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The technology behind the display is becoming ever more prevalent in our daily lives. It has
many applications, including smartphones, tablets, desktop monitors, TVs, and
augmented reality/virtual reality devices. The display technology has progressed
drastically over the past decade, from the bulky cathode ray tube to the flat panel
displays. In the flat panel displays, the liquid crystal display (LCD) and organic light-
emitting diodes (OLEDs) are the two dominant technologies. Nevertheless, due to low
stability and color tunability, OLEDs remain behind the LCDs. The LCD screen has a
backlight, usually a white LED, which comprises a blue LED covered with a red and green
enhanced layer (color-converting layers). Although InP/CdSe QDs attracted more attention
due to their solution processability and better color gamut than the previous technologies,
the complexity of their synthesis was still an obstacle to their commercialization. Later, the
emergence of perovskite with highly intense and tunable PL emission, high color purity,
and low-cost synthesis route attracted the attention of display researchers. Owing to the
relatively higher performance of perovskite quantum dots (PQDs) than that of bulk (3D)
perovskite in backlit display devices, these PQDs are being used for high color contrast
and bright display devices. Furthermore, the color gamut for PQDs was observed as 140%
of the NTSC standard, that is, close to that of the commercial OLED devices. In this review,
we have discussed the progress of display technologies with a clear classification of the
pros and cons of each technology. Also, the application of perovskite QD/nanomaterials in
LCD backlit devices has been discussed, and the future direction of further improvement in
their stability and performance has been listed.
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INTRODUCTION

Metal halide perovskite material with high photoluminescence quantum yield (PLQY), high color
purity, and easily adjustable bandgap, etc., has shown a good application prospect in the field of
luminescence and display in the recent years (Lu et al., 2019). However, due to the toxicity issue,
instability, and immature film formation method, perovskite quantum dot (PQD)-based devices are
still under development for commercialization. In 2014, Schmidt et al. (2014) developed the first ever
PQDs , and since then, a lot of researchers have devoted themselves to the development of PQD-
based optoelectronic devices. The extensive work carried out in the past 7 years has resulted in a
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significant improvement of up to 140% of NTSC for the color
gamut of backlight display (Protesescu et al., 2015). In this study,
we have summarized the strategies used for the development and
improvement of PQDs backlight display devices (Yu et al., 2018;
Zu et al., 2020; Tang et al., 2021). Additionally, the core problems
that need to be solved urgently in this field have been listed, and a
future direction for the development of this field has been
suggested (Boyd et al., 2019; Kumar et al., 2020; Lanzetta
et al., 2021).

At the 2010 Apple Worldwide Developers Conference
(WWDC), former Apple CEO, Steve Jobs, introduced
“Retina Display” on the iPhone 4, which had a pixel
density of 326 pixels per inch (PPI). He claimed that a
magic number of around 300 PPI is the limit of the human
retina when the screen is away from the eyes at a moderate
range. Although the claim of limitation of the human eyes is
still debatable, Apple achieved huge success and highlighted
the importance of synergy of user-interface design and display
technology. Display manufacturers are pursuing more eye-
catching products for more profits. The color gamut, response
time, refresh rate, pixel density, and contrast ratio are critical
for display quality.

A BRIEF INTRODUCTION TO THE
MAINSTREAM DISPLAY TECHNOLOGY

Cathode-Ray Tube
Cathode-ray tube (CRT) is the first electronic display used in
human history. It was first discovered in 1897 and
commercialized in 1922 by Western Dig. The basic idea of
CRT displays is scanning to excite the phosphor on-screen by
one or multiple electron guns. A cathode-ray tube uses bias
between the cathode and anode in a vacuum to eject electrons.
This bias voltage depends on the size of the CRT and affects the
brightness of the display. The ejected electron beams are then
focused by using a magnetic field parallel to ejected electrons,
which is produced by the focusing coil. Then, the electron passes
through a well-controlled magnetic field generated by a deflection
yoke coil, which bends the electron to a certain direction and hits
the phosphor on the screen. By controlling the magnetic field, the
electron beams scan the whole screen at a certain refresh rate to
render each frame. The low refresh rate contributes to the flicker
problem, which results in the brightness change of each pixel
perceived by the human eyes. The refresh rate of CRT was
normally controlled from 60 to 144 Hz. In 1954, the first color
CRT, 15GP22, was introduced by the Radio Corporation of
America (RCA). In contrast to monochrome CRT displays, the
color CRT displays require a screen with three primary color
phosphors on each pixel and three electron guns to excite three
primary color phosphors at the same time. The CRT had been
widely accepted because of its cheap price and reliability.
However, some disadvantages, such as their bulk sizes due to
vacuum chamber and electron guns, their high-power
consumption, and geometrical distortion at screen edges due
to their curved screen, were highlighted after commercial flat
panel displays entered the display market.

Liquid Crystal Display
The modern liquid crystal display (LCD) uses thin-film transistors
(TFT) to generate voltage bias to induce the phase transition of the
liquid crystals, which exhibit various optoelectronic properties and
thus control the passage of backlight.

There are three main categories of LCD panels: twisted nematic
(TN) (Fergason, 1971), vertical alignment (VA), and in-plane
switching (IPS). Beyond the aforementioned designs, display
companies also introduced their modification and technology such
as the multi-domain vertical alignment (MVA) from FUJITSU for a
wider viewing angle (Koike and Okamoto, 1999).

However, the liquid crystal module itself is nonemissive, so the
backlight source is needed (Figure 1A). In early days, the cold-
cathode fluorescent lamp (CCFL) was extensively used as the
backlight source. With the solid-state luminescence technology
advancement, relatively cheaper LEDs with high power efficiency
and long duration emerged as an alternative backlight source and
thus gradually replaced CCFL after 2010. Additionally, replacing
CCFL with LED decreased the backlight module size and
increased the color gamut as well as the view angle (Lu et al.,
2010).

Figure 1B shows the structure of the backlight unit (BLU) in
edge-lit and direct-lit types. LED edge-lit BLUs are composed of
LED arrays placed around the screen edges for backlighting, with a
light guide illuminating the entire LCD panel. Direct-lit BLUs utilize
an LED matrix on the backside of the LCD module and a diffuser
layer to produce homogeneous light for the LCD module. Both the
aforementioned BLUs have their own benefits. The edge-lit structure
has thinner profiles and is cheaper due to lesser requirement of an
LED chip, while the direct-lit structure provides higher brightness,
better luminescence efficiency, and potential local dimming abilities.
In general, edge-lit BLUs are preferred options for mobile devices,
laptop screens, and cell phones due to thickness, weight, and cost
(Moon and Oh, 2015).

