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ABSTRACT OF THE THESIS

Multiple Methods to Crystallize Quasi-2D Perovskites on Glass Substrate

by

Zijing Wu

Master of Science in Materials Science and Engineering
University of California San Diego, 2023
Professor Sheng Xu, Chair
As an innovative optoelectronic material, quasi-two-dimensional (quasi-2D) perovskite
has attracted huge interests due to its high stability, easily tunable bandgap and high radiative
recombination efficiency, making it a perfect candidate of solar cells, LEDs and other photovoltaic
devices. Although basic information exists, this material lacks a systematic and comprehensive
study. Current knowledge appears fragmented, making it essential to combine insights from
various sources to develop a more thorough understanding of the subject. To gain deep
understanding and precise control on the crystallization of quasi-2D perovskite, we successfully
engineered quasi-2D perovskite thin films on glass substrate, employing two distinct

methodologies: the Direct Dissolving Method (DDM) and Redissolving Method (RM). Moreover,



some of the sophisticated treatments were exerted on each method to enhance and optimize the
film quality. We found that RM could possess a remarkable capability to synthesize thin films
exhibiting reduced defects and superior phase purity with much lower crystallization rate when no
extra treatments were applied. Concurrently, these advanced treatments were found to significantly
enhance the film quality in various aspects, including surface microstructure, phase distribution,
and optoelectronic properties, thereby contributing to an overall improvement of the films’ quality

and efficacy.



CHAPTER 1. Introduction

Since first being discovered in 1830s by Prof Gustavus, the perovskites with the structure
of ABX3 (X can be oxygen or halides) have gained strong interest for their low-cost processing
with direct bandgap property. [1, 2JAmong which, metal halide perovskites (MHPs), like 3D
organic CHsNHsPbBrs, CHsNHsPbls, or inorganic CsPbBrs, [3]show their advantages of tunable
bandgap, easy fabrication and defect tolerance. [4, 5]In such situation, they are exceptional
candidates that can be applied in optoelectronic devices, like LEDs, lasers, and photovoltaics. [6-
9]

Despite of these strengths, the traditional 3D MHPs (ABX3) still have some limitations.
The relatively long carrier diffusion length and small binding energy give rise to irradiative
recombinations, which restricts their applications in light-emitting devices. [5, 10] Meanwhile,
their tolerance to various environments, such as those with high moisture or temperature, is so
poor that their use in industry is still negligible compared with more widely used silicon-based
devices. [11, 12] To solve such problems, a series of spacers were introduced to create quasi-2D
perovskites with the form like A’2An-1BnX3n+1 in most of the cases, where A’ generally is an
organic amine cation, while A, B and X are monovalent cation (MA™*, FA* or Cs*), divalent metal
cation (Pb?* or Sn?*) and halide anion, respectively. [5, 11, 13, 14] This particular arrangement is
recognized as the Ruddlesden—Popper (RP) crystal phase. With the interference of spacers, A sites
are partially occupied through Van der Waal’s interaction,[15] perovskite slabs [BXs] are
separated and multi-quantum-well (MQW) structures are formed. [16] Such structures, utilizing
the quantum confinement effect and dielectric confinement effect, can not only improve the
stability under wet or hot environments, [17] but also enhance exciton binding energy. [18, 19]

Another remarkable strength of quasi-2D perovskites is that tuning their bandgap can be easily



realized. Changing the quantity of layers of perovskite slabs (n number) can help to modify the
bandgap due to the quantum confinement effect. This situation allows for the adjustment of
Photoluminescence (PL) and Electroluminescence (EL) wavelength ranging from the violet
(400nm) to the near-infrared (780nm) regions by modifying the composition and ratio of
precursors.[20-23] As a result, several groups utilize quasi-2D perovskites to fabricate high-
efficiency optoelectronic devices. For instance, Zema et al. [24] combined quasi-2D perovskite
PEA:2PbBri(CsPbBrs)s with a typical additive ETPTA. As aresult, the external quantum efficiency
(EQE) of the fabricated perovskite LED (PeLED) could be over 22%. Zhe et al. [25] adopted dual-
additive method, utilizing 18-crown-6 (Crown) with poly(ethylene glycol) methyl ether acrylate
(MPEG-MAA), and the resulting LED achieved EQE over 28%. Ming et al. [26] mixed FA* with
MAT in quasi-2D perovskites and the power conversion efficiency (PCE) of the resulting solar cell
could be over 20%.

