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Abstract 

Chiral hybrid metal-halide perovskites show low-symmetry crystal structures, large Rashba 

splitting, spin-filtering, and strong chiroptical activity. Circular dichroism and circularly polarized 

photoluminescence have been investigated in chiral perovskites with increasingly distorted chiral 

structures. Here, we report the fabrication of chiral (R/S)-EAPbI3 (EA = α-ethylbenzylamin) single 

crystals, which possess highly distorted octahedral structures with a high angle variance value of 

~68. Using control in the fabrication conditions, we transfer chiral single crystals to thin films and 

achieve different crystal orientation preferences that induce tuneable chiroptical properties to their 

heterostructures with PbI2 nanodomains, which we characterize with in-situ X-ray diffraction and 

grazing-incidence wide-angle X-ray scattering measurements. Using transient chiroptical 

spectroscopies, we resolve photoexcited charge carrier dynamics and chirality transfer processes 

in such heterostructures down to cryogenic temperatures. We observe rapid carrier transfer along 

the in-plane (002) facets in chiral perovskite phases to PbI2 nanostructures within the initial few 

picoseconds, while carrier transfer along the out-of-plane (002) facets occurs at a slower rate. This 

fast transfer process leads to high photoluminescence intensities and large degrees of circular 

polarization in the emission from PbI2 nanodomains. Our findings report a multi-dimensional 

chiral-achiral heterostructures which takes advantage of controllable chirality transfer and offer 

new routes for future spintronic and chiroptical applications. 
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Introduction 

Hybrid metal-halide perovskites have shown great potential for future optoelectronic devices, 

including light-emitting diodes1,2, photodetectors3,4, solar cells5, and lasers6, due to their excellent 

emission quantum efficiencies, promising charge-transport properties, and strong defect tolerance. 

By changing the organic components and inorganic elements, hybrid perovskite materials offer 

diverse opportunities for tailoring crystal structures, band edge electronic structures, and resulting 

optical properties. Indeed, owing to their tuneable composition, variable bandgaps, and strong 

spin-orbit coupling, hybrid perovskites are of particular interest for multifunctional applications, 

such as for polarized light generation and detection7–9, second harmonic generation10, 

piezoelectrics11,12, and spintronics13,14. It has been reported that, by embedding chiral organic 

molecules into hybrid perovskites, distorted low-symmetry perovskite crystal structures can be 

achieved. The resulting chiral perovskites belong to Sohncke space groups15,16. These materials 

frequently exhibit promising chiroptical features due to their chiral crystal structures and broken 

inversion symmetry15,17.  

 

Two main routes can be exploited for the formation of chiral perovskites. One route is to use chiral 

organic molecules as ligands to create chiral perovskite nanocrystals18–20, which tend to exhibit 

high PL intensities due to quantum confinement, but relatively low degrees of chiroptical 

polarization and limited stability. Another route is using chiral organic cations within the material 

itself to form chiral perovskite crystal structures15–17.  However, the introduction of chirality into 

perovskite structures leads to the formation of low-dimensional perovskites because of the large 

chiral organic groups that are required, which decrease their conductivity and often also 

photoluminescence quantum efficiency (PLQE) due to increased trap state concentrations and 

strong electron-phonon coupling9,21. Recently, low-dimensional chiral hybrid perovskites with high 

PLQE at room temperature have been reported9. Notably, chiral two-dimensional (2D) layered 

perovskites are well-known for their high degree of circularly polarized photoluminescence (CPL) 

polarization in their single crystal or exfoliated forms7,9,12. However, the degree of CPL polarization 

for thin film samples remains in the low percentage range22,23. Additionally, most reported work 

about chiral one-dimensional (1D) chain perovskites focuses on their strong circular dichroism 

(CD) signals, which can be utilized for circularly polarized light detection3,4. However, due to their 

disconnected face-sharing octahedral chains, chiral 1D perovskites show weak PL intensities at 



room temperature, and only very low CPL was reported from chiral 1D perovskites, which 

prevents their use for optoelectronic applications.   

 

Chiral 1D perovskites can differentially absorb circularly polarized light, but not efficiently emit 

light17,24. Here, we report a simple solution-processed method for fabricating chiral perovskite/PbI2 

heterostructure thin films wherein the chiral properties of chiral perovskite are effectively 

transferred to PbI2 nanostructures. The resulting heterostructures exhibit broad CD signals, 

covering the spectral range of 300 nm - 550 nm, and a large degree of CPL polarization at low 

temperatures (~4%), which is comparable to chiral 2D perovskite thin films15,16,22,23. In addition, 

we show that solvent engineering promotes chiral perovskite/PbI2 heterostructure formation. 

Using single crystal X-ray diffraction (SCXRD) of bulk materials, in-situ XRD during subsequent 

film synthesis, and grazing incident wide-angle X-ray scattering (GIWAXS) of the fabricated films, 

we analyze in-situ spin-coated thin films and relate fast carrier funnels to preferential crystal 

orientations within chiral perovskite/PbI2 thin films. We further investigate the carrier and chirality 

transfer dynamics in chiral perovskite heterostructures by transient chiroptical spectroscopy and 

rationalize the enhanced angular momentum polarization lifetime and CPL to arise from fast and 

effective carrier transfer from the chiral perovskite phase to PbI2 heterostructures. Our findings 

indicate the potential of solution-processed chiral perovskite heterostructure thin films for future 

optoelectronic and spintronic applications.  

