Materials Science & Engineering R 139 (2020) 100517

. . . . = "'

Contents lists available at ScienceDirect MATERIALS
SCIENCE &
ENGINEERING

R

Materials Science & Engineering R

journal homepage: www.elsevier.com/locate/mser e
Device characteristics and material developments of indoor photovoltaic R
devices e

Addanki Venkateswararao®, Johnny K.W. Ho", Shu Kong So™"*, Shun-Wei Liu®®"**,
Ken-Tsung Wong™*

2 Department of Chemistry, National Taiwan University, Taipei 10617, Taiwan

Y Department of Physics and Institute of Advanced Materials, Hong Kong Baptist University, Kowloon Tong, Hong Kong, China
© Department of Electronic Engineering, Ming Chi University of Technology, New Taipei City 24301, Taiwan

9 Organic Electronics Research Center, Ming Chi University of Technology, New Taipei City 24301, Taiwan

€ Institute of Atomic and Molecular Science, Academia Sinica, Taipei 10617, Taiwan

ABSTRACT

Indoor photovoltaics (IPVs), which convert the indoor light energy into direct electricity, have attracted research
attention due to their potential use as an excellent amicable solution of sustainable power source to drive low-
power-needed sensors for the internet of things (IoT) applications. Our daily life adopts various indoor light
sources, such as indirect sunlight, incandescent lamps, halogen lamps, fluorescent lamps, and LED bulbs, that
typically deliver lower light intensity (200-1000 lux) as compared to that of sun light (~100,000 Ix). In this
review, we firstly classified the indoor lights depending on their working mechanism and resulting emission
spectrum. Because the indoor light intensities are rather low that may lead to overestimate/underestimate the
power conversion efficiency (PCE) of IPV devices, then, the cautious points for correctly measuring the indoor
light intensity as well as the device characteristics are summarized. Several light sources with various light
intensities are reported so far, but for lack of common or standard calibration meter that induces a ambiguity in
PCE determination, so we suggest/propose to use a universal LED lux meter with NIST-traceable calibration (e.g.
Extech LT40-NIST) and also recommended the device results are expressed in maximum power point Pp,,x along
with PCE values. It is generally believed that the materials play key roles on the performance of the IPV devices.
Since the indoor light intensity is much weaker as compared to that of outdoor irradiation, the typical inferior
photo-stability of organic materials under sunlight may not be as crucial as we considered to harvest indoor light
energy, opening a great room for organic IPV material developments. In principle, all materials for outdoor PVs
may also be useful for IPVs, but the fundamental material requirement for IPVs which needs sufficiently covering
the absorption range between the 350-700 nm with high molar extinction coefficient should be primarily
concerned. In order to get the thorough knowledge of materials for achieving better efficient IPVs, the reported
IPVs were collected and summarized. According to these reports, the materials utilized for IPVs have been
classified into two major groups, inorganic and organic materials, then divided them into several sub-classes,
including (1) silicon and III-V semiconductor photovoltaics, (2) dye-sensitized photovoltaics, (3) organic pho-
tovoltaics, and (4) perovskite-based photovoltaics, depend on their structural nature and device working
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principle. For every individual class, the structure-property-efficiency relationship of the materials was analyzed
together with the highlights on the best efficiency material, challenge and perspective. For inorganic IPV ma-
terials, III-V semiconductor GaAs-based IPVs performed a very impressive PCE (28%). For dye sensitizers, there
are more flexible strategies to modulate the absorption profiles of organic materials. A high efficiency dye-
sensitized solar cell (DSSC)-based IPV with a PCE up to 32% has been successfully realized with co-sensitized
dyes. For organic solar cell (OSC)-based IPVs, fullerene-based acceptors are advantageous for their well-
matching desired absorption range and superior electron transport features. A recent OSC-based IPV with the
active layer composed of dithienobenzene-based donor and fullerene acceptor was reported to deliver a PCE of
28%. Among these emerging photovoltaic materials, it is no doubt that perovskites (e.g. CH3NH;3PbI3) are su-
perior for solar energy conversion due to the crystallinity for good charge transport, better spectral coverage and
the low exciton binding energy. Until very recent, a perovskite-based IPV with a PCE of 35% was reported with
good stability by the incorporation of an ionic liquid for effectively passivating the surface of the perovskite film,
indicating the bright prospect of perovskite for IPV application. Overall, the review on these reports implies the
essential criteria of materials suitable for IPVs that may trigger new ideas for developing future champion
materials for various devices and the realization of practical IPV applications.

1. Introduction

The internet of things (IoT) technology is optimistically expected to
benefit our daily life quality with various smart ways. The success of
IoT technology will strongly rely on the function and number of end
nodes (sensors and actuators), which detect the conditions of environ-
ment and/or appliances and communicate each other and/or link to
gateway by wireless network [1-10]. The usage of IoT end nodes would
expect to reach tens of billions by the end of this decade (2020). Even
though they are designed to operate periodically and consume low
power (microwatt to milliwatt), however, the long-term power supply
without cautious care and maintenance is a quite challenging task,
which is the crucial factor for the success of IoT technology. In this
regard, the combined “energy-harvesting system” for collecting en-
vironmental light, mechanical and thermal energy is anticipated to
serve as alternative power supply of currently dominated power source
from battery. Along this line, high efficiency indoor photovoltaics
(IPVs), which harvest the ambient light energy from day light and/or
indoor illumination will be an excellent and amicable solution for
providing sustainable power to drive these devices [11-13]. The utili-
zation of IPVs can drastically reduce the maintenance cost of installed
indoor electronic devices. Thus, the developments of IPVs are emerging
as an important technology suited for IoT applications, household and
various electronic applications.

Importantly, IPVs can effectively convert ambient light coming from
the direct or indirect day light from sunlight, however, the reliable
ambient lightings of building or office environment are from elec-
trically powered light sources such as incandescent lamp, fluorescent
lamps, compact fluorescent lamp (CFL), halogen lamps and light
emitting diode (LED) bulbs, and so on [14]. These reliable indoor light
sources are in different emission spectra, typically covering only visible
region, and 100-1000 times lower intensity as compared to standard
sun conditions (100 mW c¢m ™2 or 1-sun AM1.5 G). To better understand
about light sources for IPV applications, the detailed classifications,
characteristics and mechanisms of various indoor lightings are sum-
marized in Section 2 of this review. For comparison, the emission
spectra of indoor light sources along with solar spectrum are shown in
Fig. 1. It is obvious that the emission spectrum of incandescent lamp
covers a wide range of visible wavelength and extends to the near in-
frared (NIR) range, therefore, the material of IPV designed for har-
vesting the light energy of incandescent lamp needs to consider the
spectral response up to NIR range. However, from the energy saving
point of view, fluorescent lamps and LEDs currently attract significant
interests and dominate over incandescent lamps in the market. The
emission spectra of fluorescent lamps and LED-based lights are mainly
covering on the visible region, which provides a great opportunity of
developing IPVs employing wide band gap materials.

Till date, several types of IPVs responding to different indoor light
sources of various intensities and emission spectra are reported. Though

outdoor solar cells have one standard solar condition (AM1.5G or
100 mW cm ~2), however, till now no standard condition was set for the
IPVs, but a number of light sources were used to determine the power
conversion efficiency (PCE) of focused IPVs [15]. In a general com-
parison, the maximum power point (Py,,,) of indoor devices are lower
than the outdoor devices under direct sunlight. The main difference
between the IPVs and outdoor solar cells coming from the measurement
errors such as spectral mismatch error, sweep time effect, and light-
soaking effects [16]. Therefore, how to precisely measure the efficiency
of IPVs is extremely important. The focused issues addressing these
concerns will be presented in the Section 2.2.

Currently, it has been estimated that around 20% of global elec-
tricity was consumed by lighting sources, which can be used not only to
create high quality indoor illumination, but also provide a potential
indoor light energy for driving lower-power demanded devices [17].
The selection of a particularly interested IPV for indoor light sources is
of utmost important and vice versa, and is quite a challenging task for
researchers. In general, the power available from the indoor lighting is
very low (100 pW). So the fabrication of limited size [PVs with ultra-
low power circuits as well as maximum power point tracking (MPPT)
method extracting maximum power from ambient lighting is highly
desired [18,19]. Therefore, new approaches for the developments of
IPVs should be implemented not only in material designs but also for
device configurations. Fortunately, since the intensity of indoor light is
much weaker as compared to that of outdoor sunlight, the inferior
photo-stability of organic materials may not be as crucial as we typi-
cally considered for conventional photovoltaics (PVs). This opens a
great space for introducing organic functional materials into this field.
In principle, all materials for outdoor PVs may also be useful for IPVs,
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Fig. 1. The emission spectra of the indoor light sources and standard solar
spectrum. Adapted from ref. [14].



A. Venkateswararao, et al.

but there are some fundamental requirements for IPV materials. Parti-
cularly, in contrast to materials with NIR absorption for outdoor PVs,
materials covering the absorption range between 350-700 nm with
high molar extinction coefficient are sufficiently potential candidates
for IPVs [11-13]. Materials with the longer wavelength absorption
(> 700 nm) are additional since the indoor irradiance, except for in-
candescent lamp, is out of this region.

Depending on the nature of materials, they were basically inorganic,
organic and organometallic materials used for various types of photo-
voltaic techniques. In the case of inorganic semiconductors, both silicon
and III-V semiconductor-based solar cells are mostly popular. Since the
first silicon-based solar cell was reported in 1941, substantial re-
searches have been done on this technology to attain a continuously
improvement of the PCE [20]. After various improvements/modifica-
tions and device engineering on fabrication process, crystalline silicon-
based PVs had achieved a very high PCE of 26% under standard solar
conditions [21]. It is nature to extend this type of PVs for harvesting the
indoor light energy. In early 1970s, amorphous silicon has been started
to use as IPVs for powering watches and calculators via harvesting the
ambient light energy [22]. However, the production cost and tedious
purification of Si in conjunction with the moderate device performance,
stimulated the developments of the new era materials for photovoltaic
technologies. The current status of Si-based IPVs together with new
developments of inorganic semiconductors for IPVs will be highlighted
in Section 3.1.

Nowadays, in addition to crystalline/poly-crystalline silicon-based
solar cells, which share the majority current PV market, the other
emerging technologies such as dye-sensitized solar cells (DSSCs), or-
ganic solar cells (OSCs) and perovskite solar cells (PSCs) have gained
immense research attentions due to the potential advantages such as
low cost, light weight, flexible, transparent, low fabrication tempera-
tures, and particularly short energy payback times [23]. In contrast to
inorganic silicon and III-V semiconductors, organic materials attracted
particular attention because of their tunable optical and electronic
properties, which can be subtly manipulated by various suitable mo-
lecular designs. By a suitable modification on end/terminal groups or
molecular core skeletons, organic materials can be used as photoactive
materials in various PV technologies. For example, dye sensitizer for
DSSCs, donor or acceptor of active blend for OSCs, and hole-trans-
porting layer (HTL) or electron-transporting layer (ETL) in PSCs. The
materials with required properties for these emerging photovoltaic
techniques are different/specific. For each one, their structural/photo-
physical properties, molecular interactions/packing and morphology
need specifically tune in order to achieve promising performance.
Among these new PV technologies, DSSCs attracted worldwide atten-
tion since the breakthrough made by Grétzel in 1991 [24]. The PCE of
DSSCs steadily increased from 7.9% to a recent 14.3% under standard
solar AM1.5G conditions [25]. The dyes suitable for DSSCs typically
exhibit strong absorbance in the visible light range, which is highly
beneficial for their IPV applications. For giving the absorption ranging
between 350 and 700 nm requires the molecule with limited molecular
s-conjugation, which will reduce the synthetic complexity for con-
structing the desired dyes. In addition, smaller dyes with compact
packing on TiO, will limit the flexibility of anchoring modes, which can
effectively reduce electron recombination processes, leading to higher
efficiency. Grétzel and co-workers successfully made indoor DSSC for
the first time by using N719 dye [26]. After then, the PCE of DSSCs for
indoor light energy harvesting was significantly improved. Recently,
Grétzel and co-workers used a judicious combination of co-sensitized
dyes (XY1b:Y123, Section 3.2), which help to broad the ultraviolet-to-
visible (UV-vis) spectral coverage, along with dye-impregnated meso-
scopic TiO, films attached with porous paper to avoid direct contact
between PEDOT counter electrode and redox electrolyte. The resulting
new generation co-sensitized DSSC produced the highest record PCE of
31.80% under a white fluorescent light of 1000 Ix illumination [27].
When DSSCs and silicon solar cells illuminated with the same indoor
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lighting, both devices produce the similar short circuit current density
(Jsc), but DSSC showed higher overall outputs due to their high band
gap, which is beneficial for obtaining higher open circuit voltage (Voc)
of ~ 0.65V as compared to that Vo¢ (0.3-0.4 V) of silicon-based solar
cells [28,29]. Although there is critical issue on the liquid electrolyte
for long-term use, nevertheless, the solid state and flexible DSSC are
under extensive investigations for conquering such challenge as well as
getting higher PCE for possible commercialization, rendering the future
of DSSC for IPV application feasible. The developments of DSSC-based
IPVs will be summarized in Section 3.2.

On the other hand, OSCs employing the bulk heterojunction (BHJ)
of organic electron donor and electron acceptor as active layer have
gained enormous research interests due to their advantages such as
lightweight, low cost, transparent, colorful, flexible and large panels,
and easy fabrication with cost-effective production, as compared to
those of solar cells using silicon and GaAs. There are many groups
working on the development of donor and/or acceptor as well as device
engineering for creating high efficiency OSCs. Since the first report
made by Tang on bilayer OSC, the PCE steadily increases from 1% to
higher than 14%, even more a PCE up to 16.5% was reported recently
[30-39]. Beyond the application for solar energy harvesting, indoor
OSCs also gain great research interest, particularly aim for self-pow-
ering IoT. Therefore, the number of reports on OSCs for ambient light
harvesting increases quickly. For indoor OSCs, the active blend ab-
sorption should have cover the indoor lighting, in addition to exhibit
nanophase separation and appropriate crystalline size of donor and/or
acceptor for the efficient diffusion of exciton as well as the balance of
charge carrier transportation. In spite of innovative molecular design
ideas, feasible approaches that enable organic materials to form ap-
propriate crystalline sizes together with face-on morphology in active
layer for enhancing shunt resistance (Rgp,) and then high Vo are highly
desired [11-13]. As compared to DSSCs, OSCs enable the flexibility for
tuning donor and/or acceptor units of active layer, giving more spaces
for improving the ultimate efficiency. There are some suspicious issues
that dim the future of OSCs, particularly the photo-stability of organic
materials as well as device under continuous light soaking. However, as
just mentioned, the intensity of indoor lighting is significantly lower as
compared to sunlight, therefore, the photo-bleaching of organic active
layer is no longer a big issue as we consider OSCs for IPV applications
[40,41]. The first report of OSC for IPV application was disclosed by
Minnaert and co-workers, using P3HT:PCBM as an the active layer
under 500 Ix of a LED light illumination [40,41]. They concluded that
the BHJ OSCs are well suited for IPVs and showed a relatively higher
PCE of 27% for single junction OSC and 70% for tandem OSCs as
compared with standard silicon solar cell under the same illumination
conditions [40]. After then, the PCE was improved by Tsoi and co-
workers with an active layer composed of dithienobenzene-based donor
(BTR) and fullerene acceptor (PC71BM), the current case has reached
to a PCE of 28% under a fluorescent lamp (1000 Ix) illumination [42].
Considering the organic composition and environmental benign fabri-
cation process of OSCs, the role-play of OSCs in IPV applications should
be eye-catching if the PCE and stability could be continuously im-
proved. The materials and progresses of OSC-based IPVs will be sum-
marized in Section 3.3.

