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Abstract 

Hybrid two-dimensional (2D) lead halide perovskites have been employed in optoelectronic 

applications, including white light emission for light emitting diodes (LEDs). However, until 

now, there have been limited reports on white light emitting lead halide perovskites with 

experimental insights into the mechanism of the broad band emission. Here, we present white 

light emission from a 2D hybrid lead chloride perovskite, using the widely known 

phenethylammonium cation. The single crystal X-ray structural data, time-resolved 

photophysical measurements, and DFT calculations are consistent with broad band emission 

arising from strong exciton-phonon coupling with the organic lattice, which is independent of 

surface defects. The phenethylammonium lead chloride material exhibits a remarkably high color 

rendering index of 84, CIE coordinate of (0.37,0.42), CCT of 4426, and photostability, making it 

ideal for natural white LEDs applications. 
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Artificial white-light has been traditionally used and produced by incandescent light bulbs and 

fluorescent lamps.1 Light emitting diodes (LEDs) have become more widespread due to their 

higher electrical to luminance efficiencies, which are crucial to achieve energy sustainability. 

However, broadband white LEDs typically comprise of UV or blue LEDs coated with a single 

yellow or multiple phosphors.2 This conventional approach is undesirable since the spectral 

overlap of different phosphors can result in self-absorption and hence losses in emission 

efficiencies. Moreover, progressive color changes may occur due to disparate aging rates of the 

phosphors. Consequently, the development of a single, broadband emitting, highly luminescent, 

and photostable material is an attractive objective for practical implementation. 

Over the past decade, hybrid organic-inorganic halide perovskites have been rediscovered and 

applied in burgeoning optoelectronic fields including, but not limited to, solar cells, non-linear 

optics, and lasers.3-9 In particular, lead (and tin) halide perovskites have shown remarkable color 

rendition tunability and good quantum efficiencies of photoluminescence emission, establishing 

them as suitable candidates for LEDs.4, 10-12 Recently, Karunadasa and co-workers reported 

white-light emission from two instances of two-dimensional (2D) layered perovskites, (N-

MEDA)PbX4 (N-MEDA = N1-methylethane-1,2-diammonium) and (EDBE)PbX4 (EDBE = 2,2’-

ethylenedioxy)bis(ethylammonium) with X = Cl or Br.13-14 The origin of the white-light emission 

was attributed to electron-phonon coupling and self-trapped excitons.13, 15 In addition, Yangui et 

al. conducted in-depth experimental investigations on the white-light emission behavior in thin 

films of cyclohexylammonium lead bromide (C6H11NH3)2PbBr4.
15 The authors proposed that the 

luminescence arises from self-trapped states with energy barriers of approximately 10 meV. 

These self-trapped excitons were mostly attributed to excitons localized in the inorganic lattice. 

Herein, we report broad white light emission from the solution processed phenethylammonium 
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lead chloride (C6H5C2H4NH3)2PbCl4 (hereafter as PEPC). This phenomenon is unexpected since 

only a narrow excitonic emission is observed for the bromide and iodide analogues of the 

phenylethylammonium systems.16 We combine single crystal X-ray structural analyses, Raman 

spectroscopy, and steady-state, time-resolved, and temperature dependent photophysical studies 

to demonstrate that the broad emission is due to strong exciton-phonon coupling to the organic 

framework.  These suggest that the organic framework is not acting merely as an inert spacer, 

and choosing the right combination of both the inorganic and organic components is important 

for white emission.  

 

 Results and Discussion 

Four different forms (single crystal, powder, thin film and nanoparticles) of PEPC were 

prepared for evaluating their white light emission property and to trace the origin of white-light 

emission.  Single crystals of the compound were prepared by using anti-solvent vapor assisted 

crystallization, in which PEPC was dissolved in DMF and nitromethane was used as an anti-

solvent. In this growth process, the vapor of nitromethane was allowed to slowly diffuse into the 

perovskite solution which resulted in the formation of good quality single crystals of PEPC 

within a week. Figure 1 shows the unit cell of PEPC and Tables S1 – S6 summarize the 

crystallographic and refinement data. PEPC crystallizes in the triclinic space group P-1, 

consistent with a previous report.17 Interestingly, the unit cell for PEPC is isomorphic with the 

triclinic (C6H5C2H4NH3)2PbBr4 (PEPB), but not with the monoclinic (C6H5C2H4NH3)2PbI4. The 

