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Abstract: Two-dimensional organic-inorganic hybrid perovskites (2D OIHPs) have attracted exten-
sive attention in the field of X-ray detection due to their excellent stability compared to traditional
three-dimensional OIHPs and the strong optoelectronic response to X-ray along the quantum wells.
In this review, the nucleation and growth process as well as intermolecular forces for controlling
out-of-plane growth are summarized along with the oriented growth mechanism. The optoelectronic
properties in 2D OIHP under irradiation of X-ray are also discussed. Finally, conclusions and outlook
for orientation 2D OIHP quantum wells and their challenges in application of direct X-ray detection
are given. This review will provide a basic understanding on the strategy of designing 2D OIHP thick
films as promising X-ray photoconductors, which may inspire the development of next-generation
X-ray detectors.
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1. Introduction

Recently, two-dimensional organic-inorganic hybrid perovskites (2D OIHPs) have
aroused increasing attention owing to their superior operational stability with unencapsu-
lated control compared to their 3D counterparts [1-3]. The main strategy for constructing
2D OIHPs is to introduce long chain organic cations in 3D OIHPs (general formula of
ABX3) [4]. The introduction of organic spacers will increase the formation energy (shown in
Figure 1a) and ion migration activation energy of 2D OIHPs, thereby successfully reducing
the decomposition and phase transformation of perovskites [5-7]. In addition, the high
hydrophobicity of the spacers can block the water molecules to increase the humidity and
thermal stability of 2D OIHPs, as shown in Figure 1b,c [8,9].

The typical formula of 2D OIHPs is A,_1A'B;X3,41 (Dion-Jacobson, DJ) or
Ay _1A'9B,X5,41 (Ruddlesden-Popper, RP), where the [BX¢]*~ octahedron acts as a well,
while the organic layer A’ functions as a barrier and n determines the thickness of the
quantum well (Figure 2a) [10,11]. Generally, the carriers confined in the quantum wells
lead to high exciton binding energy and enlarge the formation of excitons rather than free
carriers, thereby limiting the carrier transport in 2D OIHPs [12,13]. However, the exciton
binding energy can be decreased by tuning the n of the quantum well [14]. When n > 2,
the low energy state of the layer edge in the quantum well will separate excitons into free
carriers [15], which is beneficial for the electrical properties, as shown in the schematic
drawing in Figure 2b.

In addition, the inhibition of charge transport between quantum wells is attributed to
the small dielectric constant of organic spacers, which is unfavorable for efficient charge
collection [16]. Changing the orientation of the quantum well to be perpendicular to
the electrode will improve the crystallinity of the 2D OIHP and is an effective way to
improve the performance of the corresponding optoelectronics as the carriers are confined
in quantum wells [17].
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Figure 1. (a) The formation energy of (PEA),(MA),, _1Pb;, I3,,4; with different n values. Reprinted with permission from [10],
Copyright 2016 American Chemical Society. (b) The ambient stability and (c) thermal stability of 3D perovskite FAPbIz and
2D OIHP w/tFM-PMAL Reprinted with permission from [9], Copyright 2016 John Wiley and Sons.
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Figure 2. (a) Structural configuration of (BA),CsAgBiBry that defines the 2D perovskite quantum-confined motif. Reprinted
with permission from [12], Copyright 2019 John Wiley and Sons. (b) Schematics of the low energy state of layer edge in
quantum well separating excitons into free carriers.

In recent years, 2D OIHP quantum well has gradually been studied as a photocon-
ductor in X-ray detectors, which can be functioned as a natural array material for pixel
matrix thin film transistor (TFT). The charge carrier transport exhibits obvious anisotropy
in 2D OIHPs that is strong along the growth direction of the octahedron and weak at the
perpendicular direction. Therefore, in order to improve the X-ray optoelectronic properties
of 2D OIHPs to obtain highly sensitive X-ray detectors, a thick film with vertically oriented
2D OIHP quantum well is necessary.

In this article, we focus on the nucleation and growth process as well as intermolecular
forces for controlling out-of-plane growth and summarize the oriented growth mechanism
of 2D OIHP quantum wells. We also discuss the optoelectronic properties in 2D OIHPs
under irradiation of X-ray. Finally, conclusions and outlook for orientation 2D OIHP
quantum wells and their challenges in application of direct X-ray detection are given. We
believe this review will provide guidance for designing and fabricating promising X-ray
photoconductors that could be used in next-generation X-ray imaging detectors.

2. Regulation of Out-of-Plane Oriented Growth

Controlling the orientation is an efficient way to improve the carrier transport of
2D OIHPs. There are three strategies to achieve vertical orientation growth of 2D OIHP
quantum well on the substrate in situ: (i) regulating the nucleation process, (ii) controlling
the growth process, (iii) altering the intermolecular forces of organic spacers.
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2.1. Nucleation Process
2.1.1. Solvent Engineering

Solvent engineering has been proven to be an effective way to control crystallization
and orientation of 2D OIHPs. Solvents with different polarities, boiling points, and co-
ordinating ability will affect the crystallization kinetics and thus change the orientation
of 2D OIHPs [4,18,19]. DMSO is the most commonly used solvent additive to adjust the
orientation perpendicular to the substrates in 2D OIHPs. With the addition of DMSO in
2D OIHPs dissolved in DMF, the 2D OIHP films tend to form vertical orientation to the
substrate (Figure 3a) and result in increased crystallinity [14,20,21]. Simultaneously, the
grain size dramatically increases when the DMSO ratio is increased (Figure 3b) [22].

The vertical orientation after addition of DMSO is attributed to the interaction be-
tween the Lewis acid Pb?* and the Lewis base S=0O in DMSO, which forms the intermediate
product BAI/MAI/Pbl, /DMSO (Figure 3c) and results in the formation of large crystal
nuclei that slow the crystallization process. When only DMF is used, the precursor un-
dergoes direct and fast volatilization, resulting in random orientation of 2D OIHP films
(Figure 3d) [14,16,23].
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Figure 3. (a) Schematic of the horizontal and vertical orientations relative to FTO substrate. Reprinted with permission
from [21], Copyright 2019 American Chemical Society. (b) AFM images of the hot-cast BA;MA4Pbsl;¢ films from precursor
solutions using DMF, DMSO, and mixed solvents of the two, illustrating a reduction in surface roughness upon addition
of DMSO to the DMF precursor solution. The RMS values of the DMF, 3:1 DMF:DMSO, 1:3 DMF:DMSO, and DMSO
films are 28.9, 11.26, 14.35, and 10.6 nm, respectively. The size of each image is 5 x 5 um?. Reprinted with permission
from [23], Copyright 2017 John Wiley and Sons. (c) Sketch diagram for the interaction force between (i) Pbland DMSO,
(ii) PbIpand MAI, and (iii) Pbl, and BAI Reprinted with permission from [21], Copyright 2019 American Chemical Society.
(d) Hlustration of the formation of perovskite film with lots of small crystal nuclei or with a small amount of large crystal
nuclei. Reprinted with permission from [17], Copyright 2020 Elsevier.

