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Abstract

2D layered double perovskites of (S-MPA)4AgBiI8 (MPA-AgBiI8) and (S-MPA)4CuBiI8 

(MPA-CuBiI8) (S-MPA, S-β-methylphenethylammonium) were synthesized with a 

hydrothermal method. The crystal structure of MPA-AgBiI8 was determined using single-

crystal X-ray diffraction (scXRD). Powder XRD (pXRD) data suggest that the crystal structure 

of MPA-CuBiI8 is more complex than that of MPA-AgBiI8. UV-Vis electronic absorption 

spectra of these perovskites reveal a bandgap of 2.03 eV for both. Short exciton lifetime from 

time-resolved photoluminescence (TRPL) results and low PL intensity of the Cu-based 

perovskite suggest a high density of trap states within the bandgap. Low frequency Raman 

spectra of both materials show distinct peaks and a slightly higher frequency for the Cu-based 

perovskite than the Ag-based perovskite. Density functional theory (DFT) calculations were 

conducted to simulate the low frequency Raman spectra and help explain the different phonon 

modes, which are collective vibrations of metal halide bond bending and stretching within the 

Ag- and Cu-centered octahedra coupled with MPA libration and twisting within the inorganic 

layer. The DFT theory also quantified octahedral distortions in the two perovskites. This 

combined experimental and computational study provides new insights into the low frequency 
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2

vibrations of 2D perovskites. 

TOC Graphic

INTRODUCTION

Metal halide (MH) perovskites attract increasing attention because of their exceptional 

optoelectronic properties, highly tunable composition, and facile synthesis.1–3 Now, 

perovskites of different dimensions (i.e., 3D, 2D, 1D, and 0D) have been synthesized4–8 and 

reported with defined structures and controlled properties. Intriguing properties, particularly a 

more substantial quantum confinement effect, were observed as dimensionality decreases.9,10

However, 3D perovskites suffer from undesirable attributes such as environmental 

instability and Pb toxicity. 2D perovskites hold superior chemical stability, as well as tunable 

structures and properties.11 Large organic cations such as methylphenethylammonium (MPA) 

are essential for constructing 2D perovskites. The MPA cation plays dual roles in the 

perovskite: the -NH₂ terminal forms N-H···halogen hydrogen bonds anchoring the inorganic 

framework, and the bulky aromatic backbone exerts a pronounced steric effect that induces 

octahedral distortion, thereby enabling structural control over material properties.12 Also, 

chiral MPA is potentially useful for chiral metal halides for applications such as circularly 

polarized luminescence (CPL) and chirality-induced spin selectivity.13–15 In the 2D perovskites, 

the metal cations dominate in determining the structural and optical properties. To replace toxic 

Pb, Ag(I), Cu(I) and Sn(II) metal halide perovskites have been explored and found to have 

exceptional optical properties, with Cu-halide clusters exhibiting more disordered 

structures.16–18 Among the metals, Ag-Bi double halide perovskites remain highly promising 

due to their exceptional stability and optoelectronic properties, and their atomic and electronic 

structures have been well studied.11,19–21 Raman spectra were utilized as a simple way to 

interrogate structural changes because of the characteristic changes in the vibrational modes 
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when transitioning, for example, from 3D to 2D.19￼In the low-frequency Raman region, the 

metal halide bond vibrations will be prominent and were studied for Ag-Bi-based perovskite 

structures. The Raman signals change after replacing Ag with Cu due to the varied Bi-I and 

Cu-I bond lengths,11,21￼but assignment of these modes and the structural insight they could 

afford remain elusive. 

There are many reports about the determination of the structures of low-dimensional 

perovskite materials by X-ray diffraction (XRD).22–26 In contrast, studies of their structures 

using Raman spectroscopy are less common, especially for 2D layered double perovskites, due 

to the difficulty in acquiring high-quality data in the low frequency region. Such low frequency 

phonon modes (<200 cm-1) can reveal interaction between layers and provide atomic-level 

information about the role of hydrogen bonding or van der Waals forces in the crystal structure. 

For example, the THz Raman modes for layered structures, such as MoS2 and WSe2, reflect 

shear or breathing modes between the layers.27–30 In the high frequency “fingerprint” region 

(>200 cm-1), Raman spectra are used for chemical bond and functional group identification.31–

33 Density functional theory (DFT) calculations can be used to predict Raman peaks and link 

them to specific vibrational modes.30,34 By combining experimental data with DFT simulations, 

the low frequency Raman spectra can reveal the large-scale spatial structure of the crystal, 

whereas the conventionally studied high-frequency Raman modes are sensitive primarily to 

the local structure. 

Here, by using a hydrothermal method, MPA-CuBiI8 and MPA-AgBiI8 (MPA, 

methylphenethylammonium) perovskites were prepared. Single-crystal XRD demonstrates 

that the Ag-based perovskite exhibits a 2D layered structure, aligning with previously reported 

data.13 Simulated and experimental powder XRD, Raman, and IR data for the Cu-based 

perovskite indicate that its structure is more complex than that of the Ag-based perovskite, 

with evidence of multiple phases. Nevertheless, the UV-Vis and photoluminescence (PL) 

spectra show a similar electronic structure and the Tauc plot shows the same bandgap at 2.03 

eV for both materials. From the time-resolved photoluminescence (TRPL) results, a shorter 

exciton lifetime is extracted in the Cu-based perovskite, which we ascribe to distortion-induced 

trap states in the structure. In addition, first-principles DFT calculations were performed to 

simulate the low frequency vibrational modes and structural distortion of the two 2D layered 

double perovskites.

RESULTS AND DISCUSSION
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Figure 1 shows the morphology and shape of the MPA-AgBiI8 and MPA-CuBiI8 crystals. 

MPA-AgBiI8 forms slabs around 100 μm in size with a roughly 20 μm distance between the 

cracks (Figure 1 (a.b), which we attribute to weak van der Waals forces between the organic 

layers. MPA-CuBiI8 forms small rods with a length of about 10 μm (Figure 1 (c,d)). From the 

images, the crystallinity of the Cu-based perovskite is not comparable to that of the Ag-based 

perovskite. We were unable to grow single-crystals of MPA-CuBiI8 suitable for X-ray structure 

determination, however, scanning electron microscopy (SEM) confirms that microcrystals are 

present.

Figure 1 SEM images of the MPA-AgBiI8 (a, b) and MPA-CuBiI8 (c, d) crystals. The green 

labels show the size of individual crystals and the distance between the cracks along the 

cleavage direction.