Recently, organic-inorganic hybrid perovskites are emerging as ex-
cellent light harvesting materials mainly attributed to their high ex-
tinction coefficient, long charge carrier diffusion length, high carrier
mobility, low cost fabrication and high PCEs [43]. Most of perovskite-
based PVs adopt an organometallic active material with CH3NH3PbI;
configuration, mainly due to the crystallinity and stability issues to-
gether with better spectral coverage matching with solar radiation
[44-46]. In contrast to OSCs, in which the exciton with binding en-
ergy < 50 meV which is close to room temperature thermal energy,
perovskites typically exhibit very low exciton binding energy [47]. In
addition, perovskites are feasibly to act as an ambipolar material that
can smoothly transport both hole and electron to counter electrodes
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either with conventional or inverted configuration. Although, PSCs are
suffering from the energy loss of exciton migration and dissociation, but
they possess lower geminate recombination and thus produce high
photocurrent density. The PCE was drastically improved from 3.8% in
2009 to a recent 23.2% [48,49]. These perovskite materials are soluble
in polar solvents, which limit the progress of solution processing until a
breakthrough made by Grétzel using perovskite layer in combination
with Spiro-MeOTAD as HTL for producing a PCE of 10.9% [50]. After
then, many research endeavors devote to make high crystallinity of
perovskite film, to develop strategies for conquering the low stability
and degradation of device, which are generally believed the bottleneck
towards commercialization [46]. There is always a serious concern
about the water-soluble issue of Pb ion of perovskite. In this regard,
researchers trigger the activity to develop Pb-free perovskite materials
to reduce the potential toxicity by incorporating Cs, Sn, Ge, etc. as al-
ternative metal ion of perovskite, which can also extend the absorption
and decrease the band gap of the material. Among various physical
characteristics of perovskites, the low exciton binding energy is parti-
cularly interesting, which should be advantageous for indoor applica-
tions. Definitely, there are more opportunities of utilizing perovskites
for IPVs after adjusting the physical characteristics by tuning the
composition of CH;NH3PbX5. For example, using X = Br or Cl can shift
the absorption to shorter wavelength, or partially replacing CHsNH3 "
with different organic or inorganic cations [46]. The first work of PSC
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for IPV application was reported by Lin and co-workers with two-step
deposited PC61BM as ETL, achieving a high Voc of 0.85V and PCE of
27% under dim light illumination [51]. After then, the progress was
significantly improved, the current case has reached to a PCE of 35.2%
by Wang and co-workers by incorporating an ionic liquid [BMIM]BF,
for efficient surface traps passivation and favorable electron extraction
and transportation under 1000 Ix luminance of a fluorescent lamp il-
lumination [52]. The progress of perovskite-related researches for IPVs
will be summarized in Section 3.4.

It is obvious that the progress of IPVs with different aspects of
materials is continuously growing. In order to achieve better PCEs and
higher stability of IPVs, it is essential to get the thorough knowledge of
device characteristics as well as materials developed so far from related
reports. In this review, the literatures of IPVs mainly covering on si-
licon, III-V semiconductors, DSSCs, OSCs, and PSCs are collected and
summarized to establish the structure-property-efficiency relationship.
The reported IPV materials, are classified into four major groups, in
which some of them are divided into several sub-classes depending on
their structural nature and properties. The importance of IPV material
within individual class is highlighted. The material for giving the best
efficiency will be especially emphasized, and then the challenges and
perspectives in each class will also be pointed out. From this summar-
ized report, we hope that the researchers can be inspired to have new
material design ideas according to the different photovoltaic
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technologies for further improving the efficiency and stability of IPVs,
rendering the practical applications of this indoor light harvesting
technology for IoT feasible.

2. Review of indoor lighting and photovoltaic devices
2.1. Indoor light source classification and features

Since the realization of the first commercialized light bulb by
Thomas Edison in 1879, artificial lighting has brought drastic techno-
logical advancements, and becomes a necessity in the daily life of
human beings. Various forms of lighting have been developed.
Domestic lighting nowadays includes incandescent lamps, halogen
lamps, fluorescent tubes, CFLs and LEDs. They possess distinct spectral
features due to their light production mechanisms and color rendered
due to choice of materials. The details of the two classifications are
outlined below.

Light sources can be classified by their colors. The color of a light
source can be quantified in the CIE (x,y) space [Fig. 2(a)]. [53] The
curved boundary, known as the spectral locus, gives the colors of
monochromatic light at visible wavelengths. Colored light sources are
characterized with the chromaticity coordinates, also known as CCx
and CCy values. There is a whitish region in the space, defining the
range of colors as “white”. The region covers most of the planckian
locus, the colors of blackbodies at different temperatures. In light of
this, the correlated color temperature (CCT), also conventionally called
color temperature, is defined for characterizing white light sources
[Fig. 2(b)]. [54] Conventionally, three kinds of color temperature can
be seen in domestic light sources: warm white (2700-3000 K), natural
white (4000-4500K) and cool white (5000-6500K). A higher color
temperature gives more bluish light, expecting relatively more emis-
sions at the short wavelength region [Fig. 2(c)]. [55]

The two main light production mechanisms are incandescence and
luminescence. Inside an incandescent lamp, a resistively heated metal
(usually tungsten) emits thermal radiation. The emitted radiation re-
sembles a blackbody with a characteristic spectral power distribution
(SPD) [Fig. 3(a)], [56] featured by a large proportion as high as 90% of
infrared (IR) radiation. Therefore, these light sources are often called
hot light sources. Traditional incandescent light bulbs and halogen
lamps emit light with this mechanism. Household has used in-
candescent light bulbs for more than 130 years. Halogen lamps give
greater lumen output, and are used in areas requiring quality light such
as food preparation and display of paintings, products and so on.

In contrast to incandescent lamps, luminescent lamps do not pro-
duce light by heat and are often called cold light sources. Cold light
sources may produce light by gas discharge, which can be found in
fluorescent tubes and CFLs, or by electroluminescence, which can be
found in LEDs. For fluorescent tubes and CFLs, light is produced by
emission from electronically excited Hg vapor inside the gas discharge
tube under an applied voltage, together with the Hg-emission-induced
fluorescence generated by phosphors coated on the inner surface of the
tube, producing SPDs of characteristic peaks of narrow bands
[Fig. 3(a)]. Fluorescent phosphors are employed in fluorescent lamps
for converting the UV light to the visible. LEDs produce light through
electroluminescence. Electrons and holes flow into the semiconductor
junction from the electrodes. A photon is released when an electron and
a hole recombine. Light sources with LEDs are also called solid-state
lighting (SSL). A single-junction LED emits colored light characteristic
to the semiconductor material used, and the corresponding emission
spectrum is usually narrow. [57] To make white LEDs, two major ap-
proaches may be used. For the most widely used phosphor LEDs, light is
produced by emission from a combination of a GaN blue LED and
yellow phosphors, giving broad band spectra with peak in the blue
region [Fig. 3(a)]. The color temperature can be tuned by adjusting the
thickness of the phosphor coating. Alternatively, white light can be
generated by RGB LEDs. Here, three LEDs, red, green and blue, are
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made in one module, producing white light by means of the additive
color method. Usually three distinct peaks can be observed in the SPD
[Fig. 3(b)]. [58] Other variations of white LEDs are based on these two
approaches of the use of phosphor materials (wavelength converter)
and color mixing of individual LEDs, ranging from dichromatic to tet-
rachromatic sources. It should be noted that all these white LED var-
iants have distinct SPD features from one to another.

2.2. Measurement of incident power intensity

PCE determination involves both the incident and the output
powers. The incident power intensity under AM1.5 G is fixed at 100 mW
cm ™2 For IPVs, the incident power intensity varies with the illumi-
nance and the indoor light source. For the same model of light source,
and with a particular PV device, large variations in PCE have been
reported across different laboratories. The variations can be traced to
different reported incident power intensities even though the same
model of light source and illuminance was specified. [59] Accurate
indoor PCE calculation, therefore, requires reliable incident power
measurement.

Indoor lighting is artificially designed for human vision. The
brightness of an indoor light source is subject to visual perception of
human eyes. Therefore, it is necessary to quantify brightness with
photometric quantities which is weighed by the spectral sensitivity of
human vision instead of radiometric quantities. A measure of brightness
is illuminance, also known as luminous flux intensity, with the SI unit
lux (Ix). Naturally, lux becomes a specification of performance eva-
luation conditions for IPV devices. Nonetheless, PCE calculation for an
IPV cell requires knowledge of the incident power intensity, in W cm ™2,
Therefore, conversion from a measured illuminance L to incident power
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[58].
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intensity (Py,) is needed for indoor PCE calculation. The conversion can
be defined by [55]

830 nm
L =KPn '-/3'60 am Snorm (1) V (1)dA D)

where

S

Shorm (1) = m

(2)

is the SPD of the light source S(A) (usually in arbitrary unit) under the
normalization condition meS (A)dA = 1. K, = 683.002lm W~! is the
maximum spectral luminous efficacy for human photopic vision, and V
(A) is the spectral luminous efficiency function for human photopic
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vision ( > 51x) characterizing the spectral sensitivity of human eyes.
[60,61] The range of the integrals from 360 nm to 830 nm in Equation
(1) is set according to the definition of V(A), in which the color-
matching function of the CIE 1931 2° standard colorimetric observer of
1°-4° field of view is adapted. It is the standard for most commercially
available photometric instruments. [62-65] The denominator in
Equation (2) is the normalization constant for S(A), separating the
magnitude of the power intensity from the relative spectral features. A
scheme of P;, determination is given in Fig. 4 and described as follows.

S(A) can be measured by a spectroradiometer. The area A under S(A)
from 360 to 830 nm is calculated. Then S(A) is divided by A to get
Snorm(A). During PV measurement, a calibrated lux meter is placed at
the device position. The target illuminance can be obtained by

830 nm
Area = S(2) da
360 nm
. 30000
3
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— o
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Fig. 4. A calculation scheme of determining incident power intensity of a light source P;, from the illuminance reading L of a calibrated lux meter. The integral filled
in yellow is the area under curve in the S,o;m(A) X V(L) plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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adjusting the distance between the light source and the lux meter. After
that, the device and the light source are fixed for device performance
evaluation. As the relative spectral features are invariant to the irra-
diance under particular operating conditions, Syorm(A) remains un-
changed for the same light source. Changing the source-device distance,
i.e. L, only alters P;,. Then the incident power intensity can be de-
termined. The integral in Equation (1) indicates the degree of matching
of the light source SPD to the spectral sensitivity of human vision. The
larger the value, the smaller the P;, for the same L due to the perception
of increased brightness. Therefore, the same illuminance generally
corresponds to different P;, according to the light source. Previous re-
ports have a wide range of P;,-to-L ratio of 25-60 yW cm ™~ 2 per 100 Ix.
[13,42,55,66-72] S(A) varies from the type of light source (e.g. fluor-
escent lamps and LEDs) to the color of the light, or the color tem-
perature for white light sources. Even for the same type of light source
and same color temperature, SPD variation across manufacturers and
batches can be significant. [73] It can be illustrated by comparing the
spectra of two distinct 4000 K fluorescent lamps provided by previous
reports [55,74]. Differences in spectral features can be observed, and a
P, difference of 16% for the same illuminance is obtained using
Equation (1). An even more dramatic, greater than 57% difference is
found when comparing the SPDs of another pair of fluorescence lamp
sources with the same approach. [55,75] This shows that the value of
P;, can have great variation owning to its SPD features despite the same
lamp type and color temperature. Therefore, prior knowledge of the
light source spectrum is highly recommended in order to get a more
accurate P;, from L. In addition, it is also recommended that the model
of the light source, its type, color temperature and SPD as well as the
illuminance level should be specified so that comparison of device
performance is sensible. Fig. 5 shows a typical example of the incident
power intensity as a function of illuminance in the domestic range, i.e.
200-1000 Ix [76,771, for fluorescent and LED lamps with different color
temperatures. Table 1 provides the numerical values of P;, under dif-
ferent illuminances.

Another crucial factor of getting an accurate Pj, is the determination
of L in Equation (1) which is usually measured by a lux meter (also
known as photometer, illuminometer and light meter). The general V(1)
mismatch index f’, which reveals the quality of the lux meter, is
usually stated in the specification. [62,78] The f’ value classifies lux
meters into Class L ( < 1.5%), A ( < 3%), B (< 6%) and C ( < 9%)
according to the DIN 5032 Part 7 standard. [79] A high quality lux
meters usually have small f,’ values [Fig. 6(a)]. At least Class A lux
meters are recommended when the spectral mismatch correction
cannot be performed. [80] The accuracy of the lux meter reading for a
particular light source depends on the instrumentation and its initial
calibration during manufacture. As shown in Fig. 6(b), before reaching
the detector head, light first passes through an optical filter with a
spectral response s;¢(A) to mimic V(A). sy(A) usually differs from V(A)
and is therefore not perfect. So the lux meter is calibrated to compen-
sate the mismatch between s.(A) and V(A). For conventional lux me-
ters, illuminant A, which is a tungsten light source, is used as the ca-
libration source. [81,82] A reading difference of the lux meter from a
reference reading would be calibrated with a single scaling factor.
However, the calibration factor is only applicable to a particular light
source [62,78]. In other words, deviated reading is expected when the
lux meter is used for measurement of light sources other than tungsten
lamps. The greater the difference of spectra between the light source
and the reference standard illuminant, the greater the expected devia-
tion [78,83,84]. Such deviations can be reduced by using a quality lux
meter whose s,¢(A) matches V(L) well, characterized by the small f'.
[62,78] The error of illuminance reading of a Class A lux meter for a
broad-band white light source could go down to 2% [82,84]. It should
be noted that, however, f,’ serves only as an indicator of the suitability
of the lux meter to an arbitrary light source, since f," works in principle
for tungsten lamp source only. It does not guarantee a good mismatch
descriptor for narrow band sources with abrupt spectral slopes as the V
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(A)-mismatch can be large at the particular emission peak even though
the overall value is small. [82,85] Significant deviations could be found
particularly in the blue-end region [82,86].

To obtain highly reliable lux measurements with the instrumental
error of the lux meter removed, the following approaches could be
considered. (1) An illuminance spectrophotometer can be used. [87]
They measure the light spectrum with the V(A) calculated with the
internal software to give the illuminance level [Fig. 6(b)], and thus the
accuracy is light source independent. An economic alternative is an LED
light meter. LED light meters possesses a white LED calibration and
gives more accurate lux reading (< 0.9%) compared to a conventional
lux meter. [88] A small instrumental error due to spectral diversity of
white LED light sources may still persist owing to difference in color
temperature and design variations across manufacturers. Since there
are a great variety of choices of the white LED sources for calibration,
an LED lux meter with NIST-traceable calibration (e.g. Extech LT40-
NIST) is recommended [89]. This can ensure the consistency of the lux
meter reading across the community, and the difference in P;, can then
be attributed to difference in light source SPD and measurement tech-
niques. (2) If only a conventional lux meter is available, or illuminance
levels have been obtained with a conventional lux meter, the readings
could be calibrated with the following procedures. To begin with, the
spectral responsivity s(A) of the lux meter is measured. Depending on
the procedures, s(\) may be expressed in different units. In Im W™~ L s
can be expressed as [90,91]

L@

A1) =
D=0 ®)

assuming a linear response of the lux meter. s(A) can be determined by a
lamp-monochromator set-up. Light from a test light source of stable,
known spectral irradiance [S(A)] enters a monochromator and then the
lux meter. The detector is overfilled during the measurement and the
values of L(A) are recorded. The spectral interval of 5nm is re-
commended according to the National Institute of Standards and
Technology (NIST). [92] Relative value of s(A) is adequate. More details
are available in previous reports. [90,93,94] Then the true illuminance
can be calculated by multiplying the lux meter reading to the spectral
mismatch correction factor (SMCF), given by [62,78,90]

St SV (D)L [ Sear (A)s(A)dA

60 nm

Lo Seat )V (M)A [ S (W)s (1) dA 0

F* = Scal _

where s.,; and s are the luminous responsivities of the lux meter under
the calibration light source and the test light source respectively. S¢.;(A)
is the SPD of the calibration light source for the lux meter. Similar to the
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Fig. 5. Irradiance vs illuminance of fluorescent and LED lamps at warm white
(2700-3000 K), natural white (4000K) and cool white (6500K) color tem-
peratures. The numerical values and the model numbers of the lamps are given
in Table 1.
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Table 1
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Computed values of incident power intensity P;, at various illuminance levels for T5 lamp tubes of different color temperatures. The model number (after the “#”
symbol), color temperature and normalized emission spectrum of each light source are shown. The color temgerature depicted in the format of “nominal/calculated
3

from emission spectrum”. The photopic matching index ¢ for the light sources is included, defined as ¢ =
they may vary according to the light source model and thus are for reference only.