 

Results and Discussion 

Structural and emission characteristics of chiral 1D perovskite crystals 

We prepared chiral 1D perovskite (R/S/Rac)-EAPbI3 single crystals by slow cooling. In brief, after 

fully dissolving (R/S/Rac)-EA and PbO in HI solution at 95 C, we controllably cooled the reaction 

vessel down to room temperature at a rate of ~ 1 C/h. During cooling, large needle-shaped single 

crystals formed gradually (Fig. S1). SCXRD measurements were used to identify the crystal 

structures of the resulting chiral perovskites (see detailed crystal structure results in Table S1), 

which comprise 1D chains of distorted face-sharing PbI3 octahedra surrounded by alternating 

chiral organic molecules (Fig. 1a and 1b). Chiral (R) and (S) 1D perovskite samples have a similar 

mirror-like crystal structure, both crystallizing in an orthorhombic P 212121 space group, which 



belongs to one of the Sohncke space groups15 and confirming successful chirality transfer from 

chiral organics to the inorganic lead halide chains. 

 

SCXRD analysis reveals a prominent structure distortion in our chiral 1D perovskites. Both chiral 

(R) and (S) single crystals show varied Pb-I bond distances from 3.08 to 3.43 Å, with a similar 

octahedral bond length distortion index of 0.027 (Detailed calculations in Table S2), which should 

be zero for a perfect octahedron with full symmetry. Importantly, a much higher angle variance 

value of ~68 is observed for our chiral 1D perovskites, which is among the highest values among 

the so far reported chiral perovskite semiconductors25, indicating the strongly broken symmetry in 

our chiral 1D perovskites. Besides, we find chiral 1D perovskite (R), (S), and (Rac)-EAPbI3 

crystals all exhibit broad-band emissions at sub-band positions (400 – 750 nm, Fig. 1c). We 

attribute such broad-band emission to the trapped excitons, which have been widely reported in 

low dimensional perovskites 26–28. There is no obvious free exciton PL signal observed in our chiral 

1D perovskite single crystals, similar to other 1D perovskites4,24, which may hinder their 

chiroptical applications. However, we hypothesize that the strong chirality present in our chiral 1D 

perovskite crystal structures, which can be also used for efficient polarized carrier injections, 

beyond the limit of pure phase chiral materials. 

 

Fabrication of chiral perovskite/PbI2 heterostructures 

For compatibility with optoelectronic applications, we next converted single-crystal samples to 

polycrystalline thin films using a simple solution-based spin-coating method (see details in 

Materials and Methods section). Thin film fabrication yields heterostructures of chiral 1D 

perovskites and PbI2 nanodomains, as we will show in the following. We used three different 

solvents (DMF, DMSO, and a mixture of DMSO and DMF in equal volumes) to dissolve 

perovskite single crystals and studied how the solvents impact the film structure and morphology. 

The obtained precursor solutions were directly spin-coated on glass substrates that were pre-

cleaned with oxygen plasma. The corresponding samples are henceforth denoted as DMF, DMSO, 

and DMSO-DMF films. The same solvent engineering methods were used to control the CPL of 

chiral 2D perovskite/QDs compositions29. 



To directly monitor the crystallization of the perovskite films, we performed in-situ XRD 

measurements. As depicted in Fig. 2a and 2b, as well as the extended range in-situ XRD results 

shown in Fig. S2, no obvious diffraction signal is observed within the initial 60 s, which includes 

the complete spin-coating process. However, once thermal annealing (100 °C) was initiated at 60 

s, a transient intermediate state, characterized by a diffraction peak at 7.3, emerged, which 

subsequently gradually diminished and vanished after ~300 s for DMF and DMSO-DMF films, 

but more quickly (~100 s) for the pure DMSO film. Importantly, the (002) reflection from the 

chiral 1D perovskites, located at 8.2, appeared at ~100 s and then remained stable through the end 

of the experiment. Much stronger (002) diffraction intensities were observed in the DMF films 

compared to the other two films, as discussed below. In addition, a reflection located at 14.3 

appeared after 100 s for DMSO-DMF film, while this signal was weaker for the DMSO film, and 

much weaker for the pure DMF film.  Compared to simulated patterns derived from the both chiral 

perovskite and PbI2 single crystal structures (Fig. S3), we attribute this new reflection pattern to 

the (001) facet of PbI2. In summary, the chiral 1D perovskite films show similar characteristics, 

though with a dominant (002) reflection due to the thin film texture, while stronger PbI2 signals 

were observed in DMSO-DMF samples, indicating the formation of chiral perovskite/PbI2 

heterostructures. We note that there is a rather broad background signal at higher angles for the 

DMSO and DMSO-DMF samples that is not present for the DMF sample. This may relate to the 

presence of an amorphous or highly disordered phase. 