Figure 2 shows the powder XRD pattern of MPA-AgBiI8 and MPA-CuBiI8 to confirm 

the 2D layered structure. In Figure 2 (a), the diffraction peaks for the Ag-based perovskite were 

observed at 10.6, 15.8, 20.5, 25.5, 27.6, 30.3, 32.6, 37.7, 41.1, and 47.0°. The 10.6, 15.8, 20.5, 

27.6, 32.6, 37.7° diffraction peaks match with reported XRD data of MPA-AgBiI8 films, 

indicating a 2D layered structure in our case.13 For the Cu-based double perovskite, in addition 

to the diffraction peaks observed for the Ag-based perovskite, there are new peaks at 12.1, 
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22.4, 29.4, 32.5, 38.0 and 44.4°. Closer examination of the experimental XRD peaks in Figure 

2 (b) reveals different intensities in the same diffraction peaks between two perovskites. We 

were able to grow diffraction-quality single crystals of MPA-AgBiI8 and solve and refine its 

crystal structure (vide infra). The Ag-I bonds that are parallel to the c axis are 2.665(3) and 

2.683(3) Å long, and the equatorial Ag-I bond lengths range from 3.335(6) to 3.524(6) Å, 

indicating a distorted octahedra structure of [AgI6]5-. In contrast, all the Bi-I bonds fall within 

a narrow range from 3.023(5) to 3.112(5) Å (see Figure S2). As Cu+ (0.77 Å) has a much 

smaller radius than Ag+ (1.15 Å) and Bi3+ (1.03 Å), more distorted [CuI6]5- octahedra are 

expected.35 According to Jahn-Teller distortion theory, the octahedrally coordinated transition 

metals Cu+, Ag+ will split eg orbitals to stabilize the double perovskites by elongating or 

shortening the metal halide bonds, leading to a crystal symmetry-breaking.36 The XRD pattern 

of the Cu-based perovskite retains most of the characteristic peaks of the Ag-based counterpart 

but exhibits additional peaks, suggesting a similar but more complex composition, possibly 

due to multiple phases arising from oxidized Cu compounds or unreacted starting materials.

Figure 2 Powder XRD pattern of the MPA-AgBiI8 and MPA-CuBiI8. (a) The experimental 

and simulated XRD pattern comparison. (b) Overlaid plots of experimental XRD results of 

MPA-AgBiI8 and MPA-CuBiI8. 

Figure 3 shows the UV-Vis electronic absorption spectra and Tauc plot of the MPA-

AgBiI8 and MPA-CuBiI8. In Figure 3 (a), the absorption peaks reside at 330 and 550 nm for 

both materials, and the Cu-based perovskite has a slightly broader absorption spectrum shape, 

suggesting a more complex composition for Cu. From the Tauc plot in Figure 3 (b), the 
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bandgaps of both materials were determined to be 2.03 eV, indicating no change in the bandgap 

between Ag- and Cu-based perovskites.

 
Figure 3 UV-Vis electronic absorption spectra (a) and Tauc plot (b) of MPA-AgBiI8 and 

MPA-CuBiI8. 

Figure 4 shows the PL spectra and TRPL profiles of the two materials. In Figure 4 (a), a 

narrow emission peak is observed at 548 nm with a full width at half maximum (FWHM) of 

50 nm for MPA-AgBiI8. A 550 nm main emission peak was also observed for MPA-CuBiI8, 

with another shoulder peak at 472 nm. The PL shape of the Cu-based perovskite is broader 

than that of the Ag-based perovskite, suggesting a more distorted structure.37 The 472 nm peak 

is attributed to the transition associated with Cu. Meanwhile, the PL intensity (see Figure S1) 

of the Cu-based perovskite is one order of magnitude lower than that of the Ag-based 

perovskite, indicating more non-radiative recombination and a high density of trap states. The 

TRPL in Figure 4 (b) shows exciton lifetimes of the Ag and Cu-based perovskites and both 

materials exhibit long decay curves to 4000 ns. The TRPL curves are fitted with a bi-

exponential function, and the average lifetime (τavg) was calculated based on the following 

equations:38–41

𝜏𝑎𝜈𝑔 =
𝐴1𝜏21+𝐴2𝜏22
𝐴1𝜏1+𝐴2𝜏2

                                                      (1)

where A1 and A2 denote fast and slow component amplitudes, τ1 and τ2 denote fast and slow 

component time constants. The τavg resolves to be 348±40 and 326±40 ns for microcyrstalline 
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MPA-AgBiI8 and MPA-CuBiI8, respectively, with the lifetime of the Cu-based perovskite 

being 22 ns shorter. After considering the margin of errors, no exciton lifetime difference is 

observed at ~550 nm between two crystalline materials, implying the same decay channels at 

~550 nm, possibly due to domination by Bi metal energy levels. The slightly shorter exciton 

lifetime indicates more trap states in MPA-CuBiI8, possibly involving oxidized Cu compounds.

Figure 4  (a) PL spectra of MPA-AgBiI8 and MPA-CuBiI8, excited at 278 nm and 254 nm, 

respectively. (Excitation at 303 nm for the Ag-based perovskite shows the same PL peak at 

548 nm.) (b) TRPL spectra of Ag- and Cu-based perovskites. Ag-based perovskite: excited at 

278 nm and monitored at 548 nm. Cu-based perovskite: excited at 260 nm and monitored at 

550 nm. 

Figures 5 (a) and (b) show the DFT-optimized crystal structures of MPA-AgBiI8 and 

MPA-CuBiI8 along the in-plane (equatorial) and out-of-plane (axial) directions (detailed lattice 

parameters in Table S2). Both exhibit a 2D layered structure. The structures were optimized 

starting from the crystal structure of MPA-AgBiI8.13 In Figures 5 (c) and (e), the hydrogen 

bond lengths are slightly longer in the Ag-based perovskite, with a range from 3.427 to 5.157 

Å, than in Cu-based perovskite, which span from 3.232 to 4.775 Å, indicating a longer distance 

between the organic and inorganic layers. In Figures 5 (d) and (f), the Cu-I bonds are shown 

to be shorter than Ag-I bonds, and the metal halide bond lengths between Ag/Cu-I and Bi-I 

bonds are unmatched in the corner-connecting direction, along the equatorial plane. 

Specifically, the metal halide bonds in both octahedra are compressed with two axial bonds of 

2.758 Å, four equatorial bonds ranging from 2.977 to 3.067 Å in the Ag-based perovskite and 

two axial bonds of ~2.568 Å, four equatorial bonds ranging from 2.689 to 2.783 Å in the Cu-

based perovskite, indicating a Jahn-Teller distortion. The Jahn-Teller distortion allows empty 

metal d orbitals with low enough energy to mix with filled non-metal p orbitals, stabilizing a 
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8

distorted geometry.42,42,43 These Jahn-Teller distortions are present in the Cu and Ag-centered 

octahedra, but not in Bi-centered octahedra, due to Bi’s fully occupied d-orbitals. These are 

evidenced by the relatively large distortion index (D) values obtained for Cu and Ag-centered 
octahedra compared to Bi (SI Table S7), with Bi octahedra having values near 1×10-2 in the 

theoretical structures and values of 2.97×10-2 in the Cu-centered octahedra and 4.26×10-2 in 

Ag-centered octahedra.
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9

Figure 5 DFT-PBE-simulated crystal structure of the (a) MPA-AgBiI8 and (b) MPA-CuBiI8 

viewed along the a and c axes. Ag, Bi, and Cu-centered octahedra are shown in silver, magenta, 

and blue colors. (c) The hydrogen bond lengths between N and I atoms between the organic 

and inorganic layers in MPA-AgBiI8 and (d) Ag-I, Bi-I bond lengths inside the octahedra. (e) 

The hydrogen bond lengths between N and I atoms between the organic and inorganic layers 

in MPA-CuBiI8 and (f) Cu-I and Bi-I bond lengths inside the octahedra. The hydrogen atoms 

are omitted for clarity in figures (c) and (e). All bond lengths are in Å.