0 nm

rsonm  Snorm ()V (A)dA. The values serve as an example;

(a) Fluorescent lamps, in conjunction with electronic ballasts (PAK, PAK300408).
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¢ = 0.5478 ¢ = 0.5090 ¢ = 0.4781
Illuminance (lux) Py, (W cm~?) P; p;

(UW cm ™~ 2) (UW cm~2)
100 26.8 28.8 30.7
200 53.5 57.6 61.3
300 80.3 86.4 92.0
400 107.1 115.2 122.7
500 133.8 144.0 153.3
600 160.6 172.8 184.0
700 187.4 201.6 214.7
800 214.1 230.4 245.4
900 240.9 259.2 276.0
1000 267.7 288.0 306.7
(b) LED lamps.
0.010, 0.010. 0.010,

";‘ 0.008 _‘;‘ 0.008 .‘;‘ 0.008

E 0.006 E 0.006; E 0.006;

SE 0.004 ‘SE 0.004 SE 0.004

‘Ag 0.002 Uég 0.002 '42 0.002

0000 400 500 600 700 800 9.000 400 500 600 700 800 9000 400 500 600 700 800
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#PAK-LED-T5-4WF-830

Wavelength A (nm)
Natural white (4000/4624 K)
#PAK-LED-T5-4WF-840

Wavelength A (nm)
Cool white (6500/6994 K)
#PAK-LED-T5-4WF-865

# = 0.4920 ¢ = 0.4883 ¢ = 0.4618

Illuminance (lux) Py (UW cm™?) P; P;
(W cm™?) (W cm~?)

100 29.8 30.0 31.8
200 59.6 60.1 63.5
300 89.4 90.1 95.3
400 119.2 120.1 127.0
500 149.0 150.1 158.8
600 178.8 180.2 190.5
700 208.6 210.2 222.3
800 238.4 240.2 254.0
900 268.2 270.2 285.8
1000 298.0 300.3 317.5

protocol of incident power intensity evaluation as in Equation (1),
SMCEF is specific to a certain combination of light source and lux meter.
Note that the SMCF correction is not applicable when F* < 0.5 or
F* > 2 [95], so a sufficiently quality lux meter is still essential. It
should be regularly (usually annually) calibrated, and the aging of
optical filter which affects the V(L) mismatch should be monitored.
Several conditions set by the Commission Internationale de
I’Eclairage (CIE) for standardizing LED lighting product testing reveal
possible suggestions for better incident power intensity measurement
for PCE evaluation using LED lamps. [96] Stable ambient temperature
((25 + 1.2)°C) and little air movement ( < 0.25m s~ 1) are stated for
reducing irradiance uncertainty. Due to the much more diffused light
for indoor illumination compared to the sunlight, the directional re-
sponse index for illuminance f, of the lux meter, which describes the
accuracy of the angular responsivity, should be smaller than 15%. Class
A or L (f’ < 3%) lux meters are recommended. Moreover, it is known
that certain fluorescent lamps require a warm-up period before the

illuminance becomes steady, and both LED and fluorescent lamps have
decreased irradiance due to the hotter junction or ambient temperature.
[59,97] So the illuminance level should be regularly checked for con-
firming stable irradiance during measurement. The diffuse indoor
lighting environment implies an appreciable portion of light coming
from reflection, and the illuminance level and spectral alternation due
to difference between the reflection spectrum and the light source
spectrum should be kept invariant. A difference in illuminance level of
more than 10% could be observed depending on the reflection en-
vironment.

2.3. Device parameters and output power

2.3.1. Limiting efficiency and power output

The classical Shockley-Queisser (SQ) limit predicts the maximum
possible efficiency of a single p-n junction PV cell. The limiting effi-
ciency (7so) is given by [98]
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Fig. 6. (a) Relative spectral responsivities s.j(A) of four lux meters compared to that of the Konica Minolta CL-500A illuminance spectrophotometer. CL-500A
possesses an internal computerized spectral responsivity function ensembling V(A) with very good accuracy (f;" < 1.5%, Class L). Konica Minolta T10 and Extech
LT300 have the same f,’ value of 6% (Class B). The f,’ values are unspecified for Extech 401025 and ISO Tech ILM 350. (b) Schematic working principles of a lux

meter and an illuminance spectrophotometer. Adapted from ref. [87].

NsQ = Mu X Nd X Np- %)

In Equation (5), 5, is the ultimate efficiency subject to sub-bandgap
photon loss; 54 is the detailed-balance efficiency limited by the radiative
recombination of the device at nonzero temperatures; npp is the fill
factor (FF) loss due to the non-square diode behavior of the current-
voltage characteristics. 5sq can be evaluated by assuming an incoming
photon with energy hv above the bandgap energy E, (in eV) excites one
and only one electron-hole (e-h) pair. Excess energy (hv — E,) is lost
due to thermal relaxation of the hot carriers. Radiative recombination
in the form of blackbody radiation is regarded as the only unavoidable
recombination in this ideal device. Freunek and co-workers reported
the maximum efficiencies of IPV devices with various light sources.

[99] One major implication of this is that the efficiency limits of PV
devices illuminated by narrow band cold light sources, e.g. fluorescent
lamp and phosphor LEDs, can be significantly higher (50-57%) than
that under AM1.5G illumination (~ 30%) (Fig. 7). [100,101] In the
case of AM1.5 G, the IR portion of the spectrum contributes only to the
incident power but not to the output power (P,,), resulting in a max-
imum 5so = 30%. In addition, the narrower emission band of a cold
light source diminishes energy loss due to thermal relaxation of photons
of energy greater than the bandgap energy. The absence of IR emission
in cold light sources shifts up the optimal bandgap energy from =
1.3eV to 1.9-2.0eV. If a PCE = 50% can be achieved and with an
illuminance 100-1000 lx, the SQ-limited output power intensity could
reach 41 pW cm ™2 at 300 Ix, and 136 pW cm ™2 at 1000 Ix. The level of
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Fig. 7. Shockley-Queisser limiting efficiencies of an ideal photovoltaic converter as a function of bandgap energy E, under illumination of various light sources.

Adapted from ref. [100].

power output should be sufficient to drive different IoT devices. [102]
In other words, the visible-only emission of cold light sources could
allow for self-powered IoT modules in operation.

2.3.2. Conditions for attaining high performance indoor photovoltaics

The major goal of IPV is to drive standalone, small and off-grid
objects like IoT. Therefore, the most important consideration of in-
dustrial realization of IPV is the output power and voltage. The greater
the efficiency, the larger the output power intensity. In addition, a large
output voltage is required to turn on an electrical appliance. This vol-
tage can be taken as the voltage at the point of maximum power (Vi ax)
of an IPV cell, where V,,.x = (0.72-0.78) Voc. [103] So both optimized
PCE and Vo are essential to drive electronic devices. For an organic PV
cell, the open-circuit voltage Vo can be described by the empirical
relation [104]

Voc = l(|E}?0Mo| — IEftmol) — 0.3
q %)
where q is the electronic charge, and E2oyo and Efino are energy le-
vels of the highest occupied molecular orbital (HOMO) of the donor
material and the lowest unoccupied molecular orbital (LUMO) of the
acceptor material respectively. |[ERoyol — |Efimol is known as the ef-
fective bandgap energy. So an organic PV material with a larger ef-
fective bandgap would be generally favorable for large Voc devices.
Realization of a large Vo can be achieved by rational molecular design
and synthesis. In contrast, silicon-based IPVs lacks such a freedom for
Voc. The maximum voltage output under indoor illumination is
~ 0.4 V. A series of 3 silicon IPV cells is needed to drive IoT objects
with input voltage of 1 V or above. It should be noted that, according to
Equation (6), when designing IPV devices, not only the bandgap of the
donor but also the acceptor should be considered.
To enable large power output, a large Jsc is also needed as Py, =
VI. In the SQ limit calculation, a perfect absorber is assumed and all e-h
pairs generated dissociate into electric current. In real devices, there is
only finite absorption and so the photocurrent is smaller than the ideal,
implying possibility of device optimization through improved light
absorption. Lee and co-workers demonstrates that P, is directly
proportional to illuminance, so is Jsc. On the other hand, Voc ~ In L;
the logarithmic dependence implies a much smaller variation of Vpc
with illuminance. [66] Then it can be induced the strong dependence of
Pax on Jsc. For a certain illuminance, Jsc is primarily determined by
the absorption of the device. Thus high performance of IPV devices can
be achieved by maximizing light absorption with suitable materials.
Further discussion will be given in Section 3.
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2.3.3. Accurate characterization for indoor photovoltaics

There have been comprehensive discussions about solar cell char-
acterization in the AM1.5G context for accurate device parameter ac-
quisition. [105,106] Similarly, there is a need of knowledge for accu-
rate parameter measurements in IPV. The significant sweeping time
effect in IPV has been demonstrated by Chen and co-workers [59]. For
reduced hysteresis, much longer sampling delay time ( > 15s) is re-
quired for room light illumination when compared to the AM1.5G
testing conditions (several hundred ms). Strong hysteresis could be
observed with short sampling delay time, accompanied by an under-
estimated Voc and an overestimated Jsc, illustrating sweeping rate is a
more decisive measurement parameter under indoor lighting. It was
explained by the lower charge gradient across the device electrodes,
and the electron diffusion coefficient is too small for the charges to
respond quickly to the rapidly switching bias voltage, resulting in a
longer device response time. It was suggested a wide range of the
sampling delay time in both directions should be used during mea-
surement to determine the conditions revealing the true device para-
meters.

Another issue known in both organic and inorganic solar cells is the
light soaking effect. [107-110] In inverted OSCs, light soaking, irra-
diance given to a device for some time, causes a change of the PV
parameters, and is usually associated with an increased conductivity
and thus Jsc. [111] It is suggested from the studies of the P3BHT:PCBM
inverted devices that the interaction between the interfaces and UV
photons plays a significant role. [112,113] For the indium tin oxide
(ITO)/active layer interface, absorbed oxygen at the interface could
contribute to the light soaking effect, via either by oxygen plasma or UV
treatment. P3HT * radical cations are generated in the process and the
adsorbed oxygen on the ITO substrate acts as acceptor dopants for the
photoexcited P3HT, removing the electron injection barrier between
ITO and PCBM. Symonowicz and co-workers proposed dipole formation
at the ZnO/P3HT:PCBM interface as the origin of the light soaking
effect for devices with ZnO as the interfacial layer between ITO and
P3HT:PCBM [111], leading to a reduced extraction barrier. Both in-
volve a change in the effective electrode work function and improved
energy level alignment under light soaking.

The measurement accuracy of perovskite devices is closely related
to the sweeping time and light soaking effects from the report by
Dunbar and co-workers. [114] They compared the fast-responding and
the slow-responding PSCs (CH3NH3Pbl3), characterized by the time-
scale of the metastable response t;, which is the time required for the
current to reach within tolerance of the final steady-state value without
degradation.  Fast-responding cells have small . Device
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characterization was done by two PV performance measurement ac-
credited laboratories, National Renewable Energy Laboratory (NREL)
and Commonwealth Scientific and Industrial Research Organisation
(CSIRO), as well as eight PV research laboratories and their values were
compared. They found a much larger variability for the slow-re-
sponding cell (~ 10 times) than the fast-responding cell (1.3 times)
compared to that of the silicon cell. In addition, results using various
measurement procedures, from pre-conditioning (e.g. light soaking) to
scanning rate, were compared. While, for the fast-responding cell, the
variability in measurement parameters across different procedures are
comparable to that due to device aging, the process of measurement
becomes the single dominant factor to the variability of the device
parameters for the slow-responding cell. The hysteresis behavior is
dominated by the dynamics between the interface trap density and the
mobile ions. The dynamic approach of measurement was identified the
generally most accurate steady-state measurement given a stable de-
vice. During the I-V scan, the cell is kept under illumination, and a point
of measurement is taken only when the current at a particular voltage
bias is sufficiently stable ( < 0.2% min~'). The drawbacks of this
technique are that it takes a long time and is not applicable to short-
lifetime devices. Alternatively, the repeat scan and the V,,,x-soak-fast-
scan are considered the most reliable approaches. The repeat scan
technique involves device pre-conditioning at open-circuit under am-
bient room light for 30 min or more, followed by repeatedly scanning
the device in one direction at 150 mV s~ * until the efficiency becomes
stable. The Vj,.x-soak-fast-scan pre-conditions the device at the max-
imum power point (MPP) for 10 min, followed by immediate fast re-
verse and forward scans at 150 mV s~ '. The pre-conditioning manner
also affects the device parameters. Light soaking near V., gives the
efficiency closest to the steady state measurement. Light soaking at the
open-circuit (short-circuit) condition tends to give overestimated (un-
derestimated) efficiencies. Based on the results, they concluded that the
optimal measurement technique depends on the t; value of the device.
For small ¢; devices, fast scans are preferred for the reduced measure-
ment time as well as minimization of cell heating and fluctuations of
irradiance and temperature. For large t; devices, pre-conditioning is
required for prior device stabilization. If the lifetime is short, coarse
voltage spacing, or even limited I-V points near the MPP instead of the
full I-V profile should be acquired. As a final remark, it is worth noting
that the light soaking effect for indoor OSCs and PSCs still lacks detailed
investigation, and its significance is to be reviewed.

2.3.4. Device parameters for indoor photovoltaics
One major difference between the sunlight and the IPVs is the
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change in illuminance. The typical incident power intensity of indoor
light sources is around 300-5000 times smaller than that under the
AM1.5 G condition, and the output power intensity of indoor solar cells
is 100-1000 times smaller than the sunlight PV devices. Given the
greatly reduced output power intensity, it is readily seen that the device
parameters, Voc, Jsc and FF, should show certain degree of deviation
under indoor illumination conditions from those evaluated under
AM1.5G. Since L « P, «x J§, where a = 1 for quality devices [66,115],
the value of Jsc is lowered with a similar ratio when switching to indoor
light sources, i.e. ~ 10-100pAcm™2 Similarly, Voc under room
lighting (V5E™) is smaller than that under AM1.5G evaluation (V¢

due to reduced illuminance. The Vo loss AVéC can be expressed as [55]

nksT | PA"0

room
P in

room
~

L _ yssun
AVOC - VOC — Yoc

(6)

where P3™ = 100mW cm~2 and Pi>°™ are the incident power intensities
of sunlight and room light, n is the ideality factor, T is the device
temperature and kg is the Boltzmann constant. 6 = 56.65% is the
fraction of solar power of energy in the visible range and above. P60
gives the effective incident power intensity on the PV device, excluding
the IR radiation which does not contribute to photo-generation (and
hence V). In the range of 100-1000 Ix, 0.22-0.16 V of V¢ loss based
on the so-called one-sun V¢ would be observed. It is worth noting that,
according to Equation (7), this Vo¢ loss is barely dependent on the
choice of materials. Fig. 8 shows V5&™ vs V§¢' under an illumination L
= 300 Ix for different organic PV cells. Indeed, a linear correlation can
be found and in good agreement with Equation (7). [116]

There have been reports on the dependence of FF on the incident
light intensity [115,117] in terms of the equivalent circuit model. Both
of them suggested increasing FF at low illuminance, and a certain ex-
tent of decrease at high illuminance. At the low intensity regime, FF is
dominantly affected by Rgy. Assuming a device with only bimolecular
recombination, small Rg,, which may be caused by the pin holes in the
photoactive blend, leads to a drop of FF at low light intensity. The
smaller the Rgy,, the more sensitive the FF drop. At high intensities, the
larger photocurrent gives rise to more bimolecular recombination and a
more dominant effect contributed by the series resistance (Rs), and
hence the FF decreases. The light intensity corresponding to the turning
point of the maximum FF increases with decreasing Rgy,.