2.1.2. Additive Engineering

Additive engineering is another method to improve the orientation of 2D OIHP
quantum wells. Generally, NH4X (X = Cl, Br, I, SCN [24-27]), thiourea (THA) [28], thiosemi-
carbazone (TSC) [14], etc. are used to control the orientation and improve the morphology
of 2D OIHPs.
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Substrate

NH4ClI can stick to the (202) surface and enhance the solubility of [BXs]*~ octahedral
colloid by interaction between the Lewis base C1~ and the Lewis acid Pb?* or Sn?* at the B
site and inhibit homogenous nucleation inside the solution. The escape of NH4ClI during
the annealing leaves the flat (202) planes, and the position perpendicular to these planes
will be spontaneously occupied by the organic spacers to form the longitudinal growth of
[BXe]*~, thereby leading to vertical orientation (Figure 4a,b) [19,29,30]. In addition, NH4Cl
will reduce the diameter of the pinholes to form a uniform morphology [31].

With the increase in amount of NH4SCN additives, sharp and discrete Bragee spots
are observed in GIWAXS patterns, revealing the preferential orientation of (101) from
randomly orientated to parallel to the substrate (Figure 4c—e) [32]. NH4SCN can coordinate
with Pb%* by SCN~ in solution, and the NH4SCN will then evaporate during the following
annealing period. This will enlarge the crystalline grains, decrease the grain boundaries,
and improve the vertically oriented growth of 2D OIHP films [33].

THA and its derivative TSC play a similar role in optimizing orientation of 2D
OIHPs [14,22]. TSC is a S-donor Lewis base containing -NH,, which not only strongly
bonds with Pbl, but also interacts with organic ammonium salt in 2D OIHPs to form
an intermediate with a size larger than the critical radius r* (region II in Figure 4f). r*
is the critical particle radius corresponding to the critical free energy G*, which should
be overcome during the formation of nuclei. When the particle radius is larger than r¥,
the crystal grows spontaneously with no need to overcome G*, leading to a reduction in
nucleation density and an increase in the crystallinity and vertically orientated crystal
grains [14].
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Figure 4. A schematic diagram of (a) the random crystallization of (PEA);(MA)3Pbylj3 in the conventional method
and (b) the vertical orientation showing the flattened (202) crystal plane caused by NH4Cl evaporation. Reprinted
with permission from [31], Copyright 2020 RSC Publishing. (c) Dependence of free energy change on particle radius.
Reprinted with permission from [17], Copyright 2020 Elsevier. (d) The schematic of azimuth angle (x) evolution of (101)
crystallographic. (e) 2D GIWAXS patterns of (BDA)(MA),Pbsljs (1 = 5) perovskite films with 0-3 SCN ™ with an incidence
angle of 0.3°. (f) The schematic of the orientation evolution of (101) crystallographic plane that occurs with increasing
NH4SCN addition. Reprinted with permission from [33], Copyright 2019 John Wiley and Sons.
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Introducing polarity functional group into the organic spacers can also regulate the
nucleation rate of 2D OIHPs. Liang et al. prepared a molten spacer butylamine acetate
(BAAC) by injecting acetic acid (Ac) into n-butylamine (BA). In BAAc, Ac™ can form strong
coordination with Pb?* to obtain a uniformly distributed gel and prevent the aggregation
of [Pbl] octahedron, thereby allowing phase-pure quantum wells, larger crystal grains,
and superior orientation to the substrate formed in 2D OIHPs (Figure 5) [34].
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Figure 5. (a) TA spectra and (b) schematic structure of the multiquantum wells (MQW, with organic
spacer BA) and phase-pure QW films (with organic spacer BAAc). Reprinted with permission
from [34], Copyright 2020 Springer Nature.

2.1.3. Composition Engineering

Doping different cations on the A site in 2D OIHPs, e.g., BAp(MA_FA,)3Pbyl;3, is
an method employed to inhibit the generation of low n phase, which is unfavorable for
vertical orientation to substrates (Figure 6a,b) [35,36].

Increasing the same cation on the A site in the 2D OIHP quantum wells has a preferred
orientation mechanism that is completely different from the former one. Addition of
MASCN in the precursor with DMF as solvent will suppress formation of the intermediate
phase, i.e., [PbIs]*~ sol-gel, which will transform into an unoriented intermediate phase
that tends towards random orientation, accompanied by the disappearance of the C=0
signal of DMF (Figure 6¢). It has been proven that excess MA* can improve the orientation
of 2D OIHP function as a shell dividing the [Pblg]*~ cages and preventing the assemble of
[PbIg]*~ after excluding the function of SCN ™ [37].

In addition, Cs* doping on the A site will slow the crystallization kinetics, which
will help the grains grow larger and retain perfect crystal orientation (Figure 6d) [38].
Furthermore, the formation of crystal nucleus in the early stage of spin-coating, attributed
to much lower solubility of KI in DMF, will induce heterogeneous crystallization to achieve
a quantum well perpendicular to the substrate [39].
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Figure 6. (a) GIWAXS patterns of the perovskite films of (BA);(MA_FAy)3Pbsl;3, x =0, 0.2, 0.4, and 0.6 films. (b) In situ
PL measurement for the BAy(MA)3Pbyl;3 film by detecting the emission peak at 585 (1 = 2), 670 (n = 4), and 780 (1 = c0) nm.
Reprinted with permission from [35], Copyright 2018 American Chemical Society. (c) FTIR spectra of the control and 40%
MASCN sample without annealing. Reprinted with permission from [37], Copyright 2021 John Wiley and Sons. (d) In situ
GIWAXS patterns showing the phase transition from precursor to perovskite for the Cs0-2D and Cs5-2D samples. Reprinted
with permission from [38], Copyright 2018 RSC Publishing.

2.2. Growth Process
2.2.1. Temperature

Tsai et.al. first used hot-casting to obtain vertical orientation (BA),(MA)sPbyl;3 films,
which yielded sharp Bragg spots in the GIWAXS patterns and was oriented with (101)
planes (Figure 7a,b) [40]. It is believed there is accelerated conversion of the intermediate
to 2D OIHP during the hot-casting process [41].