 

Figure 6 shows the comparison between experimental and calculated Raman and IR 

spectra for crystalline MPA-AgBiI8 and MPA-CuBiI8. The experimental data were adjusted to 

remove temperature dependence to generate the reduced Raman spectra44 (see treatment 

method in SI), and the theoretical data were treated with a 6 cm-1 Gaussian broadening to match 

the experimental result. The original Raman spectra with temperature dependence are shown 

in Figure S3 for comparison. Figures 6 (a) and (b) show the comparison of experimental and 
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calculated Raman spectra in the low frequency range from 0-200 cm-1. The broad low-energy 

Raman bands from the experiment indicate strong molecular interactions within the 

perovskites.45 For both materials, the theoretical results match the experimental peaks except 

that theory shows a separate peak at 140 cm-1 for the Ag-based perovskite and 174 cm-1 for the 

Cu-based one. One reason for the mismatch between the experimental and theoretical Raman 

spectra is that disorder from thermal or other causes is inevitably present in the structure, which 

changes interactions between neighboring unit cells and leads to shifts and broadening of 

vibrations, especially of low-frequency vibrations.47 In contrast, the DFT calculations use an 

idealized crystal structure without disorder. In the high-frequency region from 200-1800 cm-1 

in Figures (c) and (d), the theoretical peak positions match the experimental Raman data, but 

this is not the case for the intensities. Comparison of the IR spectra in Figures (e) and (f) shows 

good agreement for both the peak positions and intensities. Together with the comparison of 

XRD patterns, these results suggest a correspondence between the DFT-simulated crystal 

structures and the actual crystal structures.
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11

Figure 6 Low frequency (0-200 cm-1) (a, b), high frequency (200-1800 cm-1) (c, d) Raman and 

IR spectra (400-2000 cm-1) (e, f) of MPA-AgBiI8 and MPA-CuBiI8.

To decipher the character of the low frequency vibrational modes, the DFT calculations 

were conducted and compared to the experimental results. Only the most significant 

contributions to each vibrational peak are shown here to match the experimentally measured 
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ones, though  636 modes in total are obtained from the calculation,  with the subset in the range 

0-200 cm-1 shown by vertical lines at the bottom of Figures 7. It should be noted that the 

motions repeat periodically in each unit cell of the lattice. Comparing the low frequency Raman 

spectra between Ag- and Cu-based perovskites, more and broader peaks are generated from 

the Cu-based perovskite based on the DFT computation. This could be due to the stronger 

hydrogen bond between the organic and inorganic layer, which broadens the vibrational peak 

and a more distorted lattice structure and lower symmetry, leading to more vibrational 

modes.43,46

Figure 7 shows the assignment of experimentally measured vibrational modes from 

Raman spectra of MPA-AgBiI8 and MPA-CuBiI8 aided with simulated Raman spectra below 

200 cm-1. We provide here only the most dominant characteristics of each mode, and where a 

distortion or motion is mentioned without specifying whether it is in or out of plane, the 

distortion has components in both directions. In the Ag spectrum, the peak at 31 cm-1 is 

ascribed to both in-plane and out-of-plane bond angle distortions of octahedra, coupled with 

tilting of the Ag octahedra. The mode at 54 cm-1 is assigned to octahedra bond angle distortions 

and in-plane and out-of-plane motion of Bi and Ag centers. The mode at 111 cm-1 arises from 

in-plane bond length distortions and out-of-plane Bi bond length distortions. The mode at 129 

cm-1 consists of in-plane bond length distortions on both octahedra, bond angle distortions of 

Bi-centered octahedra, out-of-plane Ag bond length distortions, and in-plane motion of Bi. The 

peak at 140 cm-1 consists of in-plane bond-length distortions on both octahedra, and motion of 

Bi centers. 

In the Cu spectrum, at 33 cm-1, the dominant motions are octahedra bond angle 

distortions coupled with in-plane motions of the octahedral centers. The peak at 59 cm-1 is 

characterized by angle distortions of both in-plane and out-of-plane octahedra bonds, with 

significant contributions from motion of Cu atoms. At 76 cm-1, in-plane bond angle distortions 

on both Cu and Bi octahedra, bond angle distortions of out-of-plane Cu-I bonds, and tilting of 

Bi-centered octahedra are dominant. At 111 cm-1, Cu centers move in plane, Cu octahedra 

exhibit in-plane bond angle distortions, and both Cu and Bi octahedra display bond length 

distortions. At 132 cm-1, Cu atoms move in plane, Cu octahedra undergo bond angle distortion, 

both Bi and Cu octahedra have in-plane bond length distortions, and Bi octahedra have bond 

length distortions along out-of-plane Bi-I bonds. The 151 cm-1 mode includes in-plane bond 

length distortions on Bi and Cu octahedra, while Cu atoms move in plane. The peak at 174 cm-

1 contains bond length distortions of octahedra, and significant NH3 group rotation on MPA 
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molecules. In both the Ag-containing and Cu-containing materials, all peaks listed in this range 

exhibit libration and internal twisting of MPA molecules coupled to the vibration of the 

inorganic layers. 

Figure 7 Reduced experimental and theoretical (with 6 cm-1 Gaussian broadening) Raman 

spectra of (a) MPA-AgBiI8 and (b) MPA-CuBiI8. Solid vertical lines show all the individual 

mode positions and intensities in the DFT calculation within the 0-200 cm-1 range. 

Table 1 Summary of experimental and theoretical vibration modes in the low Raman 

frequency region (0-200 cm-1) of MPA-AgBiI8 and MPA-CuBiI8.

Original peak assignment, 

with wider peak broadening 

added during post-processing 

of theoretical data
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14

MPA-AgBiI8 (cm-1) MPA-CuBiI8 (cm-1)

Experiment Theory Assignment Experiment Theory Assignment

31 31

Ag-I-Bi 

bending 32 33

Cu-I-Bi 

bending

53 54

Ag-I-Bi 

bending 43 59-76

Cu-I-Bi 

bending

101-116 111
I-Ag/Bi-I 

stretching
107 111

I-Cu-I bending/ 

stretching

121 129

MPA librating

I-Ag/Bi-I 

stretching

123 132
Cu-I-Bi 

stretching

140

MPA librating

I-Ag/Bi-I 

stretching

142 151
Cu-I-Bi 

stretching

174

MPA librating

Cu-I-Bi 

stretching

Figure 8 presents the calculated partial vibrational density of states (VDOS) of MPA-

AgBiI8 and MPA-CuBiI8 based on the DFT-optimized crystal structures. The VDOS figures 

describe the number of vibrational states in each unit frequency and the partial VDOS describes 

how individual elements contribute to the total vibrational states, which is shown over a 0-3300 

cm-1 frequency range. In Figure 8 (a), in the 0-500 cm-1 region, the main contributions to 

vibration involve C and H, while contributions from Bi, Ag, and I are at their strongest 

compared to the rest of the spectrum. In the 500-1500 cm-1 region, these contributions from Bi, 

Ag, and I are less present and are superseded by contributions from C, H and N atoms. In the 

vicinity of 3000 cm-1, characteristic high frequency vibrations involving H atoms, for example, 

N-H or C-H stretching, are observed. After replacing Ag with lighter Cu (Figure 8 (c)), 

vibrations with higher frequency were observed. 