To further investigate the crystal orientations within chiral perovskite films, we performed 

GIWAXS measurements using synchrotron radiation. For the spin-coated perovskite films without 

subsequent thermal annealing (Fig. 2c), smooth diffraction rings are observed, indicating highly 

randomized distributions of the crystal orientations within the polycrystalline perovskite films. 

However, for the perovskite films that were thermally annealed at 100 °C for 10 min after spin 

coating (Fig. 2d and S4), we observe several intense Bragg spots within each ring, which indicates 

preferential crystal orientations in the films. Out-of-plane PbI2 (001) reflection appears in all three 

films after annealing process (Fig. S4). Besides, the dominant (002) reflection in chiral perovskite 

phases corresponds to the preferred out-of-plane orientation for all three types of films. However, 

for DMSO-DMF and DMSO films, we observe an additional in-plane (002) contribution. Thus, 

the mixed orientations within these films may explain the weaker (002) reflection intensities 



observed during in-situ XRD measurements (Fig. 2a). Alongside the (002) reflection, an in-plane 

(011) contribution is observed for the DMF films. For DMSO-DMF films, the detection of smooth 

diffraction rings indicates a random orientation of (011) planes.  

 

Overall, our GIWAXS measurements indicate that the solvents used during the spin-coating 

process influence the crystal orientations within the perovskite films, similar to recent reported 

work30, which uses Cl substitutes to vary film growth orientations. The (002) orientation along the 

out-of-plane direction is dominant in DMF films, while DMSO-DMF and DMSO films contain 

some material with in-plane or random (002) / (011) orientations. Similar trends are also found in 

atomic force microscope (AFM) measurements, in which different solvents lead to different 

surface morphologies, which may also relate to their thin film textures (Fig. S5).      

     

General optical characteristics of chiral perovskite/PbI2 films 

Considering the interesting chiral structures of these 1D perovskite films and their solvent-tuneable 

morphologies, we now study their optical properties. Steady-state absorption spectra show that our 

chiral perovskite films exhibit an excitonic absorption peak at ~378 nm for all three solvents (Fig. 

3a), which indicates a band gap that is similar to the reported 1D perovskites4,24,27.  Fig. 3b presents 

the circular dichroism (CD) results from the chiral 1D (R)-EAPbI3 perovskite films. Importantly, 

the main CD signals from chiral perovskite films are located at the absorption band positions 

(~378 nm), demonstrating chirality transfer from the chiral organic molecules to the metal-halide 

moieties. The same result is also obtained from analysis of the absorption anisotropy factors (gabs) 

(see detailed calculations in Fig. S6a), which are independent of film thickness and absorption 

intensities15,31,32. Opposite CD signals are observed for (R/S)-EAPbI3 films, while no CD signals 

are found in racemic-EAPbI3 films (Fig. S6b). Importantly, we find that different solvents resulted 

in pronounced changes to the CD signals. Perovskite films formed from DMF solvents show the 

largest CD signal, which we relate to variations in their film texture (Fig. 2).  

 

Next, we study the PL of our chiral 1D perovskite films. Under 340 nm excitation, no PL signal is 

observed at the band edge (~378 nm) for any of the films, regardless of the solvent used for their 

preparation (Fig. S7). This observation is reasonable, considering that most reported chiral 1D 

perovskites do not exhibit band edge PL due to indirect band structures4,24. Notably, a weak sub-



gap PL band appears at ~510 nm in our chiral perovskite films (Fig. 3c), along with a broad PL 

feature located from 550 nm to 650 nm that we attribute to a trapped exciton, consistent with what 

we find before from single crystals (Fig. 1c)21. Using different solvents changes the intensity of 

this trapped-exciton PL signal, with the highest intensities in DMF films and lowest intensities in 

DMSO-DMF films. However, the origin of the PL peak at 510 nm is less clear. To identify this 

feature, we prepare pure PbI2 thin films using identical spin-coating conditions (40 mg PbI2 

dissolved in 200 µL DMSO-DMF solutions), which show a yellowish color compared to 

transparent chiral 1D perovskite films (Fig. S8). The pure PbI2 films show a PL feature at ~510 

nm (Fig. 3c), which has been widely reported before33,34. We further compared the absorption 

spectra between pure PbI2, (R)-EAPbI3, and (R)-EAPbI3 films with excess PbI2 added into the 

spin-coating solution. We find that both PbI2 and (R)-EAPbI3 films with excess PbI2 show a 

noticeable absorption band feature at 500 nm, which overlaps well with the shoulder in the 

absorption signals of pristine (R)-EAPbI3 films (Fig. 3a and Fig. S9a). In addition, XRD and 

GIWAXS measurements indicate the presence of  PbI2 phases in chiral perovskite films (Fig. 2,Fig. 

S4 and Fig. S9b). Thus, we conclude that the 500 nm feature in (S/R)-EAPbI3 films originate from 

a chiral perovskite/PbI2 heterostructure comprising low-dimensional PbI2 nanodomains35. Besides, 

we also add additional (R)-EAI precursor in spin-coating solutions to prepare (R)-EAPbI3 films, 

such 500 nm absorption shoulder disappears, which is another clear evidence due to the 

consumption of all PbI2 in the films (Fig. S10). 