In previous studies, annealing can also influence the vertical orientation [42—44].
Chen, et.al. operated the annealing process before and after the crystalline of 2D OIHP
films, named as pre- and postcrystallization annealing methods. The precrystallization
annealed film showed superior vertical orientation compared to the postcrystallization
annealed ones. This is because precrystallization annealing keeps the high evaporation
rate of the solvent, while postcrystallization annealing decreases the diffusion rates of the
precursor, thereby causing formation of homogeneous nucleation and randomly oriented
films (Figure 7c) [45].

2.2.2. Vapor Pressure

Controlling the solvent vapor pressure will result in different crystallization modes
in perovskite. With DMSO partial pressure of 15 Pa, the solvent evaporation slows down,
resulting in crystallization at the air-liquid interface. Meanwhile, at partial pressure of 0 Pa,
the fast evaporation of the solvent leads to simultaneous crystallization of the liquid-solid
and air-liquid interfaces (Figure 7d) [46]. This phenomenon is similar to the result of
annealing at different stages of crystallization. Although controlling vapor pressure has
not been used in the oriented growth of 2D OIHP quantum well, we believe it will be an
effective strategy.
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Figure 7. (a) GIWAXS patterns for polycrystalline room-temperature-cast and hot-cast (BA);(MA)3Pbyly3 films.

(b) Schematic representation of the (101) orientation, along with the (111) and (202) planes of a 2D perovskite crystal,
consistent with the GIWAXS data. Reprinted with permission from [40], Copyright 2016 Springer Nature. (c¢) GIWAXS
patterns for pre- and postcrystallization annealed films. Reprinted with permission from [45], Copyright 2018 Springer

Nature. (d) Schematic of the in situ crystallization modes of the perovskites. Reprinted with permission from [46], Copyright

2021 American Chemical Society.

2.3. Intermolecular Forces of Organic Spacers

Various organic spacers (A’) are employed to construct 2D OIHP quantum wells, and
their intermolecular force is an important factor to tune the orientation of 2D OIHP. The
rigid benzene ring in PEA may confine the freedom compared to BA, leading to a favorable
oriented structure [24]. Shortening the chain length of spacers can also improve the orien-
tation of 2D OIHP, e.g., 2D OIHP prepared by inserting the branched-chain butylamine
(iso-BA) into anionic layers displays sharper Bragg spots than that prepared by BA, illus-
trating dramatically enhanced orientation (Figure 8a) [47]. Because allylammonium (ALA)
has only the single C=C bond to promote intermolecular force, there is lower formation
energy of low n quantum wells. PEA and BA will form intermolecular forces by m-stacking
and van der Waals interaction, leading to higher formation energy of low n quantum wells.
Thus, ALA-based 2D OIHP have higher degree of orientation and narrower distribution
of quantum wells width than PEA- and BA-based ones (Figure 8b) [48,49]. The stronger
interaction between sulfur atoms in two 2-(methylthio)-ethylamine hydrochloride (MTEA)
also enables more oriented growth than weak van der Waals interaction between BA [50].

Introducing binary organic spacers can successfully build fabricated vertically ori-
ented structure as the second spacer can generate aggregates that tend to form large
crystal grains with preferable vertical orientation [51,52]. Inserting structurally symmetric
guanidinium (GA) as a second spacer in the BA;MA4Pbsl;¢ 2D OIHP film can result in
better crystallinity than using PEA because GA has better solubility in the solvent DMF,
thereby allowing even distribution of amino groups and favoring the formation of oriented
structure (Figure 9) [53].
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from [47], Copyright 2017 John Wiley and Sons. (b) TA spectra and GIWAXS patterns of ALA-, PEA-, and BTA (i.e., BA)-
based 2D OIHP films. Reprinted with permission from [49], Copyright 2018 American Chemical Society.
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of GA" and PEA* on the formation of 2D perovskite film. Reprinted with permission from [53],
Copyright 2019 RSC Publishing.

3. Oriented Growth Mechanism

The vertical self-assembly process of 2D OIHP remains a mystery, which limits the con-
trol of vertical orientation. Chen et.al. removed the top crust of the film using a home-made
blade setup and performed in situ GIWAXS characterization to these products (Figure 10).
The results confirm that vertically oriented nucleation occurs from the liquid—air interface
because the surface tension makes the BA molecule staying inside the solution bound to
[Pbls] slabs and form initial nuclei vertical to the substrate at the liquid—air interface. Then,
BA»MA;3Pbyl;s crystallizes from the nuclei during the annealing process [45].

However, the rule is not always suitable for other systems, e.g., increasing the
volatilization rate of solvent by reducing the partial pressure will cause a synchronous crys-
tallization at both the liquid—air surface and solid-liquid surface as discussed above [46].
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Figure 10. Optical images, GIWAXS patterns, and illustrations of precursor solution (stage 1),

BA;MA;3Pbyl;3 top-crust crystallization (stage 2) and scraping off crust (stage 3). Reprinted with
permission from [45], Copyright 2018 Springer Nature.

4. X-ray Optoelectronic Properties

2D OIHPs have already emerged as promising materials in the field of photovoltaics
due to their tunability of optoelectronic properties and, more importantly, environmental
stability. Recently, tremendous effort has been dedicated to 2D perovskites to realize X-
ray detection because of their quantum well (QW) structures, where the semiconducting
inorganic sheets act as the wells and the organic dielectric layers correspond to the barriers.
This unique character makes 2D OIHPs natural array materials for pixel thin film transistor
(TFT) substrates, which indicates great potential in direct X-ray imaging.

Wang et al. obtained a large (BDA)Pbly single crystal by cooling down the solution
slowly. The 2D OTHP achieved X-ray sensitivity of up to 188 uC Gy, ' cm~2 at 50 V
voltage under irradiation by an X-ray tube with acceleration voltage of 40 kV (40 kVp, soft
X-rays). The value was 9-fold higher than the dominant commercial X-ray detector a-Se
(20 uC Gyair_1 cm~2). The lowest detection limit of (BDA)PbI, was 1.58-3.13 vaGyair's_1 at
10-50 V voltage bias, which is lower than the regular medical diagnostics and makes 2D
(BDA)Pbl, a candidate material for soft X-ray detector [54].

For hard X-rays, 2D OIHPs outperform the dominating Csl scintillator of commer-
cial digital radiography systems by acquiring clear X-ray images under much lower
dose rate. Wei et al. introduced deficient F atoms to enhance supramolecular inter-
actions as supramolecular anchor, leading to a 2D 4-fluorophenethylammonium lead
iodide ((F-PEA),Pbly) large dimensional size. The X-ray detector using the 1.5 mm
thick 2D (F-PEA),Pbly single crystal as the photoconductor exhibited a sensitivity of
3402 uC Gyaifl cm ™2 to 120 keVp hard X-rays at 200 V bias, and the lowest detectable
X-ray dose rate was as low as 23 nGy,i, s~1. The 2D (F-PEA),Pbl, also performed ex-
cellent operation stability during storage for over one month under ambient condition,
demonstrating promising applications in hard X-ray detection [55].