2D nature of PEPC in the ab plane is illustrated in Figure 1. Ordered layers of corner sharing 

PbCl6
4- octahedra are sandwiched between the phenethylammonium cation layers, which are 

stacked contiguously without interleaving. Each layer contains two different type of Pb atoms 
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with different environments (Figure S1a & b). Thin films of PEPC were prepared by spin 

coating 0.20 M perovskite solution prepared in DMSO followed by annealing at 100 ℃, while 

powder samples were prepared by dropcasting and grinding under same conditions. X-ray 

diffraction (XRD) data confirmed the phase purity and crystallinity (Figure S4, Figure S6) of 

both the samples. Thermogravimetric (TGA) and differential scanning calorimetry (DSC) 

(Figure S5) analysis on this material shows that PEPC is stable beyond 100 ºC. XRD 

measurements of the thin films (Figure S6a) display only the (00l) diffraction peaks, which 

indicate the formation of highly oriented perovskite planes parallel to the substrate surface. 

Figure 2a shows that the film forms a micro-disk like morphology with an average lateral size of 

3 µm. Atomic force microscopy (AFM) (Figure S7) confirms the thicknesses of the disks to be 

around 60 nm. Addition of ligands is expected to reduce the ripening of the nuclei and result in 

more nucleation sites. Overall, this will result in the formation of smaller nanostructured 

materials. Octylamine was utilized as a capping ligand, however non-optimal concentrations of 

the ligand resulted in the formation of the octylammonium lead chloride (C8LC) perovskite 

along with formation of PEPC nanoparticles. The XRD pattern in Figure S6b shows the peaks at 

2θ values of 8.37° and 12.56°, which account for the formation of C8LC. Hence, the ligand 

concentration was systematically reduced to 0.060 mmol, which allowed the formation of PEPC 

nanoparticles alone. Poor solubility of PEPC in DMF could induce more nucleation sites, which 

reduces the amount of perovskite in the mother liquid available for the further growth of the 

nuclei hence small amount of ligand is enough to stop the growth of nanoparticles and ultimately 

produce nanoparticles with average sizes of 10 nm. The XRD data of the nanoparticles concurs 

with that of the thin film. The interplanar spacing of PEPC was calculated as 1.67 nm based on 

the high intensity peak at the low 2θ value of 5.27° indicating that these nanoparticles contain six 
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layers of lead(II) chloride. Figure 2b shows the transmission electron microscope (TEM), image 

of the PEPC nanoparticles that are clearly different from the micro-platelets obtained for PEPB. 

Almost spherical nanoparticles with sizes ranging from 2 to 20 nm can be observed, although 

most of the particles average between 5 and 8 nm. The high resolution transmission electron 

microscopy (HRTEM) image as shown in Figure S8a displayed lattice fringes of 0.282 nm, 

which can be indexed to the (006) plane of the triclinic PEPC. The d-spacing in the PEPC 

nanoparticles was calculated using the reciprocal lattice of the selected area electron diffraction 

(SAED) pattern in Figure S8b, and agreed with the value calculated from the powder XRD data. 

The photoluminescence quantum efficiency PLQE of PEPC in various forms was measured and 

found to be less than 1 %. 

 

Figure 2c shows the absorption spectra of a PEPC thin film and a nanoparticle solution in 

toluene. The strong excitonic nature of the samples, as a result of dielectric confinement, give 

rises to a sharp absorption peak at ~ 340 nm which is characteristic of 2D lead halide 

perovskites.18 Upon resonantly irradiating the excitonic state with 340 nm UV femtosecond 

pulses, a broad photoluminescence (PL) peak spanning ~ 400 nm to ~ 900 nm can be observed 

for each of the PEPC nanoparticles solution, powder, thin film, and single crystal samples 

(Figure 2d). A photograph of the emission from a thin film is shown in the Figure 2d inset. The 

PL spectra for these samples are nearly invariant and these data suggest an intrinsic origin to the 

broad emission. The PL spectrum excited using a 340 nm continuous wave excitation (generated 

using a xenon arc lamp) shows a peak blue-shifted with CIE 1931 coordinates in the white region 