The low contrast ratio is the most criticized problem of LCD.
The unpolarized light scattering, as shown in Figure 1C, results in
the light leakage problem (Chen et al., 2017), and so the LCD
cannot achieve a true dark state. The commercial VA, IPS, and
TN panels have contrast ratios of approximately 5,000, 1,000, and
1,000, respectively. On the other hand, theoretically, the organic
light-emitting diode (OLED) panel can reach an infinite
contrast ratio.

To improve the contrast as well as the color gamut, different
solutions were proposed. Mini-LED is the ultimate product of a
direct-lit LED backlight LCD. Researchers and businesses have been
trying to shrink LED dies and fabricate dedicated active matrixes,
which are possible for backlights of future LCDs and may even be
used as display panels themselves. This is where the concepts ofmini-
LED and micro-LED come from. We will discuss micro-LED later
because it doesn’t need an LCDmodule anymore. By controlling each
LED, each pixel can conceptually reach the true dark state and also
reduce the response time. By locally controlling the on–off state of the
backlight zone, a higher contrast ratio can be achieved and at the
same time reduce some power consumption and expand the color
gamut (Xiao et al., 2021). Furthermore, quantum dots (QDs) are also
a promising technology to further improve the performance of LCDs.
TCL technology announced a 4K HDR TV in 2021, using a blue
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mini-LED backlight and a QD film behind the LCD module, as
shown in Figure 2A. Apple Inc. also announced iPad Pro 12.9 (2021)
with the Liquid Retina XDR display, which utilizes a mini-LED
backlight with advanced local dimming function, as shown in
Figures 2B, C.

In summary, LCD was dominant because of its cheap, reliable,
and acceptable performance. Mini-LED and QD are introduced

for next-generation technology for LCD and they may be the
solution for LCD manufacturers with few changes required in
existing production lines.

Plasma Display Panels
The plasma display panel (PDP) is a member of self-emissive
panel technology. Like OLED and micro-LED, the PDP controls

FIGURE 1 | (A) Structure of LCD (Park et al., 2013), (B) direct-lit backlight unit and edge-lit; (C) schematic diagram of depolarized light generated by the LCD
module, which contributes to light leakage of LCDs (Chen et al., 2017).

FIGURE 2 | (A) Schematic of QD-mini-LED by using mini-LED and QD film from the TCL US official website. (B) Mini-LED backplane and (C) local dimming
technology used in iPad Pro 12.9 (2021) from the Apple official website.
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each monochromatic subpixel by the address circuit. Each single-
color subpixel of PDP was a closed cell that contain inert gases,
phosphors, and electrodes for free-electron generation. The light
is generated in the same way as fluorescent lamps by applying
high voltage, free electrons are emitted, and then the in-cell inert
gases are ionized, becoming plasma. The phosphors are excited by
ultraviolet radiation from a combination of ionized gases and
convert ultraviolet light to visible light (Hilsum, 2010).

The phosphors are the key component in the PDP that
determine color, efficiency, and lifespan of PDP (Kim et al.,
2000; Wu et al., 2007). Emission spectra of red, green, and blue
phosphor materials, that is, (Y, Gd)BO3:Eu

3+, BaAl12O19:Mn2+,
and BaMgAl10O17:Eu

2+, respectively, are shown in the figure
(Kim et al., 2000). However, phosphors under the high
temperature and high energy irradiation flux in a small cell
are shortened (Shuxiu, 2006). Also, the PDP suffered from the
notorious burn-in phenomenon, in which phosphors degrade
and lose their emissive property (Suk Joo et al., 2008).

The PDP possesses a high theoretical contrast ratio as other
self-emissive displays without image distortion like curved
screens. Also, the PDP has a thinner profile than CCFL-LCD
at that time. The PDP was once the most promising display
technology of high-end and large size in the market in the 2000s
(Liu, 2012). The PDP was easier to be manufactured in large size
and exhibited wider viewing angle, higher color saturation, and
thinner profile than LCD at that time, but all of these merits come
with higher production costs (Shinoda, 2006). However, the
introduction of LED as a backlight source for LCD further
increased lifespan, lowered power consumption, thinned the
panel profile, and least but not last removed lead content in
CCFL tubes from LCD (Kakinuma, 2006). Aside from that, thin-

film transistors (TFT) relived the viewing angle problem of LCD
(Kim et al., 2006). Those improvements made PDP lose the edge
to LCD. Apart from LCD, the emerging OLED technology
exhibits simpler basic design, a wider color gamut, and the
possibility for fixable displays. Eventually, the production lines
of PDP around the world were successively closed before 2015
(Pansonics, 2013; Reuters, 2014).

Organic Light-Emitting Diode
In recent years, most of the commercial electronics are equipped
with OLED displays, though LCD still dominates the market at
this moment. The ultra-high contrast ratios owing to its self-
emissive property, thinner profile, and shorter response time
make it more attractive to consumers. Moreover, the flexibility of
OLED is incomparable with LCD panels. Flexible OLEDs are not
just “flat panel displays” anymore and thus open up the possibility
for versatile applications, such as wearable and biomedical
devices (Jin et al., 2016; Keum et al., 2020; Hong et al., 2021).
In Figures 3A, C–E, flexible and transparent OLED fabricated on
a PET thin film was reported (Choi et al., 2020).

The first practical OLED debuted in 1987 by Tang and
VanSlyke (1987), which had a forward voltage as low as 2.5 V,
while at that time other organic electroluminescence devices
needed driving voltage around 100 V (Williams and Schadt,
1970; Williams et al., 1972; Vincett et al., 1982). Simple
fabrication, fast response, and high electroluminescence
efficiency also attracted wide attention.