In the enlarged low frequency regions in Figure 8 (b) and (d), there is a pronounced 

vibrational contribution from Bi element near 55 cm-1 in the Ag-based perovskite, but that 

contribution peak shifts slightly to 60 cm-1 and broadens in the Cu-based one. This demonstrates 

that Bi contributes significantly to low frequency modes, involving bond bending with Bi, and 
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makes a greater contribution when Cu metal is involved. Ag contributes around 70 cm-1 and a 

broader peak is observed from Cu atoms in the 60-140 cm-1 range, indicating that Cu 

contributes more pronouncedly in low-frequency vibrations than Ag. This is likely due to the 

smaller mass of Cu and greater bond strength.47,48 The I atom contributes to vibrations in the 

80-150 cm-1 region for both materials, with slightly higher frequency for MPA-CuBiI8. The 

observation that the I atoms contributed to higher frequencies in Cu than Ag highlights that I 

atoms couple strongly to metal (Bi, Ag, and Cu) atoms, and the shift reflects structural 

differences in bonding geometry and octahedral distortion, as shown in Table S7. C and N show 

broad contributions across the low frequency range in both perovskites. These mode peaks are 

broad and overlap with inorganic lattice motions, showing that the MPA twisting and rocking 

vibrations are coupled with the inorganic layer. 

  

Figure 8 Calculated partial vibrational density of states (VDOS) of (a, b) MPA-AgBiI8 and (c, 

d) MPA-CuBiI8. 

For MPA-AgBiI8, the experimental Raman vibration modes reside at 31, 53, 101, 116, 
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and 121 cm-1, while for MPA-CuBiI8, the vibration modes are at 32, 43, 107, 123, and 142 cm-

1. According to Hooke’s law,

𝑓 = 1
2𝜋

𝑘
𝑚(2)

where k is the force constant, m is the reduced mass, f is the frequency.49 After treating the 

atoms and bonds as harmonic oscillators, k is directly proportional to bond strength. Since the 

mass of Cu is smaller than the Ag and the force constant of a Cu-I bond (173 N/m) at is higher 

than that of an Ag-I bond (145.8 N/m),47,48 the vibrational frequencies of Cu-based perovskite 

are expected to shift to higher positions as can be confirmed by experimental results with an 

increase from 101 to 107, 116 to 123 and 121 to 142 cm-1, respectively.

Some researchers have combined experiments and DFT simulations to assign the peaks 

to the vibration modes in low frequency Raman. For example, Quarti et al. attributed the 

vibrational frequency at 62 cm-1 to Pb-I bending, 94 cm-1 to Pb-I stretching in inorganic layers 

and the libration of organic cations at 119 and 154 cm-1 in the CH3NH3PbI3 3D structure.13 

Other studies exploited single crystal XRD to help elucidate the structural distortion, such as A 

site libration and metal halide bond length and angle changes that account for the low frequency 

vibrational peaks in 2D perovskites.26 

In terms of the optical properties of double perovskites, previous reports revealed via 

partial density of states (PDOS) that they are mainly dominated by the inorganic layer.13,43 The 

valence band maximum (VBM) is largely contributed by I 5p states with a small contribution 

from Ag 4d and Bi 6s states and the conduction band minimum (CBM) is mainly contributed 

by the Bi 6p orbitals.43,50 From our bandstructure (Figure S7) and PDOS (Figure S8) 

calculations, we found that the band edges are mostly due to p-orbitals from I atoms, with small 

contributions from Ag d-orbitals and Cu d-orbitals in the VBM and Bi p-orbitals in the CBM. 

Our calculations give a bandgap of 1.6 eV for the Cu-based perovskite and 2.1 eV for the Ag-

based perovskite, showing a substantial difference between the two, unlike the bandgaps 

determined from the Tauc plots. While it is unsurprising that our DFT results do not 

quantitatively match the experimental bandgap, it is unclear why there is such a discrepancy in 

the difference between the two structures’ bandgaps. Possible reasons are given in SI.

 In other work on 1D organic metal halide hybrids, specifically C4N2H14PbBr4, the VBM 

was dominated by p-orbitals of Br, while the CBM was dominated by p-orbitals of Pb.51 In a 

study of 2D lead bromide perovskites, VBM had strong Br p-orbital character followed by Pb 

s-orbitals, and the CBM had strong Pb p-orbital character.52 Our results match with the existing 

trend of the VBM being dominated by metal and the CBM having significant contributions 
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from halide (I, Cl, or Br) p-orbitals. In each case, the halide atom is a major contributor to the 

band edges, with the metal atoms affecting the size of the band gap, but not significantly 

changing the character or shape of the band edges. It is expected that the contribution from Ag 

and Cu would be less than the contribution from iodine in the density of states because there 

are more iodine atoms in the unit cell. 

One application of a highly distorted structure is to induce a larger Rashba effect to 

modulate the spin lifetime, because the lattice distortion could break the inversion symmetry 

in the crystal, which arises from the organic cation rotation and unmatched metal halide 

bonds.53–55 The Rashba effect will split the electronic band into finer structures and affect the 

spin-related excited state lifetime.56–58 To this end, we have calculated octahedral distortion 

parameters, in particular, ∆Dtilt, which is an indicator of inversion symmetry breaking and has 

been tied to chiral light emission.  We can compare the octahedral parameters, as a measure of 

distortion, for the experimental Ag structure and theoretical Ag and Cu structures. These 

parameters have been used as predictors of experimental properties such as broadband 

emission, band gaps, and exciton trapping. In particular, Smith et. al. found that broadband 

emission upon near-ultraviolet excitation becomes more intense with increasing out-of-plane 

angle distortion.59 Additionally, larger values of ∆Dtilt indicate inversion symmetry-

breaking,55,60 which enables chiral emission.52,61 Larger octahedra tilt angles also show wider 

bandgaps and greater exciton trapping.62,63 We find that DFT overestimates the level of angle 

distortion compared to experiment, as quantified by ∆Dtilt, in agreement with previous work.52 

As shown in Figure S6 and Table S7, the arrangement of Cu octahedra in MPA-CuBiI8 is 

more distorted than the Ag octahedra in MPA-AgBiI8 based on ∆Dtilt, and therefore MPA-

CuBiI8 has the greater inversion symmetry-breaking. In Tables S8 and S9, the bond length 

distortion of Bi octahedra is about the same in both theoretical Cu and Ag structures, but the 

bond angle variance of Bi octahedra is much higher in the Cu theoretical structure. Cu and Ag-

centered octahedra have greater bond length distortion than Bi, due to Jahn-Teller effects. Ag 

has greater bond angle variance than Bi, but Bi has more than Cu. DFT underestimates the 

disparity between Ag/Cu and Bi octahedra within a structure. The level of distortion between 

Bi atoms in the theoretical Cu-based and Ag-based structures differs. The bond length 

distortion index D is nearly identical (1.07 in Cu vs 1.05 in Ag). However, the bond angle 

variance, σ2, is quite different (70.53◦2 in Cu and 38.63◦2 in Ag).