 

To study the mechanism behind the formation of the ~510 nm PL feature from the PbI2 

nanodomains, we performed transient absorption (TA) spectroscopy measurements on our chiral 

1D perovskite/PbI2 heterostructures (Fig. 3d-f). Two ground-state bleach (GSB) signals were 

observed from TA spectroscopy. One feature (GSB1), located at ~378 nm, originates from the 1D 

perovskite band edge, while a second bleach signal (GSB2) at ~495 nm corresponds to the ~510 

nm PL feature with a Stokes shift of ~15 nm36. For reference, we also prepared one chiral 

perovskite sample using DMF as a solvent but without subsequent thermal annealing. The 

corresponding TA spectrum from this reference sample reveals that no GSB2 feature is present, 

suggesting that the associated perovskite/PbI2 heterostructure is not formed in the absence of 

annealing (Fig. 3g). In contrast, the GSB2 feature is present for pure PbI2 films and all studied 

chiral 1D perovskite/PbI2 heterostructures and following the 10 min thermal annealing process 



(Fig. S11). However, the solvent strongly influences this signal's magnitude, with both DMSO-

DMF and DMSO films exhibiting a stronger GSB2 TA signal than the DMF films. Interestingly, 

GIWAXS and in-situ XRD measurements revealed a similar dependence on the strength of the 

(002) reflection with solvent (Fig. S3) and with the annealing routine (Fig. 2).  Hence, the GSB2 

signals observed in chiral perovskite samples appear to be correlated with the presence of (002) 

oriented in-plane domains, which may promote chiral perovskite/PbI2 heterostructure formation.  

 

TA kinetics further revealed that GSB1 has a much longer lifetime than GSB2 (Fig. 3h). Inspection 

of the kinetic traces indicates that the GSB2 feature initially decays quickly (within the first 10 ps), 

which is consistent with relaxation of states that were directly populated by the photoexcitation. 

However, the signal recovers after hundreds of picoseconds, corresponding to the timescale on 

which the GSB1 kinetics change and start to decay more rapidly. Such a behavior points towards 

excitation transfer from GSB1 to GSB2 after ~100 ps. Time-correlated single-photon counting 

(TCSPC) measurements were also used to characterize the kinetics of the 510 nm PL feature, 

which yielded a PL lifetime of ~257 ps (Fig. 3i). No transfer process was detected in the TCSPC 

measurements, which may be due to its limited time resolution or the transfer process mainly 

occurring via dark states that can only be detected in TA measurements37,38. However, such a longer 

PL lifetime (GSB2 lifetime < 100 ps) further suggests the delayed population of the GSB2 

transferred from a higher state (GSB1).   

 

Room-temperature excited state polarization dynamics 

We further employed circularly polarized TA (CTA) spectroscopy to investigate the polarization 

dynamics of photoexcited electronic states in our chiral perovskite/PbI2 thin films at room 

temperature. We use a linearly polarized pump lasers for photoexcitation, which avoids the 

generation of polarized populations of excited states due to circularly polarized excitations21. 

Circularly polarized broadband probe pulses were then used to study the intensity of TA signals, 

and intensities for left-handed and right-handed polarization of probe pulses were compared. Fig. 

4a-c show the CTA spectra collected for chiral perovskite/PbI2 thin films produced using the three 

different solvents. All three films exhibit intensity differences in the GSB1 regions (~378 nm) for 

different probe pulse polarizations during the initial 1 ps, which relate to intrinsic chirality features 

of chiral 1D perovskites (Fig. 3b). The decay kinetics extracted from GSB1 (372-382 nm) are 



plotted in Fig. S12. Both DMF and DMSO-DMF films show a long-lived polarization lifetime (a 

few ns) for chiral 1D perovskite phases, while the polarization in DMSO films only lasts for ~1 

ps, consistent to the low CD value in these DMSO films (Fig. 3b). Notably, the GSB2 feature, 

which we attribute to chiral perovskite/PbI2 heterostructures, shows a non-negligible difference 

between right-handed (+) and left-handed (-) polarized probes in the DMF-DMSO film (Fig. 

4b), indicating successful chirality transfer from the chiral 1D perovskite phase to the PbI2 phase. 

No polarization of the GSB2 feature is observed for DMF and DMSO films. We further analyzed 

the CTA kinetics from the GSB2 regions (490-500 nm) to understand this difference. Since the 

GSB2 signal is located on a broad photoinduced absorption (PIA) signal extending over the range 

from 400 to 600 nm, we calculated the pure GSB2 signals by subtracting the adjacent PIA signals 

(550-560 nm) from the raw signals at the respective GSB2 wavelengths. As shown in the resulting 

plots of the CTA kinetics in Fig. 4d-f, there is almost no difference between + and - probes of 

the GSB2 kinetics for DMF and DMSO films, whereas DMSO-DMF films show a long 

polarization lifetime reaching ~100 ps. Such different polarization characteristics may relate to the 

solubility of perovskite precursors in different solvents. As widely studied in perovskite film 

fabrications, DMSO-DMF mixture usually shows better perovskite precursor solubility than pure 

DMSO or DMF solvent39,40. Thus, PbI2 nanodomains may be more dispersed in DMSO-DMF films, 

resulting in faster carrier funnels. More importantly, based on in-situ XRD and GIWAXS results, 

in-plane (002) facets in DMSO-DMF films may offer a better carrier transport direction between 

the 1D phase and PbI2 nanodomains. Therefore, we conclude that chirality transfer of photoexcited 

electronic states occurs in our chiral 1D perovskites heterostructures which we can control by 

solvent engineering the film morphology and preferred orientation.     

