rich region, whereas, photogenerated holes are

more susceptible for recombination in electron-rich region. Hence,

the average transport distance and the drift length of the minority car-

riers are the shortest in the regions with symmetric carrier distribution

(n = p), which detrimentally affects the collection process. The collec-

tion of photogenerated carriers near to the front (back) side of the

MQW region is limited by the hole (electron) transport in the n-rich

(p-rich) zone toward the hole-selective (electro-selective) contacts.33

In contrast, the majority carriers in each section can be better

extracted out of the QWs. An increment of RSRH recombination rate

is expected because of a variation in the electron density Δn in hole-

rich region (p > n).

The recombination rate is known to increase with higher carriers

flowing within the intrinsic MQW region under voltage bias at MPP

condition.64 By increasing the thickness of QW, the extension of the

recombination volume causes further deficiency of the electronic

transport because of the detrimental effects on the travel, the scatter-

ing dynamics and the lifetime of the charge carriers.64,78 Considering

the competition between the photocarrier escape and recombination

within QW regions, thick QWs with high potential barriers at the

conduction band result in longer trapping/capture time of electrons,

preventing their escape from the QW to contribute in the photocur-

rent.64,79 Whereas, thinner QWs with small potential barriers

lead to promoted separation of the photogenerated carrier with

minimal recombination, longer carrier lifetime and better lateral

conductivity.50,63

For MQW nanostructures in n-i-p architecture with dominant

drift-assisted carrier collection, the internal electric field is crucial for

the extraction and the sweeping of the charge carriers out of the

amorphous QWs materials with limited diffusion length.64,67,79 A

sufficient electric field is required to prevent the capture and recombi-

nation of the escaped carriers from QWs.64,79 In contrast, the internal

electric field can be deformed under the effect of trapping recombina-

tion sites within MQW region.

The escape mechanism in low field is dominated by the density of

electron states near the top of QW. For thinner QWs, the transport

of electrons is ensured by drift transport under sufficient electric field

in the intrinsic MQW region.64 Shorter escape times for electron is

assumed in narrower QWs with uplifted conduction band and higher

electric field.

To this end, the disparity in electronic collection and transport

mechanisms between MQW configurations with different periods

induces FF changes (Figure 2E) in the corresponding ultrathin Si/Ge

MQW solar cells.

3.4 | Optical design in ultrathin MQW Si/Ge
solar cells

It is well-known that the photocurrent of a solar cell device is directly

linked to the optical absorption spectrum of the photoactive absorber.

The total current densities at short-circuit condition Jsc is related to

the solar spectrum AM 1.5G and the EQE of solar cell devices

(Figure 2A), given by integrating Jsc (λ) at each specific wavelength

over the absorption spectral range:

Jsc ¼
ð
eλ
hc

EQE λð ÞIAM1:5 λð Þdλ ð4Þ

where IAM1.5(λ) is AM 1.5G solar radiation spectrum and e, h, λ and c

are elementary charge, Plank constant, wavelength, and speed of light,

respectively. It follows that the supplied current density is linked to

the absorptance determined by the nanoabsorber thickness and its

absorption coefficient. In the following parts, we investigate the

impact of optical design of nanoabsorbers in terms of MQW configu-

rations and QW numbers on the distribution of the optical field and

the local absorption. This allows to explain the change in photocurrent

generation of different ultrathin MQW Si/Ge solar cells by optical

modelling in the light of the experimental EQE results presented in

Figure 2A.

Across the MQW solar cell device, the optical absorption in dif-

ferent functional layers mainly depends on the amplitude of light elec-

tromagnetic field and on the optical refractive indices (n, k) of

materials, given by16:

Absorption z,λð Þ¼2πc ε
λ

n z,λð Þ�k z,λð Þ E z,λð Þj j2 ð5Þ

where c is the speed of light, ε is the permittivity of free space and

E z,λð Þj j2 is the electric field amplitude as a function of depth z and

wavelength λ.

Based on the electric field map of spatial and spectral distribution

displayed in Figure S8 from supporting information, the evolution of

the maximum amplitude of the normalized optical field at individual

light wavelengths across the depth of each ultrathin Si/Ge MQW solar

cell configuration is extracted in Figure 5. The range of wavelengths

covers visible and NIR from 400 nm to 1,000 nm with an increment of

100 nm. The zero-position is considered at the Ag/p-a-Si:H interface

in the back edge of nanophotonic cavity. At this metallic back contact,

MEDDEB ET AL. 9
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the electric field is attenuated for all solar cells once penetrating Ag

medium because of skin effect, with more pronounced decay for

shorter wavelengths.16 Then, a rise in the electric fields of all wave-

lengths take place through the p/i a-Si:H layers, with more significant

change for longer wavelengths. Within different MQW regions out-

lined with dashed lines and grey boxes, the intensity of electric field

increases gradually from shorter to longer wavelengths. By placing the

MQW intrinsic zones in centered positions relative to the edges of

the photonic absorbing nanocavity, the intensity maxima of the elec-

tric field for all wavelengths occur within the nanoabsorber regions.80

However, the positions corresponding to maximum peak intensities

displace from the back sides to front sides of different MQW devices

as the light wavelengths increase from shorter to longer values. The

maximum intensities of the electric field for short wavelengths

(λ < 600 nm) are low and remain near to the Ag back side. Whereas,

the zones with high electric field intensity are more spatially spread

within MQW regions in the case of longer wavelengths.

