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1. Introduction

Chirality is a fundamental property 
in chemistry that occurs, for example, 
when two variants of a molecule exist 
that appear as mirrored images of each 
other but cannot be superimposed. While 
the general chemical behavior of these 
so-called enantiomers is similar, their 
reactivities may vary significantly when 
interacting with other chiral systems. As 
a consequence, chirality has been a key 
property for biochemical applications.[1] 
Increasingly, chiral compounds are also 
studied for their optical and electronic 
properties, manifested for instance as cir-
cular dichroism (CD), in which there is 
preferred absorption of left or right hand 
circularly polarized light, or circularly 
polarized luminescence.[2–4] A promising 
approach to exploit these traits for tech-
nological applications is the combination 
of chiral organics with hybrid lead-halide 
perovskites,[5–7] whose extraordinary 

Chirality is a desired property in functional semiconductors for optoelec-
tronic, catalytic, and spintronic applications. Here, introducing enan-
tiomerically-pure 3-aminobutyric acid (3-ABA) into thin films of the 1D 
semiconductor dimethylammonium lead iodide (DMAPbI3) is found to result 
in strong circular dichroism (CD) in the optical absorption. X-ray diffraction 
and grazing incidence small angle X-ray scattering (GISAXS) are applied to 
gain molecular-scale insights into the chirality transfer mechanism, which is 
attributed to a chiral surface modification of DMAPbI3 crystallites. This study 
demonstrates that the CD signal strength can be controlled by the amino-acid 
content relative to the crystallite surface area. The CD intensity is tuned by 
the composition of the precursor solution and the spin-coating time, thereby 
achieving anisotropy factors (gabs) as high as 1.75 × 10–2. Grazing incidence 
wide angle scattering reveals strong preferential ordering that can be sup-
pressed via tailored synthesis conditions. Different contributions to the 
chiroptical properties are resolved by a detailed analysis of the CD signal uti-
lizing an approach based on the Mueller matrix model. This report of a novel 
class of chiral hybrid semiconductors with precise control over their optical 
activity presents a promising approach for the design of circularly polarized 
light detectors and emitters.
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chemical versatility allows for the incorporation of the small 
molecules into their inorganic lattice. This results in chi-
rality transfer effects, in which the organic molecule imprints 
chiral properties onto the previously achiral inorganic lattice, 
either via an (intramolecular) chemical bond or due to prox-
imity effects.[8–10] Such approach has enabled a number of 
promising results on the spin-selective transport of charge 
carriers,[11–13] ferroelectric performance,[14,15] and the genera-
tion and detection of circularly polarized light.[6,7,16–19] An alter-
native method of obtaining chiral perovskite materials is via 
surface functionalization of nanocrystals, where research has 
mostly focused on the outstanding chiroptical properties that 
can be obtained.[20–23] Despite these promising demonstra-
tions, research has thus far been limited to only a handful of 
chiral molecules,[9,24] which are almost exclusively made up of 
amides with an aryl or alkyl moiety. However, studies devoted 
to halide substitution have already shown that small changes 
to these chiral compounds can have a dramatic impact on the 
optoelectronic performance of semiconductors.[15,25–27] Hence, 
expanding the pool of chiral organics for perovskite function-
alization is desirable for developing new applications and opti-
mizing existing ones.

In the present work, we explore the use of alternative bio-
molecular candidates as the chiral component of hybrid semi-
conductors. In particular, we aim to leverage the abundance of 
chiral compounds in biological systems, such as those com-
prising DNA, carbohydrates, and volatile organic compounds 
usually associated with taste or smell.[1,28] We focus on amino 
acids, since they represent a chemically diverse group of small, 
chiral molecules with a range of functional groups. Further-
more, the vast majority of these compounds display no health 
risks and many enantiomerically pure compounds are readily 
available in large quantities at relatively low cost. A first attempt 
has been made recently when Sirenko et al. incorporated 
α-alanine into a 2D hybrid perovskite. However, no chirality 
transfer effects were reported.[29]