(Figure S10a, b and c). On the contrary, the CIE 1931 coordinates for the emission excited with 

femtosecond pulses was found to be in the yellow to orange region on the CIE 1931 color space 
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instead (Figure S10b). CW excitation causes significant lattice heating, which introduces higher 

degrees of interband phonon absorption that blue-shifts the peak (Figure S11). The PL lifetimes 

measured at the peak position (~545 nm) for the thin film, powders, and nanoparticle solution 

samples were found to be similar with an average lifetime (amongst these samples) to be 4.2 ± 

0.9 ns (Figure 3e) and also suggest that the surface-to-bulk ratio has little influence to the decay 

kinetics. The time-resolved PL (TRPL) spectra for a PEPC single crystal measured at three 

different wavelengths (480, 545, and 610 nm) were also found to be similar with an average 

lifetime of 3.0 ± 0.4 ns, which suggest emission from the same origin (Figure 3f). These results 

confirm the intrinsic nature of the broad emission.  

Previously, Ueda et al. has reported the disorder in the orientation of phenethylammonium 

cations in PEPC using 1H and 13C NMR studies.19-20 Different orientations of PEA cations could 

possibly affect the band structure of PEPC dramatically and could be a source of the white light 

emission.  We have thus conducted density functional theory (DFT) calculations to examine the 

effects of the orientation on the band structure. DFT calculations based on the generalized 

gradient approximation (GGA) predict that PEPC should have a direct band gap at the origin of 

the Brillouin zone,  (Figure S3). Our calculations based on DFT-GGA underestimate the band 

gap by about 1.4 eV when spin orbit coupling (SOC) and van der Waals (vdW) corrections are 

included, compared to the experimental optical band gap value of 3.56 eV (Table S7). However, 

the relative predicted band characters should be realistic. Although most frontier electronic bands 

disperse significantly, some up to about 1 eV along directions in or close to the inorganic layer, 

those along the stacking direction (-M in Figure S3) are much flatter, and in some cases 

approximately constant throughout the Brillouin zone. This feature of nearly dispersionless 

bands in the direction perpendicular to the layers has been observed and suggested to correspond 
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to poor inter-layer charge transport in many previous studies of related 2D hybrid perovskites.21-

25 Near the valence band maximum (VBM), the bands are predominantly of Pb 6s character with 

some hybridization with Cl 3p states, while those near the conduction band minimum (CBM) 

have predominantly Pb 6p character, again with some hybridization with Cl 3p states.  As in 

other Pb containing hybrid perovskites, SOC has a large effect on the electronic structure of 

PEPC, leading primarily to a lowering of the energies of Pb 6p states and their hybridized Cl 3p 

states with respect to VBM, hence reducing the band gap by 0.7-0.9 eV for PEPC.  

The vdW interactions also affect the electronic structure, presumably due to their substantial 

effect on the inter-layer spacing. Without vdW corrections, DFT-GGA significantly 

overestimates the atomic volume and interlayer lattice constant c relative to experimental 

measurements, as shown in Table S7, which indicates that vdW interactions play a large role in 

maintaining the structure of such 2-D layered materials.26 As a result of the significant change in 

lattice constant, the band gap is also reduced by about 0.1 eV when vdW corrections are included 

in the calculations. The bands near the VBM and CBM show negligible contributions from the 

organic PEA cations (Figure S3). However, the different orientations of the PEA cations are 

found to affect mainly the energy of Pb 6s valence bands, leading to changes of the band gap and 

also the total energy of PEPC. More specifically, Pb 6s bands are more energetically dispersive 

when they are in orientation 2 compared to orientation 1 (see panels (c) and (d) of Figure S3), 

while the conduction bands on the other hand are observed to be less affected. The net effect is 

that the band gap is decreased by merely 2.27 - 2.11 = 0.16 eV, and the total energy is increased 

by 0.638 eV/cell in orientation 2, as calculated with DFT-GGA including SOC and vdW 

corrections. Thus, the band gap fluctuation (587 nm - 546 nm = 40 nm) induced by disordered 

orientation of organic cation is unlikely to be the main cause of the broadband white-light 
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emission, which extends from 400 nm to 900 nm. However, this band gap fluctuation could play 

a role in broadening the photoluminescence spectrum.  