While Voc, Jsc, FF and PCE are the key device parameters for re-
porting PV performance, the maximum power intensity generation
(Pmay), in the unit of pW ¢cm ™2, under the illuminance of measurement
is also recommended. Since the primary goal of IPV is to drive ultralow
power nodes, in addition to the ambiguity of PCE evaluation due to the
lack of common standard or calibration on the indoor light sources,
Pax serves as a quick yet direct indicator in real applications such as
how large the cell is needed for device operation. It should be noted,
however, that the value of P, is actually closely related to Py, even
when comparing the same illuminance level. According to Equation (1),
given an illuminance level, a large P;, is obtained if S,,m(A) does not
matches V(A) well. This is more evident in white phosphor LEDs with
high color temperatures. With the intrinsic PCE, P, likes to be larger
under these light sources with the same illuminance. So the value of
Pax of an IPV device at a particular illuminance is also subject to
fluctuation.

In summary, we have discussed the diversity of IPV characteriza-
tion. There are various types of indoor light sources, and nowadays the
most popular sources emit cold light only. Each light source has its own
characteristic emission spectrum which depends on the source type and
color temperature. The illuminance level also varies from 200 to
1000 Ix. A photometric (lux)-to-radiometric (UW cm ™ 2) conversion is
needed for PCE evaluation. An illuminance spectrophotometer or an
LED lux meter with NIST-traceable calibration is recommended for ac-
curate and consistent illuminance measurement across the community.
Conventional lux meters are not calibrated to cold light sources and
produce measurement error. Class A or L instruments give small error
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because of the small f;’ value (< 3%). A number of portable illumi-
nance spectrophotometers are commercially available, such as Konica
Minolta CL-500A, InternationalLight ILT350 and Gossen Mavospec
Base. Extech LT40-NIST is one representative LED light meter of NIST-
traceable calibration. They should be regularly calibrated, say annually,
to maintain the accuracy. A greater sampling delay time (> 1s) is
needed for reduced hysteresis during I-V measurements. Proper pre-
conditioning should also be taken into consideration, especially in
perovskite cells and DSSCs. When reporting device performance, the
light source model, color temperature, emission spectrum and illumi-
nance level should be specified. Besides Vo, Jsc, FF and PCE, the in-
cident power intensity and maximum power intensity generation
should be given alongside each other. As revealed by the Shockley-
Queisser limit, efficient IPV devices tend to possess large effective band
gap (= 1.9eV) and thus Vpc, and the essentials are maximizing ab-
sorption and thus Jgc. Large Voc materials evaluated under AM1.5G
should be potential candidates for IPV because they tend to have
smaller fractional V¢ loss under reduced illumination.

3. Materials for indoor photovoltaics

Depending on the working mechanism of the photovoltaic tech-
nology, various photoactive materials including inorganic, organic,
organometallic, organic-inorganic hybrid materials were adopted for
making IPVs. In this review, we categorized current IPVs into four
major photovoltaic technologies, namely, silicon or III-V semi-
conductor-based PVs, DSSCs, OSCs, and perovskite-based PVs. As
mentioned previously, materials for IPVs should preferably possess
absorption property in the region of 350-700 nm in addition to the
suitable energy levels for constructing efficient devices. According to
these four PV groups, photoactive materials depending on their nature,
properties and device characteristics were thoroughly discussed in de-
tail and compared within individual class and then compared in all
classes.

3.1. Silicon and group III-V materials for indoor photovoltaics

Their design and working principle of inorganic semiconductors,
such as silicon and III-V semiconductor-based solar cells are shown in
Fig. 9. The device contains a planar junction of n-type and p-type of
material sandwiched by a set of counter electrodes, which connected
through external circuit. When sunlight falls on the device, some part of
sunlight is absorbed by the p-n junction material and creates a pair of
hole and electron. The electron moves through n-type material, hole
moves through p-type material, and then complete circuit by generating
the electric current. It is nature to extend this type of photovoltaic effect
for harvesting the indoor light energy, in which the PCE of IPVs
strongly depends on the purity and nature of silicon, which gives dif-
ferent absorption profile and degree of unwanted electron-hole re-
combination process. Therefore, for improving the efficiency of silicon-
based IPVs, the judicious selection of the indoor light sources plays a
major role. In addition to good surface passivation of device, we also
need to find Si-based materials with the suitable optical energy gap to
match the emission spectrum of the indoor lighting with low intensity.

Crystalline and amorphous silicon have been extensively studied
and dominated for solar energy conversion due to their broad spectral
response to sun irradiation. [118] Crystalline and amorphous silicon
allotropes showed different photophysical properties as well as variable
production costs. However, crystalline silicon is the commonly used
and the best candidate for outdoor PV with a highest PCE achieved up
to 26% under standard AM1.5 G solar condition [119-121]. Currently,
silicon-based solar cells are also predominantly used in indoor appli-
cations. Basically, it can produce sufficient power if the function area is
sufficiently large enough, serving as the power source for self-powered
wireless devices. The improvement of parallel resistance is very im-
portant at low light intensity for optimizing the performance of IPVs
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[122,123]. Crystalline silicon-based IPVs were studied under various
low lighting intensity conditions and found that the PCEs mainly de-
pend on the irradiance of light. The resulting IPV was successfully used
to charge a lead battery for low energy storage [124,125]. In addition to
the conventional hard module, flexible crystalline/amorphous silicon
PVs were also demonstrated as efficient IPV with a high PCE of 9.1%.
Due to their folding ability and good stability at ambient conditions in
conjunction to the reduced installation cost, this technology paves a
new way to make IPVs flexible, leading to new daily use applications
[126,127]. As compared to crystalline silicon, amorphous silicon has
advantages of high absorption coefficient and good capability of ab-
sorbing diffused light, rendering them more potential candidate for
flexible panels IPVs. In this regard, Shieh and co-workers made a low-
temperature growth of hydrogenated amorphous silicon carbide, that
exhibits high molar absorptivity and low defect film density which can
benefit to increase the V¢ of the device. The IPVs showed an im-
pressive PCE up to 9.6% and Py, of 25.56 yW cm ™2 under the illu-
mination of a LED light at 500 Ix. [128] Later, He and co-workers de-
monstrated omnidirectional organic/silicon hybrid device as a
successful indoor light harvester with high Voc under indoor light
conditions. [129] In short, silicon-based IPVs shows so far the highest
PCE of 9.6% under the illumination of a LED light. Although the existed
massive uses of Si-based IPVs in various application, the high energy
production and tedious purification of silicon-based materials together
with the marginal PCE imply that Si-based IPVs is not sufficiently good
as a reliable indoor light energy harvesting technology.

In addition to the well-developed Si-based PVs, the III-V semi-
conductors (GaAs) and other inorganic solid-state materials (CdS/CdTe
and Cu(In/Ga)Se,) are emerging as new inorganic PV materials due to
their strong absorption and low carrier recombination rates which are
essential parameters to make better IPVs. The GaAs-based PVs was re-
ported to deliver a state of the art PCE up to 28% under standard il-
lumination conditions. [14,130] From the property-modulation point of
view, GaAs has the fundamental advantage of tuning the band gap,
which allows the absorption matching to the emission of indoor light
sources, thus renders the resulting IPV to produce enough power for
perpetual operation of mm-scale devices [131,132]. For example, Al-
GaAs exhibits a larger optical band gap, which is beneficial for indoor
light harvesting, together with the low dark current, a high PCE of
21.1% was achieved under a LED light with irradiance of 580 1x [133].
In addition to GaAs, indium gallium phosphide (InGaP) material pos-
sesses the highest surface power density, which was employed to con-
struct an IPV by choosing the indoor light source integrated with
ZnS:Cu,Al as phosphor because of its band gap well matched to the
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Fig. 9. Typical schematic device configuration and working principle of Si and
III-V semiconductor-based solar cells.
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InGaP material. The resulting IPV device produced a high PCE of 29%
under 1 pW,ccm 2 from a LED illumination with the central peak at
523 nm. [134] It is clear that crystalline GaAs- and InGaP-based IPVs
outperform the silicon-based counterparts. In addition to III-V semi-
conductors, CdTe/CdS exhibits the advantages such as good abundance,
cheap for material production and easy for device manufacturing,
render them a rapid growth in solar cell market, leading to the second
largest most utilized solar cell. However, the comparatively lower ab-
sorption capability makes the CdTe/CdS-based PV to reach a PCE of
22% under standard AM1.5G solar conditions [120]. Interestingly,
their absorption spectrum can better match to the emission spectrum of
indoor light, giving the device to show a PCE of 8% under low irra-
diance [135]. For improving the absorption feature, Cu(In/Ga)Se, was
developed. Indeed, the strong absorption character promoted the PCEs
up to 23% under direct solar radiation, [136] however, the corre-
sponding device only showed a poor PCE (2.64%) under a LED illu-
mination [13]. When compared to silicon-based solar cells, Cu(In/Ga)
Se, showed inferior PCEs and this can be tuned/boosted by suitable
indoor lighting conditions, particularly incandescent lamps which can
improve the performance. [137] Several groups studied and compared
the various types of III-V group materials under various indoor light
conditions and found that each material displays a better PCE in some
selected indoor light sources, for example, indoor fluorescent lighting
gave high relative efficiency when compared to LED and incandescent
lighting [138].

Overall, the IPVs based on III-V semiconductors such as GaAs and
InGaP showed high PCE (~ 28%) under the illumination of LED light.
The high stability of inorganic photoactive materials is advantageous
for long-lived IPV applications. To further improve the PCE of III-V
group IPVs, fundamental understanding of the loss mechanisms such as
transparency, recombination and resistance losses are necessary.
Nevertheless, III-V semiconductors harvest photons extending to the
NIR region, other suitable absorbing materials compatible to commonly
used indoor lights are strongly encouraged for IPVs to achieve better
PCEs. It can be envisioned that new inorganic materials with suitable
optical energy gap nicely responding to indoor lightings are sufficiently
potential candidates for IPVs. However, it is generally believed that the
high cost for producing these inorganic materials will be the main ob-
stacle for the cost-competitive production for practical commercializa-
tion.

3.2. Organic dye sensitizers for indoor photovoltaics

The typical DSSC device configuration and operational principle
involved to generate electricity are shown in Fig. 10. The device con-
tains mainly five components, namely, (1) a conductive fluorine-doped
tin oxide (FTO) glass, (2) a nanocrystalline TiO, or ZnO semiconductor

(a)
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thin film, (3) a dye sensitizer, (4) an electrolyte (I3~ /I" couple, Co(II)/
Co(III) couple or Fe/Fe™ couple) for liquid state DSSC or hole transport
material for solid state DSSC, and (5) a counter electrode such as pla-
tinum or carbon-coated FTO glass. In a DSSC device, the working/op-
erational process starts from the absorption of light by dye sensitizer
followed by the electron injection from the excited state of dye to the
conduction band of TiO, for creating the charge separation at dye/TiO,
interface. Then, charge collection at the anode substrate and re-
generation of oxidized dye by gaining an electron form redox electro-
lyte or hole transport material. Finally, the oxidized electrolyte or hole
transport material was regenerated at counter electrode by taking
electrons from external circuit. For efficient DSSC, the molecular en-
gineering on dye molecules are crucial for giving matched absorption
spectra corresponding to the solar emission spectrum. Along with the
strong absorption of dye sensitizer, it should contain (1) favorable
molecular geometry to retard aggregation/electron recombination, (2)
favorable HOMO/LUMO energy levels; LUMO of the dye must be higher
than the conduction band of TiO,, and HOMO of dye should be lower
than redox potential of electrolyte or hole transport material for better
dye regeneration, (3) long term stability of dye as well as the cell.
[139-148] To boost the PCE of DSSC, several strategies were developed
such as the extension of m-conjugation by different spacers for strong
absorption, [149-151] the incorporation of twisted/bulky groups to
reduce aggregation [152-154], the attachment of long alkyl groups to
minimize back electron transfer [155-157], and the development of di-
anchoring dyes [158-160] for compact packing and stronger adsorption
on TiO,, etc.

Since 1990, DSSC have been extensively studied because organic
dyes possess more flexibility for molecular designs and high molar
absorptivity in addition to the easy device fabrication, lower production
cost and semi-transparent feature. [139-148] So far, the state of the art
PCE of a single cell DSSC device has reached up to 14% under standard
solar illumination [25]. Even though they showed high PCEs, re-
searchers are struggling for highly efficient DSSC panel commerciali-
zation due to the lack of promising and stable dyes for NIR absorption
as well as the long term stability of the device [161]. Interestingly, most
of the active dyes show intense absorption profiles in UV-vis region
enabling them better opportunity to match with indoor light conditions
and produce better PCE when compared to silicon and group III-V
materials. In this line, DSSCs turned to be very excited candidates for
using in IPV applications [162]. Particularly, the weak intensity of in-
door lights unlocks the photo-bleaching issues, which are usually sig-
nificant challenges in organic dyes under sunlight, and thus opens a
great avenue for molecular designs of new dyes for IPVs. Up to date,
some reports made on feasible strategies to modulate the absorption
profiles of organic materials using for DSSCs. In DSSCs, ruthenium-
based metal complexes are pioneer dyes which have been extensively
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Fig. 10. Typical schematic (a) device configuration and (b) working principle of DSSCs.
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studied due to their broad metal-to-ligand charge transfer absorption
bands and suitable HOMO and LUMO levels with respect to the con-
duction band of TiO, and redox electrolyte, respectively. [145] In 2000,
Grétzel and co-workers, for the first time, constructed an indoor DSSC
device by using the benchmark dye N719 (Scheme 1) under a Philips
TLD 840 fluorescent tube of 250 Ix, producing a Pyax of 69.8 yW cm ™2,
which is comparable with commercially available silicon-based PV
panels of a Pp,, of 70.1 uW cm ™ 2. [164] Later, several groups studied
N719-based DSSCs under low light intensity conditions and found that
these devices are stable enough for industrial applications.
[26,163-165] In addition, Segawa and co-workers found that de-
creasing the light intensity increases the PCE of N719-based DSSC,
which is due to the internal capacitive current and hysteresis behavior
of the I-V curve. [166] Along this line, Chen and co-workers made a
roof-DSSC hybrid panels incorporated N719 dye to produce a high PCE
of 8.20% with a main contribution from Jsc (6 HA cm?) (Table 2) under
a dim light with the light intensity of 1000 1x. [167]

Further material developments have been implemented into DSSC
technology. For example, He and co-workers introduced graphene dot
incorporated PEDOT:PSS as counter electrode to improve the efficiency
of a N719-based DSSC up to 7.36% under low light intensity conditions
based on a dim light. The improved efficiency was ascribed to the high
electron conductivity and the low charge transfer resistance. [168]
Kapil and co-workers invented titanium (Ti)-coil based cylindrical
N719-based DSSC cell, the PCE was significantly improved to 14.95%
which is comparable to that of silicon-based solar cells. [169] Also,
screen-printed DSSC employing N719 dye incorporated with TiO5-ZnO
nanocomposites was successfully demonstrated for indoor application
with a PCE of 5.22% under a white LED at 3333 Ix. These DSSC devices
exhibited better photovoltaic properties as compared to those of silicon-
based solar cells. [170] Recently, Lee and co-workers made quasi-solid-
state (QS) DSSC based on N719 dye by using polymer gel electrolyte. Its
best QS-DSSC device showed high recombination resistance and high
incident photon to current efficiency which increased V¢ (0.59 V) and
Jsc (92 pA cm~2) and then PCE of 20.63% and Py, of 39.6 pW cm™2.
[171] The success of N719 dye in DSSC application has stimulated the
emergence of new Ru-based dyes, for example, Teng and co-workers
studied N3 dye for indoor DSSC by using zinc-doped TiO, anode, which
shows a high electron collection efficiency from the excited state of
dyes. This indoor DSSC delivered a PCE of 0.04% under visible light.
Later, Chi and co-workers designed and synthesized bis-trident ruthe-
nium sensitizer named as TF-tBu-C3F7 (Scheme 1) with perfluoroalkyl
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fragments on the ligand in order to balance the dye loading and charge
recombination processes. The photovoltaic characteristics of TF-tBu-
C3F7-based device were measured under indoor light sources such as
LED (2400 1x) and T5 fluorescent lamp (2400 1x), achieved a high PCE
of 16.05% and 20.37%, respectively. The better device performance
under a T5 fluorescent lamp source has been attributed to its better
absorption matching with the TF-tBu-C3F7 dye. [172] Apparently, new
ruthenium-based dyes with strong absorption in UV-vis region together
with high molecular extinction coefficients are required to deliver
higher PCEs in future IPVs application.