Even though some time has passed since quasi-2D perovskites was first synthesized, the
processing technique is still restricted. The most common method is directly dissolving precursors
in organic solution following stoichiometric ratio. However, the formation energy between quasi-
2D perovskites having different n number is so limited that crystallized film tends to contain a
variety of n-value phases even when they adhere to one specific stoichiometric ratio. [11, 23, 27]
A energy-funneling process is formed in this case: the injected carriers will flow from larger
bandgap (small-n) to smaller bandgap (large-n) phase, where they had recombinations. This
process can increase photoluminescence quantum yield (PLQY), [28] but also leads to several
drawbacks: This tendency restricts the energy of generated photons and the emission region,
notably in deep-blue to violet range. Moreover, too many carriers gathering at large-n region can

give rise to Auger recombination, which affect radiative recombination efficiency. [29] Numerous



treatments have been proposed during crystallization to enhance the purity and morphology of the
film, such as adding antisolvent [30] and hot casting [29] , but the results have not been sufficiently
compelling. Recently, a fascinating approach to hinder problems above was discovered, which was
known as “Redissolving Method” (RM) [31] : Redissolve the grown single-crystalline quasi-2D
perovskite in organic solution and then crystallize on substrates. Due to crystal growth process,
the defects of perovskites are negligible even though the purity of precursors is limited. In
comparison to the conventional “Direct Dissolving Method” (DDM)), high purity and crystallinity,
carefully managed crystal orientation, and desirable phase distribution are thus obtained. [32]
Except for these two methods, several treatments are also applied in combination to further
promote the film quality, like adding antisolvent or additive, or preheating the substrate and
solution before crystallization. [30, 33, 34]

Herein, we utilized PEA2Cs2PbsBrio (n=3) as quasi-2D perovskites. As a typical spacer
with a Benzene, PEA contains a strong degree of unsaturation due to its large « bond with high
chemical activity and electron delocalization. [15] In order to distinguish these two main methods:
DDM and RM, and improve the resulting film quality, we employed four common treatments for
each method: Origin (pristine sample), Additive-treatment (18-Crown-6 (Crown) and
Polyethylene oxide (PEO)), Antisolvent-treatment (Chlorobenzene (CB), Toluene (Tol) and Ethyl
Acetate (EA)) and Hot-casting (80°C, 100°C and 120°C). After crystallizing on glass substrates,
several characterizations have been used to analyze their optoelectronic and structural properties
and surface morphologies based on both methods, like Scanning Electron Microscope (SEM), X-
ray Diffraction (XRD) and Photoluminescence (PL) spectra. We have revealed that utilizing the
innovative RM, it’s possible to synthesize the remarkably pristine thin films characterized by

significantly restricted defects and high phase purity, while maintaining a much lower



crystallization rate. Employing three alternative treatments, we observed a discernible
enhancement in the film quality, manifesting in diverse aspects such as improved surface

microstructure, more uniform phase distribution, and superior optoelectronic properties.



CHAPTER 2. Comparison of Surface Microstructure

DDM was utilized to synthesize quasi-2D perovskite thin films through four treatments
mentioned above. The perovskite solution was made by totally dissolving precursors in dimethyl
sulfoxide (DMSO) following stoichiometric ratio (see Method). Moreover, these four treatments
were also exerted on quasi-2D perovskite films based on RM, and these films were tested in similar
ways. The single quasi-2D perovskites were synthesized by acid precipitation method [35] (see
Method): PEABT, PbBr2 and PbO were totally dissolved in preheated HBr in stoichiometric ratio,
then slowly brought the solution down to room temperature. During this process, the bright yellow
flakes were gradually precipitated, which were the single crystals needed (Fig. Al). After cleaning,
the flakes were redissolved in organic solution for further use. Before exploring the
characterization results, a key difference between DDM and RM was that RM showed a relatively
lower crystallization rate according to spin-coating process. Additionally, such phenomenon
helped these treatments to demonstrate their influence more fully on quasi-2D perovskites and
further improved the thin film quality.