The quantum well structure in 2D OIHP exhibit X-ray anisotropy detection properties,
which is attributed to the mismatch of dielectric constant between the well and the barrier.
Xu et al. produced 2D (BA),CsPb,Bry and (i-BA),CsPb,Bry crystals by inserting butylamine
(BA) and isobutylamine (i-BA) into CsPbBr3 using the temperature cooling method and
systematically studied their anisotropic X-rays optoelectronic properties. The quantum



Materials 2021, 14, 5539

10 of 14

wells of 2D (BA),CsPb,Br; and (i-BA),CsPb,Br; grew along the ab plane while being
perpendicular to the ¢ direction. The device based on the (BA),CsPb,Bry crystal along the ab
plane exhibited superior X-ray sensitivity of up to 13.26 mC Gyair~! cm~2 at a relatively low
electric field of 2.53 V. mm~! while displaying sensitivity lower than 20 uC Gyair_1 cm 2
along the c direction, even at a pretty high electric field of around 30 V mm~! under
the same irradiation of 40 kVp. By shortening the spacer cation from BA to i-BA, the
degree of anisotropy in 2D perovskite crystals decreased, which resulted in lower ab
plane X-ray sensitivity and higher ¢ direction sensitivity compared to (BA),CsPb;B,7-
based devices [56]. The 2D OIHP-like (NHy)3Bizlg shows remarkable anisotropy of charge
transport as well. The X-ray sensitivity of the parallel direction device was found to have
a large value of 8.2 x 10 uC Gy,;, ' cm ™2, while the sensitivity of the perpendicular
direction device only revealed 803 pC Gy,i; ! cm ™2 under the irradiation of X-ray with
a peak energy at 22 keV [57]. The anisotropy could effectively reduce horizontal charge
migration between pixels and form nature arrays, which showed high resolution of X-ray
imaging, e.g., a 34.3 mm x 34.3 mm x 13.1 mm (NH4)3Bizlg single-crystal-based device
exhibited good spatial resolution of 4.22 Ip mm ! at parallel direction [58], which is higher
than 3D MAPbI3-based X-ray detection (3.1 Ip mm 1) [59]. In summary, X-ray detection
along the growth direction of the quantum well is beneficial for improving image quality.

More X-ray optoelectronic properties of different 2D OIHPs can be found in Table 1,
which shows a comprehensive comparison of recent progress in 2D OIHPs-based
X-ray detectors.

Table 1. The optoelectronic properties of different 2D OIHPs.

Ab Plane Sensitivity Limit of Detection

. . 2 . e
Chemical Formula 2D Type Device Structure (1C Gyuir 1 cm-2) (nGyar s 1) pt (cm?V-1) Response Time
(BDA)PbI, bl g /OIHP/A 242 ( 46%3/ N/A Trse = 7.3 ms,
SC[54] g 8 (40 kVp, 310 V/mm) 310 V/nfl’;’l) Tran = 22.5 ms
BA,CsAgBiBr; 4.2 3
SC[12] RP Au/OIHP/Au (70keV *,10V) N/A 1.21 x 10 N/A
BAzEAzpbgBI‘m 6800 2
SC [60] RP Au/OIHP/Au (70 keV *, 5 V/mm) 5500 1.0 x 10 N/A
(CPA); AgBiBrs 038 .
SC [61] RP Au/OIHP/Au (70keV %, 10'V) N/A 1.0 x 10 N/A
. ~13
(BA)2(MA);Pbslyg -i-n Trise <500 ns,
film [62] RP [TO/PTAA/OIHP/Cg/Au (1091 averagekeY, N/A N/A T 20-60 s
0V/mm)
23
(E-PEA),Pbl, 3402 »
SC [56] RP Au/OIHP/Cgq /BCP/Cr (120 keVp, 133 V/mm) 1(31;(2/172\11111:1,) 51 x 10 0.8 us
72.5
(BA)2CSPb2BI‘7 13,260
5C [57] RP Au/OIHP/Au (40 KVp, 2.53 V/mm) ) é‘éovk/‘;{’rfn) N/A N/A
(DFPIP)4AgBilg 188 3130 _5
SC[63] RP Au/OIHP (40 kVp, 50 V) (40 kVp, 50 V) 11> 10 N/A

N/A means that it is not mentioned in the reference, SC refers to single crystal, * indicates the highest energy instead of the average energy

of the X-ray sour:

ce.

There is no dispute that sensitivity is one of the most important parameters to study
the performance of direct X-ray detectors. Unlike other X-ray photoconductors, such as
a-Se, hybrid perovskites are seen as the candidate with the most potential for directly
detecting both soft and hard X-rays. Thus, we found that the sensitivity of perovskite-
based devices is often tested under different conditions. However, it would be difficult to
compare the performance from different works, as seen in Table 1, because both the X-ray
energy and bias have significant effects. In this review, we suggest that future publications
should at least provide the detailed conditions of X-ray energy (average keV or kVp) and
electric field intensity. If possible, it would be better to use a standard energy and bias scale
for measuring perovskite-based devices.

In any case, the 2D OIHP currently studied in the field of X-ray detection is mostly
single crystal, as shown in Table 1. The growth time of large single crystals is long, and
the size is difficult to control. In situ growth of a vertical oriented 2D OIHP film on
the substrate can obtain a functional layer with a controllable size. A study on a device
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obtained by in situ growth process exhibited low X-ray sensitivity as the thickness of the
film was only 500 nm and the X-ray absorption was weak [62]. Therefore, adjusting the
nucleation, growth, and interlayer force of 2D OIHP by reactants to construct a thick film
with in situ vertical orientation as mentioned above is key to the application of 2D OIHP in
X-ray detectors.

5. Conclusions and Outlook

Carrier transport in 2D OIHP is anisotropic, which is attributed to the confinement
effect of the quantum well. Thus, high X-ray sensitivity can be usually obtained along the
growth direction of the octahedron. In order to improve the application of 2D OIHP in
X-ray detection, we need to build a thick 2D OIHP film that orientates perpendicular to
the electrode to improve the collection efficiency of carriers. The vertical orientation of 2D
OIHP is mainly achieved by introducing a reactant that can easily coordinate with the cation
centered at the octahedrons to form intermediates and inhibit the rapid aggregation of the
octahedrons. Speeding up the volatilization rate of solvents or additives to accelerate the
conversion of intermediates to 2D OHIP is also a common strategy to optimize orientation.
In addition, the orientation of 2D OIHP can be improved by adjusting the force between
the spacers and the reaction system. The resulting device is expected to become a key
component of the next generation of X-ray detectors.