In this work, we report and analyze the occurrence of chi-
rality transfer effects between dimethylammonium lead iodide 
(DMAPI3) and the β-amino acid 3-aminobutyric acid (3-ABA), 
which is a signaling molecule in plants.[30] We discuss syn-
thesis strategies for solution-processed thin films and optimize 
fabrication conditions to maximize the CD signal for absorp-
tion in the blue and UV spectral regions. Using X-ray diffrac-
tion (XRD) and grazing incidence small angle X-ray scattering 
(GISAXS), we elucidate the detailed origin of the chirality 
transfer mechanism. Further, we show that a Mueller-matrix-
based approach is required to optimize chiroptical effects 
in chiral hybrid perovskite materials since unwanted non-
chiral contributions to the CD signal may obscure intrinsic 
CD effects. To the best of our knowledge this represents the 
first proof of chirality transfer between an amino acid and a 
lead halide semiconductor thin film, which demonstrates the 
promise of similar, biological molecules for the discovery of 
chiral hybrid semiconductors. Furthermore, we propose a 
novel approach for imprinting chiral properties onto previously 
achiral solid thin films, which is based on the surface modi-
fication of the individual crystallites with chiral ligands. This 
allows for chirality transfer effects similar to those observed for 
colloidal nanocrystals.

2. Results and Discussion

We use DMAPbI3 as the base material for functionalization 
with amino acids, since it allows for easy solution-based pro-
cessing and possesses a prototype 1D structure of face-sharing 
[PbI6] octahedra that form continuous chains. These are sur-
rounded by DMA+-cations which supply the missing positive 
charge, as shown by the graphic representation in Figure S1, 
Supporting Information. We note that, because of its ABX3 for-
mula and octahedra-based structure, this compound is often 
referred to as a 1D perovskite, even though it does not display 
the corner-sharing motif typically required to define the perov-
skite structure.[31,32] We prepare the material by spin-coating 
a dimethyl sulfoxide (DMSO) solution containing 0.5  mol L−1 
PbI2 and 0.55 mol L−1 DMAI on a glass substrate for 20 s, fol-
lowed by annealing for 30 min at 60 °C (for details see Experi-
mental Section). To achieve chiral thin films, this synthesis 
process was repeated under the same conditions, but with 
0.5  mol L−1 of (R)-3-ABA or (S)-3-ABA (see Figure 1a) added 
into the precursor solution.

In order to investigate whether any interactions take place 
between the hybrid semiconductor and the amino acid, the 
optical properties of the synthesized materials were studied 
using absorption and CD spectroscopy (Figure  1b,c), which 
probes preferential absorption of one form of circularly polar-
ized light. Pure DMAPbI3 displays a first excitonic absorption 
peak at ≈380  nm and no measurable CD signal is observed, 
which is expected given the achiral P63/mmc space group 
reported for DMAPbI3.[9,31] Importantly, the absorption spec-
trum of the (R)-3-ABA containing DMAPbI3 composite is quali-
tatively similar to its achiral counterpart, though the first exci-
tonic peak is slightly blue shifted and the overall absorbance 
is significantly stronger. The CD spectrum of this material, as 
seen in Figure  1, displays three distinct peaks at ≈330, ≈380, 
and ≈405  nm in the blue and UV spectral regions, as well as 
a long tail from about 450 to 550 nm due to scattering effects. 
Another potential peak at ≈300  nm is cut off by the absorp-
tion of the glass substrate. The steep zero-crossing at ≈390 nm 
thereby may be indicative of a Cotton effect relating to the exci-
tonic transition at ≈380 nm. Since this zero crossing does not 
match the absorption maximum exactly and the integral of the 
lower energy part of the signal appears more intense than the 
high energy one, an additional contribution has to be consid-
ered. This could be attributed to a small shoulder at ≈405 nm 
in the absorption spectrum, indicating an additional transition 
there. The other signals at ≈300 and ≈330 nm hence originate 
from transitions relating to higher energy bands.