  

To further study the chirality transfer process in our chiral perovskite heterostructures, we next 

compared TA data obtained using two different pump wavelengths to excite the chiral 

perovskite/PbI2 films.  Under 340 nm excitation, both GSB1 at ~378 nm and GSB2 at ~495 nm 

are excited, followed by excited state transfer from GSB1 to GSB2, which complicates the 

relaxation kinetics. However, we can also selectively obtain GSB2 signals under 430 nm excitation. 

In this case, no broad and long-lived PIA signals appeared together alongside the GSB2 signals, 

which we can now attribute to transitions from GSB1 to higher-lying states (Fig. S13). Accordingly, 

there is no carrier transfer between these states under 430 nm excitation41. As such, a comparison 



of differences in the TA kinetics of the GSB2 regions obtained under 340 nm and 430 nm excitation 

enables the characterization of the carrier transfer process (Fig. 4g-i). For DMF films (Fig. 4g), 

the decay kinetics from 0.5 ps to 100 ps are almost overlapping for the 340 nm and 430 nm pumps. 

However, only under 340 nm excitation the TA signal again rises after ~100 ps, which confirms 

excited state transfer in DMF films after 100 ps. The same trends were also observed in DMSO 

films (Fig. 4i). In contrast, for the DMF-DMSO films under 340 nm excitation (Fig. 4h), the TA 

signal exhibits a prominent increase already within 10 ps, compared to TA signals under 430 nm 

excitation. These results provide a strong indication that charge carrier transfer from GSB1 to 

GSB2 occurs rapidly in DMF-DMSO films. Based on these observations, we conclude that the 

strong and long-lived polarization signal in DMF-DMSO films arises from fast carrier transfer, 

which efficiently delivers polarized excited states from the chiral 1D perovskite phase (GSB1) to 

the PbI2 heterostructure (GSB2), before depolarization occurs in the chiral 1D perovskite phase. 

For DMF and DMSO films, carrier transfer occurs one order of magnitude slower after 100 ps. At 

this point, the excited state population in the 1D chiral perovskite phase (GSB1) has already 

depolarized (Fig. S12).   

 

Low-temperature chiroptical features 

Given that effective chirality transfer in chiral perovskite/PbI2 heterostructures enables long-lived 

polarized states, we attempted to explore the CPL properties of the chiral perovskite/PbI2 films. 

However, we did not observe obvious CPL signals due to the low PL intensities from these films 

at room temperature. Nevertheless, PL features were detected at cryogenic temperatures. Fig. 5a 

shows the temperature-dependent PL spectra of chiral perovskite DMSO-DMF films. A narrow PL 

peak at ~498 nm becomes dominant for cryogenic temperatures. This corresponds to a blue shift 

of the PL emission compared to room temperature (~510 nm). Additionally, the strong increase of 

intensity, and decrease of peak width, indicate strong electron-phonon interactions in our chiral 

perovskite/PbI2 heterostructures. To quantitatively understand electron-phonon coupling in this 

heterostructure, we extract the integrated intensity of PL peaks from temperature-dependent PL 

spectra and plot them as a function of temperature (Fig. 5b). In Fig. 5b, the temperature dependence 

of the integrated PL intensity (IPL) was fitted by the following equation12,  

𝐼𝑃𝐿(𝑇) =  
𝐼0

1+𝐴exp(−𝐸𝑏/𝑘𝐵𝑇)
    (1) 



where Eb is the activation energy, here corresponding to the excitonic binding energy, kB the 

Boltzmann constant, A a fitting constant, and I0 the integrated intensity of the PL peak at 5 K. The 

fitted Eb value is only ~11 meV, which is a much smaller value than typically found in low-

dimensional perovskite materials (hundreds of meV), and similar to the exciton binding energy 

reported in PbI2
42–44. Thus, this result is consistent with our conclusion that the sharp PL feature at 

~500 nm originates from the PbI2 regions of our chiral perovskite/PbI2 heterostructures. Further, 

these findings explain the low PL intensity of samples at room temperature, since excitons with 

such a small Eb would have a high probability of thermally dissociating prior to radiatively 

decaying. 

 

We now compare the PL spectra at 5 K for spin-coated chiral perovskite films prepared with 

different solvents (Fig. 5c). The PL intensity at ~500 nm is much stronger of all chiral 

perovskite/PbI2 films than that of pure PbI2 films. Additionally, the FWHM of the PL from pure 

PbI2 (~75 meV) is almost double that of chiral perovskite/PbI2 films (~38 meV), corroborating our 

conclusion that the 500 nm PL feature in chiral perovskite films does not simply originate from a 

pure PbI2 bulk phase. Furthermore, we hypothesize that the substantial increase in PL intensity of 

chiral perovskite/PbI2 films may be due to carrier funnelling from the perovskite phase to the PbI2 

nanodomains. Consistent with this interpretation, DMSO-DMF films show a much higher PL 

intensity at ~500 nm than pure DMSO or DMF films, as would be expected based on the fast 

carrier transfer in DMSO-DMF films observed in TA spectroscopy (Fig. 4g-i). This fast process 

can enable the efficient transfer of carriers to the PbI2 heterostructure phase before they can 

recombine via non-radiative decay channels, e.g., at traps and defects.  

