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Abstract: The lead halide-based perovskites, for instance, CH3;NH3PbX3 and CsPbX3 (X = Cl, Br, I), have re-
ceived a lot of attention. Compared with bulk materials, low-dimensional perovskites have demonstrated a range
of unique optical, electrical and mechanical properties, which enable wide applications in solar cells, lasers and
other optoelectronic devices. In this paper, we provide a summary of the research progress of the low-dimensional
perovskites in recent years, from synthesis methods, basic properties to their optoelectronic applications.
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1. Fore word

Perovskite, which can be described by chemical formula
ABXj3, has been investigated for more than a century be-
cause of a series of sought-after physical properties, such as
magnetism and ferroelectricity. However, until recent years,
newly discovered lead halide perovskites, representatively
CH3NH3PbX3 and CsPbX3(X = Cl, Br, I), with excellent opti-
cal, electrical and mechanical properties have attracted a lot of
attention. Impressive progress has been made in the perovskite-
based optoelectronic devices since the organometallic per-
ovskite CH3NH3Pbl; was first applied for photovoltaic cells
in 20091, As is shown in Fig. 1(a), after initial 3.8% achieved
at the beginning, the conversion efficiency of perovskite-based
solar cells increased rapidly and reached 22.1% in 20162
It is also found that low-dimensional perovskites such as
nanoplates (2D), nanowires (1D) and quantum dots (0D) of-
fer various unique advantages, including highly-tunable band
gap, excellent mechanical propertiest®~51, therefore can serve
as promising building blocks for various applications such as
photovoltaic and light emitting devices.

2. Introduction

2.1. Perovskites

As is shown in Fig. 1(b), the lead halide perovskites with
formula ABXj3 typically have unit cells composed of five
atoms in a cubic structure (o phase). Typically, cation A is
CH3NH§r or Cs™T, which has twelve nearest anions X, while
B is Pb2*, and forms into an octahedral with 6 nearest anions
X. X is a kind of halogen with a radius similar to A, together
with cation A and B constituting a cubic closepacked structure.

The most heavily investigated perovskite is organic-
inorganic hybrid CH3NH3PbX;3; (X = Cl, Br, I) due to its

high light absorption coefficient and long carrier lifetimes. Re-
cently, inorganic perovskite CsPbX3 is also attracting a lot of
attention because of excellent luminescence and stability.

2.2. Low-dimensional perovskites

Low-dimensional perovskites generally can be di-
vided into three categories: quantum dots (zero dimension),
nanowires (one dimension) and nanoplates (two dimensions).

As shown in Fig. 2, the two-dimensional perovskites have
one dimension confined at nanoscale, thus electrons can only
move in the other two directions.

The one-dimensional perovskites possess several com-
mon morphologies such as nanowires, nanorods and nano-
tubes!” 11, Its basic structure is shown in Fig. 3.

The zero-dimensional perovskite materials, often called
quantum dots, are a batch of tiny particles containing several
dozens of atoms, which is shown in Fig. 4. After the surface
modification, these particles can be combined with unique op-
tical, electrical properties. The band gap of zero-dimensional
perovskite is highly tunable, particularly beneficial for LEDs
as well as solar cells!!2~15],

Compared with bulk perovskites, the emitting wavelength
of low-dimensional perovskites is highly tunable. In 2015, H.
Huang et al.['] utilized temperature to exert control over the
size and therefore the bandgap of perovskite CH3;NH3PbBr3
quantum dots. They injected the DMF solution of precursors,
long-chain ligands and CH3NH3PbBrj into toluene which was
precooled or heated under vigorous stirring to selected set
points in the temperature range of 0 to 60 °C and found that
the radius of the quantum dots decreases when the temperature
goes down. CH3NH3PbBr3 quantum dots with the range from
1.8 to 3.6 nm are successfully demonstrated with emission peak
conveniently tuned in the region of 472520 nm.
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Fig. 1. (Color online) (a) The progress of perovskite solar cells(!- €], (b) Crystal structures of perovskites.

Fig. 2. Perovskite nanoplates. (a) Monolayer. (b) Multilayer.

Fig. 3. Perovskite nanowires.
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Fig. 4. Perovskite quantum dots.
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Fig. 5. (Color online) (a) PL spectra tunability of CH3NH3PbBr3 PQDs over the range of wavelengths indicated!16. (b) PL and UV—VIS spectra
of perovskite films prepared from the aforementioned suspensions[' 7, (c) It curves of network PD arrays. The bias voltage was 10 V and the

650 nm light power density was 100 /LW/cmz[lg].