The CD-signal of the corresponding (S)-enantiomer appears 
mirrored along the wavelength-axis (Figure S2, Supporting 
Information), providing strong evidence that the observed 
signal originates from chirality transfer effects. Alterna-
tives, such as the formation of a rotation-induced chiral 
supramolecular structure introduced during spin-coating, 
as has for instance been reported for some J-aggregates, can 
hence be excluded, since the direction of rotation remained 
unchanged.[33] Further indication for molecular-level chi-
rality within the thin film is provided by the fact that no CD 
effect is observed when introducing the corresponding race-
mate (rac)-3-ABA into the DMAPbI3 thin film (Figure S3,  

Adv. Optical Mater. 2022, 10, 2200204
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Supporting Information). Since neither a lead-amino acid film 
nor the pure amino acid in solution display a strong CD signal 
in this spectral region (Figures S4 and S5a, Supporting Infor-
mation), we conclude that this signal originates from the for-
merly non-chiral DMAPbI3, indicating the occurrence of chi-
rality transfer effects between the chiral amino acid and the 
hybrid semiconductor.

In order to investigate the structural origins of the CD 
signal, we probe the crystal structures of the films using X-ray 
diffraction (Figure 2). Pure DMAPbI3 displays its prominent 

(100) peak at 11.6°, along with several less intense peaks above 
15°. For the amino-acid containing samples we find an addi-
tional peak at 6.4°, with related higher order reflections at 
12.8° and 19.2°. Reference measurements on the pure amino 
acid powder reveal that these signals do not correspond to the 
pure amino acid (see Figure S5b, Supporting Information). To 
probe changes of the crystal structure with depth, we meas-
ured grazing-incidence wide-angle X-ray scattering (GIWAXS) 
at different incident angles.[34] It is observed that the intensity 
of the 6.4° reflex decreases more rapidly with increasing inci-
dence angle than the intensity of the (100) Bragg peak of pris-
tine DMAPbI3, indicating that the origin of this new diffraction 
signal is predominantly located at the surface of the thin film 
(Figure S6, Supporting Information). Possible origins of such 
a signal may be the formation of a crystalline amino acid-lead 
complex on the film surface or of the bifunctional amino acid 
acting as a spacer between two DMAPbI3 unit cells, which may 
result in a complexly ordered structure with some degree of 
long range order.

We also note two additional peaks at 10.6° and 13.9°, which 
will be discussed below. Remarkably, all DMAPbI3 reflections 
also occur for the (R/S)-3-ABA containing films, which is an 
indication that the original structure of 1D chains is preserved. 
This finding agrees with the absorption data, which matches 
the original absorption spectrum of pure DMAPbI3 in its peak 
position. Since an introduction of the zwitterionic amino acid 
into the lattice would also change the crystal structure, this 
would also alter the XRD patterns and most likely the absorp-
tion wavelength, which is not the case (see Figure 1). Thus, we 
conclude that no new bulk chiral crystal phase is formed upon 
the introduction of the amino acid. Instead, we propose that the 
origin of the CD arises from a chirality transfer to the DMAPbI3 
lattice via surface interactions. Since the amino acid is a zwitte-
rionic species, chemical bonds with the surface can occur via 

Adv. Optical Mater. 2022, 10, 2200204

Figure 1. a) Molecular structure of (R)- and (S)-3-ABA and b,c) chiroptical properties of two DMAPbI3 thin films, pure (blue) and with added (R)-3-ABA 
(1:1 PbI2:(R)-3-ABA ratio, red). b) Absorption spectra of spin-coated thin films. Strong absorption in the blue and UV spectral regions is seen for both 
materials. c) Circular dichroism (CD) spectra for thin films of pristine DMAPbI3 and (R)-3-ABA containing DMAPbI3. CD signals are only observed in 
films containing the amino acid, which indicates chirality transfer between organic and inorganic components. The three distinct CD peaks at ≈330, 
≈380, and ≈405 nm are marked with vertical lines.