 

In the DMF heterostructure films, we find a broad PL feature from 550 nm to 800 nm, which is 

similar to the PL signals from trapped excitons observed at room temperature (Fig. 1 and 3c). 

However, at low temperatures, this peak does only appear for DMF heterostructure films. 

Consistent with our other findings, this result indicates that the use of different solvents during the 

spin-coating process influences film crystallization, such as higher roughness in DMF films (Fig. 

S5), leading to the formation of different types and concentrations of traps and defects.  



To perform CPL measurements of chiral perovskite films at 5 K, we used linearly polarized pulses 

to photoexcite the samples, and a quarter waveplate (QWP), followed by a linear polarizer rotated 

by 45 with respect to the fast axis of the QWP, to select between + and - PL signals, which were 

subsequently sent to the camera. Neither chiral perovskite (R) nor (S)-EAPbI3 DMSO films 

showed obvious PL intensity differences at ~500 nm between + and - polarizations (Fig. 5d and 

5e). This observation is consistent with their low TA polarization degrees and is a consequence of 

the slow carrier transfer (Fig. 4g-i). We note that the dominate luminescent species in DMF films 

are trapped excitons rather than PbI2 emissions (Fig. 3c and 5c).  

For DMSO-DMF films, we find clear intensity differences were detected for chiral (R)- and (S)-

EAPbI3 films between + and - detections (Fig. 5f and 5g). Using these data, we calculate the 

degree of CPL polarization (P) by the following equation: 

𝑃 =  
𝐼

𝜎+− 𝐼𝜎−

𝐼𝜎++ 𝐼𝜎−
      (2) 

Here, I+ and I- represent the integrated PL intensities detected for the + and - polarizations. (R) 

and (S)-EAPbI3 films exhibit a similar degree of polarization (~4%) but reversed signs. 

 

To study the excited state polarization dynamics at low temperatures, we additionally performed 

CTA measurements on chiral perovskite DMSO-DMF films at 5K. In comparison to the room 

temperature TA signals, the GSB2 signals (495-505 nm) for PbI2 heterostructures become more 

pronounced and show longer lifetimes up to a few ns (Fig. S14). Similar to the low-temperature 

CPL measurements, large polarization in the TA signals for + and - probes was found at the 

GSB2 regions (Fig. 5h). The polarization of the GSB2 signal only decays after ~1 ns (Fig. S15), 

which explains the large degree of CPL at cryogenic temperatures. However, because the GSB2 

signals live beyond the end of our temporal detection range and co-exist with time-dependent 

broad PIA signals, it is difficult to isolate the GSB2 signal at low temperatures and to fit its decay 

kinetics. Therefore, as an alternative, we choose a PIA region (PIA2, 475-485 nm), which is located 

next to GSB2, to extract the polarization kinetics. Fig. 5i shows the degree of polarization from 

the CTA signal (blue line), calculated according to Equation 2, with I+ and I- given by the TA 

intensity obtained for probe pulses with + and - polarization (red and black lines, respectively). 

The difference between + and - probes increases from 1 ps to 4 ps, and stabilizes from 4 ps to 



hundreds of ps, reaching a high polarization degree of ~0.2. The rise in polarization kinetics 

strongly indicates the efficient transfer of chiral excited states from 1D chiral perovskite to a long-

lived polarized state in PbI2 nanodomains. The polarization decreases after ~300 ps. Taken together, 

these results highlight the significant potential of chiral perovskite/PbI2 heterostructure films for 

enabling controllable chirality transfer and circularly polarized emission.        

 

Conclusions 

In summary, we demonstrate the synthesis of new low-dimensional chiral perovskite (R/S)-EAPbI3 

single crystals, with single crystal XRD measurements proving that their crystal structures belong 

to Sohncke space groups. Furthermore, we show that these crystal structures can be transferred to 

thin film form via dissolution of single crystals in solvents followed by spin coating. In-situ XRD 

and GIWAXS measurements indicate that the solvents used for the spin-coating process can 

change the crystal orientations in chiral perovskite films, which enables control of both absorption 

and CD signals of chiral 1D perovskite films. Transient optical spectroscopy measurements 

confirm that by simply tuning the solvents used for spin-coating, we can drive fast and effective 

polarized carrier transfer from chiral perovskite phases to PbI2 heterostructures, giving rise to a 

long-lived polarized excited state with circularly polarized emission at low temperatures. Our 

demonstration of chiral perovskite heterostructures with controllable chirality transfer provides a 

new avenue for circularly polarized light generation, broadening the material ranges for future 

non-linear optoelectronics and spintronics applications.       