CONCLUSION
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In conclusion, crystalline MPA-AgBiI8 and MPA-CuBiI8 were successfully synthesized 

using a hydrothermal method. Their structural, photophysical and Raman vibration modes have 

been studied. The structure of MPA-CuBiI8 is more complex than that of MPA-AgBiI8, as 

confirmed by XRD. This enhanced complexity may stem from oxidation. The optical studies 

show a similar electronic band structure and the same bandgap, and more trap states are inferred 

for the Cu-based perovskite from the TRPL measurements, implying structural distortion and 

strong electron-phonon coupling. The vibrational modes of the Cu-based perovskite are at 

higher frequencies than those of the Ag-based perovskite due to stronger metal halide bonds 

and smaller metal mass. Furthermore, the decreased exciton lifetime supports stronger electron-

phonon coupling in the more distorted Cu-containing perovskite. The vibrational modes for 

both Ag- and Cu-based Pb-free double perovskites are fully investigated by first-principles DFT 

simulation and assigned to metal halide bond bending and stretching in the octahedra, coupled 

to vibrations of the organic layer of the 2D perovskites. At higher vibrational frequencies, 

stronger vibrational motion from the organic layers in the structure manifests for both 

perovskites. DFT also shows a slightly larger lattice distortion for the Cu-based perovskite 

compared to the Ag-based perovskite, as indicated by ∆Dtilt value.  Induced centrosymmetry-

breaking by lattice distortions may open a new avenue to achieve larger Rashba effects in 

double perovskites. 
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A. Experimental and Computational Methods 

1. Materials 

Ag2O (99+%) was purchased from Acros, Cu2O (97%) was purchased from Aldrich, and 
Bi2O3 (99.99%) was purchased from Thermo Scientific. (S)-(+)-b-methylphenethylamine (S-
β-MPA) and hydroiodic acid (57 wt% in H2O, 99.99%) were purchased from Sigma-Aldrich 
without any further purification. 

2. Synthesis of MPA-AgBiI8 and MPA-CuBiI8 
Ag2O (0.232 g, 1.00 mmol) or Cu2O (0.143 g, 1.00 mmol) and Bi2O3 (0.476 g, 1.00 mmol) 

were dissolved in 48% wt% aqueous HI solution (diluted to 48% from 57 wt%) (20 mL) under 
heating at 120 °C, and medium-speed stirring, resulting in a red solution. Subsequent addition 
of S-β-MPA (0.540 g, 4.00 mmol) to the hot solution led to the formation of a red precipitate, 
which subsequently redissolved with continued stirring, ending up with a red solution. The 
solution was then cooled to room temperature and concentrated by evaporation to yield red 
crystals of the product, followed by a rinse with ethyl acetate three times. 

3. SEM Measurements 

SEM images were acquired with Thermo Scientific Scios 2 DualBeam, equipped with an 
Oxford Instruments AZtecLive Ultim Max 100 EDS detector. 

4. Spectroscopy Measurements 

The electronic absorption spectra of the powder were measured with a UV2600 variable 
slit UV-Vis spectrophotometer based on reflection mode (converted to absorption via Kubelka-
Munk function) from Shanghai Tianmei Scientific Instrument. The scanning speed was set at 
600 nm/min, and the slit width was set at 5.0.  

The photoluminescence (PL) spectra of the samples were acquired at room temperature 
using an Edinburgh Instruments FLS1000 fluorescence photometer with an Xe900 excitation 
source and a PMT1700 detector.  

Time-resolved photoluminescence (TRPL) profiles of samples were determined at room 
temperature using the Edinburgh μF2 light source of the FLS1000 fluorescence photometer 
from Edinburgh Instruments.  

5. Single Crystal X-ray Diffraction (scXRD) 

A single crystal of (S-MPA)4AgBiI8 was selected under a microscope, loaded onto a 
MiTeGen polyimide sample loop using Type NVH Cargille immersion oil, and mounted onto 
a Rigaku XtaLAB Synergy-S single-crystal diffractometer. The crystal was cooled to 100 K 
under a stream of nitrogen. Diffraction of Cu Kα radiation from a PhotonJet-S microfocus 
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source was detected using a HyPix6000HE hybrid photon counting detector. Screening, 
indexing, data collection, and data processing were performed with CrysAlisPro. The 
structures were solved using SHELXT and refined using SHELXL following established 
strategies.1–3 All non-H atoms were refined anisotropically. C-bound H atoms were placed at 
calculated positions and refined with a riding model and coupled isotropic displacement 
parameters (1.2 × Ueq for non-methyl C-H atoms and 1.5 × Ueq for methyl groups). Crystal 
structure visualization was performed with Mercury.4 

6. Powder X-ray Diffraction (pXRD) 

Powder XRD patterns were collected on a Bruker D8 Discover Diffractometer using Cu 
Kα radiation (40 kV and 40 mA) with degrees per step and time/step parameters of 0.02 degrees 
per step and 0.4 s/step, respectively, at 2θ angle from 10 to 60°. The simulated pXRD pattern 
is based on the MPA-AgBiI8 scXRD data at 290 K from Li’s work.5 

7. Low Frequency Raman Spectroscopy (0 cm-1 to 200 cm-1) 

Low frequency Raman spectra were acquired by an Olympus BX51 microscope equipped 
with an ONDAX THz-Raman spectroscope probe. 976 nm excitation laser was generated at 
the source (THz-Raman) with a power of 500 mW, and the power onto the sample is about 150 
mW after decaying. The built-in amplified spontaneous emission filter and notch filter enable 
measurements of Raman signals down to 5 cm-1 and we can still attain data down to 0 cm-1 
with uncertainties. Signal was captured by using a 10X objective lens (Olympus, NA = 0.3, 
FN = 26.5). The Raman scattering signal was directed into spectrograph (Andor SR-303i-B, 
300 l/m, Blaze 1000) through fiber optics (Diamond USA) and eventually detected by InGaAs 
CCD (Andor DU90A). Each spectrum was accumulated from 90 scans (1s/scan). 

8. High Frequency Raman Spectroscopy (200 cm-1 to 1800 cm-1) 

High frequency Raman spectra were acquired using a Thermo Fisher DRX3 Raman 
microspectrometer. The laser excitation source was a diode laser (λex = 785 nm). Spectra were 
recorded under the following conditions: stainless-steel substrate, 50× objective, collect 
exposure time 30 s for five accumulations, laser power 30 mW (in focus), and aperture 50 μm 
slit. 