Figure 2. Structural properties of chiral hybrid lead-halide compounds 
with DMAPbI3 motif. XRD patterns of (bottom, blue) a pure DMAPbI3 
thin film and (top, red) a (R)-3-ABA containing DMAPbI3 thin film. The 
original DMAPbI3 structure is preserved upon adding the amino acid.
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the positive charge possessed by the protonated amino group 
or the negative charge from the deprotonated carboxyl group. 
Using a beta- instead of an alpha-amino acid results in addi-
tional spatial separation of the two charges and, hence, may 
allow both functional groups to interact with different surfaces 
species at the same time, leading to an overall stronger bond. 
In this chirality transfer mechanism, the amino acid interacts 
with the surfaces of the nanometer-scaled DMAPbI3 crystals—
generally referred to as crystallites or grains—that comprise the 
thin film. An example for such a mechanism is chiral surface 
distortion, an effect well known from chiral nanocrystals.[9,20,21] 
Similarly, chirality transfer effects between transition-metal 
nanostructures and surface-bound amino acids have been 
described repeatedly.[35,36] Establishing this mechanism for 
the use in spin-coated materials provides a new method for 
obtaining high-quality in thin films with chiral properties.

To test the hypothesis that surface chirality transfer gives rise 
to the observed CD, we investigated the impact of film mor-
phology on chiroptical properties by varying the fabrication con-
ditions. To this end, we increased the spin-coating time from 20 
to 100 s. This results in significantly larger average crystallite 
sizes for the 100 s sample (Figure 3a), as resolved by GISAXS. 
This technique allows for statistically relevant sampling of the 
lateral morphology on the nanometer-scale throughout the 
entire depth of the thin film—unlike surface-focused scanning 
electron microscopy (SEM)—by modeling the form factor dis-
tribution from the obtained data (Figure S7, Supporting Infor-
mation).[37] Importantly, the resulting CD signal is weaker for 
the 100 s spin-coated film than for the 20 s one, while the pri-
mary structure of three signal peaks is preserved (Figure  3b, 
top). This supports the idea of a chirality transfer phenomenon 
based on interactions on the DMAPbI3-crystallite surfaces, 
since the observed reduction in the surface to bulk ratio for 
the 100 s sample would explain the decrease in CD-intensity. 
Based on this observation, films with smaller grains would be 
beneficial for obtaining strong CD signals. This would require 

maximizing the nucleation rate while suppressing grain coars-
ening. Available options to achieve this include optimizing 
the choice of precursor concentration, solvent (mixture), spin-
coating time and speed, as well as the annealing temperature 
of the still wet film. Another possibility could be the well-timed 
addition of an antisolvent, which has been shown to greatly 
influence the nucleation and crystallization process during 
spin-coating.[38]

Prolonging the spin-coating time also results in the disap-
pearance of the peaks at 10.6° and 13.9° (Figure S8, Supporting 
Information), indicating that this unknown impurity phase 
can be removed by changing the reaction conditions. It also 
results in a much smoother film surface, as revealed by SEM 
imaging (Figure S9, Supporting Information). Furthermore, 
no significant difference between the two samples is observed 
in absorption spectroscopy, indicating that these impurities do 
not contribute to the optoelectronic properties described so far 
(Figure 3b, bottom). The observed decrease in scattering by the 
sample spin-coated for 100 s can thereby be explained by the 
smoother film surface mentioned above.

In order to probe the film formation processes that define the 
nanoscale morphology, and thus the surface chirality transfer, 
we performed in-situ optical absorption spectroscopy during 
the spin-coating process. As shown in Figure 4, the absorption 
spectrum evolves to its final form over a period of ≈80 s during 
spin-coating. Thus, for the case of the 100 s spin-coating pro-
cess, the absorption spectrum is fully formed by the time the 
rotation comes to an end (Figure 4a). In contrast, for the 20 s 
spin-coated sample the final optical properties of the film are 
only established during the subsequent drying step (Figure 4b). 
This observation reveals that the structures and properties of 
the two different films are defined under vastly different reac-
tion conditions. As discussed above, from the standpoint of 
film synthesis optimization, processes that increase the nuclea-
tion rate, minimize grain size, and suppress coarsening are 
expected to promote surface chirality transfer and increase 