When it comes to two-dimensional perovskite, quantum
confinement effect can also be observed directly. In 2015,
Feldmann et al.'7) utilized CH3NH3Br3 and PbBr, to fab-
ricate CH3NH3PbBr; nanoplates with different thickness.
They mixed OA and MA, then injected the mixture into the
CH;3NH3PbBr3 solution to tune the number of layers. It is
found that when the ratio of OA decreases in the mixture,
the thickness of perovskite produced increases. Therefore, per-
ovskites with emission peaks from 427 to 519 nm are demon-
strated.

Besides its tunable band gap, low-dimensional perovskite
is also well-known for its mechanical flexibility. In October
2015, the CH3NH3Pbl; perovskite networkbased photodetec-
tors were fabricated on PET substrates by Deng et al.['®] which
demonstrate stable performance over a large number of bend-
ing. As shown in Fig. 5(c), after 10 000 times of bending at a
large angle (~80°), the photocurrent of the production shrank
less than 10%. Song et al. reported the fabrication of atomi-
cally thin, 2D CsPbBr3 (~3.3 nm thick) with excellent flexi-
bility in 2016. After bending over 10 000 times, the photocur-
rent of the device decayed from 2.37 A in its initial state to
2.31 pA.

3. Material synthesis
3.1. Fabrication of two-dimensional perovskites

Since Geim et al.1*®! reported graphene in 2004 for the first
time, much attention has been paid to 2D layered compounds.
As perovskites demonstrate interesting electrical and optical

properties such as intrinsic ambipolar transport, high optical
absorption coefficient and long carrier diffusion length, a va-
riety of methods have been developed to synthesize 2D per-
ovskite film. In 2014, ultra-thin flakes (~3 nm) of 2D organic-
inorganic perovskite (C¢HoC,H4NHj3),Pbly were successfully
produced by Niu ez al.?!], using the micro-mechanical exfoli-
ation. Xiong and co-workers??l reported the synthesis of per-
ovskite nanoplates (~ tens of nanometers) by chemical vapor
deposition (CVD) method. Liao et al.[’] reported a one-step
solution self-assembly method to prepare a single-crystalline
square microdisk of CH3NH;3Pbl; with a thickness of about
500 nm. In 2016, Liu ef al. showed a combined solution pro-
cess and vapor-phase conversion method to synthesize 2D hy-
brid organic—inorganic Perovskite nanoplates. It is found that
this high-quality 2D perovskite sample as thin as a single unit
cell has a regular shape and exhibits excellent optoelectronic
properties as well as tunable photoluminescence.

As shown in Fig. 6, the fabrication of CH3;NH;Pbl;
through a combined solution and vapor-phase conversion
method can be divided in two steps. At first, the saturated Pbl,
aqueous solution was cast onto a substrate and subsequently
heated from 30 to 80°C. After the complete evaporation of the
solution, 2D Pbl, nanosheets started to nucleate on the sub-
strate. As the second step, the CH3;NH;I powder was placed
at the center of a CVD furnace to carry out the CVD process
while the as-grown 2D Pbl, nanosheets on the silicon oxide
substrate were mounted downstream of the apparatus. After the
CVD section, the CH;NH31I molecules have intercalated into
the interval sites of Pbls octahedron layers which formed the
2D CH;NH;PbI; perovskite nanosheets.
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Fig. 6. (Color online) The fabrication of perovskite nanoplates by the combined solution process and vapor-phase conversion method.
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Fig. 7. (Color online) Normalized PL spectra of 2D perovskite nanosheets with different thicknesses24.

Compared with bulk perovskites, the 2D sheets ex-
hibits high quantum efficiency, together with strong quantum-
confinement effect as well. As shown in Fig. 7, the PL peaks
shift to shorter wavelength gradually when decreasing the per-
ovskite thickness, while the PL peak of the perovskite with
single-unit-cell thickness is located around 720 nm.

3.2. Fabrication of one-dimensional perovskites

In early 2015, perovskite nanowires were fabricated by
Deng et al 27 by a one-step solution process. They dropped
10 ml of the precursor solution which was prepared by mixing
Pbl, and CH3NH;1 onto the preheated substrates and got the
CH;NH;Pbl; nanowires with the average radius of 500 nm.
Meanwhile, Jeong-Hyeok et al.28] reported the fabrication of
CH;NH;Pbl; nanowires with a radius of about 100 nm, and
nanowire-based solar cell efficiency over 14%. Zhang et al.l*"]
synthesized the pure inorganic CsPbX; nanowires through a
catalyst-free, solution-phase method. It is found that cesium
oleate can react with lead halide in the presence of oleic acid
and oleylamine at 150-250 °C to create the 9-12 nm-diameter
CsPbX3 nanowires. It is also found that the morphology and
diameter of nanowires can be effectively tuned by changing
the temperatures of the reaction.