9. FTIR Spectroscopy 

The FTIR spectra of the perovskites were collected using a PerkinElmer FTIR Spectrum 
Two series spectrometer with a universal ATR sampling accessory (UATR). This solid FTIR 
uses a high refractive index diamond to apply pressure on the solid samples and guide the beam 
up to a few microns to the samples. To make the IR signal intensities consistent, the pressure 
applied to all the samples was around 100. 
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10.  DFT Calculation 

We performed first-principles density-functional perturbation theory6 calculations as 
implemented in Quantum ESPRESSO7 on R-MPA-XBiI8 (X=Ag, Cu) with the Perdew-Burke-
Ernzerhof (PBE)8 exchange-correlation functional to predict and understand its vibrational 
modes (Raman and IR). PBE was used for both structural relaxation and for the calculation of 
Raman frequencies. Another exchange-correlation functional, Local Density Approximation 
(LDA), was used to calculate the Raman tensor as a separate calculation, as calculation of the 
Raman tensor is not yet implemented for PBE in Quantum ESPRESSO version 7.2, allowing 
us to obtain Raman intensities. The calculation of intensities as implemented in Quantum 
ESPRESSO is described in Lazzeri et al.9 We selected PBE as our exchange functional due to 
its closer agreement with the experimental lattice parameters compared to LDA and PBE with 
Grimme dispersion correction, version 2 (GD2)10 (Table S3). Norm-conserving scalar-
relativistic pseudopotentials from ONCVPSP (Optimized Norm-Conserving Vanderbilt 
Pseudopotential) code version 3.3.0 with standard accuracy were used as obtained from Pseudo 
Dojo.11,12 Relaxation fixed at the experimental lattice parameters resulted in imaginary phonon 
modes.  

For the Ag-based perovskite, we ran a variable-cell relaxation calculation starting from 
the experimental XRD structure of (R-MPA)4AgBiI8 from Ref.5 The R-version of the structure 
was used for simulation, and all the properties would be identical for R and S enantiomers.13 
The unit cell has 212 atoms. The planewave cutoff energy is 56 Ry. Energy convergence 
thresholds are 10-8 Ry. Our variable-cell relaxation forces thresholds are set to 10-5 Ry/bohr. 
Our self-consistency convergence thresholds for the ground state are set to 10-18 Ry. The BFGS 
geometry optimization algorithm is used for structural relaxation, with the trust radius set to 
10-5 bohr. The components of the stress tensor were converged to a magnitude of less than 1 
kbar. We use only the Γ-point for k-point sampling, given the large unit cell. We use 10-16 for 
the phonon convergence threshold. These strict thresholds for both structural relaxation and 
calculation of phonons were required to accurately obtain the lowest frequency phonon modes 
– at less stringent thresholds, imaginary phonon modes were obtained. We combine PBE 
Raman frequencies with LDA Raman intensities and apply the acoustic sum rule. Our methods 
for MPA-CuBiI8 are the same, starting again from the experimental Ag-based structure of Ref. 
5 but substituting Cu atoms for Ag before structural relaxation. 

The DFT results are a temperature-independent reduced Raman spectrum. Temperature 
dependence has been removed from the experimental Raman spectra, to generate a reduced 
Raman spectrum, by multiplying the experimental intensity by the temperature factor14: 

! "1 − %!
ℏ"
#$ 	'                                 (S1) 

where ω is frequency in s-1, ℏ is the reduced Planck constant (1.054571817×10−34 J⋅s-1), k is 
the Boltzmann constant (1.380649×10−23 J⋅K−1), and T is the temperature in Kelvin (293 K). 
B. Non-normalized PL spectra, fitting method and parameters for the TRPL  

The PL spectra were acquired with excitation of 278 nm for the Ag-based perovskite and 
254 nm for the Cu-based perovskite, and the Ag sample shows a 16-fold greater intensity as 
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compared to that of the Cu-based material at the PL peak position. The excitation wavelength 
in the bluer region is to show the difference in PL spectra for the two materials. 

 

 

Figure S1 Non-normalized PL spectra of MPA-AgBiI8 (red) and MPA-CuBiI8 (blue). 

 

The TRPL profiles were recorded using the time-correlated single-photon counting 
(TCSPC) technique. Ag-based perovskite was excited at 278 nm and monitored at 548 nm, and 
Cu-based perovskite was excited at 260 nm and monitored at 550 nm. The profiles are fit using 
the function: ) = )" + ,#%(!% &%⁄ ) + ,)%(!% &&⁄ )                                    (1) 

where A1 and A2 denote fast and slow component amplitudes, τ1 and τ2 denote fast and slow 
component time constants. The detailed fitting parameters are summarized in Table S1. 

 

Table S1 Summary of fitting parameters of the TRPL results. 

Components Ag @ 548 nm Cu @ 550 nm 

y0 1.9±0.4×10-4    1.1±0.5×10-3 

A1 
0.5±0.1 

(45%) 

1.6±0.2 

(62%) 

τ1 (ns) 300±40 5±2 

A2 0.6±0.1 1.0±0.2 
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(55%) (38%) 

τ2 (ns) 378±40 334±40 

 

C. Crystal structure of MPA-AgBiI8 

Figure S2 shows the structure of the MPA-AgBiI8 double perovskite in which layers of 
the organic S-β-MPA cation alternate with inorganic [AgBiI8]4–. The inorganic layer features 
vertex-sharing [AgI6]5– and [BiI6]3– octahedra. Three of the I atoms were each disordered 
across two closely spaced positions, as was the Ag atom. The bond metrics in Table S2 were 
calculated using the centroid for each pair of disordered atoms. The Bi–I distances range from 
3.023(5) to 3.112(5) Å and the I–Bi–I angles closely approach those of an octahedron. The 
Ag–I distances exhibit a much greater distribution. As expected, the Ag(I) center adopts a linear 
geometry with two tightly bound I atoms, I21 and I22, at distances of 2.665(3) and 2.683(3) Å, 
respectively. The remaining four I atoms are vertices shared with the [BiI6]3– octahedra and the 
Ag–I distances are substantially longer, ranging from 3.335(6) to 3.524(6) Å. These four Ag–
I interactions are paired with a short distance (3.335(6) or 3.388(4) Å) trans to a long distance 
(3.423(7) or 3.524(6) Å). The I–Ag–I angle with the tightly bound, non-bridging I atoms is 
nearly linear, but the remaining equatorial I atoms exhibit a greater range of angles, with one 
cis I–Ag–I angle even exceeding 105°. Although the Bi and Ag atoms are arrayed on a nearly 
centrosymmetric lattice, with the Ag atoms almost coincident with Bi–Bi centroids, the tilting 
of the octahedra (Figure S2) breaks the overall inversion symmetry between the layers.  