The decay profiles of PEPC single crystals for the respective laser fluences are shown in 

Figure 3a, with little variation in the kinetics with increasing laser fluence (Figure S12). The 

nature of the species contributing to the broad emission can be investigated by monitoring the 

change of peak TRPL intensity with laser fluence. A linear dependence between the initial time 

PL intensity and the laser fluence measured at 480, 545 and 610 nm (Figure 3b) can be 

observed, which suggests unimolecular excitonic recombination taking place. The similar linear 

trends observed for these three wavelengths also support the assignment of broad emission from 

identical species. The lack of steady-state PL saturation from the PEPC single crystals also 

suggests that the emission is not likely to be solely trap-related27 (Figure S13).  

 

Figure 4a shows the temperature dependent PL spectrum of PEPC single crystals. As the 

temperature is lowered, the emission intensity increases with a slight narrowing of the full-width 

at half maximum wavelength (FWHM) (Figure 4a inset). However, such changes do not 

introduce significant change in the CIE 1931 chromaticity coordinates when the temperature is 

lowered (Figure S14). Two main processes (with two activation energies) were found to be 

responsible for the increase in integrated PL intensity with decreasing temperatures (Figure 4b). 

The activation energies were obtained using Arrhenius fitting (with a minimum of two 

exponentials – See Figure S15 for fitting details) with the form: 

0(T)

1
A B

B B

E E

k T k T

I
I

Ae Be

− −
=

+ +                                                                   (1) 

where I0 is the integrated PL intensity at T = 0 K, A and B are the pre-exponential amplitudes, kB 

is the Boltzmann constant, and EA and EB are the average activation energies responsible for the 
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broad emission. The fitting yields an adjusted R-squared value of 0.997. The first process, having 

a small activation (EA) of 12 ± 1 meV, is likely to be a bound exciton de-trapping process. Below 

140 K (or equivalently 12 meV), these bound excitons do not have sufficient energy to be 

converted back to free excitons, giving rise to a higher bound exciton PL intensity. This small 

activation energy is also comparable to previously reported value in broad emitting 2D 

perovskite15. On the contrary, the second process possesses a much larger activation energy (EB) 

of 120 ± 10 meV. This large energy can be interpreted to be: (a) the energy difference between a 

free exciton and a bound excitonic state or (b) the energy difference between a bound excitonic 

state and the conduction band minimum or (c) the energy of phonons responsible for non-

radiative recombination. Both hypotheses (a) and (b) can be eliminated since the binding energy 

in PEPC systems is at least ~ 400meV28. We propose that (c) is likely to be responsible for the 

large activation energy of 120 ± 10 meV (or 968 ± 80 cm-1) as this energy corresponds well to an 

organic phonon mode29 measured using Raman spectroscopy (Figure S16). Therefore the 

decrease in PL intensity at higher temperatures is likely due to increased non-radiative 

recombination (indirect recombination) caused by phonon absorption (Figure S11 – green 

arrows). The increased non-radiative recombination is also reflected in the temperature 

dependent PL spectrum where significant lifetime shortening is observed at higher temperatures 

(Figure S17) and could also possibly account for the low PLQE of PEPC at room temperature. 

In addition, the increased non-radiative recombination at higher temperatures could also be due 

to effects from thermal energy (25 meV) and/or tunneling processes (probabilistic process with 

little activation energy required), even though they are not reflected strongly in our experimental 

findings. The broadening in FWHM with increasing temperature can be attributed to carrier 

scattering process and can be described using the equation14: 
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/k /1

0( ) ( 1)LO B A B
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where 0 is the FWHM at T= 0 K, LO is the exciton-LO phonon coupling constant, ELO is the 

longitudinal-optical phonon energy and Inh is the inhomogeneous broadening coefficient. The 

second and third terms account for exciton-phonon coupling and inhomogenous broadening (due 

to the self-trapping) interaction terms respectively. Herein, we assume that the bound exciton 

trapping originates from defects responsible for FWHM inhomogeneous broadening. A good fit 

(with an adjusted R-squared value of 0.995) can be obtained using the parameters 0 = 581 meV, 