Firstly, an in-depth analysis of the morphology of each thin film was conducted. Figure 2.1
and Figure 2.2 showed the images of Scanning Electron Microscopy (SEM) of samples subjected
to various treatments based on different methods. Due to relatively slower crystallization rate
during spin-coating, RM tended to form thin films with higher quality with sufficient time. To
elaborate further, without any treatments, the surface microstructure defects of the pristine films
based on RM were considerably restricted when compared to those synthesized via DDM,
revealing a more uniform grain size and more regular grain shape according to SEM (Fig. 2.1a and

Fig. 2.2a).



Then, two distinct additives were introduced as a treatment to improve the film quality.
Additives are typically large or small organics with sufficient oxygen atoms. These atoms can form
hydrogen bond with amino-group in some spacers, like Phenethylamine (PEA), to suppress the
gathering of PEABT and get the desired fixed n-phase perovskites. [33] Moreover, additives can
temporarily combine with [PbBrs] perovskite slabs to restrict dangling bond, effectively
passivating the defects and making the crystallization and size distribution more controllable.
Obviously, both methods utilizing Additive-treatment could generate thin films with more uniform
grain size around 200-300nm, as illustrated in Figure 2.1b, ¢ and Figure 2.2b, ¢, while the grain
size of pristine samples ranged from tens to hundreds of nanometers. Xiang et al. [36] linked grain
size from SEM to n number phases. They believed that the existence of larger n phases could
account for the observed larger grain sizes. According to their research, herein pristine samples
showed the existence of different n phases. Furthermore, the defects could also be limited with the
help of these additives. Nevertheless, the dissimilarities also existed between these two methods
despite employing the same additives. As a characteristic short chain additive, Crown could
evidently help to regulate the film morphology and suppress pinholes and defects in both methods
(Fig. 2.1b and Fig. 2.2b). However, the enhancement of the film quality utilizing PEO was not as
clear as that taking use of Crown when employing DDM, with even more pinholes than the pristine
sample had (Fig. 2.1c). Such limitation could be attributed to insufficient reaction between this
long chain additive and perovskites during spin-coating due to the rapid crystallization process,
which potentially hindered the desired interaction and incorporation of the additive. On the
contrary, the thin films based on RM presented a minor difference when treated by these two
additives. Moreover, because of sufficient crystallization time, grains began to accumulate and

formed larger grains with size up to several micrometers (Fig. 2.2 b, c).



In the case of Antisolvent-treatment, a shared characteristic observed for both methods
were that the grain size of films was the smallest with excellent coverage and flatness (Fig. 2.1 d-
f and Fig. 2.2 d-f), which could be ascribed to the enhanced presence of low-n phases. [36] With
the help of antisolvent, the host solvent can be removed in a short time and crystallization process
can be accelerated to restrict defects and form high quality films. [30] Meanwhile, the rapid
decrease of solubility helped more spacers to precipitate, which subsequently combined with
perovskites. Furthermore, RM could generate thin films with smoother surface and larger grain
size, as illustrated in Figure 2.2d-f. According to the XRD patterns analyzed later (Fig. 3.2b), these
larger grains belonged to quasi-2D perovskites with n=1 phases, and the existence of these phases
could remarkably raise the bandgap due to quantum confinement effect. Nevertheless, much faster
crystallization rate DDM caused could make more precursors crystallize before contacting with
antisolvents so that their role was limited, causing much fewer spacers being isolated from solution
and combining with [PbBrs] slabs. Furthermore, their grains were too small to recognize.

When we investigated Hot-casting, the situation was totally different. According to the
literature, hot casting can also accelerate the crystallization process with adequate thermal energy
and get rid of the influence of intermediate phase. [34] In our experiment, we noticed that when
casting temperature was relatively low (Fig. 2.1g and Fig. 2.2g), the surface was still continuous
even though the flatness was not so good, with undulating surface looking like a mountain. This
phenomenon had the potential to restrict the quality of perovskite films. When the casting
temperature was raised up, the surface of the film became less successive, regular microcrystals
with square shape appeared and they looked like the initial process of single-crystalline formation,
[37] but the size of each microcrystal was limited, as illustrated in Figure 2.1h and Figure 2.2h.