In 2016, Zhu et al.l) reported a direct path to convert thin
film to nanowires. Through a dissolution-recrystallization pro-
cess, they fabricated CH;NH;Pbl;_, Cl, nanowires (diameter
ranging from 0.1 to 1 wm) with excellent flexibility and optical
properties. As shown in Fig. 8, the whole conversion process
can be divided into 3 steps. Firstly, they dissolved the mix-
tures of PbCl, and CH3NH;3I in DMF. The solution is then
spin-coated onto a glass substrate, followed by an annealing
process, to form a layer of perovskite film. Secondly, a sol-
vent which contains DMF and isopropanol is spin-coated onto

the perovskite thin film and it turns out that the perovskite thin
film was rapidly dissolved by the mixed solvent because of the
great solubility of perovskite in DMF. Finally, the nanowires
are formed when the substrates were subsequently spun and
heated, as the solution quickly reaches supersaturation during
the evaporation and the perovskite nanowires start to grow. It
is believed to be a dissolution-recrystallization process. Fur-
thermore, it is found that the density, diameters and size distri-
bution of the nanowires can be easily manipulated by decreas-
ing the concentration of DMF in IPA or increasing the rotation
speed of the spin-coater, which offers researchers a convenient
and effective way to fabricate perovskite nanowires with desir-
able properties.

3.3. Fabrication of zero-dimensional perovskites

In 2012, Japanese scientist Kojima e al.3!] synthesized
the CH3NH;PbBr; quantum dots with porous alumina media
for the first time. They reported the nanocrystals with high den-
sity and green photoluminescence self-organized within a thin
Al O3 film, which was used as the mesoporous medium. How-
ever, the size of CH;NH;PbBr; quantum dots mainly depends
on the radius of Al O3 pore and could not be controlled effec-
tively, which largely restricted the application.

In 2014, Schmidt er al.P? reported the fabrication of
6-nm-diameter CH3;NH;PbBr; quantum dots with a non-
template synthesis. Zhang et al.*] demonstrated another
method called LARP, through which they successfully syn-
thesized CH3;NH3PbBr; quantum dots with great luminescent
properties and a diameter less than 5 nm. During the fabrication
process, they mixed the CH3NH;Br and PbBr, and dissolved
the mixture with n-octylamine and oleic acid in DMF to form
a precursor solution. Then, the precursor solution was dropped
into toluene with vigorous stirring. The quantum dots which
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Fig. 8. (Color online) The fabrication of perovskite nanowires by the dissolution-recrystallization process[7].
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Fig. 10. (Color online) (a) The structure of CH3NH3PbBr3 quantum dots[32! (b) The structure of CH3NH3PbBr3 quantum dots after surface

modification33].

can be achieved through a centrifugation has been fabricated
during this period. As shown in Fig. 9, the components of the
quantum dots can be conveniently tuned from CH3;NH;3;PbCl;
to CH3NH;3Pbl; by varying the precursors and solvents follow-
ing a similar LARP strategy.

It is found that without n-octylamine added, the precur-
sors undergo fast crystallization and are aggregated into large
particles and subsequently precipitated from the solution. The
use of other alkylamines with longer chains can also con-
trol the crystallization process and produce colloidal QD so-
lutions. Moreover, other long-chain alkyl acids (octanoic acid,
butyric acid, etc.) are also suitable to stabilize the formed
colloidal CH3NH;PbBr; quantum dots. Based on the obser-
vations, it is assumed that the crystallization process is con-
trolled by the supersaturation induced by the solubility change

with solvent mixing!**l. After the proper chemical passivation
of n-octylamine and oleic acid on the surface, as shown in
Fig. 10(b), Zhang gets the quantum dots with uniform diameter
(~3.3 nm) and a luminescent efficiency up to 70%.