The organic emissive layer is the key part of OLED as it
determines its optoelectronic properties as well as limitations and
thus, has been widely investigated. Several kinds of materials are
proposed and reported. Briefly, the emissive materials are

FIGURE 3 | (A) Structure of the first OLED with an Mg/Ag alloy with a molar ratio of 10:1 as the cathode, Alq3 as the emissive layer, diamine as the hole transport
layer, and an ITO-coated glass substrate as the anode (Tang and VanSlyke, 1987). (B) Scheme of mechanism for fluorescence, phosphorescence, and TADF (Pode,
2020). (C)Schematic diagram, (D) deposition illustration, and (E) photo of full-color AMOLED fabricated on a 6-µm PET thin film and powered by two-dimensional MoS2

transistors with single-pixel that was connected with the gate line, the cathode line, and a MoS2 transistor (Choi et al., 2020).
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categorized into three different generations. The first generation
is the fluorescent materials such as the aforementioned Alq3
developed in the 1990s. These fluorescent materials suffer from
low internal quantum efficiency as statistically only 25% of singlet
excitons can be generated after excitation (see Figure 3B) (Friend
et al., 1999; Pode, 2020). The phosphorescent materials
incorporated with expensive metal elements, such as Ir, OS,
and Pt, enable OLED to reach almost 100% internal quantum
yield by intersystem crossing (Adachi et al., 2001), and the
extraordinary light-emitting performance realized in the
second-generation OLED (Hong et al., 2021). The third-
generation OLEDs are made of thermally activated delayed
fluorescence (TADF) materials. The delayed fluorescence was
first observed in 1961 by Eosin, while the breakthrough was made
around 2010 when Adachi et al. (2001) utilized this phenomenon
to harvest the triplet states by reverse intersystem crossing as
demonstrated in Figure 3C. This resulted in nonemissive
recombination and realized the high-efficiency TADF OLED.
The TADF materials exhibited no more reliance on expensive
metal elements and no sacrifice of internal quantum efficiency
was observed. While the internal quantum yield of OLED can
achieve almost 100% (Baldo et al., 1998), the external quantum
yield of commercial OLED is approximately 20% only, due to
light extraction problems in structure (Salehi et al., 2019). The
disadvantage of OLED is its lifespan (So and Kondakov, 2010)
and furthermore different degradation rate for red, blue, and
green pixel causes color shift and image sticking (Jang et al., 2016;
Yin et al., 2019). Thus, scientists are working on not only

exploring novel emissive materials but also developing aging
compensation technology to deal with these issues (Volkert
et al., 2015).

There are two mainstream structure designs in the market:
active-matrix OLED (AMOLED) and white OLED (WOLED), as
demonstrated in Figure 4A and Figure 4B, respectively. Figures
4D, E suggested that AMOLED in Samsung Galaxy S10 has the
narrower FWHM, contributing to a wider color gamut, over
WOLED in TV, but large size and ultra-high-resolution
AMOLED is subjected to a complicated fine metal mask
process. Large-sized fine metal masks are challenging to
fabricate into the large size and align to an accurate position
(Chen and Chen, 2016; Kim et al., 2020). Figure 4C shows a color
conversion design using a blue OLED and color conversion
materials, but color filters might be needed to absorb excess
blue light. QDs are exceptional color conversion materials to
realize the QD-OLED, which was announced by Samsung in CES
2022 (Sag, 2022).

LED MATRIX/ARRAY

LED is a well-known and commonly seen solid-state
luminescence nowadays that exhibits several advantages over
traditional light sources, such as lower maintenance cost,
higher efficiency, and smaller size (Li et al., 2020). LED was
first introduced in 1927 by the Soviet scientist Losev (1927) and
Zheludev (2007). He made a contact between a metal wire and

FIGURE 4 | Full-color structure of (A) RGBOLED, (B)WOLED, and (C) color conversion OLED (Yin et al., 2019). Spectra of (D) AMOLED on Samsung Galaxy S10
(Displaymates, 2019) and (E) WOLED on LG OLED TV (Soneira, 2017).
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silicon carbide and measured the current–voltage properties as
well as the emission spectra of the device. Yet, after several
decades, in 1993, Edmond and colleagues reported a 6H-SiC
single junction LED with an efficiency of only 0.02–0.03%. The
efficiency of SiC LED has not increased much due to its indirect
bandgap. LED is a p-n junction diode. The recombination is
either radiative or nonradiative, which is related to the nature of
direct or indirect bandgap semiconductors. In direct bandgap
semiconductors, recombination emits photons (radiative), while
in indirect bandgap semiconductors, the electron undergoes
energy and momentum changes, so the energy is released as a
phonon (heat and nonradiative) along with photon (light and
radiative), as shown in Figures 5A, B(Kasap and Sinha, 2013).
Nevertheless, nonradiative recombination can never be
eliminated in the real world.

After decades of modifications to materials, equipment, and
structures, Nakamura et al. (1994) fabricated a high-
luminescence InGaN blue LED with a double-heterostructure
in 1994, which was inspired by Nobel physics laureates in 2000,
Zhores Ivanovich Alferov and Herbert Kroemer (Nakamura,
2015). In 2014, Shuji Nakamura, Isamu Akasaki, and Hiroshi
Amano were awarded the Nobel Prize in Physics for the
invention of efficient blue LED. The application of LED in
the display industries is mainly for the backlights of LCD panels.
The color gamut of LCD would be affected by the spectrum of
backlight and transmission of color filters. The white light is
normally generated by a blue LED chip with phosphors which is
normally yttrium aluminum garnet with Ce3+ dopant, normally
named YAG: Ce, as shown in Figure 5C. However, the low
contents of blue and red colors in the spectrum of YAG: Ce are
insufficient to cover the visible color space, thus resulting in the
low color gamut of LCDs. To expand the color gamut, some
solutions were proposed such as the addition of red KSF
phosphor.

LED matrix/arrays can be used as display panels but only for
applications with low pixel density requirements, such as outdoor
displays, LED walls, digital displays, and message boards, etc. For
example, in an LED matrix made from 512 RGB LEDs, each chip
having red, green, and blue dies with a pitch distance of 6 mm has
a pixel density of 4.2 per inch, which is nowhere near as high as
the pixel density of display panels used on smartphones, laptops,
and monitors. Nevertheless, scientists and businesses are now
working on shrinking LED chips, allowing for the development of
a high-resolution LED matrix display and this is the origin of the
micro-LED, which will be discussed next. Micro-LED is the
hottest topic in current years, both in academic as well as the
industries, because it is the most promising display technology to
compete with, or even overwhelm OLED. The concept of micro-
LED is somewhat similar to OLED, which uses a single chip with
a size smaller than 100 μm to make a single subpixel (a pixel
composes of red, green, and blue subpixels). This means no more
reliance on LCD modules and thus making it free from the
disadvantages of LCDs. In theory, micro-LEDs exhibit self-
emission, high ambient contrast, and simple structures, the
same as OLEDs and beyond that, they have a longer lifetime
and less power consumption. In comparison with current LCDs,
micro-LED and OLED both produce a higher contrast ratio, less
power consumption, faster response, and a wider viewing angle.
(Huang et al., 2020).