Adv. Optical Mater. 2022, 10, 2200204

Figure 3. Influence of spin-coating time (20 s versus 100 s) on the formation of (R)-3-ABA containing DMAPbI3 thin films. a) Form factor size distribu-
tions retrieved from modeling GISAXS data show three main crystal sizes. A longer spin-coating time leads to larger average radii for all three form 
factors. b) CD-signals decrease with longer spin-coating times, while the absorption intensity remains mostly unchanged, indicating a dependency 
between the size of crystallites and the CD intensity.
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the magnitude of CD. Likewise, the observed differences in 
temperature and presence of solvent molecules could affect the 
precursors’ mobility during the film formation and hence influ-
ence the CD effect by altering the amount and orientation of 
the chiral component on the crystallites’ surfaces.

To further understand the origins of the chirality transfer 
phenomenon we perform concentration-dependent CD meas-
urements with varying amounts of (S)-3-ABA added to the pre-
cursor solution. We expect a change in CD intensity based on 
the availability of the chiral component on the surfaces of the 
crystallites. Since a different precursor chemistry could also 
affect the film thickness and hence the CD signal intensity, a 
comparison in the traditional unit (mdeg) may not be com-
pletely accurate. Therefore, the results are analyzed in the form 
of the anisotropy factor, gabs, which is based on normalizing the 
difference in the absolute absorption values, as described in 
Equation (1):[9,39]

g
A A

A A
abs

2 ( )
=

× −
+
+ −

+ −

 (1)

with A+ and A− representing the absorption of right- and left-
handed polarized light.

The (S)-3-ABA-concentration dependent CD signals can 
be seen in Figure 5, the corresponding absorption measure-
ments in Figure S10, Supporting Information. The obtained 
data exhibit a non-linear connection between the amino acid to 
lead iodide ratio and the gabs-value. For a low (S)-3-ABA-concen-
tration (1:9 (S)-3-ABA/DMAPbI3:DMAPbI3 precursor solution 
mixing ratio), no CD signal is observed, and only weak signals 
can be detected for the 3:7 and 1:1 ratios. In agreement with 
theoretical models on perovskite clusters,[40] the signal inten-
sity grows significantly, if the amino acid content is increased 
further. A maximum is reached between a 7:3 and a 9:1 ratio. 
The highest observed gabs-value is 1.75 × 10-2. Adding even more 
amino acid—by using the pure (S)-3-ABA/DMAPbI3 precursor 
solution—decreases the CD intensity again. DFT calculations 
have shown that for multidentate ligands the CD effect is gov-
erned by the exact binding configuration of the organic.[40] 
This suggests that under excess of 3-ABA a higher surface cov-
erage can be achieved, which hence decreases the CD inten-
sity through partial differences in the binding geometry of the 
chiral component. Overall, this concentration dependence rep-
resents a facile and straightforward approach to adjust the CD 
intensity by controlling the amount of amino acid available for 
surface functionalization.

Finally, we used an approach developed by Shindo et al. 
and based on theoretical considerations set out by the Mueller 
matrix model to investigate the occurrence of other optical 
phenomena within the material, in particular linear dichroism 
(LD) and linear birefringence (LB). These can occur both indi-
vidually as instrument-dependent artifacts and as a combined 
LDLB effect that emerges as a genuine signal if the main axes 
of both effects are misaligned.[41–43] Since these effects are not 
related to chiral phenomena but can nevertheless contribute 
to the measured electronic CD signal, they are able to distort 
the obtained results. This technique can be therefore be con-
sidered due diligence for any study on chiral thin films.[39,43] To 
apply this Mueller matrix-based approach, several CD spectra 
were recorded from the same sample, which was rotated and 

Adv. Optical Mater. 2022, 10, 2200204

Figure 4. Temporal evolution of in situ UV–Vis absorption spectra during film formation. a) After spin-coating for 100 s, the absorption spectrum has 
fully evolved, indicating that the thin film formation including the solvent evaporation process has mostly been completed. b) When spin-coating for 
20 s, film formation is still ongoing and is only completed during the subsequent drying step. We note that the used setup does not allow for heating.