 

Table S2 Selected bond lengths and angles for MPA-AgBiI8.a 

Bond length (Å) Bond angle (degrees) 
Bi1–I1 3.112(5) I1–Bi1–I2 177.01(13) 

Bi1–I2 3.025(6) I3–Bi1–I4 176.99(10) 
Bi1–I3 3.023(5) I5–Bi1–I6 178.65(3) 

Bi1–I4 3.1077(9) I1–Bi1–I3 91.84(12) 
Bi1–I5 3.0721(8) I1–Bi1–I6 89.26(5) 

Bi1–I6 3.0816(8) I3–Bi1–I6 89.82(8) 
Ag1–I21 2.665(3) I21–Ag1–I22 177.95(16) 

Ag1–I22 2.683(3) I2–Ag1–I3 176.92(17) 
Ag1–I2 3.423(7) I1–Ag1–I4 178.07(13) 

Ag1–I3 3.335(6) I21–Ag1–I2 87.54(13) 
Ag1–I4 3.388(4) I21–Ag1–I4 91.39(11) 

Ag1–I1 3.524(6) I2–Ag1–I4 105.34(13) 
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a Ag1, I1, I2, and I3 were each disordered across two positions. These bond metrics were 
calculated using the centroid of the two disordered atom positions. 

 

Figure S2 (a) View of the layered structure of MPA-AgBiI8 along a with S-β-MPA cations as 
balls and sticks and Bi and Ag as polyhedra. (b) One vertex-bridged AgI6/BiI6 pair shown as 
polyhedra. (c) The same atoms and orientation as (b) but without polyhedra and atom labels 
corresponding to Table S2. (d) View of the inorganic layer along c with atoms shown as balls 
and sticks. (e) The same orientation as (d) but with Ag and Bi polyhedra. For all depictions, 
disordered Ag1, I1, I2, and I3 atoms are represented with a single sphere at the position of the 
centroid of the two disordered atoms. Color code: C black, N blue, H white, Ag grey, Bi 
magenta, I purple.    

  

Table S3 The summary of the experimental and calculated lattice parameters of MPA-XBiI8 
(X=Ag or Cu) single crystal.a  
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a (Å) b (Å) c (Å) - (°) Unit-cell 

Volume 
(bohr3) 

Temp 
(K) 

Exp. Ag 
structure 
from 
literature5 

9.657  17.051  16.754  102.503  18173.7 290 

Exp. Ag 
structure in 
this work 

9.568 16.767 16.570 102.508 17232.1 104 

Theory Ag 
structure 
(PBE) 

8.728  15.891  16.047  101.651  14711.2 0 

Theory Ag 
structure 
(LDA) 

8.339  15.178  15.367  101.398  12866.4 0 

Theory Ag 
structure 
(PBE+GD2) 

8.566  15.423  15.408  101.701  13452.2 0 

Theory Cu 
structure 
(PBE) 

8.239  14.880  15.035  101.763  12178.0 0 

a The α and γ angles are both 90° in monoclinic crystal system. 

 

D. Low Frequency Raman vibration modes of MPA-AgBiI8 perovskite 
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Figure S3 Experimental Raman spectrum in the low frequency region (0-200 cm-1) with 
temperature dependence. 

 

Density-functional perturbation theory calculations were applied to calculate and 
understand the vibrational modes of S-MPA-AgBiI8 with the computational method described 
in Section A 10. The mode illustrations are in Figure S4, and the symmetry and description of 
different modes are summarized in Table S4. 
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Figure S4 Low frequency vibration modes in the crystal structure as calculated for MPA-
AgBiI8 perovskite, shown from two different perspectives. 

 

Table S4 Full description of the assignments of the vibration modes in the low Raman 
frequency region (0-200 cm-1) of Ag-based 2D double perovskite. In all modes, molecules 
librate and have some degree of internal twisting. Where a distortion or motion is mentioned 
without specifying whether it is in or out of plane, the distortion has components in both 
directions. A and B are Mulliken symbols, irreducible representations for P21, where A is 
symmetric and B is antisymmetric.  
 

Frequency 
[cm-1] 

Symmetry Description Mode # 

31 A In- and out-of-plane bond angle distortions of octahedra. Ag 
octahedra tilt.  

9 

54 A Bond angle distortions. In-plane and out-of-plane motion of Bi 
and Ag centers.  

31 

111 B In-plane bond length distortion on octahedra. Bond length 
distortion along out-of-plane I-Bi-I bonds.  

77 

129 A In-plane bond length distortion on octahedra. Bond angle 
distortion on Bi-centered octahedra. Symmetric bond length 
distortion on out-of-plane I-Ag-I bonds. In-plane motion of Bi 
centers.  

92 

140 A In-plane bond-length distortion of octahedra. Motion of Bi 
centers.  

103 

 

 

E. Low frequency Raman vibration modes for MPA-CuBiI8 perovskite 

The simulation of the Raman vibration modes is based on DFT calculations. The mode 
illustrations are in Figure S5, and the symmetry and description of different modes are in 
Table S5. 
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Figure S5 Low frequency vibration modes in the crystal structure as calculated for MPA-
CuBiI8 perovskite, shown from two different perspectives. 

 

Table S5 Full description of the assignments of the vibration modes in the low Raman 
frequency region (0-200 cm-1) of Cu-based 2D double perovskite. In all modes, molecules 
librate and have some degree of internal twisting. Where a distortion or motion is mentioned 
without specifying whether it is in or out of plane, the distortion has components in both 
directions. A and B are Mulliken symbols, irreducible representations for P21, where A is 
symmetric and B is antisymmetric.  
 

Frequency 
[cm-1] 

Symmetry Description  Mode # 

33 A 
Octahedra bond angle distortion. In-plane motion of 
octahedral centers.  

11 

59 A 
Angle distortion of in-plane and out-of-plane 
octahedra bonds. Motion of Cu.  

21 

76 A 
In-plane bond angle distortion of in-plane bonds. 
Bond angle distortion of out-of-plane Cu octahedra 
bonds. Tilting of Bi octahedra.  

33 

111 A 
Cu centers move in plane. In-plane Cu octahedra 
bond angle distortion. Octahedra bond length 
distortion.  

54 

132 B Bond angle distortion on Cu octahedra. In-plane  67 
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bond length distortion of both Bi and Cu octahedra. 
Bond length distortion of out-of-plane Bi octahedra 
bonds. Cu atoms move in plane.  