The full-color methods of micro-LEDs were proposed as
illustrated in Figures 6A–C. The RGB micro-LED suffers from
the low luminescence efficiency of red LEDs in micron-scale,
complex fabrication processes (Figure 6D), lattice mismatch due
to the composition difference of RGBLED and buffer layer (Wu et al.,
2018). The color-conversion is a method to colorize micro-LED and
has the advantage of a simpler process and circuit design. The key
point for the color conversion is the material used, and QDs are a
promising candidate, which will be discussed in the later section.

FIGURE 5 | Comparison of direct (A) and indirect (B) bandgap behaviors when there is exciton recombination (Kasap and Sinha, 2013). (C) Structure of high
efficient double-heterostructure blue LED fabricated and published in 1994 (Nakamura et al., 1994). (D) Emission spectrum of a white LED is fabricated by a blue LED
chip with YAG: Ce phosphor (Schubert, 2006).
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Although micro-LED gets several advantages, there are still some
obstacles to practical application. First, as shown in Figure 5D, the
efficiency of LED decreases markedly, when LEDwas downsized due
to the sidewall effect (Wong et al., 2018), especially for the red chips
(Wong et al., 2020). Second, the mass transfer is challenging (Linghu
et al., 2021). For example, approximately 6.2 million LED dies are
needed for a display panel with a resolution of 1920 × 1,080. Many
design structures ofmicro-LEDpanels have been proposed. Themost
ideal one is downsizing red, blue, and green LEDs to be isolated
subpixels, but as the driving voltages of red, green, and blue chips are
different, this leads to the design of the control circuit and panel to be
more arduous. To solve this issue and simplify the design, another
micro-LED was proposed with every subpixel made from blue LED
chips. The driving voltage of the micro-LED control circuit is unified,
and the low red LED chip is removed, increasing the power efficiency
of micro-LED displays. Yet, the color conversion by traditional
phosphors is impractical due to the insufficient absorption area
(Liu et al., 2020c), which mainly originated from the comparable
size of phosphors to micro-LED chips, and the quantum dots were
proposed as an alternative solution (Yang et al., 2019; Wang et al.,
2020). Quantum dots, such as CdSe and perovskites, exhibit high
absorbance for light with radiation energy lower than its bandgap.
The 99% absorption, optical density (OD) of 2, of blue light can be
achieved by CdSe/CdS and CsPbBr3 with a thickness of 5 µm and
volume ratio of 20–30%.With the high absorption of blue light, color
filters for excess blue light removal can possibly be removed from the
micro-LED structure (Osinski and Palomaki, 2019). Aside from color
filters, distributed Bragg reflectors (DBR) were proposed as a solution
that reflects blue excitation from the blue LED chips for QDs to
absorb it (Kakinuma, 2006; Lin et al., 2017).

BRIEF INTRODUCTION TO QUANTUM
DOTS APPLICATION FOR DISPLAYS

The increasing production capacity of larger, cheaper, and
superior performing OLED panels are gaining the market
share over traditional LCDs. Figure 7 suggested two setups of
LCD using quantum dots; the LCDs equipped with quantum

dot enhancement film (QDEF), as shown in Figure 7B, can be
a solution for LCD with minor changes in manufacturing
streamlines. It was reported that by introducing QD film,
NTSC was achieved at 107% as opposed to 70% originally
(Shahjahann and Akter, 2018). Figure 7C reveals another
solution to LCD by fabricating the color filter with quantum
dots, which would alter some streamline processes, but can

FIGURE 6 | Full-color micro-LED. (A)RGBmicro-LED, (B) color-conversion UV-basedmicro-LED, and (C) color-conversion blue LED-basedmicro-LED (Wu et al.,
2018). (D) Scheme of the fabrication process of RGB micro-LED (Happich, 2019).

FIGURE 7 | Perovskite QD backlight device fabrications and LCD
performance. (A) LCD structure with color filter (CF), (B) PQD-enhanced thin
films incorporated between light-guided films and vertical polarizer, and (C)
white light generation due to color conversion phenomenon of PQD EFs
(Ko et al., 2018).
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reduce the thickness and cost of an additional film. Both
solutions can be applied for mini-LED because theoretically,
they are the same structure as a direct-lit LCD structure. Mini-
LED incorporated with quantum dots can have a larger gamut,
purer color, and higher contrast than traditional LCD.
Although, the color gamut expanded, the bulky and stiff
structure of the LCD module limits their further
application. Moreover, micro-LED was introduced as a
more promising next-generation display, and phosphors
have reached their limit for downsizing, so the quantum
dot seems indispensable to color conversion in micro-LED
(Liu et al., 2020c).

ROLES OF PEROVSKITE QUANTUM DOTS
IN NEXT-GENERATION DISPLAYS

The degrees of freedom in dimension affect the band
structure of a material. Figure 8A reveals the density of

state in different dimensions and it illustrates the atomic-
like quantized energy level, which contributes to the
tunability of optoelectronics properties in quantum dots
when their sizes are varied. Quantum nanomaterials are
mainly semiconductor materials of nanoscale dimensions
and can be further classified as zero- dimension to two-
dimension. The zero-dimension nanomaterial is the so-
called quantum dot, the one-dimension nanomaterial is
the quantum wire, and the two-dimension nanomaterial is
denoted as the quantum well. Beyond the zero-dimension to
two-dimension material, they are called bulk materials
(Figure 8B).

The semiconductor quantum dots can be fabricated by
chemical vapor deposition (Sun et al., 2012), physical vapor
deposition (Alkhatib and Nayfeh, 2013), molecular beam
epitaxy (Franchi et al., 2003), and solution method, etc.
Among them, the solution-processable quantum dots attract
attention because it enables potential applications such as
inkjet printing (Huang et al., 2019) and does not require

FIGURE 8 | (A) Density of state (Edvinsson, 2018) and (B) examples (Poh et al., 2018) of bulk, 2D-nanoplate, 1D-nanorod, and 0D-quantum dot.
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CVD, PVD, and other complicated systems. The general
synthesis route for semiconductor nanocrystals is the hot
injection method (De Mello Donegá et al., 2005). Figure 9A
illustrates the rapid nucleation and the further growth along with
the reaction time via the hot injection method. The hot injection
is performed in stabilized coordinating solvent under inert gas
with reflux and proper heating, as shown in Figure 9B.

For the display backlight applications, colloidal semiconductor
quantum dots take advantage of their wide absorption band,
narrow emission, facile synthesis, high quantum yield, and
tunable emission. We will discuss three of the most reported

quantum dots for color conversion and display application: CdSe,
InP, and Perovskite.