LO = 265 ± 80 meV, ELO = 54 ± 6 meV, Inh = 90 meV and EA = 12meV (Figure 4b). Three 

conclusions can be obtained from the fitting: (i) the value of LO is approximately twice as large 

compared to the value obtained from previous broad emitting 2D perovskite (130 ± 7 meV)14 and 

comparable to ZnO quantum wells,30 which suggests strong exciton-phonon coupling in PEPC, 

(ii) the LO phonon energy obtained from the fitting coincides well with the 60 meV Raman 

mode of the organic cation29 (Figure S16), which is a pre-requisite for exciton-phonon coupling 

to occur, and (iii) there exists a self-trapping potential barrier (~10 meV) for scattering. Since 

self-trapped excitons can be treated as bound excitons27, the small activation obtained from 

Arrhenius equation fitting can therefore be assigned to self-trapping barrier energy. Unlike the 

conclusion by Hu et al.13 where self-trapped excitons were attributed to solely the inorganic 

lattice, our findings indicate that there are major contributions from the organic framework. The 

PL spectrum in Figure 4a also undergoes less narrowing at lower temperature compared to 

Figure 4a of Reference 14. However, the spectral difference between this study and reference 14 

cannot be used to determine to the self-trapping location. This is also the rationale of performing 

a fitting with equation (2) to extract both exciton-phonon coupling constant and phonon energy. 

It is the phonon energy that allows determination of the self-trapping location. As such, we 
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believe that both the organic and inorganic constituents are important for generating white 

emission. This is also supported by prior literature, where broad emission is observed by 

changing either the organic (e.g. (i) (N-MPDA)[PbBr4] to (N-MEDA)[PbBr4]
24, 31 and (ii) PEPB 

to (C6H11NH3)2PbBr4 
15) or inorganic components (e.g. (i) PEPB32-33 to PEPC (this work) and (ii) 

EDBE(PbI4) to EDBE(PbCl4)
14). Further evidence of self-trapped excitons can also be observed 

using transient absorption spectroscopy. Figure 4c shows the pseudocolor TA plot of PEPC 

single crystals as a function of probe wavelength and probe delay time. A broad featureless 

photo-induced absorption (PIA) plateau can be observed across the visible probe region (Figure 

4d inset) and this is consistent with a previous report.13 The kinetics probed at a few visible 

wavelengths (500, 600, and 700 nm) shows no significant changes in lifetimes (Figure 4d) and 

is consistent with the invariant PL lifetime measured at different wavelengths (Figure 2f). The 

broad PIA plateau together with the invariant lifetimes suggest that the probed state cannot be 

directly excited and populated via transfer from intermediate states. This is also consistent with 

the self-trapped exciton assignment. In addition, the rise time of these PIA kinetics (limited by 

the laser pulse width) was fitted to be 100 fs. This value is in the same order of magnitude as the 

vibrational period of 69 fs (or 60 meV), which is the estimated formation time of the self-trapped 

excitons. 

 

A broad emitting thin film that demonstrates good photostability and solution processability is 

ideal for white light emitting devices applications. PEPC, being a candidate that is solution 

processable, is attractive for this purpose. However, its photostability has not been reported. 

Therefore, the photostability of a PEPC thin film was assessed by monitoring the emission peak 

intensity as a function of time under UV fs laser irradiation in N2 environment with fluence 2.1 
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µJ/cm2 at a 1 KHz repetition rate. After ~14 hours of continuous excitation (or 105 laser shots), 

the thin film showed no significant reduction of peak intensity (Figure 5) with a mean and 

standard deviation value of 0.98 and 0.05 respectively. This measurement demonstrates the 

photostability of PEPC thin films under UV excitation. This is in contrast to its bromide 

variant (PEPB) where poor photostabillity (a reduction in ~80% of PL peak intensity after ~6 

hours) is observed with UV excitation (Figure 4). The observation of poor photostability in 

PEPB under UV excitation has also been reported previously by Wei et al34.  