Both the film discontinuousness and crystal size were increased when further improved casting



temperature (Fig. 2.1i and Fig. 2.2i) due to enough thermal energy for formation. Such
phenomenon would appear more obviously when we continued to increase the casting temperature
to 140°C (Fig. A2), most of the crystals became isolation with their size up to several hundred
nanometers when utilizing both methods. To sum up, for Hot-casting treatment, higher casting
temperature could lead to larger crystal size with more separated surface microstructure. Despite
these similarities, discernible differences persisted. The crystallization process associated with RM
exhibited a much slower progression, attributable to a significantly reduced crystallization rate. To
be more specific, most of the grains didn’t begin to separate until the casting temperature reached
120°C when utilizing RM. In contrast, DDM facilitated the isolation of most grains at a lower

temperature of 100°C.

Figure 2.1: The Scanning Electron Microscope (SEM) diagrams of different perovskite thin films based
on DDM through (a) Origin, Additive-treatment: (b) Crown and (c) PEO, Antisolvent-treatment: (d) CB,
(e) Tol and (f) EA and Hot-casting: (g) 80°C, (h) 100°C and (i) 120°C. The scale bar was 1um.



Figure 2.2: The Scanning Electron Microscope (SEM) diagrams of different perovskite thin films based
on RM through (a) Origin, Additive-treatment: (b) Crown and (c) PEO, Antisolvent-treatment: (d) CB, (e)
Tol and (f) EA and Hot-casting: (g) 80°C, (h) 100°C and (i) 120°C. The scale bar was 1um.



CHAPTER 3. Comparison of Phase Distribution

Except for the morphology, another crucial factor to consider is the crystallinity. Quasi-2D
perovskites have a propensity that can produce phases with varying n-values, even following the
stoichiometric ratio. As a result, developing strategies to enhance the phase purity is a critical
challenge to be solved. Herein, the X-ray diffraction (XRD) measurements were applied to
characterize the phase distribution of each thin film.

Firstly, several similarities were identified in the XRD patterns. The main peaks below 10°
proved the existence of quasi-2D perovskites and these peaks corresponded to (002) planes. [38]
We could tell that there were two set of peaks. Firstly, a set of peaks with the equal space (at ~5.3°,
10.6°, 15.9°, 21.3°, 26.7° and 32.2°) represented the parallel planes of (00x), where x was even.
These planes were spaced by spacers with the tendency of out-of-plane orientation and confirmed
the presence of PEA2PbBr4 (n=1). The interplanar distance between the (00x) planes could be
calculated as ~1.67nm from Bragg’s equation. Then, some of the patterns had the peaks at ~15.2°
and 30.6°. This set of peaks correlated with (100) and (200) planes generated by CsPbBrs. [38]

The pristine samples synthesized via these two methods were then analyzed to show the
possible difference in crystal structure. The XRD patterns revealed that even though both methods
could lead to peaks at the same positions, their relative intensity varied. Apparently, the peaks
representing (100) and (200) planes were greatly enhanced when RM was exerted, as shown in
Figure 3.1a and Figure 3.2a. The enhancement implied the increased amount of Cs* in quasi-2D
perovskites. Therefore, phases was further regulated with more large n number phases being

yielded.
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Moreover, the phase distribution of the thin films adding additives were meticulously
investigated through XRD. Obviously, the incorporation of both additives led to a more significant
enhancement of the peaks at approximately 15.2° and 30.6° in comparison to the pristine samples
(Fig. 3.1a and Fig. 3.2a), suggesting that an increased concentration of Cs* contacted and reacted
with quasi-2D perovskites as well and generated a greater number of n>1 phases. The addition of
these additives facilitated a more controlled phase distribution. Both Crown and PEO could cause
the analogous results with minor difference.