CdSe Quantum Dots
A well-shielded CdSe quantum dot exhibits approximately 30 nm
full width at the half maximum (FWHM) and PLQY of above
90%. The central emission wavelength of CdSe quantum dots can
be modulated by particle size and cover the whole visible light
range, as shown in Figures 10A–C.

Nevertheless, the first problem is the toxicity of cadmium
content. Restriction of Hazardous Substances in Electrical and
Electronic Equipment (RoHS) limited the progress of CdSe
quantum dots. Second, the well-contrasted core–shell
structure of CdSe is indispensable. The CdSe/CdS/ZnS
(Talapin et al., 2004), CdSe/ZnSe/ZnS (Talapin et al.,
2004), CdSe/ZnSe (Reiss et al., 2002), CdSe/CdS, CdSe/
ZnS/CdS/ZnS (Linkov et al., 2016), and other core–shell
structures were reported with PLQY of 80%, 80%, 60–85,
50, and 100%, respectively. Without the shell passivation,
PLQY of CdSe quantum dots tumbles dramatically, and the
delicate core–shell structures complicate the
production route.

InP Quantum Dots
InP quantum dots serve as a less toxic alternative to CdSe
quantum dots. Especially after the prohibition of cadmium in
the European Union was imposed, the cadmium-free substitute
became inevitable. The well-passivated InP quantum dots were
reported with PLQY of approximately 70% and FWHM below
40 nm (Chen et al., 2020). The central emission wavelength
covers from green to red, which is suitable for down-
conversion, as shown in Figures 10D–G.

Similar to the CdSe quantum dots for InP also, delicate shell
passivation is needed to ensure high photoluminescence properties.
The rigid requirement in the hot injection synthesis makes the
synthesis time-consuming. Somemore convenient synthesis routes
were reported, for example, the InP/ZnS quantum dots with
FWHM of 40–60 nm and PLQY of 50–70% fabricated via one-
step synthesis by Li, Liang, and Reiss, Peter (Li and Reiss, 2008).
Apart from the complex synthesis route, the phosphorus source,

FIGURE 9 | (A) Kinetic and growth of nanocrystal of semiconductor crystals and (B) the hot injection setup (Murray et al., 2000).

FIGURE 10 | (A,B) Image of CdSe QDs with different particle sizes and
(C) their size-dependent absorption and emission spectrum (Biju et al., 2008).
(D) Spectrum and images of InP QDs under (E) ambient conditions, (F) white
light, and (G) 366 nm UV light (Adam et al., 2005).
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tris(trimethylsilyl) phosphine, is costly. Bang et al. (2017) reported
an inexpensive, red phosphor powder, an alternative phosphorous
source, but the fabricated InP/ZnS quantum dots were with a lower
PLQY of 60% and the broadened FWHM of 70 nm. However, the
delicate controlled environment, including the inert atmosphere
and high temperature (up to 300°C), still are required, and
this hampers the scale-up for industrial application (Chen et al.,
2020).

Perovskite Quantum Dots
The perovskite quantum dots exhibit the general ABX3 structure,
where the most-investigated A-site cations are
methylammonium, formamidinium, and cesium ions, the
B-site cation is lead, and the X-site anions are chloride, iodide,
and bromide ions. The chemical structure and transmission
electron microscopy images of perovskite quantum dots are
shown in Figures 11A, B (Du et al., 2017). The perovskite
quantum dots with organic A-site cation are commonly called
hybrid perovskite quantum dots, while the ones with the
inorganic A-site cation are named inorganic or all-inorganic
perovskite quantum dots.

The perovskite quantum dots exhibit excellent luminescence
properties. It is reported that perovskite quantum dots possessed
nearly 100% PLQY and FWHM as narrow as 20 nm (Xu et al.,
2020). The perovskite quantum dots exhibit high quantum yield
and narrow FWHM without shelling, while for both InP and
CdSe QDs, the delicate core–shell is required. Both organic and
inorganic halide perovskites were reported with high defect

tolerance, and the normal intrinsic defects would only form
shallow traps that affect their optoelectronic properties (Steirer
et al., 2016; Kang and Wang, 2017). The inorganic perovskite
quantum dots CsPbX3 (X = Cl, Br, I) were first synthesized in
2015 via the hot injection method. The emission can be
modulated by tuning the content of different halide anions
from blue to red covering the whole visible spectra, as shown
in Figures 11C–E. Lifetime was mainly used for investigation the
charge-carrier dynamics (Figure 11F).

THE PROPERTIES OF PEROVSKITE
QUANTUM DOTS

The ionic nature is the most distinguished property of halide
perovskite from other semiconductor quantum dots, which
normally are with strong covalent bonds. This offers perovskite
quantum dots a different and facile route. Perovskite quantum
dots can be synthesized by more facile strategies. In 2015, the
ligand-assisted reprecipitate was introduced by Zhang et al.
(2015). In their work, the as-synthesized hybrid perovskite
quantum dots exhibited emissions covering 400–800 nm, FWHM
of 20–50 nm, and PLQY up to 70%. The color-converted white LED
fabricated by mixing green perovskite quantum dots and K2SiF6:
Mn4+ demonstrated a color gamut of approximately 130% NTSC.
The ligand-assisted reprecipitate strategy no more requires the inert
atmosphere and high temperature like the traditional hot injection
method. Geng et al. (2018) proposed the first water synthesis method

FIGURE 11 | (A) Structure of perovskite. (B) TEM image, (C) photo, (D) photoluminescence spectra, (E) absorption spectra, and (F) time-resolved
photoluminescence of perovskite quantum dots (Protesescu et al., 2015).
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by attentively controlling pH value. Liu et al. (2020a) reported a stable
MAPbBr3@PbBr(OH) synthesized in the water, which exhibited
broadened FHWM and PLQY of ~80%. The ionic properties of
halide perovskite materials, which are normal semiconductor
quantum dot materials in absence of, enable the Aforementioned
synthesis routes.

However, the ionic instinct also contributes to the most-
criticized instability problem of perovskite quantum dots. The
stability of perovskite quantum dots has been demonstrated to be
affected by polar solvents (Liu et al., 2020a), which implies that
the solvents used in the ligand-assisted reprecipitation method
affect the stability of perovskite quantum dots. Chun et al. (2020)
reported and concluded that reducing the dose of the polar
solvent, dimethylformamide, used in the precursors reduces
the internal defects of perovskite lattices and improves the
stability of perovskite quantum dots. Water was also proposed
to trigger the decomposition of perovskite quantum dots by Eq. 1
(Geng et al., 2018).