Huang et al.B¥ fabricated the CH;NH;PbBr; quantum
dots with tunable size and the emission peaks covering the
range from 475 to 520 nm. Song et al.1**! synthesized the high-
quality CsPbX; quantum dots through hot injecting cesium
stearate (CsSt) to PbBr; solution. These quantum dots have an
average diameter of 8 nm as well as good crystallinity, which
is preferred for improving the luminescent efficiency and the
LED device performance. It is also found that the size of quan-
tum dots can be controlled by the reaction temperature. As the
reaction temperature increases, the size of the QDs increases
leading to PL peak shifting to longer wavelength.
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Fig. 11. (Color online) The typical structure of perovskite solar cells.

4. The application of low-dimensional per-
ovskites

Because of these unique properties of low-dimensional
perovskites, they have been used for various optoelectronic ap-
plications, such as solar cells, LEDs and lasers.

4.1. Perovskite solar cells

The typical structure of perovskite solar cells is shown in
Fig. 11, which includes 6 parts-FTO conductive glass, hole
transport layer, perovskites absorption layer, support layer,
TiO, compact layer and metal electrode layer.

When it comes to low-dimensional perovskites, it was
found by Smith er al.*%! that one kind of 2D perovskites
(PEA),(MA),[Pbsl;g] (PEA = Cg¢Hs(CH,),NHY, MA =
CH3NH;L ) thin films can be used for solar cells with great
moisture resistance. As we all know, the perovskite solar cell
shows a poor stability to moisture and requires anhydrous pro-
cessing and operating conditions. The lack of resistance of hu-
midity remains a concern for large-scale device fabrication or
their long-term use. When the solar cell is exposed to the hu-
mid environment, perovskite molecules will slowly react with
water, the chemistry equation of which is shown as follows.

H,O
CH3NH;3Pbl; <> CH3NH;31(aq) + Pbl,(aq).

In the process, a hydrolytic reaction occurs that loses the MA™
cation gradually and the perovskite films will decompose to
yellow Pbl, after a short time with a degradation of the so-
lar cells’ performance. However, the 2D (PEA),(MA),[Pb;1;¢]
films fabricated by Smith et al. exhibit extremely high moisture
stability which benefits their potential technological exploita-
tion. As the PXRD pattern shows in Fig. 12(a), there are no ad-
ditional reflections over a period of 46 days of 52%-humidity-
level exposure, and their first-generation devices showed an
open-circuit voltage of 1.18 V and a power conversion effi-
ciency of 4.73%. In contrast, the new phase is obtained in the
pattern of MAPbDI; films, which can be indexed to the PXRD
pattern of Pbl, (Fig. 12(b)).

The moisture-resistant property of the 2D (PEA);-
(MA),[Pbsl;p] may be attributed to the hydrophobicity of
the long (PEA)>,(MA), cation chain and the highly oriented
and dense nature of the (PEA),(MA),[Pbsl;o] films, which

(a) (b)
*
46 days 46 days
S - *‘
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= 20 days
Z i - *
2 *
= 9 days
| 4 days
— J L % P A "
0 days 0 days
i et v .
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Fig. 12. (Color online) PXRD patterns of films of (a)

(PEA),(MA),[Pbsljp] and (b) MAPbIzwhich were exposed to
52% relative humidity.

prevent the direct contact of adventitious water with the
(PEA)2(MA),[PbsI;].

In 2015, Park ez al.[*!] reported the fabrication of inorganic
perovskite solar cells containing Cs3;Biylo thin films, which
have the open-circuit voltage of 0.85 V and power conversion
efficiency of 1.09%. Cao and co-workers* reported that they
had implemented the (C4H9NH3),(CH3NHj3),Pbs1; nano thin
film in solid-state solar cells with an initial power conversion
efficiency of 4.02% and open-circuit voltage of 929 mV.

As mentioned above, perovskite nanowirebased solar cells
have also been demonstrated?®). MAPbI; nanowires with the
mean diameter of 100 nm were successfully grown with the aid
of aprotic solvent DMF in two-step spin coating procedure and
the best performing device employing CH3;NH3Pbl; nanowires
delivered photocurrent density of 19.12 mA/cm? and voltage
of 1.052 V, leading to a power conversion efficiency (PCE) of
14.71%.