However, the rarity of ruthenium due to the limited natural sources
may shadow the future of large-scale applications of Ru-dyes-based
DSSCs. Thus, new Ru-free metal-containing dyes are emerging as al-
ternatives. In this context, porphyrin is potential candidate because of
their superior light-harvesting ability in the visible region. [173] Ad-
ditionally, the easy molecular structure engineering enables the tuning
of optical and electrochemical properties very feasible. In this regard,
Yeh and coworkers designed a simple push-pull porphyrin-based dye
SK6 and an amine-substituted porphyrin dye Y1A1 for examining their
IPVs applications under various indoor light sources. [70,174] The
simplified porphyrin dye (SK6) under a T5 fluorescent lamp with
6000 Ix illumination produced a PCE of 19.71%. However, Y1A1l ex-
hibited a PCE of 19.50% under a LED light source because of the better
matching absorption when compared to other light sources such as T5
and T8 fluorescent lamps. Later, the same group modified porphyrin by
introducing one diarylamino group at the meso position for a new
porphyrin derivative (YD2), in addition, incorporated two diarylamino
groups at 3 position for another new porphyrin (SK7) for broadening
the absorption profiles as well as red shifted absorption spectra. [175]
These new dyes YD2 and SK7 were employed as sensitizers for con-
structing indoor DSSC devices and studied the device characteristics
under a T5 light illumination (6000 lx), giving the impressive PCE of
20.0% (Pmax Of 340 pW cm™2) and 19.7% (Pmax of 335 uW cm™32),
respectively. The obtained high PCEs are arose from the introduced
diarylamino substitution(s) which splits Soret band (400-500 nm re-
gion) and red shifted Q-band in the visible region, consequentially
leading to better matching absorption toward the indoor light sources
tested.

Another approach to overcome the possible drawbacks of Ru-based
dyes focuses on metal-free organic dyes, that have attracted immense
intentions owing to the flexible molecular designs, which allow strong
UV-vis absorption, suitable HOMO/LUMO energy levels, and favorable
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Scheme 1. Chemical structures of inorganic sensitizers for indoor DSSCs.
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Table 2
Optical, electronic and photovoltaic properties of organic dye sensitizer based IPVs.
Dyes Aaps (nm) HOMO/LUMO vs NHE Indoor Light Source Light Intensity Jsc (LA Voc (V) FF PCE (%) Ppax (UW Ref.
(eV) (lux) cm~3?) cm?)
N719 527 1.07/1.14 CFL 500 22 0.58 0.82 6.58 10.3 [162]
LED 500 22 0.58 0.81 6.27 10.4 [162]
Visible lamp 230 94 0.48 0.53 0.04 - [170]
While light 1533 89 0.57 0.68 14.95 34.4 [169]
Dim-light simulator 1000 66 0.53 0.75 8.22 - [167]
T5 fluorescent light 600 92 0.59 0.72 20.63 39.6 [171]
TF-tBu-C3F7 675 0.93/0.93 LED 2400 270 0.59 0.73 16.05 - [172]
T5-White fluorescent 2400 320 0.60 0.74 20.37 - [172]
Y1A1 678 0.85/0.99 T8-White fluorescent 300 46 0.47 0.77 17.00 16.5 [70]
T5-White fluorescent 300 53 0.47 0.74 19.30 18.2 [70]
LED 350 57 0.48 0.76 19.50 20.3 [70]
SK6 595 1.03/1.03 T5-White fluorescent 6000 827 0.58 0.76 19.71 366.0 [174]
SK7 643 0.88/1.03 T5-White fluorescent 6000 739 0.58 0.78 19.70 335.0 [175]
YD2 645 0.89/1.09 T5-White fluorescent 6000 721 0.60 0.78 20.00 340.0 [175]
D35 445 1.04/1.37 Osram Dulux white fluorescent 250 18 0.70 0.80 - 10.7 [176]
lamp
AN-3 499 0.64/1.19 T5-White fluorescent 1000 60 0.46 0.67 5.45 660.0 [177]
T8-White fluorescent 1000 60 0.43 0.63 4.85 590.0 [177]
LED 1000 50 0.45 0.66 4.94 560.0 [177]
CW10 507 0.74/1.48 T5-White fluorescent 6000 770 0.67 0.76 21.26 395.0 [174]
SK6+CW10 T5-White fluorescent 6000 883 0.65 0.75 22091 426.0 [174]
N719 T5-White fluorescent 6000 912 0.65 0.73 23.43 435.0 [174]
TY6 516 0.95/1.21 T5-White fluorescent 6000 883 0.72 0.79 28.56 - [72]
AN-11 528 1.09/1.35 T5-White fluorescent 1000 62 1.05 0.64 11.94 42.0 [178]
LED 1000 53 1.04 0.65 11.26 36.0 [178]
GJ-P 520 0.80/1.34 T5-white fluorescent 6000 594 0.60 0.74 15.01 262.0 [179]
LED planar light 6000 540 0.59 0.74 13.05 236.0 [179]
GJ-BP 541 0.78/1.25 T5-white fluorescent 6000 640 0.57 0.76 15.79 276.0 [179]
LED planar light 6000 557 0.56 0.76 13.10 237.0 [179]
L350 519 1.04/0.94 White fluorescent Tube Light 1000 132 0.83 0.78 28.40 - [181]
D35:XY1 463:552 1.04/1.35:0.99/0.98 Osram Warm White 930 1000 138 0.80 0.80 28.90 88.5 [180]
XY1b:Y123 552:530  0.99/0.98:1.08/1.09 White Fluorescent Tube Light 1000 418 0.88 0.77 31.80 283.0 [27]1
TKU-1 441 0.93/1.39 LED 600 380 0.50 0.67 6.42 - [182]
T5-White fluorescent 600 440 0.49 0.67 7.80 - [182]
TKU-2 463 0.83/1.42 LED 600 560 0.57 0.73 11.71 - [182]
T5-White fluorescent 600 600 0.55 0.71 12.73 - [182]
TKU-3 441 0.88/1.49 LED 600 360 0.53 0.69 6.56 - [182]
T5-White fluorescent 600 470 0.55 0.71 9.99 - [182]
TKU-4 470 0.85/1.37 LED 600 560 0.58 0.70 11.49 - [182]
T5-White fluorescent 600 590 0.60 0.70 13.43 - [182]
TKU-5 432 0.82/1.56 LED 600 500 0.59 0.73 10.76 - [182]
T5-White fluorescent 600 500 0.60 0.71 12.00 - [182]
TKU-6 480 0.78/1.36 LED 600 610 0.56 0.71 12.21 - [182]
T5-White fluorescent 600 620 0.55 0.70 12.74 - [182]
LI-127 406 0.72/1.81 White LED light 0.56 0.106 0.57 0.72 8.16 - [183]
LI-128 506 0.71/1.30 White LED light 0.56% 0.154 0.54 0.60 8.66 - [183]
LI-129 412 0.72/1.78 White LED light 1.39° 0.198 0.62 0.79 7.03 - [183]
LI-130 501 0.71/1.30 White LED light 1.39* 0.5 0.63 0.57 11.63 - [183]
MK-2 480 0.96/0.87 T5 fluorescent light® 1001 83 0.64 0.51 8.56 - [184]
480 0.96/0.87 T5 fluorescent ligh'[b 85 0.70 0.82 15.26 - [184]
480 0.96/0.87 T5 fluorescent light 200 25 0.67 0.79 20.11 - [185]
MD4 633 0.96/0.80 T5 fluorescent light 6000 315 0.58 0.72 8.62 - [187]
MD5 513 1.06/1.04 T5 fluorescent light 6000 762 0.65 0.79 23.17 - [187]
MD6 642 0.84/0.90 T5 fluorescent light 6000 562 0.63 0.77 16.86 - [187]
MD7 532 0.88/1.13 T5 fluorescent light 6000 913 0.68 0.76 27.17 - [187]
MM-1 435 0.74/1.57 TL84 fluorescent lamp 2500 120 0.46 0.64 7.72 - [188]
MM-2 457 0.74/1.47 TL84 fluorescent lamp 2500 133 0.48 0.62 9.03 - [188]
MM-3 427 0.71/1.83 TL84 fluorescent lamp 2500 131 0.49 0.70 9.86 - [188]
MM-4 445 0.73/1.70 TL84 fluorescent lamp 2500 170 0.50 0.66 12.14 - [188]
MM-5 470 0.54/1.56 TL84 fluorescent lamp 2500 248 0.57 0.65 19.89 - [188]
MM-6 484 0.52/1.55 TL84 fluorescent lamp 2500 309 0.60 0.70 27.82 - [188]
MM-6 +DCA TL84 fluorescent lamp 2500 303 0.625 0.70 28.95 - [188]
MM-6+ MM-3 TL84 fluorescent lamp 2500 312 0.62 0.73 30.45 - [188]

amW cm ™~ 2; PTiCly.

molecular interactions for compact packing on TiO, layer. In 2010,
Hagfeldt and co-workers reported an organic dye D35 (Scheme 2)
configured with a typical donor-n-bridge-acceptor architecture, in
which a tailor-made triarylamino group was introduced as donor for
reducing dye aggregation as well as the recombination of electrons. The
DSSC device employed D35 as sensitizer in combination with [Co

15

(bpy)g]‘”/ 2+ based electrolyte achieved a P, of 10.7 yW cm ™~ 2 under
fluorescent light illumination of 250 Ix. [176] Later, Lin and co-workers
designed an anthracene-containing dye AN3 and its indoor DSSC
showed a moderate PCE of 5.45% and Py, of 660 yW cm ~2 under a TS
fluorescent lamp (1000 1x). The inferior efficiency was ascribed to poor
absorption and low dye loading on TiO, film. [177] This result clearly
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Scheme 2. Chemical structures of organic sensitizers for indoor DSSCs.

indicates that not only the red-shifted absorption of a target dye is
important, the suitable HOMO and LUMO energy levels are also crucial
for smoothly charge injection to the conduction band of photo-anode
and dye regeneration by the redox electrolyte.

Furthermore, Yeh and co-workers carefully designed a new an-
thracene-containing dye CW10 which contains alkoxy substituted dia-
rylamine donor. [174] CW10 exhibits strong absorption (507 nm) as
well as high HOMO and low LUMO levels, as a result, these favorable
properties lead the CW10-based indoor DSSC device to achieve a high
PCE of 21.26% and P, of 395 yW cm ~ 2 under the illumination of a T5
fluorescent light (6000 Ix). In addition to this great achievement, the
same group has made co-sensitized DSSC by adding dye SK6, which
shows complimentary absorption to cover the UV-vis region, the re-
sulting device further improved the PCE to 22.91% and P, of 426 pW
cm? under the same irradiance conditions. Along this line, Yeh and co-
workers made an anthracene-based dye TY6 different from the CW10
shown in Scheme 2 to further enhance the absorption feature by the
incorporation of electron deficient benzotriazole unit into the mole-
cular skeleton. [72] TY6 showed as a further red-shifted absorption
(516 nm) and higher HOMO level as compared to those of AN-3 and
CW-10 dyes (Table 2). These new features allow the TY-6-based DSSC
device to perform an outstanding PCE up to 28.56%, high Jsc (883 pA
cm?) as well as high Voc (0.72V) under the T5 light irradiance of
6000 Ix (Table 2). The similar approach of introducing component with
quinoidal character was also reported by Lin and co-workers. A new
anthracene-based dye AN-11 incorporating benzothiadiazole together
with modified dialkylamino donor was synthesized. [178] AN-11
showed a further red-shifted absorption to 528 nm. It is worthy to note
that the device is highly stable, for example, an AN-11-based flexible
DSSC module was subjected to a stability test at 65°C and 65% hu-
midity conditions, the DSSC module retained its maximal output power
up to 600 h. In addition, the device efficiency retains even in large size,
for example, an AN-11-based rigid indoor DSSC with a large active area
of 26.8 cm? reached an overall PCE of 11.94% under 1000 1x of a T5
fluorescent light.

16

In line with the approach of incorporating polyaromatic arene as the
constituent of DSSC dye, Yeh and co-workers introduced diarylamino-
substituted perylene into the conjugated system to make new dyes (GJ-
BP and GJ-P) in combination with and without benzothiadiazole unit,
respectively. [179] GJ-BP shows red-shifted absorption (541 nm) as
compared to that of GJ-P (520nm). Under a T5 fluorescent lamp
(60001x), the DSSC device employing GJ-BP dye results a PCE of
15.79%, and Py of 0.28 pW c¢cm ™2 and Jgc of 640 pA cm? that are
better than GJ-P-based device (PCE of 15.01%, Pmay of 0.26 pW cm™2
and Jsc of 594 yA cm ™ ?) (Table 2). The dye GJ-BP incorporated with
benzothiadiazole m-linker adjacent to benzoic acid acceptor/anchor
shows better PCE due to its superior light-harvesting property, suitable
HOMO level, and well-ordered dye arrangement on TiO, surface. The
introduction of quinoidal type structure largely benefits to modulate
the absorption profile of the resultant dye, for example, a panchromatic
XY1 dye containing benzothiadiazole and C-bridge bithiophene, was
designed and synthesized by Hagfeldt and co-workers. [180] The DSSC
device based on XY1 dye together with D35 as co-sensitizer for better
spectral coverage delivered a high PCE of 28.90% and P,,,,x of 88.5 pW
cm2 under 1000 Ix of white lamp. It is noteworthy to mention that the
high PCE mainly originates from high external quantum efficiency of
DSSC cell in the visible region. Later, Liu and co-workers reported a
new dye L350 incorporating indacenodithiophene and benzothiadia-
zole as the conjugated components which facilitate the tuning of optical
and electronic properties for the better alignment with the redox of
copper(I/II)-based electrolyte. [181] The indoor DSSC device with
L350 dye showed an impressive PCE of 28.4% under the illumination at
1000 Ix of an Osram 930 warm-white fluorescent light tube. The great
success of XY1 dye in giving high efficiency renders the further in-
vestigation highly desirable. In this regard, Grétzel and co-workers used
a judicious combination of XY1 dye and co-sensitized Y123 dye
(Scheme 2) for effective and better spectral coverage. [27] They in-
vented a new generation DSSC, in which the dye-impregnated meso-
scopic TiO, films were attached with porous paper to avoid direct
contact between the PEDOT counter electrode and the redox
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electrolyte. As a result, XY1b:Y123 co-sensitized DSSC device showed a
record-high PCE of 31.80% and Py, of 283 pW cm ™2 under 1000 Ix of
a white fluorescent tube light. The results are very exciting and the
obtained device performance exceeds the silicon- and GaAs-based solar
cells.