In order to further increase the thickness of vertically oriented film, it is necessary
to find a reagent that easily coordinates with cations in the octahedron and at the same
time volatilizes with the solvent under milder conditions during the crystallization process,
thereby enhancing the out-of-plane orientation, forming a pure-phase quantum well film,
and enlarging the crystalline grains to improve the X-ray absorption and charge collection
efficiency of 2D OIHP.

Author Contributions: H.C.; investigation and writing—original draft preparation, Y.L.; writing—
review and editing, D.X,; review and project administration. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
51832007 and Natural Science Foundation of Shandong Province, grant number ZR2020ZD35.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yan,J;Qiu, W; Wu, G.; Heremans, P.; Chen, H. Recent progress in 2D/quasi-2D layered metal halide perovskites for solar cells. J.
Mater. Chem. A 2018, 6, 11063-11077. [CrossRef]

2. Zheng, Y,; Niu, T;; Ran, X;; Oiu, J.; Li, B.; Xia, Y.; Chen, Y.; Huang, W. Unique characteristics of 2D Ruddlesden-Popper (2DRP)
perovskite for future photovol-taic application. J. Mater. Chem. A 2019, 7, 13860-13872. [CrossRef]

3. Su,P;Bai, L;Bi, H; Liu, B.; He, D.; Wang, W.; Cao, X.; Chen, S.; Lee, D.; Yang, H.; et al. Crystal Orientation Modulation and
Defect Passivation for Efficient and Stable Methylammo-nium-Free Dion-Jacobson Quasi-2D Perovskite Solar Cells. ACS Appl.
Mater. Interfaces 2021, 13, 29567-29575. [CrossRef]

4. Xu, Y.,;Wang, M,; Lei, Y; Ci, Z,; Jin, Z. Crystallization kinetics in 2D perovskite solar cells. Adv. Energy Mater. 2020, 10, 2002558.
[CrossRef]

5. Lin, Y; Bai, Y,; Fang, Y.; Wang, Q.; Deng, Y.; Huang, J. Suppressed ion migration in low-dimensional perovskites. ACS Energy Lett.
2017, 2, 1571-1572. [CrossRef]

6. Quan, LN, Yuan, M,; Comin, R.; Voznyy, O.; Beauregard, E.M.; Hoogland, S.; Buin, A, Kirmani, A.R,; Zhao, K,
Amassian, A.; et al. Ligand-stabilized reduced-dimensionality perovskites. . Am. Chem. Soc. 2016, 138, 2649-2655. [CrossRef]

7. Fu, Y; Wu, T.; Wang, J.; Zhai, ]J.; Shearer, M.].; Zhao, Y.; Hamers, R].; Kan, E.; Deng, K.; Zhu, X.Y,; et al. Stabilization of the
metastable lead iodide perovskite phase via surface functionalization. Nano Lett. 2017, 17, 4405-4414. [CrossRef] [PubMed]

8. Smith, I.C.; Hoke, E.T.; Solis-Ibarra, D.; McGehee, M.D.; Karunadasa, H.I. A layered hybrid perovskite solar-cell absorber with
enhanced moisture stability. Angew. Chem. Int. Ed. 2014, 53, 11232-11235. [CrossRef]

9. Lai, H,; Lu, D.; Xu, Z.; Zheng, N.; Xie, Z.; Liu, Y. Organic-Salt-Assisted Crystal Growth and Orientation of Quasi-2D Ruddlesden-

Popper Perovskites for Solar Cells with Efficiency over 19%. Adv. Mater. 2020, 32, 2001470. [CrossRef]


http://doi.org/10.1039/C8TA02288G
http://doi.org/10.1039/C9TA03217G
http://doi.org/10.1021/acsami.1c05498
http://doi.org/10.1002/aenm.202002558
http://doi.org/10.1021/acsenergylett.7b00442
http://doi.org/10.1021/jacs.5b11740
http://doi.org/10.1021/acs.nanolett.7b01500
http://www.ncbi.nlm.nih.gov/pubmed/28595016
http://doi.org/10.1002/anie.201406466
http://doi.org/10.1002/adma.202001470

Materials 2021, 14, 5539 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chen, Y; Sun, Y.; Peng, ].; Tang, J.; Zheng, K,; Liang, Z. 2D Ruddlesden-Popper perovskites for optoelectronics. Adv. Mater. 2018,
30, 1703487. [CrossRef]

Xu, Z; Liu, X,; Li, Y; Liu, X;; Yang, T.; Ji, C.; Han, S.; Xu, Y.; Luo, J.; Sun, Z. Exploring Lead-Free Hybrid Double Perovskite
Crystals of (BA) 2CsAgBiBr7 with Large Mobility-Lifetime Product toward X-Ray Detection. Angew. Chem. Int. Ed. 2019, 58,
15757-15761. [CrossRef]

Li, H.; Wang, X.; Zhang, T.; Sun, Q.; Pan, H.; Shen, Y.; Ahmad, S.; Wang, M. Layered Ruddlesden-Popper efficient perovskite solar
cells with controlled quantum and dielectric confinement introduced via doping. Adv. Funct. Mater. 2019, 29, 1903293. [CrossRef]
Guo, Z.; Wu, X,; Zhu, T.; Zhu, X.; Huang, L. Electron-phonon scattering in atomically thin 2D perovskites. ACS Nano 2016, 10,
9992-9998. [CrossRef]

Cao, D.H.; Stoumpos, C.C.; Farha, O.K.; Hupp, J.T.; Kanatzidis, M.G. 2D homologous perovskites as light-absorbing materials for
solar cell ap-plications. J. Am. Chem. Soc. 2015, 137, 7843-7850. [CrossRef]

Blancon, ].C.; Tsai, H.; Nie, W.; Stoumpos, C.C.; Pedesseau, L.; Katan, C.; Kepenekian, M.; Soe, C.M.M.; Appavoo, K.; Sfeir, M.Y.;
et al. Extremely efficient internal exciton dissociation through edge states in layered 2D perovskites. Science 2017, 355, 1288-1292.
[CrossRef]

Zheng, H,; Liu, D.; Wang, Y.; Yang, Y.; Li, H.; Zhang, T.; Chen, H,; Ji, L.; Chen, Z.; Li, S. Synergistic effect of additives on 2D
perovskite film towards efficient and stable solar cell. Chem. Eng. . 2020, 389, 124266. [CrossRef]

Huang, F; Siffalovic, P; Li, B.; Yang, S.; Zhang, L.; Nadazdy, P.; Cao, G.; Tian, J. Controlled crystallinity and morphologies of 2D
Ruddlesden-Popper perovskite films grown without anti-solvent for solar cells. Chem. Eng. ]. 2020, 394, 124959. [CrossRef]
Qiu, J.; Zheng, Y.; Xia, Y.; Chao, L.; Chen, Y.; Huang, W. Rapid crystallization for efficient 2D Ruddlesden-Popper (2DRP)
perovskite solar cells. Adv. Funct. Mater. 2019, 29, 1806831. [CrossRef]