4.2. Semiconductor lasers

In 2001, ZnO nanowirebased lasers were demonstrated
by Yang and co-workers®! for the first time. Since then,
semiconductor nanowire lasers, owing to their ultracompact
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Fig. 13. (Color online) Nanowire emission spectra around the lasing
threshold(?].

physical sizes, highly localized coherent output, and efficient
waveguiding, are promising building blocks for fully inte-
grated nanoscale photonic and optoelectronic devices. Each
nanowire can serve as a waveguide along the axial direction
and the two end facets form a Fabry-Perot cavity for optical
amplification. However, high lasing threshold not only makes
key technical advancement such as electrically driven lasing
and integration into optoelectronic devices difficult, but also
imposes fundamental limits due to the onset of Auger recombi-
nation losses[*> %4, Researchers turn to lead halide perovskites
in search for an ideal material for nanowire lasing. The long
carrier lifetimes and diffusion lengths along with high fluores-
cence yield and wavelength tunability make lead halide per-
ovskites ideal materials for lasing.

Xiong et al.™] reported a room temperature nanolaser
based on single-crystal hexagonal phase FAPbI; nanowires
by a low-temperature solution process. Zhu et al. developed
a surface-initiated solution growth strategy with a lead ac-
etate (PbAc,) solid thin film to produce high-quality single-
crystal CH3;NH;3Pbl; nanowires. Despite the low yield, the
room-temperature and wavelength-tunable lasing from single-
crystal lead halide perovskite nanowires has very low lasing
thresholds (220 nJ/cm?) and high quality factors (Q ~ 3600).
The lasing threshold corresponds to a charge carrier density
as low as 1.5 x 10'® cm™ and the FWHM (full wave at half
maximum) of the lasing peak at 787 is 0.22 nm, as shown in
Fig. 13. Eaton er al.[*’] reported the low-temperature, solution-
phase growth of cesium lead halide nanowires, exhibiting low-
threshold of 5 pJ/cm? and the quality factor as high as 1009.
Furthermore, lasing of this material under constant, pulsed ex-
citation can be maintained for over 1 h, which demonstrated
excellent stability of these inorganic perovskite nanowires as
well.

In 2016, Nurmikko et al.[*7] took an important step toward
practically usable two-dimensional perovskite lasers. They
demonstrated high degree of temporally and spatially coherent
lasing whereby well-defined directional emission near 788 nm
wavelength at optical pumping energy density threshold of
68.5 % 3.0 uJ/cm?. The measured power conversion efficiency
and differential quantum efficiency of the perovskite photonic
crystal laser are (13.8 & 0.8)% and (35.8 £ 5.4)%, respec-
tively.

5. Light-emitting diode devices

More recently, these solution-processed perovskites have
also shown their promise in light-emitting diodes (LED). In
2014, Tan et al.l*®! reported the application of perovskites in
LED for the first time. They utilized CH3;NH3PbCl;_, 1, as the
light-emitting layer, emitted the laser with wavelength of 754
nm in near-infrared regions and achieved the external quan-
tum efficiency (EQE) of 0.76%. Less than 2 years later, the
EQE of perovskite LED had been increasing rapidly to as
high as 8.53%, which was reported by Chao et al. As quan-
tum dots including CdSe, CdTe, CdS have shown great per-
formance in LEDs since 1994, perovskite quantum dots have
also attracted intensive interest recently. In 2015 Song and
co-workers!3?] fabricated the LED devices based on inorganic
CsPbX3 quantum dots, with emission peaks of 455, 516 and
586 nm, corresponding to CH;NH3PbCl;, CH3NH3PbBr; and
CH3;NH;Pbl;, respectively.

In 2016, Gong et al.51] demonstrated the MAPDBBr3_, I
LED with the EQE of 4.9%. In the same year, an LED fabri-
cated with CH;NH;3PbBr; nanoparticles was reported by Xing
et al.? | of which the EQE is up to 7.84%. Other than quan-
tum dots, two-dimensional perovskites have also been applied
to LED since 2015. Yantara et al.[%] fabricated the green LED
with CsPbBr; thin films by the end of 2015 with EQE of only
0.008%. Ling et al.l>*! succeeded in fabricating CH;NH3PbBr;
nanoplate-based LED devices with EQE up to 0.038% and im-
proved stability.

6. Summary and prospects

Despite tremendous progress in the past few years, there
are still issues that need to be addressed to enable large-scale
applications. For example, because of large surface/volume ra-
tio of low dimensional materials, hydrolysis®> which exists in
bulk perovskites as well becomes a serious concern. A com-
mon approach is to add a protective layer between perovskite
and HTM layer, for example, Al,O; films. Encapsulation is
critical for stability as well®®. With improved scalability of
processes and stability of devices, it is expected that this type
of low-dimensional perovskite can play a practical role in var-
ious optoelectronic applications in the foreseeable future.
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