Along with C-bridged bithiophene, fluorene was also introduced to
make new dyes for indoor DSSC application. For example, Wang and
co-workers designed and synthesized a set of dyes TKU1-TKU6
(Scheme 3) based on fluorene building block (TKU2, 4-6) as compared
to those without fluorene (TKU1, TKU3). [182] When compared to
phenyl linker-based dyes (TKU1 and TKU2), fluorene-based dyes
(TKU2, TKU4-6) exhibited suitable absorption range (250-600 nm) for
indoor DSSCs due to the incorporation of fluorene which can extend
conjugation and make better donor to acceptor/anchor interactions.
Dye (TKU4) containing alkoxy substituted diphenylamino donor
showed intense absorption peaks in the short wavelength region
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dialkylamino unit containing dyes (TKU2, TKU5-6), which exhibit poor
absorption in the similar absorption region mentioned above. Among
them, TKU-4 exhibits well matched absorption, and possesses alkoxy
chains on the donor part, which is advantageous to give a larger V¢ of
the DSSC device. These new dyes were examined as sensitizers for in-
door DSSC devices under LED and T5 fluorescent lamps. The results
showed better PCEs for the T5 light due to the better overlapping of
TKU dyes (250-600 nm) with the emission of T5 light (400-650 nm)
when compared to LED light (400-700 nm). Among these dyes, TKU4
dye showed the highest PCE of 13.43% under a T5 light due to the red-
shifted absorption when compared to those of other dyes.

Later, Li and co-workers reported a novel strong donor sw-conjugated
unit, tetraaryl-1,4-dihydropyrrolo-[3,2-b]lpyrroles and made a set of
push-pull dyes (LI127-LI130) suitable for DSSC by incorporating al-
koxy phenyl, triphenylethylene units as donors. [183] Among them, the
dyes (LI128 and LI130) containing thiophene linker to acceptor/anchor

(250-400nm) might benefit for better light-harvesting than showed red-shifted absorption than phenyl linker containing dyes
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Scheme 3. Chemical structures of organic sensitizers for indoor DSSCs.
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(LI127 and LI129) due to the presence of phenyl linker leads to twisted
conformation and then diminishes donor-acceptor interactions. Dyes
containing triphenylethylene unit was well established for the sup-
pression of aggregation and thus reduce the electron recombination at
the TiO,/dye/electrolyte interface. Finally, LI-130 based indoor DSSC
device exhibited the highest PCE of 11.6% under a LED light (1.39 mW
cm™?) due to the suppression of electron recombination and broad
absorption spectrum when compared to other dyes. The result clearly
indicates that the suppression of electron recombination is a crucial
factor for greatly improving the PCE of the DSSC device. In this line, Lee
and co-workers brilliantly incorporated the TiCly blocking layers be-
tween the FTO/electrolyte interface to minimized the electron re-
combination. [184] They examined the DSSC device composed of MK2
dye and Co(bpy)s>*/3" redox electrolyte, and demonstrated that the
compact blocking layer of TiCl, can effectively suppress the electron
leakage over a wide range of light intensity under a T5 fluorescent light
(1000 Ix). The indoor DSSC device based on MK2 dye showed a better
PCE of 15.3% under a T5 fluorescent lamp. This strategy paves a way to
make an efficient device configuration and then better efficiency de-
vices. Recently, the same group led by Lee utilized nanocomposite gel
electrolytes to make QS-DSSC employing MK2 as dye, the new indoor
DSSC device delivered an improved PCE up to 20.11% and P,y of
13.12 yW c¢m? under room light conditions (200 Ix). [185]

Unlike the outdoor DSSC device there is no need of matching solar
spectrum in the case of indoor DSSC device, but it should response to
the emission spectra of indoor light sources. [186] In this line, Lina and
co-workers designed a set of D-Al-m-A-configured dyes MD4-MD7
(Scheme 3) by incorporating thieno/benzo pyrazine as the A' group.
[187] The thienopyrazine containing dyes (MD4, MD6) showed red-
shifted absorption maxima as compared to those of benzopyrazine-
based counterparts due to the strong intramolecular charge transfer
feature. However, the benzopyrazine containing dyes MD5 and MD7
achieved higher PCE of 23.17% and 27.17%, respectively, as compared
to that of thienopyrazine-based dyes MD4 (8.62%) and MD6 (16.86%)
due to the effective electron injection to the conduction band of TiO,
and the suppression of dark current. Very recently, Chang and co-
workers designed new organic dyes (MM-1 to MM-6) with quinoxaline
or quinoxalinoid as electron-accepting unit. Among them, MM-6
showed the highest PCE of 27.82% due to its better spectral coverage
with indoor lighting. Since the co-sensitization can afford better per-
formance, a co-sensitized dye system based on MM-6 and MM-3, de-
livered a better PCE of 30.5% under TL84 fluorescent lamp (2500 Ix).
The superior performance of device with co-sensitizers can be ascribed
to the better dye-coverage on TiO, surface. [188]

In summary, the progresses on new organic dyes suitable for indoor
DSSC devices are rather promising. So far, the indoor DSSC device
based on a dye XY1 with benzothiadiazole and C-bridge bithiophene for
panchromatic absorption achieves the best PCE of 28.90% under a
Osram warm white fluorescent lamp at 1000 Ix. The analogue XY1b
was further investigated together with a co-sensitizer (Y123) for better
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spectral coverage, achieving a record-high PCE up to 32% under a
white fluorescent light (1000 1x). The required molecular wt-conjugation
for giving absorption in the range of 350-700 nm will largely limit the
choice of aromatic units for constructing the desired DSSC dyes. New
molecular design approaches that can result in high extinction coeffi-
cients in visible wavelength are crucial in this field. In addition, par-
ticular attentions should pay for the molecular features that can (1) lead
to compact packing on TiO, with reduced flexibility of anchoring
modes, (2) reduce electron recombination and dark current, (3) lower
down the HOMO level and create more space for electrolyte develop-
ment to eventually increase the Voc. Overall, the development of new
dyes with innovative molecular designs to obtain well-matched wide
absorption of indoor light sources, and/or utilize co-sensitization
methods will lead DSSC device to perform further better PCEs in the
near future.

3.3. Organic donor/acceptor materials for indoor photovoltaics

The use of organic materials for PVs can also be realized by OSCs
technology. The device configuration and working/operational prin-
ciple of OSC are depicted in Fig. 11. The OSC device mainly consists of
an active layer, which is sandwiched by two counter electrodes (anode
and cathode). The working principle mainly involve four steps: (1) the
absorption of solar light by either/both donor or acceptor in the active
layer generates excitons, (2) excitons diffuse to reach to the donor/
acceptor interface, (3) dissociation of excitons into hole and electron,
(4) hole transports through donor domain to the anode and electron
transports through acceptor domain to the cathode, connecting to the
external circuit for producing a photocurrent. Importantly, the PCE of
OSCs mainly depends on the donor and acceptor components of the
active layer by following steps: (1) the broad and intense absorption
either from donor or acceptor favors the better light harvesting of solar
light, (2) suitable energy levels such as LUMO of donor slightly higher
than LUMO acceptor (~ 0.3 eV) for effective charge transfer, (3) na-
nophase separation with face-on oriented crystalline blend films, (4)
better charge carrier transportation in nanophase active layer.
[189-200]

As compare to DSSC, OSCs are free from tedious and complicated
issues of the interfaces between the organic active materials and the
anode as well as the electrolyte. For the last two decades, the research
concentrated on OSCs is the hot topic in the development of new PVs
beyond Si-based ones. [189-200] In the OSC device, usually a blend
active layer made from an electron donor (D) and an electron acceptor
(A) enables broad spectral coverage for sunlight as well as indoor light.
We need to carefully choose the suitable HOMO/LUMO matchup be-
tween D and A in order to achieve efficient photo-induced D-to-A or
vice versa electron transfer as well as retain the device with a high V.
[189-200] After intensive research works implemented on the mole-
cular structures and D/A morphology control as well as device en-
gineering, the state-of-the-art PCE of OSCs is up to 16.5% [36,38,39].
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Fig. 11. (a) Typical schematic device configuration and working principle of OSCs (excitation takes place in (b) donor and acceptor (c)).
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Simply from the D/A structure point of view, balancing the wide
spectral response and good charge transportation with the favorable
molecular interactions and crystallinity of active layer are the bottle-
neck challenge for the further PCE improvement. Among various mo-
lecular design strategies, the incorporation of fused and coplanar oli-
goarene systems either in donor or acceptor is the most successful
approach for generating semi crystalline blend films with good mor-
phology. Fullerene derivatives are superior acceptors with good elec-
tron-transporting character while they exhibit poor spectral response
toward sunlight. But for indoor OSCs, the selection of donor and ac-
ceptor is more flexible to fulfill the good spectral response and charge
carrier transportation. In this line, several reports were made on de-
veloping new organic donor/acceptor materials for IPVs and the first
seminal report came one decade ago [40]. However, these early studies
of indoor OSCs only produced moderate PCEs. Nowadays, the progress
of indoor OSCs has substantial improvement, where high PCE up to
28% under light source (10001x) was reported recently [42]. The
growing momentum in this field may facilitate the commercialization
of OSCs for indoor light energy harvesting in the near future.

For IPV applications, fullerene-based acceptors are advantageous for
their well-matching absorption range to indoor lightings and superior
electron-transporting features. The popular fullerene-based acceptors
(PC61BM, PC71BM and ICBA) are shown in Scheme 4. Among them,
PC61BM and PC71BM were mostly used to blend with tailor-made
either small or polymeric donor due to the commercial availability and
easy device fabrication for achieving IPVs with good PCEs. Recently,
non-fullerene acceptors are emerging as even more potential candidates
due to their high flexibility of molecular designs that can tune the op-
tical and electronic properties to well match with the indoor light
sources. [199] In OSCs, the complimentary absorption of donor and
acceptor blend enables broad spectral coverage ranging from UV-vis to
NIR region. The molecular design strategy for polymeric/small mole-
cular donors and acceptors with enlarged optical energy gaps needs to
simultaneously consider the impacts of molecular structure on active
layer morphologies, which are the most crucial factors for governing
the overall PCE [189-200].

Initially, some reports based on optical simulations explained the
appropriate absorption range of active materials toward indoor light,
and the impact of Rg, on the final PCE of the IPV. The appropriate
absorption ranges of active materials for IPVs are mainly on
350-700 nm, and thus the materials with absorption out of this region
are not particularly useful for indoor light harvesting. [76] Caironi and
co-workers designed a simple and scalable technique for the direct
transfer of selective poly(3,4-ethylenedioxythiophene)/polystyrene
sulfonate (PEDOT:PSS) onto a blend film of P3HT:PC61BM for making
OSCs. [67] The device was printed on a commercial temporary tattoo
paper to simplify the fabrication process and to avoid surface treat-
ments. As a result, the device showed a higher PCE of 7.5% under 500 1x
of a fluorescent Tube. Later, Kim and co-workers improved the PCE of
an OSC device with P3HT:ICBA as the active blend to 8.8% under the
irradiance of a LED light at 1000 1x. [201] The high PCE of P3HT:ICBA
is due to the absorption of P3HT donor nicely overlaps with the LED
emission peaks in addition to the better matching of donor and acceptor
energy levels within the active layer. A low-cost un-doped ZnO film as
transparent conducting electrode was reported by Shim and co-workers.
The OSC with the active layer P3HT:ICBA on the ZnO transparent
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electrode produced a higher PCE of 9.5% under a LED lamp with a
luminance of 5001x when compared to its reference device (PCE of
8.5%) based on an ITO electrode. In addition, the undoped ZnO elec-
trode can reduce production cost of OSC about 20%, revealing the
potential for practical commercialization as compared to typical re-
ference electrode such as ITO. [202] Very recently, Kim and co-workers
incorporated quasi-amorphous ZnO/Ag/ZnO as the transparent con-
ducting electrode for OSC incorporating the P3HT:ICBA blend as the
active layer. [203] As a result, the device gave an enhanced PCE up to
12.1% due to excellent transparent conducting electrode property with
transmittance (92%) in the visible region and smooth electrode surface.
Later, they further modified the cathode layer by Ni-doped indium tin
oxide which enables substantial resistance reduction and retains high
transmittance and low cathode surface roughness. It results a boosting
in PCE up to 14.6% under the 1000 1x LED [204].

In addition to P3HT, Chen and co-workers reported the use of a
polymeric donor PBDTTT-EFT (Scheme 5) blending with three different
acceptors (PC61BM, ICBA and PC71BM) for indoor OSC applications.
[205] Among these six combinations, the OSC device with P3BHT:ICBA
blend showed the highest Jsc of 50 pA cm ™2 and Ve of 0.73V, re-
sulting a superior PCE of 13.76% and Py« of 22.5 pyW cm? under the
irradiance of a T5 light (500 Ix) due to the better spectral coverage and
high LUMO of ICBA acceptor. [68] Mori and co-workers used PTB7-
Thz donor to blend with PC71BM acceptor to improve the blend ab-
sorption and morphology. The OSC device with the active layer PTB7-
Thz:PC71BM showed a high FF of 0.74 and a PCE of 11.63% and P,y
of 42.3 yW c¢m ~2 under the illumination of a LED light (8901x). [71]
Similarly, the blend composed of PTB7-Th:C70 showed two fold PCE
(9.2%) under low illumination as compared to that measured under 1-
sun illumination. The result indicates that there is a sub-linear depen-
dence of Jsc on light intensity along with increasing FF at reduced il-
lumination. [206] In another report, Tsoi and co-workers judiciously
chosen the donors P3HT, PTB7 and PCDTBT (Scheme 5) blending with
PC71BM to ensures the wide absorption and better alignment of energy
levels of donor and acceptor. [66] All OSCs devices in this work showed
similar Jgc, but the device with PCDTBT as donor showed a higher PCE
(16.6%) thanking to the low HOMO which gives a higher V¢ of the
device.