Three antisolvents were introduced as well to investigate their influence on crystallinity,
and a very sharp change occurred. When utilizing DDM, the peaks were distributed randomly and
only parts of the equidistant peaks appeared, as shown in Figure 3.1b. Also, the intensity of peaks
was so weak with relatively broad FWHM. These all implied a poor crystallinity. According to the
SEM images mentioned above (Fig. 2.1 d, e, f), the grains were hard to recognize owing to their
small size. This observation correlated with the weak XRD peaks. RM could generate quasi-2D
perovskites with more regular phases. With the help of antisolvent, the characteristic peaks
corresponding to CsPbBrs (at ~15.2° and 30.6°) were eliminated, resulting in the presence of
uniformly spaced peaks from PEA2PbBrs (Fig. 3.2b). This meant that the n>1 phases were
intensely restricted and the dominant perovskites were PEA2PbBr4, equivalent to what SEM
presented. Nevertheless, those equidistant peaks correlating with PEA2PbBr4 illustrated very low
intensity and broad peak width as well, showing relatively poor crystallinity.

We also employed Hot-casting to study its effect. Evidently, the resulting XRD patterns
were similar with what Additive-treatment could cause: The relative enhancement of peaks at
approximately 15.2° and 30.6° suggested an increased prominence of phases with higher n-values.

Moreover, RM made quasi-2D perovskites exhibit a unique temperature-dependent trend.

11



Compared with quasi-2D perovskites based on DDM (Fig. 3.1c), those peaks generated by

CsPbBrs were enhanced more powerfully of those synthesized via RM when increasing casting

temperature (Fig. 3.2c).
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Figure 3.1: The X-ray Diffraction (XRD) patterns of different perovskite thin films based on DDM
through (a) Additive-treatment and Origin, (b) Antisolvent-treatment and (c) Hot-casting.
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Figure 3.2: The X-ray Diffraction (XRD) patterns of different perovskite thin films based on RM through
(a) Additive-treatment and Origin, (b) Antisolvent-treatment and (c) Hot-casting.
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CHAPTER 4. Comparison of Optoelectronic Properties

As a competitive material for optoelectronic devices, like LEDs, lasers and photodetectors,
the optoelectronic properties of the quasi-2D perovskite are also essential to investigate.
Therefore, the Photoluminescence (PL) spectra of the quasi-2D perovskite thin films based on two
methods were meticulously assessed and analyzed to assess the effects of the various treatments
on their optoelectronic properties. Furthermore, the peak position and Full Width at Half
Maximum (FWHM) of PL were summarized in Table 4.1 and Table 4.2. According to our
summary, the blueshift of the PL peak in pristine samples demonstrated the reduction of defects
in the thin films fabricated using the Redissolving Method (RM), indicating an improvement in
film quality and characteristics. (Table 4.1 and 4.2).

For Additive-treatment, the PL intensity was strongly enhanced compared with pristine
samples when exerting both methods, which was constant with more uniform grain size and fewer
pinholes and defects as SEM images revealed (Fig. 4.1a and Fig. 4.2a), apparently reforming the
purity and quality of perovskite thin film. Moreover, all peaks treated by additives had a blueshift
due to the restriction of defects (Table 4.1 and 4.2), and the narrow FWHM observed in this case
signified the high purity of the thin films obtained. To analyze separately, however, PEO had much
less contribution on optical properties than Crown did for the thin films synthesized via DDM, as
illustrated in Figure 4.1a. This observation was correlated with the limitations in the film quality.
The situation was varied for the samples generated by RM. Due to the formation of intermediate
phase between oxygen atoms in additives and spacers in perovskites, it took more time for the
samples treated by additives to crystallize compared with pristine samples. Furthermore, samples

based on RM exhibited a significantly slower crystallization rate compared to those synthesized

13



by DDM even when utilizing the same additive. For PL diagram of pristine sample, the small peak
at 425nm represented the existence of n = 2 phase, and both additives clearly decreased this peak,
while Crown had a more efficient influence (Fig. 4.2a). Nevertheless, unlike the effect of DDM,
both Crown and PEO could lead to PL peaks with almost the same peak intensity when employing
RM. As mentioned before, as a typical long chain additive, PEO required more time to react with
perovskites and form intermediate phases compared with short chain Crown, so that longer
crystallization time could let PEO sufficiently affect the thin films and get better quality.