CH3NH3PbX35
H2O

CH3NH+
3 + PbX2 ↓ +X−. (1)

In all-inorganic perovskite, water was suggested to strip CsBr
away from perovskite crystals and cause the phase transformation,
as shown in Eq. 2 (Turedi et al., 2018; Du et al., 2021).

Cs4PbBr6��>−CsBr H2O
CsPbBr3��>−CsBr H2O

CsPb2Br5. (2)
The exposure to the humidity of MAPbI3 perovskite solar cell

would result in the formation of theMAPbI3·H2O complex. Aside
from the instability of polar solvents, the perovskite quantum dots
were vulnerable under photoluminescence. The phase
segregation happens when the mixed halide perovskite
quantum dots and this process would be accelerated under
photoluminescence (Barker et al., 2017).

Figure 12A illustrates another unique property of lead halide
perovskite that halide anion exchange occurs when introducing
an excess of other halide species (Akkerman et al., 2015; Nedelcu
et al., 2015; Yoon et al., 2016b). On one hand, researchers can
make use of the tunability strategies to change emission
wavelength. On the other hand, this would hinder the
application in mixing. The ideal scheme is using a blue LED
chip to pump red and green mixing together. Nevertheless, the
mixing of red and green perovskite would not give the origin
emission from both quantum dots due to anion exchange (Huang
et al., 2016), as shown in Figure 12B. For display application, this
means two quantum dot color filters with a spacer are needed for
LCD color enhancement. Fortunately, adequate encapsulations
can make perovskite quantum dots impervious to the anion-
exchange effect (Sun et al., 2016).

To overcome the instability problem, several strategies were
proposed, including doping (Liu et al., 2017), inorganic shell
(Wang et al., 2018; Dirin et al., 2019), ligand passivation (Zhang
et al., 2019; Lu et al., 2021; Min et al., 2022), polymer matrix (Liu
et al., 2020b). Liu et al. (2017) doped the aluminum into
perovskite quantum dots and fabricated the white LED that
displays 116% NTSC. Tang et al. (2019) reported a CsPbBr3@
SiO2 doped with Mn2+ that demonstrated better stability than

pristine CsPbBr3. Pan et al. (2020) demonstrated the reverse
micelles by first up talking lead halide on the amino groups of
poly 2-(dimethylamine)ethyl methacrylate (PDMAEMA) and
self-assembly by injection into a nonpolar solvent. As the
reverse micelles formed, the CsBr was introduced, and slowly
diffused into the copolymer, forming CsPbBr3. The polar solvents
were deterred by hydrophobic aminopropylisobutyl POSS (ap-
POSS), and thus the stability increased (Pan et al., 2020). Chen
et al. (2018) synthesized the CsPbBr3/Cs4PbBr6 composite with
superior stability and higher PLQY than pristine CsPbBr3.

PEROVSKITE QUANTUM DOTS IN
BACKLIGHT DISPLAY APPLICATION

Perovskite light-emitting diodes have the advantages of high
luminous efficiency, and color purity, and the emission
wavelength is continuously adjustable in the visible light range.
The development of green perovskite light-emitting diodes, the
basic structure of perovskite materials and light-emitting diode
devices, and the improvement of the efficiency of perovskite light-
emitting diodes for backlit are mainly introduced in this section.
Backlit displays are generally assembled by green PQDs and red
PQDs upon blue LEDs. PQDs are used to encapsulate with
polymers to prepare thin films or sheets (PQDs enhanced
film). Polymerized to polymethyl methacrylate (PMMA) after
being combined with the quantum dots, the thermal stability of
PQDs was enhanced. On the other hand, PMMA with PQDs
shows excellent compatibility and may be customized through
the prepared mold in the desired shape. In addition to PMMA, it
can be isolated from external oxygen and moisture, oxidation
mitigation quantum dots, thereby improving the environmental
stability of the perovskite quantum dots (Xin et al., 2018). An
epoxy resin or UV glue is also commonly used for the packaging
of the QDs (Wei et al., 2019).

To improve the color gamut, color purity, and rendition of
LCD, PQDs have been regarded as marginal to traditional
phosphor-based color converters in the backlit-based display
devices. Liquid crystal displays (LCDs) have recently been
enhanced by quantum dot enhancement films (QDEFs) in
conjunction with LED backlight units (BLUs). The Park
group demonstrated the superiority of the LCD by using
functional enhancement thin films (QDEFs) made from
green (G), red (R), and blue (B) PQDs and linked with a
blue LED BLU (Ko et al., 2018). According to (Figures
7A–C), conventional CFs, QDEF, and QD functional CFs
were inserted into a polarizer microscope by laying a blue
LED on top of a BLU array. A conventional or QD
functional CF is directly stacked vertically on top of the LCD
along with a blue-LED, light-guide film, vertical polarizer (HP),
twisted liquid crystals (TWC), and horizontal polarizer (HP).
After that, a polarizer microscope was used to estimate the
FWHM and QY of the polarized blue, green, and red PL
spectrums. PQD’s functional CFs combine with a blue-LED
to create a polarized spectrum of polarized light, which
maximizes the display’s color gamut and achieves a world

Frontiers in Nanotechnology | www.frontiersin.org June 2022 | Volume 4 | Article 86331211

Singh et al. Nanomaterials for the Backlit Optoelectronic

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


record of over 102.70% (137.0%) of Rec. 2020 (NTSC)
standard performance. Such a color gamut improvement
could theoretically lead to super ultrahigh-resolution LCDs
with an unlimited scaling-down capability. Additionally, it
has been predicted that PQDs will improve the color gamut of
LCDs by replacing their traditional phosphor color
converters. The inherent ionic crystal feature and the low
formation energy of perovskite halide materials cause them to
usually degrade upon exposure to external stimuli (such as
light, moisture, and heat), as well as cause color separation in
mixtures with different compositions (Guo et al., 2021; Ma
et al., 2021). Perovskites are highly sensitive to both moisture
and the environment, and these issues have recently been
addressed by many researchers. Various methods, for
example, defect passivation, dense layer encapsulation, and
embedding in different matrix components such as polymer-
matrices, inorganic electrolyte salts, zeolite-Y, and silica-
based matrix, have all been successfully developed to
increase the stability of PQDs (Peña-Rodríguez et al., 2021;
Si et al., 2021; Yao et al., 2021; Zhou et al., 2021). But their
practical applications are hindered by the obstacles of
aggregation, quenching, and structural instability of the
PQDs. To overcome this problem Chen et al. encapsulated
the CsPbX3 (X = Br, Br/I) PQDs inside glass to produce
nanocomposites with superior optical performance and
stability (Lin et al., 2021).