In order to minimize the dark current, optimizing device fabrication
process is one of the most important issues to enhance the PCE of IPVs.
In this line, Arias and co-workers reported the incorporation of poly-
ethylenimine ethoxyl as ETL for the device configured with
PCDTBT:PC71BM blend as the active layer improved the PCE from
0.6% to 11.5% under 300 Ix of fluorescent lamps. [69] For improving
the spectral coverage, So and coworkers reported a ternary blend
PCDTBT:PDTSTPD:PC71BM to further enhanced the PCE to 20.80%
and P, of 15.4 pW cm ™2 under fluorescent lamps at 3001x. As
compared to the previous binary blend, the ternary blend solar cells
give a higher Jsc due to the better matching of the absorption of blend
films with the emission spectra of indoor light sources. Moreover, the
ternary blend films showed better hole-transporting properties which
lead to higher FFs and then better PCEs. [55] By taking inspiration from
this result, Shim and co-workers demonstrated the utilization of a
quaternary BHJ blend composed of PCDTBT:PTB7:PC61BM:PC7 1BM
for indoor light energy harvesting applications. [207] Quaternary BHJ
was constructed mainly to improve the blend absorption, morphology,

Scheme 4. Chemical structures of electron
transport materials for solar cell applications.
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Scheme 5. Chemical structures of organic sensitizers for indoor OSCs.

and the charge transport properties of the photovoltaic device. The
device with optimized blend PCDTBT:PTB7:PC61BM:PC71BM
(5:5:3:12) showed a PCE of 10.6% due to high Rg;, and low Rg under a
white LED with illumination of 500 1x. For study the practical appli-
cation of IPV, Colsman and co-workers integrated the solution-pro-
cessed OSCs onto sunglasses equipping a microelectronic circuit to
make a self-powered smart application. [208] For this application they
used a ternary blend PBTZT-stat-BDTT-8:PC61BM:PC71BM and ex-
amined the device characteristics under different illuminated light
sources. The device showed a highest PCE of 6.7% under the white light
LED at 5001x when compared to the low efficiency (0.06%) upon
testing under the standard 1-sun illumination. It clearly demonstrates
that the unique properties of this integrated indoor OSC can sustain as
self-powered electronics and serve for consumer-oriented mobile ap-
plications. In a very recent report, Lee and co-workers made a ternary
blend OSCs by adding a non-fullerene acceptor EP-PDI into a blend of
PTB7:PC71BM. This ternary blend based OSCs improved the PCE to
15.68% due to their high absorption in the visible region and the
crystalline property of EP-PDI which improves the charge transport
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properties. [209] Extending this strategy further, Ko and co-workers
made a semitransparent OSCs by using quaternary blend composed of
donors (PTB7-Th:PBDB-T), fullerene acceptor (PC71BM) and non-
fullerene acceptor (ITIC-Th) in order to efficiently cover the indoor
absorption, leading the new OSC device to deliver a high PCE of 15.5%
under a LED light illumination of 1000 Ix. [210]

In OSC device, low Rg and high Rg, are the basic criteria to minimize
the leakage currents for attaining high PCE. To fulfill these pre-re-
quirements, the blend morphology should be semi-crystalline to bal-
ance the charge transport and recombination processes. Along this line,
Kim and coworkers synthesized semi-crystalline  alkox-
ybenzothiadiazole-based polymers PTTBT-BO, PDTBT-BO and
P2FDTBT-BO (Scheme 5). [211] These new polymeric donors were
blended with PC71BM respectively and examined the device char-
acteristics under standard 1-sun illumination as well as dim light con-
ditions. The OSC device employing P2FDTBT-BO:PC71BM blend gave
the improved PCE from 3.69% under standard 1-sun illumination to
8.33% under the dim light irradiance of 2.5mW cm ™2 mainly due to
the exceptionally high Rg,. Among them, the device with PDTBT-
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BO:PC71BM blend showed the highest PCE of 9.6% under dim light
condition due to high Rgy, as well as low Rs. In addition, they explored
the feasibility of introducing a popular non-fullerene acceptor ITIC for
blending with donors (PTTBT-BO, PDTBT-BO, and P2FDTBT-BO).
Unfortunately, the resulting device only produced an inferior PCE of
6.5% due to the high Rg and low Rgy,. Since the crystalline property is
very important parameter, Shim and co-workers blended a wide gap
polymer donor (PPDT2FBT) with PC71BM to achieve OSC device with
a high PCE of 16.0% and P, of 44.8 yW cm™ due to the semi-crys-
tallinity of blend. The device shows high Rg and low Rg}, which results
the improvement of Jsc (117 pA cm ™~ 2) and Vo (0.59 V) and FF (0.65)
under a LED light illuminance of 1000 1x (Table 3). [212] Later, the
same group modified the donor structure by inter-changing the position
of fluorine and alkoxy groups for well-matching of the absorption along
with the required semi-crystalline property [213]. As a result, OSC
device based on PDTBTBz-2F:PC71BM blend achieved a high PCE of
23.1%, Ppax Of 66.0 pW cm ™2 and high V¢ of 0.82V under a LED
source of 1000 Ix illumination.

Instead of using polymeric donor, So and coworkers utilized a
porphyrin-based donor P1 to blend with PC71BM, this small molecule-
based OSC showed a promising PCE up to 19.2% under 300 Ix of a LED
tube. [116] The superior efficiency is due to the better hole transport
feature and reduced energetic defects of P1:PC71BM blend. More in-
terestingly, this small-molecule based OSC device showed better sta-
bility up to 180 min (80% off from the peak PCE of 19.2%) as compared
to that of device based on PCDTBT:PC71BM blend under the same
testing conditions. The improvement on the stability of IPV cells is a

Table 3
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great challenge and needs to be solved by introducing suitable blend
films together with device engineering techniques for future commer-
cialization. In this regard, Tsoi and coworkers used a promising di-
thienobenzene-based small-molecule donor BTR as indoor light har-
vester in combination with PC71BM as electron acceptor for making
indoor OSC device. [42] The indoor OSC device based on BTR:PC71BM
blend achieved a record-high PCE up to 28.1% under a fluorescent lamp
of 1000 Ix, which is three times higher than that of the same device
tested under 1-sun solar radiation. The high PCE of OSC device em-
ploying the blend of BTR:PC71BM as active layer is mainly ascribed to
the well matching of blend absorption with the fluorescent lamp as well
as the balance of crystallinity and phase separation of the blend film.
Recently, Arai and co-workers modified the dithienobenzene core with
indanedione as terminal acceptor units through oligothiophene bridge
to make BDT-nT-IDs (n =1, 2) as new electron donors for better
matching the absorption toward the LED light. [214] The OSC device
based on BDT-2T-ID:PNP blend achieved a high PCE of 16.2% and Py«
of 12.3 yW cm ™2 This device was applied for a real self-sustainable
electronic application with a six series connected module that can
generate a high output power surpassing 100 pW and a high V¢ (4.2 V)
under indoor light conditions of 2001x. Most of the reported indoor
OSC device were fabricated by solution-processed method. A recent
report by Wong and coworkers made a vacuum-deposited OSC device
based on a D-A-A configured electron donor DTCPB composed of
benzothiadiazole as central acceptor for red-shifting the absorption to
visible region. The optimal device employing DTCPB:C70 blend as the
active layer showed a PCE ~ 16% under a TLD-840 fluorescent lamp

Optical, electronic and photovoltaic properties of organic donor/acceptor based IPVs.

Indoor Light Source Light Intensity (lux) Organic donor Organic acceptor Jsc (UA cm™3?) Voc (V) FF PCE (%) Prax (WW cm™2) Ref.
T5 fluorescent lamp 500 P3HT PC61BM 36 0.47 0.62 7.48 - [67]
LED 1000 P3HT ICBA 147 0.69 0.62 8.80 - [201]
TL5 500 P3HT PC61BM 62 0.43 0.59 9.59 15.8 [68]
LED 500 P3HT PC61BM 62 0.43 0.59 8.90 15.7 [68]
TL5 500 P3HT ICBA 50 0.73 0.62 13.76 22.5 [68]
LED 500 P3HT ICBA 50 0.73 0.63 13.05 229 [68]
LED 500 P3HT ICBA 36 0.64 0.69 9.50 - [202]
LED 500 P3HT ICBA 44 0.68 68.3 12.10 - [203]
LED 1000 P3HT ICBA 104 0.56 0.60 14.60 - [204]
TL5 500 PBDTTT-EFT PC71BM 63 0.58 0.59 13.14 21.6 [68]
LED 500 PBDTTT-EFT PC71BM 66 0.59 0.58 13.20 23.2 [68]
Fluorescent lamp 300 P3HT PC61BM 21 0.41 0.56 5.80 4.8 [66]
Daylight color LED 890 PTB7-Th PC71BM 92 0.62 0.74 11.63 42.3 [71]
Fluorescent lamp 300 PTB7 PC71BM 29 0.61 0.69 14.60 12.2 [66]
Fluorescent lamp 300 PCDTBT PC71BM 28 0.72 0.69 16.60 13.9 [66]
LED 300 PCDTBT PC71BM 28 0.70 0.46 8.70 9.0 [69]
CFL 300 PCDTBT PC71BM 54 0.74 0.53 11.50 20.7 [69]
Incandescent bulb 300 PCDTBT PC71BM 17 0.65 0.34 0.60 3.8 [69]
Fluorescent lamp 300 PCDTBT PC71BM 31 0.70 0.56 16.50 12.2 [55]
Fluorescent lamp 300 PCDTBT:PDTSTPD PC71BM 33 0.73 0.63 20.80 15.4 [55]
LED 300 PCDTBT PC71BM 31 0.70 0.57 16.20 12.5 [55]
LED 300 PCDTBT:PDTSTPD PC71BM 33 0.73 0.61 19.00 14.6 [55]
White LED 500 PCDTBT: PTB7 PC61BM:PC71BM 44 0.58 0.71 10.6 18.0 [207]
White LED 500 PBTZT-stat-BDTT-8 PC61BM :PC71BM 50 0.53 0.47 6.70 12,5 [208]
LED 500 PTB7 EP-PDI :PC70BM 57 0.65 0.69 15.68 - [209]
LED 1000 PTB7-Th: PBDB-T PC71BM: 99 0.67 0.65 15.46 - [210]
ITIC-Th
Dim light 2.5% PTTBT-BO PC71BM 280 0.82 0.40 3.57 - [211]
ITIC 130 0.84 0.60 2.67 - [211]
Dim light 2.5% PDTBT-BO PC71BM 360 0.75 0.77 9.60 - [211]
ITIC 300 0.82 0.67 6.48 - [211]
Dim light 2.5% P2FDTBT-BO PC71BM 430 0.79 0.62 8.33 - [211]
ITIC 300 0.89 0.56 5.85 - [211]
LED 1000 PPDT2FBT PC71BM 117 0.59 0.65 16.00 44.8 [212]
LED 1000 PDTBTBz-2F PC71BM 112 0.82 0.70 23.10 66.0 [213]
Fluorescent lamp 1000 BTR PC71BM 133 0.79 0.75 28.10 78.2 [42]
White LED 200 BDT-2T-ID PNP 24 0.75 0.68 16.20 12.3 [214]
LED 300 P1 PC71BM 30 0.76 0.66 19.15 14.9 [116]
TLD-840 800 DTCPB c70 79 0.72 0.64 15.78 36.6 [215]
amW cm ™2,
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(8001x). [215] The good device performance was attributed to the
strong visible absorption of DTCPB:C70 blend together with the anti-
parallel dimeric crystal packing of DTCPB which favors the morphology
for better charge transporting and reduced exciton recombination. This
work was accomplished by adopting the mature vacuum deposition
technology that has been commercialized for organic light-emitting
diode (OLED) devices. In other words, this result may open a new op-
portunity for material development since the basic requirement of
electron donor suitable for indoor OSCs is the visible light absorption,
which can be feasibly achieved by conjugated molecule with limited
molecular weight that is necessary for vacuum process.

In summary, the OSC-based IPV with an active layer composed of
dithienobenzene-based donor BTR and fullerene acceptor PC71BM
reported by Tsoi and co-workers delivered the best PCE of 28% so far
under a fluorescent lamp (1000 1x). This work clearly reveals that
achieving better and effective phase separation of nano-crystalized ac-
tive layer is very important for developing efficient IPVs. Therefore,
feasible approaches that enable organic materials to have appropriate
crystalline sizes together with preferable face-on interactions in active
layer can enhance the Rg, and high Vog thus high efficiency.
Developing novel donors and acceptors in active layer by suitable
molecular designs in conjunction with new fabrication techniques can
further promote the progress of OSC-based IPVs in the near future.

3.4. Perovskite materials for indoor photovoltaics

For the last decade, the research activities for perovskite-based PVs
are explosively booming. Interestingly, although the low band gap
(1.6 eV) of CH3NH3PbI;_,Cl, is able to perfectly cover the UV-vis ab-
sorption region, with additional absorption in IR region, which is an-
ticipated to be additional for the most of the indoor lighting, per-
ovskites are still perfectly suitable for indoor light sources mainly due
to the low exciton binding energy and long charge carrier diffusion
length as well as high carrier mobility. [44-46] The device structure of
PSCs is basically configured with two types of architectures such as (a)
mesoporous and (b) planar configuration (Fig. 12). The working prin-
ciple is shown and explained in Fig. 12. Similar to DSSC configuration,
mesoporous PSCs also fulfill the porous structure of TiO, adsorbed with
perovskite materials and then covered with HTL. In this configuration,
the mesoporous TiO- layer act as substrate to load the perovskite ma-
terial as well as electron transportation and HTL for hole transportation.
Since the perovskite posses long carrier diffusion length (1 um) it al-
lowed fabricating a dense packed planar perovskite film to harvest
more light. For planar PSCs, perovskite film is sandwiched between ETL
and HTL. It was either in the form of conventional PSCs (FTO/ETL/
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perovskite/HTL/counter electrode) and inverted planar PSCs (FTO/
HTL/perovskite/ETL/counter electrode) shown in Fig. 12. The con-
ventional and inverted PSCs mainly differ in the exchange of the po-
sition of ETL and HTL near to anode and cathode. The ETLs are typical
n-type oxide semiconductors (TiO,, ZnO, MgO and SnO,) for conven-
tional or fullerene derivatives for inverted PSCs, whereas the HTLs are
typical organic electron-rich n-conjugated materials. The working
principle of perovskite cells involves (1) the light absorption of per-
ovskite generates exciton, which diffuses within perovskite crystalline
grains, (2) the electron injects into electron ETL, (3) hole transfers to
HTL, (4) the charge carriers are subsequently collected by the counter
electrodes and generates photocurrent. [44-46,216] However, un-
desired electron recombination and back electron transfer can dete-
riorate the PCE of PSCs.

For the first time, Lin and co-workers reported perovskite
(CH3NH3PbI; _,Cl,) as an active layer to construct PV cell under dim
light conditions. [51] Various ETLs (C60, C70 and PC61BM) were ju-
diciously selected together with the optimization of fabrication process
for controlling the traps in the active layer as well as carrier dynamics
for better devices. The PSCs with two-step deposited PC61BM as ETL
produced the highest PCE of 27.4% under the light source of a T5
fluorescent lamp (1000 1x) due to its low charge transfer resistance and
then a high Vo¢ of 0.85 V. The structural nature of perovskite makes the
high stability PSCs a great challenge. In this regard, photoactive poly-
mers such as acrylate and epoxy polymers shown in Scheme 6 were
used to encapsulated the perovskite to improve the thermal stability
and effective hole extraction which lead to PCE of 20% and P, of 64.9
uW cm ™2 under a Panasonic LED light (320 Ix). The encapsulation of
photoactive perovskite layer helps to double the external quantum ef-
ficiency under indoor lighting than outdoor conditions due to the better
spectral matching of indoor light with the perovskite devices. It in-
dicates that the photoactive polymers can be successfully integrated in
perovskite devices and effectively extract the holes from the perovskite
interface owing to its outstanding electron-blocking nature. [217] PSCs
are more stable at low light intensity and show a photovoltaic response
even at lower light intensities (102 mW cm™®) when compared to
crystalline silicon solar cells. A constant current is observed at low light
intensity that is originating from a capacitive current which typically
leads to overestimate the performance of PSC (more than 100%) and
DSSC (over 10%). In general, lower capacitance of PSC (37.9 pFem?) at
the interfacial contacts results in the hysteresis gap observed in I-V
curves of the device. In this context, MPPT technique combined with
LED solar simulators with a wider range of light intensities suggest for
better photovoltaic parameters. [166] Ishikawa and co-workers studied
the photovoltaic parameters of PSCs under low light intensities and
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Fig. 12. Typical schematic device configuration of (a) mesoporous TiO, film, (b) planar and (c) inverted PSC architectures and their working principles (d, e, and f,

respectively).
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Scheme 6. Chemical structures of ETLs, HTLs and components in device for indoor perovskite solar cells.

found that the PSC devices exhibited higher V¢ even under 0.1 mW
cm? illumination. Under the various light intensities, the Jgc of the
device is in proportional relation with light intensity, however, the V¢
is not proportional and remains unchanged at about 70% of its initial
value. [218]

In order to get low defect densities of perovskite thin films, vacuum
deposition technology has been utilized to make high quality perovskite
thin films, which was combined with C60 as the ETL to make PSCs.
[219] The small area device based on the vacuum-deposited perovskite
showed the better photovoltaic parameters (Jsc of 139 pA em ™2, Vo of
0.91 V, FF of 0.75 shown in Table 4) and high PCE of 30.1% and P,.x of
94.9 uW cm™? under a fluorescent lamp illumination of 10001x as
compared to that of solution-processed perovskite devices. In addition,
these vacuum-fabricated PSCs showed remarkable stability up to one
year with simple epoxy encapsulation in the absence of any desiccant.
This result clearly indicates that vacuum-deposited PSCs are promising
candidate for indoor light energy harvesting and may serve as potential
power source for the future IoT applications.