Lei, L.; Seyitliyev, D.; Stuard, S.; Mendes, J.; Dong, Q.; Fu, X,; Chen, Y.A,; He, S.; Yi, X.; Zhu, L.; et al. Efficient energy funneling in
quasi-2D perovskites: From light emission to lasing. Adv. Mater. 2020, 32, 1906571. [CrossRef]

Zhang, J.; Zhang, L.; Li, X.; Zhu, X,; Yu, ].; Fan, K. Binary solvent engineering for high-performance two-dimensional perovskite
solar cells. ACS Sustain. Chem. Eng. 2019, 7, 3487-3495. [CrossRef]

Qing, J.; Liu, X.K,; Li, M,; Liu, F; Yuan, Z; Tiukalova, E.; Yan, Z.; Duchamp, M.; Chen, S.; Wang, Y.; et al. Aligned and graded
type-II Ruddlesden-Popper perovskite films for efficient solar cells. Adv. Energy Mater. 2018, 8, 1800185. [CrossRef]

Soe CM, M.; Nie, W.; Stoumpos, C.C.; Tsai, H.; Blancon, J.C.; Liu, F; Even, ]J.; Marks, T.].; Mohite, A.D.; Kanatzidis, M.G.
Understanding film formation morphology and orientation in high member 2D Ruddlesden-Popper perovskites for high-
efficiency solar cells. Adv. Energy Mater. 2018, 8, 1700979.

Gao, L.; Zhang, F; Xiao, C.; Chen, X.; Larson, B.W.; Berry, J.J.; Zhu, K. Improving Charge Transport via Intermediate-Controlled
Crystal Growth in 2D Perov-skite Solar Cells. Adv. Funct. Mater. 2019, 29, 1901652. [CrossRef]

Lai, H.; Kan, B,; Liu, T.; Zheng, N.; Xie, Z.; Zhou, T.; Wan, X.; Zhang, X,; Liu, Y.; Chen, Y. Two-dimensional Ruddlesden-Popper
perovskite with nanorod-like morphology for solar cells with efficiency exceeding 15%. J. Am. Chem. Soc. 2018, 140, 11639-11646.
[CrossRef]

Yang, Y.; Liu, C.; Syzgantseva, O.A.; Syzgantseva, M.A.; Ma, S.; Ding, Y.; Cai, M.; Liu, X.; Dai, S.; Nazeeruddin, M.K. Defect
Suppression in Oriented 2D Perovskite Solar Cells with Efficiency over 18% via Rerouting Crystallization Pathway. Adv. Energy
Mater. 2021, 11, 2002966. [CrossRef]

Zhang, X.; Wu, G.; Fu, W.; Qin, M.; Yang, W.; Yan, ].; Zhang, Z.; Lu, X.; Chen, H. Orientation regulation of phenylethylammonium
cation based 2D perovskite solar cell with efficiency higher than 11%. Adv. Energy Mater. 2018, 8, 1702498. [CrossRef]

Zhang, X.; Wu, G,; Yang, S.; Fu, W,; Zhang, Z.; Chen, C.; Liu, W,; Yan, J.; Yang, W.; Chen, H. Vertically oriented 2D layered
perovskite solar cells with enhanced efficiency and good stability. Small 2017, 13, 1700611. [CrossRef] [PubMed]

Yan, J.; Fu, W,; Zhang, X.; Chen, J.; Yang, W.; Qiu, W.; Wu, G,; Liu, F; Heremans, P.; Chen, H. Highly oriented two-dimensional
formamidinium lead iodide perovskites with a small bandgap of 1.51 eV. Mater. Chem. Front. 2018, 2, 121-128. [CrossRef]

Xu, H; Jiang, Y.; He, T.; Li, S.; Wang, H.; Chen, Y.; Yuan, M.; Chen, J. Orientation Regulation of Tin-Based Reduced-Dimensional
Perovskites for Highly Efficient and Stable Photovoltaics. Adv. Funct. Mater. 2019, 29, 1807696. [CrossRef]

Yang, Y; Liu, C.; Mahata, A.; Li, M.; Roldan-Carmona, C.; Ding, Y.; Arain, Z.; Xu, W.; Yang, Y.; Schouwink, P.A.; et al. Universal
approach toward high-efficiency two-dimensional perovskite solar cells via a vertical-rotation process. Energy Environ. Sci. 2020,
13,3093-3101. [CrossRef]

Li, Z,; Liu, N.; Meng, K,; Liu, Z.; Hu, Y.; Xu, Q.; Wang, X,; Li, S.; Cheng, L.; Chen, G. A new organic interlayer spacer for stable
and efficient 2D Ruddlesden—Popper perovskite solar cells. Nano Lett. 2019, 19, 5237-5245. [CrossRef]

Li, F; Zhang, J.; Jo, S.B.; Qin, M,; Li, Z.; Liu, T.; Lu, X.; Zhu, Z.; Jen, A.K. Vertical orientated Dion-Jacobson quasi-2D perovskite
film with improved photovoltaic performance and stability. Small Methods 2020, 4, 1900831. [CrossRef]

Lian, X.; Chen, J.; Fu, R.; Lau, TK,; Zhang, Y.; Wu, G,; Lu, X,; Fang, Y.; Yang, D.; Chen, H. An inverted planar solar cell with
13% efficiency and a sensitive visible light detector based on orientation regulated 2D perovskites. J. Mater. Chem. A 2018, 6,
24633-24640. [CrossRef]

Liang, C.; Gu, H,; Xia, Y.; Wang, Z.; Liu, X,; Xia, J.; Zou, S.; Hu, Y.; Gao, X.; Hui, W.; et al. Two-dimensional Ruddlesden-Popper
layered perovskite solar cells based on phase-pure thin films. Nat. Energy 2021, 6, 38—45. [CrossRef]