To visualize the spatial propagation of light waves, the optical

field variations for separate specific wavelengths across the depth of

all MQW solar cell devices are simultaneously compiled in Figure S9.

It is clearly noticed that the amplitude of electric field at each wave-

length is very similar among all MQW solar cell devices. This is in

accordance with comparable EQE levels (Figure 2A) for different

MQW configuration within their absorption range. However, the

slight thickness extension in the case of MQW periods with larger

QW numbers is accompanied with a decrease in the electric field

intensity for all wavelengths in the vicinity of the i/n regions. This is

expected to induce lower absorption efficiency in the top parts of

QWs near to the front side of solar cell devices, especially for MQW

(8 � 2.5 nm). These observations are consistent with the comparable

EQE at short wavelengths and the incremental disparity between

MQW configurations for longer wavelengths above 600 nm.

Next, we examine the distribution of local absorption as a func-

tion of wavelengths and across the depth of ultrathin Si/Ge MQW

solar cells with different configurations in Figure 6. The regions with

high absorption require a simultaneous combination of strong electric

field intensityjE(λ)j2 and lossy materials with higher product of refrac-

tive indices n(λ) � k(λ). In the spatial wavelength-dependent distribu-

tions, suitable spectral and spatial overlapping of electric field maxima

with medium having high refractive indices in the photoactive MQW

regions is desired to foster photocurrent generation.

In all MQW configurations, more intense and broader absorption

in obtained for each a-Ge:H QW region because of higher product of

optical coefficients n(λ) � k(λ) and lower bandgap energy Eg compared

to other a-Si:H buffer or barrier functional layers (Figure S1). This

implies dominant contributions of a-Ge:H QW regions with all differ-

ent thicknesses in the generated photocurrent from the intrinsic

photoactive absorbers of different MQW solar cells.

Another observation is that the high-absorption regions (red

zones) are spectrally spread to long wavelengths beyond 700 nm for

MQW configurations with QW thicker than 5 nm, but, these sections

with intense absorption get restricted to wavelengths around 600 nm

when QW thickness is reduced down to 2.5 nm. A fascinating aspect

in variation the local absorption with different MQW configurations is

manifested for the spatial distribution across the length of photonic

nanocavity. This is strongly affected by the electric field distributions,

considering the intensity maxima of the electric field for all wave-

lengths within the nanoabsorber regions and the shift of maximum

peak intensities from the back sides to front sides by increasing opti-

cal wavelengths. It follows that, along the depth of solar cell devices,

the regions of QWs nanoabsorbers in the vicinity of the Ag back

reflectors are characterized by the strongest local absorption in all the

QW configurations. These high-absorption regions (red zones) are

extended up to 30 nm away from the Ag/p-a-Si:H back edge of the

nanophotonic cavity. The enhanced optical absorption is a consequen-

tial outcome of the strong resonance in the planar nanocavity because

of the electric field build-up and interference effects. Then, a gradual

decrease in the absorption intensity of all wavelengths is visualized

F IGURE 5 Spatial distribution of
electric field for individual optical
wavelengths across the depth of each
configuration of ultrathin Si/Ge MQW
solar cells separately. (A) MQW
2 � 10 nm, (B) MQW 3 � 6.7 nm,
(C) MQW 4 � 5 nm, (D) MQW 5 � 4 nm,
(E) MQW 8 � 2.5 nm, (F) gradient MQW.
Dashed lines and grey zones indicate the

MQW region in each device
configuration. Yellow arrows show the
direction of the incident light.
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over different stratified MQW configurations, when QWs position get

further away from the back reflective contact. This is rigorously

related to the drop of the electric field intensity near to the i/n layers

at front side of the devices for all light wavelengths. The spatial exten-

sion of the nanophotonic cavity length maximizes the propagation

phase shift, hinders the compensation of nontrivial total phase shift

and weakens the light confinement capability by multiple passes recir-

culation. Therefore, lower absorption is noticed in the QW regions

adjacent to the front side, especially, for the MQW configuration

(8 � 2.5 nm) with thinner QW thickness/period and large number of

QWs. This would induce different partial contributions in the total

photocurrent across multiple nanoabsorber regions and a nonpropor-

tional dependence of photocurrent as a function of QW number. For

gradient configuration (Figure 6f), thicker QW near Ag region is

desired to maximize the absorption enhancement inside the photonic

nanocavity. In contrast to the adopted gradient configuration, a

reversed order with instead thicker QW closer to the AZO front side

would suffer from a deficiency in the corresponding local spatial

absorption, especially for shorter wavelengths, as can be noticed in

Figure S10.