As a significance, CsPbBr3@glass has the highest PLQY of 100%
due to the physical dilution approach utilized to reduce the
apparent value to an intrinsic one, while the glass network
ensures exceptionally high photostability and water and heat
resistance. Figures 13A, B shows the assembly backlight unit
that produces bright white light at 3.3 V. To create the
combined white-light luminescence, this voltage is applied to
the blue LEDs, which are further excited by the yellow film.
Tricolor, narrow band EL emissions have occurred at 450 nm
(blue LED chips), 518 nm (green CsPbBr3@glass), and 630 nm (red

CsPbBr1.5I1.5@glass) at the corresponding wavelengths
(Figure 13D). By comparison, the traditional backlights
typically include blue LED chips and yellow Ce: YAG
phosphors with wide-band emission (Figure 13C). To
demonstrate this concept, a wide color gamut display
(Figure 13E) was successfully demonstrated using a wide color
gamut LCD panel backlit by the present CsPbX3@glass@PDMS
yellow film paired with blue LED chips on the light guide plate. A
single-chip microchip and an integrated circuit (IC) can be used to
modulate and control input images. Display performance
differences between real LCD prototypes can be intuitively
observed (Figures 13F−I). Comparing the CsPbX3@glass@
PDMS assembly backlight to the commercial ones, the LCD
screens adopted by the LCD industry are exhibiting more
details of colored objects. The commercial backlight unit
displays a yellowish-green color on its screen (Figure 13F),
while the assembly backlight unit displays a pure green color on
its screen and can more effectively reproduce colors
(Figures 13H–I). Using the CsPbX3@glass@PDMS film as a
backlight, it is possible to display red color in a pure form with
a high saturation (Figure 13I). The color gamut of assembled
backlight displays was compared with those of NTSC 1953
standard and commercial backlight displays. Using CIE color
coordinates, it was calculated that assembly backlight displays
had a color gamut of 103% of NTSC 1953 and 152% of the
commercial backlight displays (Figure 13J). After the backlight
was lighted for 48 h, the EL spectrum was recorded to test the
stability of the CsPbX3@ glass@PDMS backlight. Based on
Figure 13K, EL intensities had nearly come to a standstill,
despite blue, green, and red tricolor emissions remaining stable.
After continuously operating the LCD devices for 48 h (insets of
Figure 13K), the (green, red, and white) luminance remains
unchanged.

On the other hand, the Young group proposed that a PQD-
based six-color display system that reproduced true-to-life
spectral distributions with high fidelity, widen the color gamut,

FIGURE 12 | (A) Schematic diagram of paths of halide anion exchange (Akkerman et al., 2015) and (B) spectrum of the initial mixture (purple line), mixture after
5 min (black line), and green and red perovskite quantum dots (Huang et al., 2016).
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and close the cyan and yellow gap in the RGB tricolored display
by adding cyan (Cy), yellowish-green (Yg), and orange colors
(Or) (Yoon et al., 2016a). They successfully synthesized narrow
bandwidth and highly efficient fully inorganic CsPbX3 PQDs
using a facile hot injection method. To obtain different six colors
of CsPbX3 PQDs, they employed a synthetic method of scheming
the ratio of halide (X) composition, which was a suitable means of
shifting the emission wavelength of CsPbX3 PQDs. Furthermore,
the authors demonstrated monochromatic down-converted
light-emitting diodes (DC-LED) based on CsPbX3 (X = Cl, Br,
I, or their halide mixtures; Cl/Br and Br/I), incorporating PQDs
with UV-curable binders and long-wavelength-pass-dichroic
filters (LPDFs) (see Figure 14). As shown in Figures 14A, E
CsPbX3 PQD-based monochromatic DC-LED equipped with Cy,
G, Yg, Or, and R emitters provides luminous efficacy (LE) values

of 81, 184, 79, 80, and 35 lm/W, respectively, at 20 Ma. Also, they
verified that future field-sequential-color liquid crystal displays
that use white LEDs with six colors can be illuminated by color-
by-blue backlights, as well as six-colored light-emitting devices
that have excellent color performance and vision (see Figures
14C, D). Six-color multi-package white LEDs were fabricated
with a color rendering index of 96 and a special color rendering
index for red (R9) of 97 at a correlated color temperature of
6,500 K, and a wide color gamut of 145% covering the NTSC up
to 1931-CIE color coordinate standards as shown in Figure 14E.

They have successfully synthesized narrow bandwidth and
highly efficient fully inorganic CsPbX3 PQDs using a facile hot
injection method with a two-step heating process, followed by
thermal quenching. To obtain variable color emissive CsPbX3

PQDs, they employed a synthetic method of controlling the ratio

FIGURE 13 | Demonstrations of the CsPbX3@glass@PDMS film-based backlight unit with the size of 4 cm × 6 cm. (A) Under daylight and (B) under 3.3 V applied
voltage. EL spectra of white backlight units using blue LED chips with (C)Ce: YAG yellow phosphor and (D)CsPbX3@glass@PDMS film. (E)Schematic illustration of LCD
device structure using the as-prepared backlight unit. Display performance of the LCD screen with the (F,G) commercial backlight unit and (H,I) CsPbX3@glass@PDMS
film backlight unit. (J)Color gamut of the commercial screen (blue line), the CsPbX3@glass@PDMS film screen (red line), and NSTC 1953 standard (black line) in the
CIE diagram. (K) Variation of luminance of LCD devices with continuous operating times up to 48 h. Insets are the corresponding working green, red, and white LCD
devices (Lin et al., 2021)
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of halide composition, which is a suitable means of shifting the
emission wavelength of CsPbX3 PQDs. Most of the perovskite
QDs fabricated via the hot injection method. This method took a
long time and high temperature. The hot injection process is very
sensitive also so it is very difficult to handle. To overcome this
problem LARP method was also adopted by our group to bulk
production of PQDs within short periods.