Figure 5. Control of chiroptical properties of (S)-3-ABA functionalized 
DMAPbI3 via added amino acid content. The CD signal strength increases 
with increased amino acid content, exhibiting a maximum for a pre-
cursor solution ratio of 9:1 (S)-3-ABA/DMAPbI3:DMAPbI3. Compared to 
Figures 1 and 3, the CD signal appears mirrored along the wavelength-axis 
since here the (S)- rather than the (R)-enantiomer was used.
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flipped between the measurements. Herein, LD and LB con-
tributions are detectable upon changes in the CD signal when 
rotating the sample along the optical axis by 45°. Any influence 
of the LDLB term can be observed when flipping the sample 
(from the sample facing the detector to the substrate facing 
the detector).[44] For the 20 s spin-coated samples, all measure-
ment orientations result in a very similar CD signal (Figure 
S11a, Supporting Information). Hence, neither LD, LB nor 
LDLB effects are observed to contribute significantly. Smaller 
deviations can be explained by the different reflectivity of glass 
and sample. For the samples spin-coated for 100 s, again no 
changes are observed upon rotation, suggesting an absence of 
LD and LB artifacts. However, the CD signal appears weaker 
when the glass is flipped to facing the light source (Figure 6), 
even though overall absorption stays the same (Figure S11b, 
Supporting Information). This indicates the presence of a dif-
ferent alignment of the LD and the LB main axis within the 
sample and hence an LDLB contribution to the combined CD 
signal.

Why this effect is observed for the sample spin-coated for 
100 s but not the one spin-coated for 20 s cannot be explained 
in a straightforward manner since both LD and LB contribu-
tions, as well as their interplay, have to be taken into account. 
However, two potential contributions to this observation can 
be identified. One aspect to consider is that LB effects can be 
introduced through mechanical stress.[45] As we have estab-
lished in Figure 4, crystallization in the sample spin-coated for 
100 s takes place during spin-coating while strong shear-forces 
resulting from the rotation are applied to the material. This 
may constitute a key difference to the sample spin-coated for 
20 s since here crystallization takes place only after rotation has 
concluded. Furthermore, since LDLB is a result of a misalign-
ment in the main axes of both effects, the crystallite orientation 
is a key factor to consider.

To investigate this aspect, we again applied GIWAXS. Here, 
the sample is probed with the focused X-ray beam above its 
critical angle. Thus, we obtain scattering data containing bulk-
film information on the orientations of the crystallites.[46,47] 
The GIWAXS data display narrower and more defined inten-
sity peaks for the sample spin-coated for 100 s than for the 20 s 
sample (Figure S12a–d, Supporting Information), a fact that 
becomes even more apparent when considering the azimuthal 
tube-cuts along the DMAPbI3 (100) Bragg reflex (Figure S12e,f, 
Supporting Information). In these cuts the most intense signals 
at χ-angles of −60°, 0° and 60° appear narrower for the sample 
spin-coated for 100 s than for the one spin-coated for 20 s, already 
indicating a more defined orientation of the crystallites. To quan-
tify the observed changes, we derive pole figures from the tube 
cuts that are representative for the amount of material contrib-
uting to a certain angle χ. We observe a strong isotopic signal for 
the 20 s sample, as well as intense but broadened central peaks 
and two symmetric side peaks centered at χ-angles of −60° and 
60° with a smaller area than the central peaks (Figure 7a). In 
comparison, the pole figures for the sample spin-coated for 100 s  
(Figure  7b)—while still displaying a strong isotropic signal—
show overall narrower peaks as well as a strong shift in area 
from the central to the side reflexes, which are about three times 
more pronounced than the central ones. These surprisingly 
strong changes between the two spin-coating times indicate a 
significant change in the preferential orientation of the crystal-
lites, which is likely to influence the LDLB effect.