151 A 
In-plane bond length distortion on Bi and Cu 
octahedra. Cu atoms move in plane.  

80 

174 A 
Bond length distortion of octahedra. NH3 group 
rotation.  

90, 92 

 

Table S6 Crystal and refinement data for MPA-AgBiI8 perovskite 

Empirical formula C36H58AgBiI8N4O 
Formula Weight 1894.91 

Temperature (K) 104(6) 

Wavelength (Å) 1.54184 
Crystal system monoclinic 

Space group P21 
a (Å) 9.56840(10) 

b (Å) 16.7665(2) 
c (Å) 16.5699(2) 

β (°) 102.5080(10) 

Volume (Å3) 2595.19(5) 
Z 2 

ρcalc (Mg/m3) 2.425 

Crystal size (mm3) 0.11 × 0.04 × 0.02  

θ range (°) 5.464 to 134.154 
Total reflections 31574 

Unique reflections 9260 

Parameters 510 
Completeness 100.0 

Rint 0.0436 

R1 (I > 2σ) 0.0285 

R1 (all data) 0.0309 
wR2 (I > 2σ) 0.0689 

wR2 (all data) 0.0700 
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Goodness of fit, S 1.042 

 

F. Octahedral Parameters 

There are four octahedra in each unit cell, but only two of the four octahedra are unique, 
by symmetry. We calculated octahedral parameters, including bond-length deviations (D), 
tilting (Dtilt), in- and out-of-plane tilting defined with respect to the (0 0 1) plane15  (Din and 
Dout), and bond angle variance (σ2) as defined in SI ref.13 Code from SI Ref.16 is used to calculate 
these octahedral distortion parameters. We have calculated ∆Dtilt as the difference between the 
largest and smallest Dtilt angles for a given structure. Each similarly labeled iodine atom in the 
three structures is in a similar molecular environment between the three structures due to the 
orientation of the organic molecules, even if bonded to different metal atoms (Ag or Cu).  

 

                                                                         

  

Figure S6 Octahedral tilt angles for (a) the experimental Ag-based perovskite structure, 
(b) the theoretical Ag-based perovskite structure, and (c) the theoretical Cu-based 
perovskite structure. 

 

 

Table S7 Octahedral tilt angles and parameters for the Ag-based and Cu-based perovskites. 
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Each iodine has one equivalent site within the unit cell, by symmetry. I1 is equivalent to I2, 
I11 is equivalent to I12, I13 is equivalent to I14, and I15 is equivalent to I16. D is the distortion 
index (bond length). σ2 (degrees2) is the bond angle variance. 

Structure Vertex Dtilt (◦) Dout (◦) Din (◦) ∆Dtilt (◦) 
D (×10-2) 
Bi 

D (×10-2) 

M=Ag,Cu 
σ2 (◦2) 
Bi 

σ2 (◦2) 
M=Ag,Cu 

Exp. Ag5 

I1 19.05 17.50 4.83 

9.7 0.56 11.70 2.39 106.82 
I11 25.50 23.52 10.10 

I13 19.00 15.30 11.48 

I15 27.80 26.07 10.15 

Theory Ag 

I1 22.80 21.86 6.78 

17.8 1.05 4.26 38.63 53.89 
I11 32.20 31.16 8.64 

I13 14.40 13.58 4.76 

I15 28.70 27.33 9.08 

Theory Cu 

I1 23.30 22.54 5.89 

19.7 1.07 2.97 70.53 44.66 
I11 33.20 33.16 1.10 

I13 13.50 10.78 8.13 

I15 28.50 26.06 11.85 

*Each similarly labeled iodine atom in the three structures is in a very similar molecular 
environment between the three structures due to the orientation of the organic molecules, 
even if bonded to different metal atoms (Ag or Cu). 

 

Table S8 M-I bond lengths (M = Ag or Cu) to numbered iodine, as indicated in each column. 
I3 and I9 are out of plane, and the rest are in plane. All values are in Å. 

Structure I3 I9 I1 I11 I14 I16 

Exp. Ag5 2.669 2.663  3.368  3.603  3.681  3.418  

Theory Ag 2.758 2.758  3.076  3.044  3.062  2.977  

Theory Cu 2.560 2.568  2.783  2.689  2.767  2.733  

 

Table S9 Bi-I bond lengths to numbered iodine, as indicated in each column. I5 and I7 are 
out of plane, and the rest are in plane. All values are in Å.  

Structure I5 I7 I1 I11 I13 I15 
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Exp. Ag5 3.090  3.076  3.091  3.051  3.078  3.039  

Theory Ag 3.036  3.081  3.074  3.016  3.046  2.960  

Theory Cu 2.982  2.995  3.024  2.967  2.964  2.880  

 

G. Band structure 

The band structure is calculated using plane-wave DFT with the PBE functional on the 
relaxed theoretical structures to show the band gap of the two systems. SeeK-path was used to 
obtain the k-path.17,18. The k-point path Γ, X, Y, Γ,G, Z, R2, and Γ is used for the bandstructure 
calculation on the theoretical Ag- and Cu-based perovskite structures, with 30 points between 
each high-symmetry point. 340 bands are calculated in total, but we only depict those closest 
to the band edges in Figure S7. All inputs for the SCF are the same as used for relaxation, with 
the exception of a denser of 3 x 3 x 3 k-points grid.  

Both band gap transitions are direct at the Γ and Z points in the Brillouin zone. We have 
found that the top of the valence band is composed of I p-orbitals, with small contributions 
from Ag or Cu d-orbitals, and the bottom of the conduction band is composed of Bi p-orbitals 
and I p-orbitals. Our calculations show a band gap difference of about 0.5 eV, with the Cu-
based perovskite having a theoretical bandgap of 1.6 eV, and the Ag-based perovskite having 
a bandgap of 2.1 eV. There are a variety of factors that can lead to discrepancy between theory 
and experiment, but it’s not clear from our calculations why the experimental band gaps are 
similar. We confirmed via random-phase approximation optical absorption calculations in 
BerkeleyGW19 that the lowest transition in the Cu-based perovskite is dipole-allowed. 
Additionally, we did not include the spin-orbit coupling (SOC) effect in our calculations, which, 
while typically PBE is comparable to the true bandgap, could account for some discrepancy 
between our theoretical results and experiment. Spin-orbit coupling may be especially relevant 
due to the presence of heavy elements Bi and I in our structure.20,21 Compared to the 
experimentally obtained values of the bandgaps of 2.03 eV for both Ag and Cu structures, the 
theoretical value for the Cu-based perovskite is smaller, and the theoretical value of the Ag-
based perovskite is higher. Previous work22 on the 1D organic metal halide hybrid 
C8H28N5Pb3Cl11 resulted in a difference of 0.27 eV, a nearly 8% difference between DFT with 
PBE and experiment. Our results show a difference of 21% for the Cu-based perovskite, and a 
3% difference for the Ag-based perovskite compared to experiment.  It appears that in the Cu-
based perovskite spin-orbit coupling or quasiparticle effects do not cancel closely and must be 
directly accounted for in calculations. 
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Figure S7 Band structure for (a) the Ag-based perovskite, and (b) the Cu-based perovskite. 
Energies are plotted with reference to the valence band maximum (VBM). 

 

 

H. Partial electronic density of states (PDOS) 

The partial electronic density of states was calculated using DFT with PBE to determine 
the atomic orbital character of the band edges. The same input parameters used for relaxation 
of the structure were used for the SCF and non-SCF calculations to obtain the DOS, except for 
a 4 ´ 4 ´ 4 unshifted k-grid with Blöchl’s tetrahedron method for Brillouin-zone integrations23 
being used for the non-SCF calculation. 

 

Figure S8 Partial electronic density of states for (a) Ag-based perovskite, and (b) Cu-based 
perovskite. Energies are plotted with reference to the valence band maximum (VBM). 
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