 

Materials and Methods 

Materials 

(R)-(+)-α-Ethylbenzylamine, (S)-(-)-α-ethylbenzylamine ((R/S)-EA), lead oxide (PbO), 

hydroiodic acid (HI, ≥47%), dimethyl sulfoxide (DMSO, anhydrous) and N,N-dimethylformamide 

(DMF, anhydrous) were obtained from Sigma-Adrich and were used directly without further 

purification.  

 

Fabrication of chiral perovskite single crystals and thin films  

The chiral perovskite single crystals were prepared by hydrothermal synthesis. For a general 

process, 200 mg PbO and 200 µL (R/S)-EA were separately dissolved in 6 mL HI solutions at 95 



C. The resulting solutions were transferred to 25 mL autoclaves and kept at the same temperature 

(95 C) inside the oven for 24 h. After slowly decreasing the temperature to room temperature at 

a rate of 1 C/h, large needle-shaped single crystals appeared at the bottom of the autoclaves. 

Diethyl ether was used to clean the obtained crystals three times, after which they were dried under 

vacuum conditions. The crystals were stored inside a N2 filled glovebox before usage.  

 

The thin film fabrication process was performed inside a glovebox under inert gas. The stock 

solution was prepared by mixing single crystal samples (80 mg) in 400 µL pure DMF, DMSO, or 

1:1 mixed DMSO-DMF solutions. After fully dissolving the single crystals at 100 C, 90 µL of the 

solutions were spin-coated on 2020 mm pre-cleaned glass substrates (4000 rpm, 35 s). The films 

were then annealed at 100 C for 10 min and then stored within a glovebox before characterization.    

 

General structural and optical measurements 

In-situ XRD measurements were performed at beamline 12.3.2 at the Advanced Light Source at 

Lawrence Berkeley National Laboratory utilizing a customized spin-coating setup. For such 

measurements, the sample was placed at an incident angle of 1° in the X-ray beam and the signal 

was recorded utilizing a DECTRIS Pilatus 1 M X-ray detector placed at 35° relative to the sample. 

Images were recorded with an exposure time of 1 s. To avoid oxidation effects during the 

measurement, the sample chamber was constantly purged with nitrogen. The experiments were 

conducted at a beam energy of 10 keV, corresponding to a wavelength of 1.2398 Å. However, to 

allow for an easy comparison with steady-state XRD data, the reflections displayed in this work 

were re-calculated to match the wavelength of Cu Kα1 radiation. 

 

The GIWAXS measurements were performed at Beamline PO3 at Deutsches Elektronen-

Synchrotron (DESY, Hamburg) under an incidence angle of 0.4° with an X-ray beam energy of 

11.87 keV. The data were recorded with an exposure time of 1 s on a Lambda 9M detector (X-

Spectrum). The reshaped GIWAXS, index, and line cuts of scattering data were performed with 

the python tool INSIGHT 45. Single crystal XRD measurements were performed on a Bruker D8 

Venture system with Mo radiation (λ = 0.71073 Å) at 100 K, for further details see the Supporting 

Information. 

 



AFM measurements were performed in tapping mode with the commercial AFM (Neaspec, 

Attocube GmbH). The PtIr alloy-coated silicon tips were driven near their resonance frequency of 

280 kHz with the free tapping amplitude of ~70 nm. Absorption and CD measurements were 

performed on a commercial CD spectrometer (JASCO J-1700).  

 

PL measurements 

Room-temperature PL measurements were conducted using a home-built setup. A Yb:YAG laser 

system (LightConversion Pharos) with an optical parametric amplifier (LightConversion Orpheus) 

was used to provide suitable excitation, with wavelengths indicated in the main text. The ICCD 

camera (Andor, iStar) was used to acquire the PL signals. For low-temperature PL measurements, 

a Montana cryostation was used to cool down the samples to ~5 K. For CPL measurements, an 

additional quarter waveplate and a linear polarizer were placed in front of the camera to control 

the detection polarizations. TCSPC measurements were performed using a PicoQuant PDL 800-D 

excitation laser (405 nm) and a Horiba iHR 550 spectrometer. A constant fraction discriminator 

(PicoQuant PicoHarp 300) and a single-photon avalanche photodiode detector (Micro Photon 

Devices PD-100-CTE) were used to collect PL signals. 

 

TA spectroscopy measurements 

Room-temperature TA measurements were performed using a commercial TA setup (Ultrafast 

Systems, HELIOS). An additional linear polarizer and quarter waveplate were placed in front of 

the samples to change the polarization of the probe beam for CTA measurements. Low-temperature 