Zhou, N.; Shen, Y; Li, L.; Tan, S.; Liu, N.; Zheng, G.; Chen, Q.; Zhou, H. Exploration of crystallization kinetics in quasi
two-dimensional perovskite and high per-formance solar cells. J. Am. Chem. Soc. 2018, 140, 459-465. [CrossRef]


http://doi.org/10.1002/adma.201703487
http://doi.org/10.1002/anie.201909815
http://doi.org/10.1002/adfm.201903293
http://doi.org/10.1021/acsnano.6b04265
http://doi.org/10.1021/jacs.5b03796
http://doi.org/10.1126/science.aal4211
http://doi.org/10.1016/j.cej.2020.124266
http://doi.org/10.1016/j.cej.2020.124959
http://doi.org/10.1002/adfm.201806831
http://doi.org/10.1002/adma.201906571
http://doi.org/10.1021/acssuschemeng.8b05734
http://doi.org/10.1002/aenm.201800185
http://doi.org/10.1002/adfm.201901652
http://doi.org/10.1021/jacs.8b04604
http://doi.org/10.1002/aenm.202002966
http://doi.org/10.1002/aenm.201702498
http://doi.org/10.1002/smll.201700611
http://www.ncbi.nlm.nih.gov/pubmed/28692766
http://doi.org/10.1039/C7QM00472A
http://doi.org/10.1002/adfm.201807696
http://doi.org/10.1039/D0EE01833C
http://doi.org/10.1021/acs.nanolett.9b01652
http://doi.org/10.1002/smtd.201900831
http://doi.org/10.1039/C8TA08203K
http://doi.org/10.1038/s41560-020-00721-5
http://doi.org/10.1021/jacs.7b11157

Materials 2021, 14, 5539 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zheng, F.; Zuo, C.; Niu, M.; Zhou, C.; Bradley, S.J.; Hall, C.R.; Xu, W.; Wen, X.; Hao, X.; Gao, M.; et al. Revealing the role of
methylammonium chloride for improving the performance of 2D perovskite solar cells. ACS Appl. Mater. Interfaces 2020, 12,
25980-25990. [CrossRef] [PubMed]

Liang, D.; Dong, C.; Cai, L.; Su, Z.; Zang, ].; Wang, C.; Wang, X.; Zou, Y.; Li, Y,; Chen, L.; et al. Unveiling Crystal Orientation in
Quasi-2D Perovskite Films by In Situ GIWAXS for High-Performance Photovoltaics. Small 2021, 17, 2100972. [CrossRef]

Zhang, X.; Ren, X,; Liu, B.; Munir, R,; Zhu, X; Yang, D.; Li, J.; Liu, Y.; Smilgies, D.M.; Li, R.; et al. Stable high efficiency
two-dimensional perovskite solar cells via cesium doping. Energy Environ. Sci. 2017, 10, 2095-2102. [CrossRef]

Kuai, L.; Li, J.; Li, Y.; Wang, Y; Li, P; Qin, Y,; Song, T.; Yang, Y.; Chen, Z.; Gao, X.; et al. Revealing crystallization dynamics and the
compositional control mechanism of 2D perov-skite film growth by in situ synchrotron-based gixrd. ACS Energy Lett. 2019, 5,
8-16. [CrossRef]

Tsai, H.; Nie, W.; Blancon, ].C.; Stoumpos, C.C.; Asadpour, R.; Harutyunyan, B.; Neukirch, A.].; Verduzco, R.; Crochet, ].J.; Tretiak,
S.; et al. High-efficiency two-dimensional Ruddlesden-Popper perovskite solar cells. Nature 2016, 536, 312-316. [CrossRef]
[PubMed]

Quintero-Bermudez, R.; Gold-Parker, A.; Proppe, A.H.; Munir, R.; Yang, Z.; Kelley, S.0.; Amassian, A.; Toney, M.E; Sargent, E.H.
Compositional and orientational control in metal halide perovskites of reduced dimensionality. Nat. Mater. 2018, 17, 900-907.
[CrossRef]

Li, M.; Zuo, WW.; Yang, Y.G.; Aldamasy, M.H.; Wang, Q.; Cruz, S.H,; Feng, S.L.; Saliba, M.; Wang, Z.K.; Abate, A. Tin halide
perovskite films made of highly oriented 2D crystals enable more effi-cient and stable lead-free perovskite solar cells. ACS Energy
Lett. 2020, 5, 1923-1929. [CrossRef]

Wu, G,; Li, X,; Zhou, J.; Zhang, ].; Zhang, X.; Leng, X.; Wang, P.; Chen, M.; Zhang, D.; Zhao, K,; et al. Fine multi-phase Alignments
in 2D perovskite solar cells with efficiency over 17% via slow post-annealing. Adv. Mater. 2019, 31, 1903889. [CrossRef]

Zhao, X.; Liu, T,; Kaplan, A.B.; Yao, C.; Loo, Y.L. Accessing highly oriented two-dimensional perovskite films via solvent-vapor
annealing for efficient and stable solar cells. Nano Lett. 2020, 20, 8880-8889. [CrossRef]

Chen, A.Z; Shiu, M.; Ma, ] H; Alpert, M.R.; Zhang, D.; Foley, B.J.; Smilgies, D.M.; Lee, S.H.; Choi, ].J. Origin of vertical orientation
in two-dimensional metal halide perovskites and its effect on photovoltaic performance. Nat. Commun. 2018, 9, 1-7. [CrossRef]
Xiu, Y,; Liu, Y,; Niu, K,; Cui, J.; Qi, Y,; Lin, C.; Chen, D.; Li, Y;; He, H.; Ye, Z,; et al. Solvent-Vapor Atmosphere Controls the in Situ
Crystallization of Perovskites. ACS Mater. Lett. 2021, 3, 1172-1180. [CrossRef]

Chen, Y,; Sun, Y.; Peng, J.; Zhang, W.; Su, X.; Zheng, K.; Pullerits, T.; Liang, Z. Tailoring organic cation of 2D air-stable organometal
halide perovskites for highly efficient planar solar cells. Adv. Energy Mater. 2017, 7, 1700162. [CrossRef]

Zhao, Z.; Gu, F; Wang, C.; Zhan, G.; Zheng, N.; Bian, Z.; Liu, Z. Orientation Regulation of Photoactive Layer in Tin-Based
Perovskite Solar Cells with Alylammonium Cations. Sol. RRL 2020, 4, 2000315. [CrossRef]

Proppe, A.-H.; Quintero-Bermudez, R.; Tan, H.; Voznyy, O.; Kelley, S.O.; Sargent, E.H. Synthetic control over quantum well
width distribution and carrier migration in low-dimensional perovskite photovoltaics. J. Am. Chem. Soc. 2018, 140, 2890-2896.
[CrossRef]

Ren, H,; Yu, S.; Chao, L,; Xia, Y; Sun, Y.; Zou, S; Li, E; Niu, T.; Yang, Y.; Ju, H,; et al. Efficient and stable Ruddlesden-Popper
perovskite solar cell with tailored interlayer molecular interaction. Nat. Photonics 2020, 14, 154-163. [CrossRef]

Chen, S.; Shen, N.; Zhang, L.; Kong, W.; Zhang, L.; Cheng, C.; Xu, B. Binary organic spacer-based quasi-two-dimensional
perovskites with preferable vertical orientation and efficient charge transport for high-performance planar solar cells. . Mater.
Chem. A 2019, 7, 9542-9549. [CrossRef]