 

Conclusion 

Our findings establish the ease of achieving room temperature white emission from various 

forms of PEPC. Notably, we report the first observation of white emission from 2D perovskite 

nanoparticles in this study. These solution-processed materials also possess high color rendering 

indices, good CIE coordinates, and excellent photo-stability, which are desirable for natural, 

white light LED applications. The broad-band emission was found to originate from self-trapped 

excitons predominantly in the organic lattice. This is in contrast to the commonly attributed 

origins of self-trapped excitons only in the inorganic metal halide lattice. Our findings highlight 

the importance of judiciously selecting both the organic and inorganic components in 2D 

perovskites for white light emission. 
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Figure 1. Structure of PEPC. Projection of PEPC viewed along the (a) a- and (b) b-axis, showing 

the organic ammonium cations intercalating between the 2D lead chloride layers. The Pb atoms 

are represented in grey, while the iodide atoms are in green. 

 

Figure 2. Strong excitonic absorption and intrinsic broad emission from PEPC. (a) FESEM of 

thin film produced using a 0.20 M solution of PEPC. (b) TEM image of PEPC nanoparticles. (c) 

Steady-State absorption spectra of PEPC samples, each showing a strong narrow absorption peak 

that is characteristic of a strongly confined excitonic system. (d) Steady-state PL spectra of 
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PEPC nanoparticles (NP) solution, powder, thin film, and single crystal samples, each showing a 

broad emission that spans ~400 nm to ~900 nm. The inset shows the photograph of the emission 

excited using 340 nm. (e) TRPL spectrum of the different samples measured at ~545 nm 

showing similar decay behavior. The experiments are conducted using 340 nm laser excitation 

(50 fs, 1 KHz, 7 µJ/cm2 (time-integrated PL) or 15 µJ/cm2 (time-resolved PL)). (f) TRPL spectra 

measured at emission wavelengths of 480, 545, and 610 nm and excited using a 340 nm beam 

with a laser fluence of 15 µJ/cm2 for sample containing single crystals. There is no observable 

change in the average lifetime (~3 ns) among the various samples for the measured wavelengths. 

Inset shows a photograph of the single crystal with a dimension of ~ 3 mm x 3 mm. 

 

Figure 3. Monomolecular recombination (excitonic) in PEPC single crystals. (a) Laser fluence-

dependent TRPL spectra of PEPC single crystals in the range of 15 to 210 µJ/cm2 measured at 

545 emission wavelength. (b) TRPL peak intensities as functions of laser fluences measured at 

480, 545, and 610 emission wavelengths showing linear behavior. Each experiment is conducted 

using 340 nm laser excitation (50 fs, 1 KHz). 
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Figure 4. Self-trapped excitons in PEPC. (a) Temperature-dependent PL spectra of PEPC single 

crystals. Inset shows the overlaid normalized PL spectrum of PEPC at 20 K and 300 K. (b) 

Integrated PL intensity (black) and FWHM (black) as a function of temperature. The black and 

blue points are fitted with equation (1) and (2) respectively. The PL and TRPL measurements 

were conducted using 340 nm excitation and 3.5 µJ/cm2 laser fluence (50 fs, 1 KHz). (c) 

Pseudocolor TA plot of PEPC Single crystal showing the change in absorption (∆A) as a 

function of probe wavelength and probe delay time. (d) TA kinetics of PEPC single crystal 

probed at 500, 600, and 700 nm. Inset shows ∆A as a function of probe wavelength at selected 

delay time. The TA measurements were conducted using 340nm excitation and ~ 25 µJ /cm2 

laser fluence (150 fs, 1 KHz). 
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Figure 5. Photostability of PEPC and generation of near pure white emission. Room temperature 

PL peak intensity variation of with continuous 340 nm excitation for ~14 hours for PEPC and ~6 

hours for PEPB in N2 environment using a laser fluence of 2.1 µJ/cm2. Inset shows the 

normalized PL spectrum of PEPC and PEPB at the time = 0 h. 
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Supporting Information. Experimental sections, single crystal structure and data, XRD, TGA, 

DSC, FESEM, PESA, TRPL, SSPL, CIE coordinate with variable temperature, Raman spectrum, 

and Temperature dependent PL. CIF for PEPC has been deposited in the Cambridge 

Crystallographic Data Centre under deposition number CCDC 1498513. This material is 

available free of charge via the Internet at http://pubs.acs.org.  
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