Then, the effects of the antisolvents were investigated as well. Like Additive-treatment,
antisolvent could significantly increase the PL intensity, as shown in Figure 4.1b and Figure 4.2b.
Moreover, the much greater blueshift with the help of Antisolvent-treatment was caused by the
generation of a boost quantity of phases with small n-value, which intensely enhanced the bandgap
of quasi-2D perovskite (Table 4.1 and 4.2). To elucidate, the introduction of antisolvent effectively
promoted the precipitation of spacers so that more spacers were combined with [PbXe] slabs in a
short time. The small FWHM here presented the high purity of thin films obtained. However, it’s
worth noting that the tool utilized for RM here was different from that for DDM upon adding
antisolvents after spin-coating. Traditionally, pipette was the main tool used for this treatment.
However, due to its unique structure, the solution was crushed onto the substrate other than
dropped onto it during spin-coating. As a result, there was a possibility that part of the
uncrystallized solution would be flushed away and causing nonuniform crystallization, especially
with a relatively low crystallization rate. According to images of synthesized films using pipette
(Fig. A3a), the color of the center part was lighter than other part around the center, which proved
the hypothesis. To handle this problem, we took advantage of syringe other than pipette as the tool

so that the antisolvent could be added more gently and got a film with high quality (Fig. A3b). The

14



insert SEM images indicated morphologies from different tools, where the syringe achieving better
flatness and coverage likewise. What’s more, the PL spectra of the films fabricated through these
two tools were also distinct. (Fig. Ada, b, ¢) As may be appreciated, the spacers could be more
fully retained through syringe and more low n phases could form, leading to a blueshift.
Meanwhile, the raised intensity proved the enhancement of film quality. However, the difference
of the thin films treated by these two tools was negligible based on DDM (Fig. A4d), since higher
crystallization rate could significantly limit this phenomenon.

Samples treated by Hot-casting showed some unique phenomena in SEM images, and these
were also presented in PL spectra. Unfortunately, the results based on Hot-casting were not so
satisfied and deep mechanisms should be thoroughly figured out (Fig. 4.1c and Fig. 4.2c).
According to the SEM diagrams mentioned before, either the much rougher film at relatively low
temperature or the discontinuous film surface upon higher casting temperature could be
detrimental to the optical properties, leading to poor PL intensity. Furthermore, the nonuniform
crystal size gave rise to several isolated peaks when being activated during testing, reflecting the
poor purity of perovskite film (from ~415nm to ~ 610nm). Then, the peak position here showed
an opposite tendency: an obvious redshift was observed upon being heated up. The increase of
casting temperature gave rise to both larger grain size and higher-n phases with sufficient
formation energy, which led to the redshift. [39] In addition, it’s noteworthy that there were two
main peaks here, which represented two main different phases. Besides, with the increase of
casting temperature, the peak at larger wavelength could be higher, which could as well prove the
explanation above. The relatively larger FWHM also implied the poor purity and quality of the

thin films utilizing Hot-casting.
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Figure 4.1: The Photoluminescence (PL) spectra of perovskite thin films based on DDM with (a)
Additive-treatment and Origin, (b) Antisolvent-treatment, (c) Hot-casting and (d) DDM Summary.

Table 4.1 The Summary of PL spectra of perovskite thin films based on DDM.

Peak position (nm) FWHM (nm)
Additive-treatment 516 20
Antisolvent-treatment 507 22
Origin 518 21
Hot-casting 521/537 40
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Figure 4.2: The Photoluminescence (PL) spectra of perovskite thin films based on RM with (a) Additive-
treatment and Origin, (b) Antisolvent-treatment, (c) Hot-casting and (d) RM Summary.

Table 4.2: The Summary of PL spectra of perovskite thin films based on RM.