3. Conclusion

We report that the chiral amino acid (S/R)-3-ABA introduces CD 
effects in the absorption of the hybrid lead halide 1D-semicon-
ductor DMAPbI3. To the best of our knowledge this represents 
the first proof of successfully using an amino acid to intro-
duce chirality into a lead-halide based thin film semiconductor. 
GISAXS and XRD data indicate that the chiral component is 
located on the surface of the DMAPbI3 crystallites, allowing 
for chiroptical interactions and extensive control over the CD 
signal, especially when compared to 1D and 2D perovskites that 
incorporate fixed amounts of chiral organics into their crystal 
structure. We show that this tuning of the CD intensity can be 
achieved by adjusting the precursor composition and the spin-
coating time. We furthermore note that, under optimized fabri-
cation conditions, the observed anisotropy factor, gabs, reported 
here exceeds that of (R/S)-MBA2PbI4—the perhaps most studied 
chiral 2D-perovskite—by one order of magnitude,[11] making it 
a promising candidate for the detection of circularly polarized 
light. Mueller-matrix-based analysis reveals non-chiral contribu-
tions to the CD spectrum upon increased spin-coating times, 
highlighting the need for including these effects in future opti-
mization of chiral perovskite thin films. GIWAXS experiments 
reveal that this effect may, in part, originate from the introduc-
tion of a preferred orientation among the crystallites that can be 
suppressed by spin-coating for shorter times to yield more iso-
tropic films. While further experiments will be necessary—espe-
cially in regards to resolving the structural aspects—this novel 
material expands the pool of chiral perovskite-related materials 
and provides a new strategy for the use of naturally abundant 
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Figure 6. Selected measurements for (R)-3-ABA containing DMAPbI3 
films, spin-coated for 100 s. A difference in CD intensity is observed upon 
flipping the sample from the thin film facing the detector (bright red, front 
side illuminated) to the glass substrate facing the detector (dark red, back 
side illuminated), indicating LDLB contributions. The intrinsic CD inten-
sity without contributions not relating to chiral effects is approximated by 
averaging both measurements (blue).
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organic molecules as a source of chirality in applications. Fur-
ther, our concept of chiral surface modification in spin-coated 
thin films may provide the possibility to introduce chirality into 
previously achiral perovskite materials without inducing major 
changes in terms of optoelectronic performance or the need for 
a complex, polymer-based matrix. Given the enormous progress 
in the development of high-performance perovskite-materials in 
recent years, this may represent a promising approach for cre-
ating bright, polarized emitters or efficient detector materials 
for circularly polarized light simply by adding a suitable chiral 
ligand to these already well-established systems.

4. Experimental Section
Materials: PbI2 (99.999%, trace metal basis), dimethylammonium 

iodide (98%), dimethyl sulfoxide (≥99.9%, anhydrous), (rac)-3-
aminobutyric acid ((rac)-3-ABA, 97%), and (S)-3-aminobutyric acid (97%) 
were purchased from SigmaAldrich. (R)-3-aminobutyric acid (>98%) was 
purchased from Tokyo Chemical Industry. All chemicals were used as 
received. Prior to use, glass substrates were cleaned with isopropanol, 
dried under flowing nitrogen, and treated with oxygen plasma.

Sample Preparation: (rac/S/R)-3-ABA functionalized DMAPbI3 thin 
films were prepared by dissolving 0.0515 g (rac/S/R)-3-ABA (0.5 mmol), 
0.0952  g DMAI (0.55  mmol), and 0.2305  g PbI2 (0.5  mmol) in 1  mL 
DMSO by stirring the mixture at 120  °C for 1 h. Subsequently, the 
solution was allowed to cool down for 2 h. Thin films were then 
prepared by spin-coating 80 µL of the solution in question for 20 or 100 
s at 6000 rpm. This was followed by a 30 min annealing step at 60 °C. 
DMAPbI3 films were prepared in the same way but without the addition 
of any amino acid. Likewise, PbI2  + (S/R)-3-ABA films were prepared 
without the addition of any DMAI. All samples were synthesized under 
an inert nitrogen atmosphere.