Lian, X.; Chen, J.; Qin, M.; Zhang, Y.; Tian, S.; Lu, X.; Wu, G.; Chen, H. The second spacer cation assisted growth of a 2D perovskite
film with oriented large grain for highly efficient and stable solar cells. Angew. Chem. 2019, 131, 9509-9513. [CrossRef]

Lian, X.; Chen, J.; Zhang, Y.; Qin, M.; Andersen, T.R.; Ling, J.; Wu, G.; Lu, X,; Yang, D.; Chen, H. Solvation effect in precursor
solution enables over 16% efficiency in thick 2D perovskite solar cells. ]. Mater. Chem. A 2019, 7, 19423-19429. [CrossRef]

Shen, Y,; Liu, Y; Ye, H.; Zheng, Y.; Wei, Q.; Xia, Y.; Chen, Y.; Zhao, K.; Huang, W.; Liu, S. Centimeter-Sized Single Crystal of
Two-Dimensional Halide Perovskites Incorporating Straight-Chain Symmetric Diammonium Ion for X-Ray Detection. Angew.
Chem. Int. Ed. 2020, 59, 14896-14902. [CrossRef]

Li, H.; Song, J.; Pan, W.; Xu, D.; Zhu, W.; Wei, H.; Yang, B. Sensitive and stable 2D perovskite single-crystal X-ray detectors
enabled by a supramolecular anchor. Adv. Mater. 2020, 32, 2003790. [CrossRef] [PubMed]

Xiao, B.; Sun, Q.; Wang, F; Wang, S.; Zhang, B.B.; Wang, J.; Jie, W.; Sellin, P,; Xu, Y. Towards superior X-ray detection performance
of two-dimensional halide perovskite crystals by adjusting the anisotropic transport behavior. J. Mater. Chem. A 2021, 9,
13209-13219. [CrossRef]

Zhuang, R.; Wang, X.; Ma, W.; Wu, Y.; Chen, X,; Tang, L.; Zhu, H.; Liu, J.; Wu, L.; Zhou, W,; et al. Highly sensitive X-ray detector
made of layered perovskite-like (NH4)3Bi2I9 single crystal with anisotropic response. Nat. Photonics 2019, 13, 602—-608. [CrossRef]
Liu, Y,; Zhang, Y.; Yang, Z.; Cui, J.; Wu, H,; Ren, X,; Zhao, K.; Feng, J.; Tang, J.; Xu, Z.; et al. Large Lead-Free Perovskite Single
Crystal for High-Performance Coplanar X-Ray Imaging Applications. Adv. Opt. Mater. 2020, 8, 2000814. [CrossRef]

Kim, Y.C.; Kim, K.H.; Son, D.Y,; Jeong, D.N.; Seo, ].Y.; Choi, Y.S.; Han, I.T,; Lee, S.Y.; Park, N.G. Printable organometallic perovskite
enables large-area, low-dose X-ray imaging. Nature 2017, 550, 87-91. [CrossRef]

Ji, C.; Wang, S.; Wang, Y.; Chen, H.; Li, L.; Sun, Z,; Sui, Y.; Wang, S.; Luo, J. 2D Hybrid Perovskite Ferroelectric Enables Highly
Sensitive X-Ray Detection with Low Driving Voltage. Adv. Funct. Mater. 2020, 30, 1905529. [CrossRef]


http://doi.org/10.1021/acsami.0c05714
http://www.ncbi.nlm.nih.gov/pubmed/32419455
http://doi.org/10.1002/smll.202100972
http://doi.org/10.1039/C7EE01145H
http://doi.org/10.1021/acsenergylett.9b02366
http://doi.org/10.1038/nature18306
http://www.ncbi.nlm.nih.gov/pubmed/27383783
http://doi.org/10.1038/s41563-018-0154-x
http://doi.org/10.1021/acsenergylett.0c00782
http://doi.org/10.1002/adma.201903889
http://doi.org/10.1021/acs.nanolett.0c03914
http://doi.org/10.1038/s41467-018-03757-0
http://doi.org/10.1021/acsmaterialslett.1c00331
http://doi.org/10.1002/aenm.201700162
http://doi.org/10.1002/solr.202000315
http://doi.org/10.1021/jacs.7b12551
http://doi.org/10.1038/s41566-019-0572-6
http://doi.org/10.1039/C8TA12476K
http://doi.org/10.1002/ange.201902959
http://doi.org/10.1039/C9TA06009J
http://doi.org/10.1002/anie.202004160
http://doi.org/10.1002/adma.202003790
http://www.ncbi.nlm.nih.gov/pubmed/32881186
http://doi.org/10.1039/D1TA02918E
http://doi.org/10.1038/s41566-019-0466-7
http://doi.org/10.1002/adom.202000814
http://doi.org/10.1038/nature24032
http://doi.org/10.1002/adfm.201905529

Materials 2021, 14, 5539 14 of 14

61. Guo, W.; Liu, X;; Han, S; Liu, Y.;; Xu, Z.; Hong, M.; Luo, J.; Sun, Z. Room-Temperature Ferroelectric Material Composed of a
Two-Dimensional Metal Hal-ide Double Perovskite for X-ray Detection. Angew. Chem. 2020, 132, 13983-13988. [CrossRef]

62. Tsai, H.; Liu, F; Shrestha, S.; Fernando, K.; Tretiak, S.; Scott, B.; Vo, A.T; Strzalka, J.; Nie, W. A sensitive and robust thin-film x-ray
detector using 2D layered perovskite diodes. Sci. Adv. 2020, 6, eaay0815. [CrossRef]

63. Wang, CF; Li, H.; Li, M.G,; Cui, Y,; Song, X.; Wang, Q.W,; Jiang, ].Y.; Hua, M.M.; Xu, Q.; Zhao, K; et al. Centimeter-Sized
Single Crystals of Two-Dimensional Hybrid Iodide Double Perov-skite (4,4-Difluoropiperidinium)4AgBil8 for High-Temperature
Ferroelectricity and Efficient X-Ray Detection. Adv. Funct. Mater. 2021, 31, 2009457. [CrossRef]


http://doi.org/10.1002/ange.202004235
http://doi.org/10.1126/sciadv.aay0815
http://doi.org/10.1002/adfm.202009457

	Introduction 
	Regulation of Out-of-Plane Oriented Growth 
	Nucleation Process 
	Solvent Engineering 
	Additive Engineering 
	Composition Engineering 

	Growth Process 
	Temperature 
	Vapor Pressure 

	Intermolecular Forces of Organic Spacers 

	Oriented Growth Mechanism 
	X-ray Optoelectronic Properties 
	Conclusions and Outlook 
	References