Peak position (nm) FWHM (nm)
Additive-treatment 514 26
Antisolvent-treatment 501 24
Origin 516 25
Hot-casting 521/540 42
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CHAPTER 5. Conclusion and Outlook

To sum up, we showcased the quasi-2D perovskite thin films based on two different
methods, DDM and RM, through different treatments, and analyzed and compared the influence
of each treatment on these two methods. The morphology, phase distribution and optoelectronic
properties were thoroughly studied through SEM, XRD and PL measurements. We figured it out
that thin films synthesized via RM had much slower crystallization process compared with those
based on DDM. As a result, this facilitated the treatments to present their impact more effectively
on quasi-2D perovskites, leading to a further enhancement of the thin film quality. Such
phenomenon gave rise to grains with larger size when thin films were treated by additives utilizing
RM. Moreover, due to sufficient reaction time, RM could make PEO synthesize samples with
comparable quality to those obtained by Crown, which was on both surface microstructure and
optoelectronic properties. Then, to preserve the maximum amount of precursor solution, it’s
necessary to employ a distinct tool for the introduction of antisolvent to thin films synthesized via
RM to optimize film quality. As a result, quasi-2D perovskites with smoother surface, larger grain
size and more regular phase distribution were obtained. Furthermore, during the hot casting
process, the morphology of thin films produced by RM exhibited a more delayed response to the
casting temperature in comparison to those obtained using DDM. Moreover, thin films based on
RM presented a unique temperature-dependent trend in phase distribution. Apparently, the great
restriction of pinholes and defects and relatively pure phase distribution made RM a promising
method to synthesize perovskite thin films with high quality and with multiple compositions to

fabricate photovoltaic devices with high efficiency.
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Undoubtedly, the study on quasi-2D perovskite thin film is far from enough. Many of the
research didn’t clearly distinguish RM and DDM during crystallization and their differences were
rarely mentioned. Even though several treatments have been studied with different parameters,
more factors can be changed for further study. For example, more types of antisolvents or
additives, different concentration of additives or more different casting temperature can give rise
to different film qualities. Also, some fixed parameters in our experiment during spin-coating and
annealing can also be adjusted to optimize the film quality, including the concentration of quasi-
2D perovskite solution. There is no doubt that different treatments require different film thickness
or crystallization temperature to maximize their effects. What’s more, more characterizations are
needed to dig deep into the intrinsic properties of these quasi-2D perovskite thin films, like crystal
orientation, phase stability and structural arrangement. This promising material deserves more

interests and attention.
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CHAPTER 6. Method

Materials. All the materials were directly utilized without further treatment and stored in
a Na-filled glove box. CsBr (99%) and PbO (99.9%) were obtained from Alfa Aesar, and PbBr>
(98+%) was purchased from Thermos Scientific. PEABr was obtained from GreatCell Solar, while
the rest of chemicals were all purchased from Sigma-Aldrich, including DMSO and all the
additives and antisolvents.

Quasi-2D perovskite single crystal growth. Here, PEA2Cs2PbsBrio (n=3) single
crystalline perovskites were synthesized by acid precipitation method [39]: For precursors, PEABr
(0.808g) and CsBr (0.852g) were dissolved together in preheated 5ml HBr, while PbO was
dissolved in another 10ml HBr, and the dissolving temperature was 170°C. Both solutions became
pale orange after totally dissolving the precursors. Then these two solutions were quickly mixed
at the same reaction temperature, and little light-yellow flakes were generated right after
combination. When slowly decreased the solution temperature, both the size and amounts of flakes
increased. Two hours later, after reaching room temperature, supernatant was removed and leaving
precipitation, which were the desired single crystals. To clean up, the remaining flakes were rinsed
by Isopropyl Alcohol (IPA) by suction filtration for three to four times and were dry at 80°C
afterwards to remove extra IPA. During this process, the color of these products became darker,
turning into light orange. After cleaning, the needed quasi-2D perovskite single crystals were
stored in a clean vial for later use.