Dilution Series: Samples for the dilution series were produced by 
dissolving 0.4611  g PbI2 (1  mmol) and 0.1903  g DMAI (1.1  mmol) in 
2 mL DMSO while stirring the mixture for 45 min at 60 °C. 1 mL of the 
obtained solution was then added to 0.0515 g (S)-3-ABA. Both solutions 
were then stirred for an additional hour at 120  °C and subsequently 
left to cool down for 2 h. The solutions were then mixed in the ratios 
9:1, 3:7, 1:1, 7:3, and 1:9 in order to obtain five additional precursor 
solutions with a volume of 200 µL each. Films were then prepared from 
all seven solutions by spin-coating 80  µL on glass substrates for 20 s 

at 6000  rpm, followed by annealing for 30  min at 60  °C. It should be 
noted that while this approach minimizes all variabilities that may arise 
from uncertainties in weighing the required amounts of PbI2 and DMAI, 
1 mL of an DMAI-PbI2-DMSO solution contains less than half of the first 
solution, due to the fact that the dissolved precursors add to the overall 
volume, hence resulting in an overall higher concentration of the amino 
acid in the second solution. All samples were prepared under an inert 
nitrogen atmosphere.

Structural Characterization: XRD patterns were recorded using a 
SmartLab X-ray diffractometer (Rigaku), using Cu Kα radiation. Patterns 
were recorded between 2θ diffraction angles of 5° and 60°. The GISAXS/
GIWAXS measurements were carried out at the Micro- and Nanofocus 
X-ray Scattering (MiNaXS) beamline P03 located at PETRA III (DESY, 
Hamburg, Germany) at a photon energy of 11.8 keV.[48] For GISAXS, the 
diffuse scattering signal was collected by a Pilatus 2M detector (Dectris) 
with a pixel size of 172 × 172 µm2. For GIWAXS, the sample detector was 
a LAMBDA 9M detector system (pixel size 55 µm, X-Spectrum).

Optical Spectroscopy: Both CD and steady state absorption data were 
recorded using a J-815 CD-Spectrometer (Jasco). During measurements, 
the device was constantly purged with nitrogen.

For in-situ spectroscopy an Ocean Optics spectrometer (Flame) 
coupled with fiber optics was used to acquire the transmission 
measurements with an integration time of ≈0.1 s per transmission 
spectrum. The equation [Aλ  =  −log10(Tλ)] was used to calculate the 
UV–Vis absorption spectra from the transmission spectra, where Aλ is 
the absorbance at a certain wavelength (λ) and Tλ is the corresponding 
transmitted radiation. The in-situ UV–Vis transmission/absorption 
measurements during spin-coating were performed using a set-up 
described in a previous work.[49] The in-situ UV–Vis transmission/
absorption measurements during thermal annealing were performed 
using a custom-built heating stage with a hole that allows transmission 
analogous to the one described in previous work.[50] In order to maximize 
signal intensity, the perovskite films used for these measurements were 
deposited on ≈150 µm thick glass substrates.

Electron Microscopy: SEM images were taken with a field emission 
SEM equipped with an Everhardt Thornley secondary electron detector 
(FEI Quanta FEG 250). An electron beam acceleration voltage of 20 kV 
was used.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 7. Pole figures derived from GIWAXS data of the (100) Bragg reflex (corresponding to 2θ = 11.6° in XRD). a) The 20 s spin-coated sample dis-
plays an isotopic (blue):central (red):side (green) fractional area contribution of 0.692:0.183:0.125, and b) for the 100 s spin-coated sample possesses 
a corresponding fractional area contribution of 0.777:0.056:0.167, with sharper central and side intensity peaks. This difference indicates stark changes 
in the orientation distribution of the crystallites with spin-coating time and provides evidence for a structural explanation for the observed LDLB effect.
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