TA measurements were performed using a home-built setup using the same Montana cryostation 

that was used for PL measurements. Pump and probed beams were generated with a 

LightConversion Pharos with an optical parametric amplifier (LightConversion, Orpheus) 

producing 270 fs pulses (5 kHz repetition rate, 780 nm). After splitting this output with a beam 

splitter, one portion of the beam was directed through a CaF2 crystal window to generate a white 

light probe (390 - 780 nm). The other portion of the beam was passed through a linear translation 

stage (Newport DLS325) and a BBO crystal to provide a 390 nm pump beam. The pump beam 

was then chopped and overlapped with the probe on the sample. The probe beam was finally 

collected by an Andor Kymera 193i spectrometer and Andor Zyla 5.5 sCMOS camera. Similar to 

the room temperature CTA, a linear polarizer and quarter waveplate were used to obtain low-



temperature CTA signals. 
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Fig. 1. Structural and emission characterization of chiral 1D (R/S/Rac)-EAPbI3 perovskite 

single crystals. (a, b) Structure of (R/S)-EAPbI3 from single-crystal X-ray diffraction. (c) Room-

temperature PL spectra collected from chiral (R/S/Rac)-EAPbI3 single crystals, respectively. 
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Fig. 2. Structural evolution of chiral 1D (R)-EAPbI3/PbI2 thin films during spin-coating. (a, 

b) In-situ XRD maps of chiral perovskite/PbI2 thin films monitored during spin-coating (before 60 

s) and during the subsequent annealing process at 100 °C (after 60 s). The films were fabricated 

using three different solvents, DMF, DMSO, and a 1:1 DMF-DMSO mixture. The XRD patterns 

are expanded in two different regions, 6.5 to 9.0 (a), and 13.5 to 15.0 (b). (c, d) 2D GIWAXS 

data for perovskite films fabricated using a 1:1 DMSO-DMF mixture (c) without and (d) with a 

10 min annealing process at 100 °C. 

  

100 1000
Time (s)

−1.0E+2

4.0E+2

9.0E+2

1.4E+3

1.9E+3

2.4E+3

Intensity (a.u.)

DMSO

100 1000
6.5

7.0

7.5

8.0

8.5

9.0

Time (s)

2
T

h
e

ta
 (
°)

DMF

100 1000
Time (s)

DMSO-DMF

100 1000
13.5

14.0

14.5

15.0

Time (s)

2
T

h
e

ta
 (
°)

DMF

100 1000
Time (s)

DMSO-DMF

100 1000
Time (s)

−1.0E+3

2.0E+3

5.0E+3

8.0E+3

1.1E+4

1.4E+4

Intensity (a.u.)

DMSO

(002)

PbI2 (001)

(a)

(b)

(c) (d)

(002) out-plane
(001) PbI2

(011)

(013)

No annealing DMSO-DMF

(002) in-plane



 

Fig. 3. Photophysics and excited state dynamics in chiral (R)-EAPbI3/PbI2 thin films. (a) 

Steady-state room-temperature UV-vis absorption, (b) circular dichroism, and (c) PL spectra of 

chiral perovskite thin films. (d-f) Transient absorption (pump wavelength 340 nm, fluence ~180 

µJ/cm2) color maps of chiral perovskite thin films formed using DMF (d), mixed DMSO-DMF 

(e), and DMSO solvents (f). (g) Comparison of TA spectra averaged over the initial 1 ps after 

excitation of films prepared from different solvents. The thin films were annealed at 100 C for 10 

min. One DMF-derived film was fabricated without annealing for comparison. Grey regions 

indicate regions of two GSB signals. (h) TA kinetics extracted from the two GSB regions 

highlighted in (g) of the annealed DMF-derived film. The GSB2 kinetics were corrected for the 

underlying broad photoinduced absorption by subtracting the signal in the range 550-560 nm. (i) 

TCSPC kinetics of the annealed DMF-derived film, obtained at a luminescence detection 

wavelength of 505 nm (excitation wavelength 405 nm, fluence of ~10 µJ/cm2). 
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Fig. 4. Photoexcited state polarization dynamics in chiral (R)-EAPbI3/PbI2 thin films. (a-c) 

CTA spectra in the initial 1 ps after excitation for chiral perovskite thin films deposited using (a) 

DMF, (b) DMF-DMSO, and (c) DMSO. A linearly polarized 340 nm (~180 µJ/cm2) pump was 

used to excite each of the samples. Circularly polarized right-handed (+) and left-handed (-) 

probes were used to detect TA signals. (d-f) CTA kinetics collected from GSB2 regions from panels 

in Fig. 4a-c, respectively. (g-f) Comparison of linear TA kinetics at GSB2 regions under 340 nm 

and 430 nm excitations. The TA kinetics were obtained from (g) DMF, (h) DMSO-DMF, and (i) 

DMSO films.   
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Fig. 5. Chiroptical photophysics of chiral perovskite/PbI2 thin films at cryogenic 

temperatures. (a, b) Temperature-dependent PL spectra (a), and corresponding integrated PL 

intensity (b) as a function of temperature for chiral perovskite films deposited with DMSO-DMF. 

The samples were excited at 395 nm with a pump fluence of ~5 µJ/cm2. (c) Comparison of low 

temperature (5 K) PL spectra of films deposited using DMF, mixed DMSO-DMF, and DMSO 

solutions. (d-g) Low-temperature (5 K) CPL spectra of chiral perovskite/PbI2 films produced using 

(d, e) DMSO, and (f, g) mixed DMSO-DMF. (h, i) Low temperature (5 K) CTA spectra (h) and 

kinetics (i) of chiral perovskite films produced using DMSO-DMF. The CTA kinetics were 

collected from the PIA signals, as indicated by the grey region in (h). The samples were excited at 

390 nm with a pump fluence of ~14 µJ/cm2. 
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