Perovskite solution synthesis. The concentration of quasi-2D perovskite solution were
fixed at 0.5M for both methods (In terms of Cep). For DDM, PEABr (67.03mg/ml), CsBr

(70.94mg/ml) and PbBr2 (183.5mg/ml) were dissolved in DMSO following the molar ratio of 2:2:3
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in glove box, then sonicated for 15 minutes for complete dissolution. For RM, the pre-prepared
quasi-2D single crystals were redissolved in DMSO with the concentration of 322mg/ml in glove
box as well. The flakes could be easily dissolved in DMSO even without sonication or stirring.
Perovskite thin film synthesis on glass substrate. The glass (LxXWxH was
15mmx20mmx1nm) substrates were sonicated in sequence of detergent powder, acetone,
isopropyl alcohol and deionized water for 10 minutes each. After cleaning, the substrates were
dried through gas flow and then treated by UV ozone for 15 minutes to activate surface free
radicals and remove potential contamination. After that, the substrates were transformed into a
nitrogen-filled glove box for further use. For Additive-treatment, Crown and PEO were added into
DMSO in the concentration of 10mg/ml first. It’s worth noting that, the melting point of Crown is
too low that it’s difficult to weigh this additive as a solid. To solve this, Crown can be preheated
to melt and use pipette to add it into organic solution afterwards. PEO solution should be heated
up to 50°C and be stirred overnight to get pure solution. After dissolving, the additive solution was
mixed with perovskite solution in the ratio of 2:3 to get a perovskite solution with additive
concentration of 4mg/ml. Then this solution was spin-coated on pre-treated glass substrate. After
treatment, Crown could transfer the film color to green while PEO made the film look more
blurred. For Antisolvent-treatment, one hundred microliters of each antisolvent were dropped onto
the substrate 20s after spin-coating began continuously. Right after dropping, the film color
immediately changed from yellow to bright green. Meanwhile, it’s noteworthy that when treating
RM, antisolvent should be added by syringe rather that pipette to retain perovskite solution and
improve film quality. For Hot-casting, solution based on both methods was preheated at 80°C for
20 minutes before crystallizing. The substrates were also preheated at desired temperature (80°C,

100°C and 120°C) for 10 minutes before spin-coating. After heating up, the solution was directly
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dropped onto hot substrate within 10s and the amount of solution should be large enough to cover
the whole substrate so that the crystallization process could be more uniform. The color changed
more quickly compared with the pristine sample during spin-coating, presenting the acceleration
of crystallization. Also, the center part of the film was lighter in color than the surrounding parts
after crystallization. It’s worth noting that if the solution was preheated more than 30 minutes, the
solution could become light brown and the resulting thin film tended to achieve a worse quality.
All the spin-coating were at the speed of 4000rpm with 2000rpm acceleration, and RM required
more time to crystallize than DDM. Right after spin-coating, the films were annealed at 80°C for
10 minutes to remove residue solution.

Characterization. The surface microstructure of quasi-2D perovskite thin films was
collected by a Zeiss Sigma 500 scanning electron microscope with an acceleration voltage of 3kV
and magnification of x16k. The samples were attached to standard SEM base with conductive
adhesive. XRD patterns were carried out by a Rigaku Smartlab X-ray diffraction using a 6/26
system with the scanning angle from 3° to 50° and using CuKa (A = 1.542 A) as X-ray source.
Photoluminescence (PL) spectra were measured by M340F4 0.45 mW (Min) Fiber-Coupled LED
from ThorLabs as excitation light source and CCS200 compact spectrometer from ThorLabs as

detector. The wavelength of excitation light was 340nm.
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APPENDIX

Figure Al. The PEA,Cs:PhbsBrio (n = 3) quasi-2D perovskite single crystals synthesized by acid
precipitation method. The scale bar was 1cm.

Figure A2. The scanning electron microscope (SEM) diagrams of quasi-2D perovskite thin film based on
(a) DDM and (b) RM through Hot-casting with casting temperature at 140°C. The scale bar was 1um.

Figure A3. The pictures of thin films using (2) pipette and (b) syringe to add antisolvent during spin-
coating based on RM. The insert diagrams are SEM of thin films using different tools based on RM. The
scale bar was 1um.
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Figure A4. The PL spectra for the comparison of utilizing different tools when adding (a) CB, (b) Tol and
(c) EA as antisolvent during spin-coating through RM, and adding antisolvent through (d) DM during
spinning-coating.
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