To this end, by changing the period QWs in different MQW con-

figurations with the same total thickness of i-a-Ge:H absorbing mate-

rial in the range of 20 nm, the values of photocurrent slightly change

for large QW period, but, a drop is observed especially for the thin-

nest LQW of 2.5 nm. The similarity in photogenerated current level

can be attributed to comparable round-trip propagation phase shifts

controlled by the nanocavity length and the effective refractive index

of the absorbing media an average of optical indices of a-Si:H

(QB) and a-Ge:H (QW) multilayer weighted by their corresponding

thicknesses. This in turn leads to comparable spatial distribution of

the corresponding optical field and local absorption. Small difference

is caused by the drop of both the electric field and the local absorp-

tion near to the i/n layers at front side as MQW thickness gets away

from the back reflective edge of the nanocavity. However, the main

discrepancy consists of the spectral absorption where the high-

absorption regions and the absorption threshold are restricted to

shorter wavelengths by decreasing QWs thickness due QC effects.

This is the main reason of the photocurrent variation in different

MQW configurations. It is noteworthy that the photocurrent is also

dependent on the solar spectrum with higher intensities at shorter

wavelengths between 450 nm and 650 nm (which is in accordance

with EQE curves in Figure 2A). Thus, maximizing the optical absorp-

tion at this short-wavelength range it is beneficial to boost the

photocurrent.

In a broader context, the optical design considerations deduced

along this work remain valid for the development of derived semitrans-

parent devices. For this purpose, further theoretical and experimental

analysis about the influence of QW number, barrier thickness and back

reflector thickness will be insightful for the optimization of ultrathin

semi-transparent Si/Ge MQW solar cells with optimum trade-off

between power conversion efficiency and visible light transmission. The

presented results also indicate possible further improvements by better

F IGURE 6 Spectral and spatial distribution maps of local absorption as a function of wavelengths and across the depth of ultrathin Si/Ge
MQW solar cells with different configurations. (A) MQW 2 � 10 nm, (B) MQW 3 � 6.7 nm, (C) MQW 4 � 5 nm, (D) MQW 5 � 4 nm, (E) MQW
8 � 2.5 nm, (F) gradient MQW. The dashed white lines point out the interfaces between different functional layers. The corresponding
absorption thresholds for each a-Ge:H QW thickness is highlighted with dashed yellow lines. Yellow arrows show the direction of the incident
light.
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matching the zones of high optical field intensity with the QW positions

within the nanoabsorber. This could be achieved by the optical design

of the functional layers at the front side of the device and, particularly,

tuning the thickness of AZO front layer and employing selective con-

tacts with lower parasitic absorption.81–85

4 | CONCLUSIONS

In this work, we report the prime study about the implications of dif-

ferent MQW nanoabsorber configurations through optical design and

bandgap engineering on the characteristics of ultrathin Si/Ge MQW

solar cell devices. By changing the MQW configuration in the

deep-subwavelength photonic nanocavity, the interplay of optical and

electronic confinements results in large tuning capabilities of the

optoelectronic properties.

For the optical aspect, the variation of QW thicknesses and the

optical bandgaps in different MQW configurations induces a modula-

tion of the absorption threshold, the resonance condition and the

photocurrent output. Based on optical modeling, a detailed analysis of

the spatial and spectral distributions of the electric field and the local

absorption in different ultrathin Si/Ge MQW solar cells is conducted

to further elucidate the optical design considerations.

For the electrical aspect, because of quantum-size effect, the

change of individual QW thicknesses in different MQW configura-

tions alters both the bandgap energy of a-Ge:H QW and the band off-

set at the a-Ge:H (QW)/a-Si:H (QB) heterojunctions. This in turn

controls the photovoltage as well as the carrier collection efficiency in

solar cell devices.

Owing to the optimization of MQW configuration by adopting

thinner QW period inside the absorbing nanocavity with highly reflec-

tive Ag mirror, a new record efficiency of about 5.5%, is achieved for

this emerging ultrathin Si/Ge MQW PV technology, because of the

optimum trade-off between all the characteristic outputs of the corre-

sponding solar cell device.

The design rules of ultrathin amorphous Si/Ge MQW opaque

solar cells established in this study are beneficial for the engineering

of derived color-neutral, switchable or semi-transparent PV devices

integrated in relevant applications like in buildings, vehicles and

greenhouses.
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