The perovskite-based backlight has excellent performance but
still, there is a restriction for the commercialized Pb-based
perovskite devices due to toxicity issues with lead contains and
bulk production of PQDs. To overcome these problems many
types of research have been carried out recently. But with 100%
lead-free perovskite backlights performance was not good enough
for the commercialization of the optoelectronic devices. Our
research group recently worked on the lead-less PQDs in
which Pb2+ was replaced by non-toxic elements such as Co2+,
Sn2+, Mn2+, and Zn2+. Figures 15A, B show the CoCl2 and SnCl2
incorporation in place of PbBr2 to reduce the toxicity of the green
PQDs (Singh et al., 2021a). With the incorporation of CoCl2 and
SnCl2 into MAPbBr3 PQDs, the optical bandgap continuously
increases and the bright green color changed into the canyon
because of the lower ionic radii of CoCl2 and SnCl2 than
PbBr2(Singh et al., 2020). For the lead-less PQDs based
backlight, our group reported the color gamut up to 138% for
the Co-doped and 124% of the standard NTSC for the Zn-doped
PQDs (see Figure 15E) (Singh et al., 2021b). Currently, our group
is developing an easy method to manufacture CH3NH3Pb1-
xMnxI3 (x = 0 to .60M) PQDs under room temperature that
minimizes environmental toxic waste and makes it commercially
viable (Singh et al., 2019). The PQDs demonstrated strong color
tunability from red to orange in response to Mn2+ inclusion
concentrations ranging from 0 to 60% as shown in Figures 15C,
D. The absorption energy bandgap diagram for different

concentrations of Mn-doped MAPbI3 PQDs. With the
increasing of the Mn concentration the energy bandgap
continually increased because of the lower radii of Mn than
the Pb element. For CH3NH3PbI3 without substitutes, we
observed PLQYs of 98% and PLQYs of >50% for PQDs
containing 15% Mn2+. The average lifetime of PQDs was
found to shorten with increasing Mn2+ replacement. We
demonstrate a white LED prototype by employing the
CH3NH3Pb1-xMnxI3 (x = 0.15) PQDs with green QDs on a
blue LED chip. The CRI and CCT values varying from 92 to
80 and 5,100–2,900 K, respectively, indicate the usability of the
Mn2+ substituted PQDs as efficient warm white LEDs with a
promising CRI and good stability as shown in Figures 15F–H.
For most of the lead-less perovskite, up to 20–30% replacement of
Pb by non-toxic divalent elements.

SUMMARY AND FUTURE PROSPECTS

In summary, metal halide perovskite quantum dots have the
potential to become the core luminescent material for next-
generation displays and lighting devices due to their excellent
optoelectronic properties and solution processability. Ultra-high
color purity, the ultra-wide color gamut of PQDs has the potential
to become the core material for display devices. But still, there are
many challenges toward the commercialization of PQD devices
which are as follows:

1. The main obstacle is their stability issue, which includes
instability under oxygen, moisture, heat, and photo-
irradiation; liability for quenching in powder form; and
color segregation of different composition mixtures. Many
efforts had been tried to stabilize the PQDs such as inorganic

FIGURE 14 | (A) CsPbX3 PQD polymer films with various halide under ambient light and under UV light. (B) CsPbBr3 and CsPb(Br0.35I0.65)3 PQD flexible sheet
under UV light irradiation, (C,D) different light emission of blue-chip, PL spectra, and (E) CIE spectra of CsPbX3 PQD.
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coating, polymer encapsulations, and ligand exchanges. But,
such kinds of approaches affected the performances of the
PQDs and modified the morphologies of PQDs. Thus, there is
a need to develop suitable encapsulating materials and
approaches for stabilizing the PQD devices that do not
reduce the performance of the original PQD device.

2. The toxicity issues due to presence of toxic Pb pose big
challenges in commercializing the PQD-based devices.
Although various Pb-substitutes were investigated to reduce
the toxicity of the perovskite materials, these nontoxic
substitutes significantly reduce the performance of the
backlight devices. Moreover, the stability issue still persists
in lead-less or lead-free PQD devices. Thus, it is urgent to
explore nontoxic- and nonlead-based perovskite
optoelectronic materials with excellent performance. Thus,
the development of nonlead perovskite luminescent materials
is the only way to commercialize PQD display.

3. PQD backlights are solution-processed LEDoptoelectronic devices,
making them an attractive and feasible choice for fabricating large-
area display devices. But, PQD colloidal solutions are very sensitive
to their chemical composition, andmost of the PQDs are prepared
via a time-consuming hot injection method and also requires high
temperature. Some industry-friendly synthesis methods have also
been used for the fabrication of PQDs, such asmicrowave synthesis,
ligand-assisted reprecipitation method, and ultrasonication
approach. But, using such kind of synthesis approaches did not
achieve the performance comparable to the hot injection method.
Hence, designing and optimizing large-scale synthesis procedures
for PQDs is necessary for the industrialization of QD-based
backlighting.

4. PQD backlit is fabricated on blue LED chips following the
incorporation of red and green PQDs. In most cases, blue light
intensity is higher than the other two colors. Because of this, in
the backlit display, the blue color intensity will be high which is
not good for the eye. Thus, excess blue light intensity is also a
big challenge for the PQD backlight displays.

5. The blinking problem in the backlight display is a
common problem. The deep study about blinking of
PQD backlight suggested that PQD backlit is much
better than traditional backlit display. Nonetheless, still
there are possibilities to enhance the blinking issue of the
PQD backlit display.

In addition to these, there are still many issues to be solved in
future research. In order to meet this demand, lead-free halide
perovskites must still be developed as reported previously; the
FWHM of emission for most lead-free halide perovskites is wider
than that of lead halide perovskites, which is unsuitable for
display applications. To provide ultrahigh definition displays
with narrow-band emission, it is important to develop more
lead-free halide perovskites. Therefore, in terms of
commercialization, lead-free halide perovskites are a suitable
option for backlit applications.
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FIGURE 15 | Different Pb-less PQD-based backlight LEDs, (A) MAPb1-xCox (Br/Cl)3 (x = 0–0.50) PQD structure, and its change in color from green to cyan with
CoCl2 incorporation into MAPbBr3 (Singh et al., 2021a), (B)MAPb1-xSnx (Br/Cl)3 (x = 0–0.50) PQD energy band diagram (Singh et al., 2020), (C,D)MAPb1-xMnxI3 PQD
colloidal solutions under UV light and energy band diagram (Singh et al., 2019), (E) white LED full spectra of MAPb1-xZnxBr3 (x = 0–0.50) PQD (Singh et al., 2021b), and
(F–H)MAPb1-xMnxI3 (x = 0–0.60)PQD-based red LEDs, full-color emitter, CIE spectra, and CRI, and CCT value of the PQD-based backlight light convertor (Singh
et al., 2019).
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