In planar PSCs, the incorporation of suitable interfacial layers can
boost the electron transport and extraction processes and reduce the
sheet resistance to improve the PCE. Also, the interfacial layers can act
as a protective layer in order to prevent the erosion of moisture and
oxygen into the perovskite film, and thus improve the most desirable
thermal stability. In this scenario, the developments of interfacial layers
were extensively explored either in upper or lower layers near anode or
cathode, respectively. For example, Wang and co-workers modified the
interface between ETL (PC61BM) and cathode (Ag) by incorporating an
ionic liquid of 1-butyl-3-methylimidazolium-tetrafluoroborate ([BMIM]
BF,) (shown in Scheme 6) to make PSCs with the device configuration
of FTO/NiO,/CH;NH;Pbl;/PC61BM/BMIM]IBF,/Ag. [52] The
corporated [BMIM]BF, efficiently passivate the surface traps and fa-
cilitate the electron extraction and transportation, leading to a record-
high PCE of 35.2% under 1000 Ix illuminance of a fluorescent lamp.

In most of the perovskite PVs, spiro-MeOTAD (Scheme 6) is the
most popular and extensively used HTL due to its good solubility,
visible absorption, good film-forming nature, and high hole mobility.
[50,216,220-227] Researchers taken this evergreen material in com-
bination with newly developing/modifying electron-transporting ma-
terials for better PCEs. Along this line, Brown and co-workers ex-
tensively studied and developed various types of electron transport
materials [225,226]. They constructed CH3NH3PbI3:spiro-MeOTAD

in-
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based PSC by incorporating low temperature compact TiO, layer and
mesoporous TiO, layers. In this device, the mesoporous TiO, layers can
effectively work even under low light illumination due to its very low
dark current and reverse dark currents. The obtained indoor perovskite
PVs achieved a high PCE of 25.4% and Py, of 32.6 W cm ™~ 2 under
4001x CFL illumination. Additionally, they made flexible PSCs by
modifying the ETL with SnO,/mesoporous-TiO, to deliver a PCE of
13.32% under a 400 1x LED illumination. [230] The device character-
istics are ascribed to the presence of a mesoporous TiO, scaffold layer
over SnO, that facilitates higher rectification ratios, lower Rg and
higher Rg;,. Later, the same group further improved the PCE up to
26.9% by using SnO,/MgO composite ETLs of a device configured as
ITO/Sn0O5/MgO/CH3NH3PbI3/Spiro-MeOTAD/Au, which was then
examined under similar light conditions. [231] In this new device
configuration, the thin MgO layer over SnO, favors the formation of
uniform films (ITO/Sn0O,/MgO0), leading to the suppression of inter-
facial charge-carrier recombination, and thus afford better stability.
Therefore, it is evident that the PCE of PSCs strongly depends on the
purity of crystalline perovskite films and morphology control as well as
the materials employed to encapsulated the perovskite layer.

The developments of real ambient fabrication techniques are
emergently required for the commercialization of perovskite devices.
[232] In this context, Feng and co-workers developed air knife assisted
recrystallization technique by the immersion of nanoporous PbI, film in
the methylammonium iodide/chloride bath. [233] In this way, the re-
sulted perovskite film enhances the crystallinity with pure domains and
low trap density, rendering the perovskite IPVs with an excellent PCE of
27% under a 20001x T5 fluorescent light illumination at ambient
conditions. In another report, Tsoi and co-workers studied indoor PSCs
by a set of benchmark device architectures such as mesoporous per-
ovskite and inverted perovskite with alternative HTLs, and carbon-
based PSCs [234]. Among them, mesoporous perovskite with a typical
HTL (Spiro-OMeTAD) exhibited a highest Py, of 115.6 uW cm ™2
under 1000 Ix illuminance of fluorescent lamps. When the HTL was
replace by PTAA (Scheme 6) in the device, the P, drops to almost
zero under indoor lighting while both HTLs showed similar PCEs under
1-sun conditions. It indicates that the PCE of PSCs under indoor light
sources are much influenced by their leakage currents. Similarly, in the
case of inverted PSCs with Poly-TPD as a HTL achieved better P,.x
(indoor) than the one employed PEDOT:PSS due to the higher leakage
current of PEDOT:PSS layer. However, the HTL-free carbon-based PSCs
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Table 4

Optical, electronic and photovoltaic properties of perovskite IPVs.

Ref.

Prnax (MW cm™?)

PCE (%)

FF

Voc (V)

Jsc (MA cm™?)

Device configuration

Light Intensity (lux)

Indoor Light Source

[51]

0.76  26.00
0.75 27.40

0.57 5.50
0.46
0.70

0.76
0.84
0.70
0.57
0.79
0.78
0.63
0.87
1.10
0.90
0.84
0.90
0.88

134
132
109
105
118
58

34

ITO/PEDOT:PSS/perovskite/one-step PC61BM/1,3,5-tri(m-pyrid-3-ylphenyl)benzene(TmPyPB)/Ag

1000
1000
1000
1000
1000
400

400

T5 fluorescent lamp

[51]

ITO/PEDOT:PSS/perovskite/two-step PC61BM/1,3,5-tri(m-pyrid-3-ylphenyl)benzene(TmPyPB)/Ag

ITO/PEDOT:PSS/perovskite/C60/1,3,5-tri(m-pyrid-3-ylphenyl)benzene(TmPyPB)/Ag
ITO/PEDOT:PSS/perovskite/C70/1,3,5-tri(m-pyrid-3-ylphenyl)benzene(TmPyPB)/Ag

CH3NH3Pbl3:spiro-MeOTAD

T5 fluorescent lamp

[51]

T5 fluorescent lamp

[51]

10.00
19.80

T5 fluorescent lamp

LED
CFL

[217]
[229]
[228]
[52]

64.9

32.6

0.72 25.40
0.77 12.10
0.75 35.20

0.66

glass/ITO and glass/FTO of the type TCO/c-TiO2/meso-TiO»/CH3NH3Pbl3/Spiro-O-MeTAD/Au

ITO/TiO,/CH3NH;3Pbl3:spiro-MeOTAD/Au

16.0

LED

150
14
65

FTO/NiO,/CH5;NH,Pbl,/PC61BM/[BMIMIBF,/Ag
FTO/c-TiO2/m-TiO,/ZrO,/m-carbon/CH3;NH3Pbl;

1000
1000
400
400

Fluorescent lamp
Fluorescent lamp

LED

[235]
[231]
[230]
[233]
[219]

10.0

18.00

41.6

0.72 26.90

0.53

ITO/SnO,/MgO/ CH3NH;3Pbl3/Spiro-MeOTAD/Au
SnO,/meso-TiO,/CH3NH3Pbl;/spiro-MeOTAD

19.2

13.32

40

LED

0.75 27.00
0.75 30.10

240
135

ITO/SnO,/Perovskite/PC61BM/Bathocuproine (BCP)/Ag

2000

T5 fluorescent light
Fluorescent lamp

94.9

ITO/MoOs/tris[4-(5-phenylthiophen-2-yl)phenyl]amine (TPTPA)/perovskite/C60/1,3,5-tri(m-pyrid-3-yl-phenyl)benzene

(TmPyPB)/Ag

1000
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exhibited a promising Ppay (89.4 pW cm™~2) under 1000 Ix. This con-
figuration was further successfully utilized to make a large scale panel
(5 x 5 cm?) serving as a demonstration for the feasibility of practical
applications. Watson and co-workers developed a promising printable
perovskite device architecture based on mesoporous layer made of
overlapping titania, zirconia and carbon layers for both the advantages
of low-cost and outstanding stability. [235] Under a fluorescent lamp of
1000 Ix, this printable PSCs exhibited a high PCE of 18% and Py,.x of
10.0 uW cm due to the patterning of the blocking layer (titania and
zirconia) that improved both Vy¢ and FF. Also, these devices showed
good stability even after working for hundred hours under 70% room
humidity that still exhibited a PCE as high as 6.6%.

In conclusion, due to the remarkable optical and electronic prop-
erties, perovskites are currently performing excellent efficiency for PV
applications under indoor conditions. The perovskite-based IPVs with a
modification of ionic liquid on top of PC61BM produced a record PCE
of 35% under a fluorescent lamp (1000 Ix) was reported by Wang and
his co-workers. The record-high efficiency indicates a bright direction
of perovskite-based PVs for IPV applications. There are even more
rooms for the innovative developments of new hole- and/or electron-
transporting materials as well as interfacial materials to facilitate the
exciton extraction efficiency, to control the quality and size of crystals,
and to improve the stability. In spite of material engineering works,
new inputs on fabrication processes and device structures are also im-
portant as we practically consider applying perovskite-based PVs for
IPV applications.

4. Conclusions and prospects

In conclusion, the future large demand of sustainable energy source
for low-power consumption applications will greatly stimulate the
growth of IPVs technology. Since the indoor lights typically deliver
lower light intensity with various emission spectra depending on the
natures and lighting mechanisms, this review firstly classified the in-
door lights and summarized their characteristics, and highlighted the
cautious points for the determination of the efficiency for the IPV de-
vices under ambient conditions. In order to escape from the general
over-estimation/underestimation on the PCE of a specific IPV device,
particular attentions should pay for the accuracy of calibrated lux meter
by NIST-traceable calibration (e.g. Extech LT40-NIST) is recommended,
and stable irradiance during the measurement and precisely fixed
source-device distance. In addition, the prior knowledge of the light
source spectrum is highly recommended for getting a more accurate P;,
from L. Among the various indoor light sources, fluorescent and LED
lamps perform as the most energy-saving lighting for our daily life,
which also showed the highest PCE in most of the IPV cases owing to
their narrower spectral widths without the low-photon-energy IR
emission. In principle, all materials for outdoor PVs may also be useful
for IPVs, but there are some fundamental requirements for IPV mate-
rials such as sufficient absorption range between the 350-700 nm with
high molar extinction coefficient. Based on the reported works on
various IPVs, this review classified the utilized materials into four dif-
ferent categories that mainly are inorganic silicon and III-V semi-
conductors, dye sensitizers, organic electronic donors and acceptors,
and perovskites depending on their structural properties and working
principles of photovoltaic device. The structure-property-efficiency re-
lationship of the materials in individual class was highlighted together
with their challenge and perspective. Among inorganic materials, gal-
lium based materials (GaAs and InGaP) performed very impressive PCE
at low irradiance levels due to the suitable optical energy gap nicely
responding to indoor lightings, low dark current, and highest surface
density. However, these materials are suffering from high production
cost due to the difficulties on the purification as well as the formation of
defect-free crystals. The whole production process essentially needs
high energy and inevitably produces chemical wastes, both of them
have substantial impacts on the global environment, setting up the
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great challenges for further large scale applications. In addition, flexible
IPV panels have advantages for fitting to the large scope of household
applications such as smart windows and [oTs sensors. However, flexible
inorganic material-based IPV needs a micro-meter thin active layer,
which typically produces a lower PCE. The demanding and challenges
will definitely stimulate the development of better inorganic materials
produced by environmental benign methods and suitable flexible film
technologies in the near future.

Since the indoor light intensity is much weaker as compared to that
of the outdoor sunlight, the typical inferior photo-stability issue of or-
ganic materials for conventional solar PVs may not be as crucial as
usual, giving a great opportunity for organic IPV material develop-
ments. In addition, the strategies to modulate the absorption profiles of
organic materials are more feasible as considering them for IPV appli-
cation adopting the light-to-current conversion mechanism based on
DSSCs and OSCs. For DSSC-based IPVs, the best device with a PCE up to
32% has been successfully realized with a co-sensitizer composing of
dithenocyclopentadiene based dyes (XY1b:Y123), indicating the po-
tential of co-sensitized approach that can perform better spectral
overlap with indoor lighting, perfect matching of energy levels and
compact packing on TiO, to enhance Jsc and V¢ and then PCE. From
the structural design points of view, the ideal dyes for DSSC with highly
intense 350-700 nm absorption will largely limit the choice of aromatic
units. Particular attentions should pay for the molecular features that
can (1) satisfy the spectral response to indoor lights, (2) lead to compact
packing on TiO, with reduced flexibility of anchoring modes, (3) reduce
electron recombination and dark current, (4) lower down the HOMO
level to create more space for electrolyte development that eventually
increases the Voc, For a further practical application, the DSSC-based
IPVs need to face the long-standing challenges concerning on the sta-
bility.

For OSC-based IPVs, the champion case that gave the best PCE of
28% was achieved by employing the active blend composed of a central
symmetric donor (BTR) with dithienobenzene as electron rich central
moiety and rhodamine as terminal group in combination with a full-
erene acceptor PC71BM. The excellent performance was attributed to
the suitable nanophase separation and face-on orientation in the active
layer. The fullerene acceptors are still dominant in IPV applications due
to their well-matching absorption range and superior electron-trans-
porting features. However, the emergence of non-fullerenes acceptors
may create a big momentum for promoting the progress of OSC-based
IPVs. Nevertheless, for further enhancing the efficiency of OSCs for
IPVs, the molecular structure engineering implementing on the poly-
meric/small molecular donors and acceptors with enlarged optical en-
ergy gaps needs to simultaneously consider the impacts of molecular
structure on the active layer morphology that can lead to the formation
of appropriate crystalline sizes together with preferable face-on align-
ment in active layer to give high Rg, and then high Voc. In addition,
new fabrication techniques that can subtly optimize the morphology of
blend film using ternary compositions are also beneficial for further
improving the performance. It is generally believed that OSC-based
IPVs have the best opportunity to satisfy the demanding on flexible
panels. However, flexible OSCs still showed the relatively lower PCEs
which need to significantly improve for practical applications. Because
the reported stability tests are still limited, hence, OSCs-based IPVs also
need to face the poor stability issue for the further progress in the near
future.

Among these emerging photovoltaic materials, perovskites (e.g.
CH3NH;3PbI3) are superior due to the high crystallinity for good charge
transport, better spectral coverage and the low exciton binding energy.
The best perovskite-based IPV with a PCE of 35% was reported with
good stability by incorporation of an ionic liquid acting as both electron
transport and protective layer to effectively passivate the surface of the
perovskite film. This excellent result implies the bright prospect of
perovskite for IPV application if the stability issue can be nicely solved.
In addition, the developments of new hole- and/or -electron-
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transporting materials as well as interfacial materials to facilitate the
exciton extraction efficiency, together with new inputs on fabrication
processes to control the quality and size of perovskite crystals, and to
improve the stability, and new device structures are essential and im-
portant as we consider applying perovskite for practical IPV applica-
tions. In spite of the high efficiency IPVs that can be achieved by Pb-
based perovskites, the Pb issues on the environmental impacts are still
under debating. In this regard, more research efforts on Pb-free per-
ovskites for giving comparable efficiency should be strongly invested in
the near future.

Overall, the steady improvements of the performance of various
IPVs reveal this indoor light harvesting technology has the possibility
for practical commercialization as sustainable power source. To reach
to the final goal there are still some major challenges such as hysteresis
effect in the current-voltage curves, poor morphology of active layers,
low Rg;, and high Rs and exciton recombination, waiting for feasible
solutions from material developments, fabrication processes, and de-
vice architectures point of view. This review may benefit to create/
generate innovative ideas for conquering these challenges.
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