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Metal-halide perovskites as emitters: 

Bright blue-emitting PeLEDs through the 

incorporation of small spacer cation 
 

 

 

Metal halide perovskites are considered the next generation of light emitters. The 

ease of tuning their band gap, spanning all the visible spectrum, by changing the 

halide composition or reducing the size of the crystals through solution-processable 

techniques makes them the front-runners for displays and large-area illumination 

technologies.  

 

This chapter reports the fabrication of blue perovskites light-emitting diodes 

(PeLEDs) using layered perovskites, namely Ruddlesden-Popper (RP). Upon the 

addition of a small spacer cation as isopropylammonium to 

PEA2(Cs0.75MA0.25)Pb2Br7, their optical properties are enhanced, resulting in 

relatively high values of PLQYs on PEDOT:PSS substrate. Furthermore, transient 

spectroscopy and grazing-incidence structural techniques unveil that crystallization 

favors for nominal n=3 small crystallites in a random orientation embedded with 

higher dimensional phases. This was further confirmed through morphological 

techniques. This behavior helps us explain why we could fabricate blue-emitting 

devices without hampering the electrical properties, achieving an EL average of 483 

nm with efficiencies up to 6% and color purity up 88%.  

 

 

 

 

 

This chapter is based on a manuscript in preparation.  
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4.1 Introduction 
 

Metal halide perovskites are a class of solution-processable semiconductors that 

have, in the last 10 years, revolutionized the research in optoelectronic devices. 

While the first achievement has been to reach values of power conversion efficiency 

values in solar cells close to the one of single crystalline silicon,[1,2] the interest in 

their light-emitting properties and their application in electroluminescent devices, 

have also considerably increased. This interest is propelled by several of the 

material’s physical properties, among them: i) the easy tunability of the emitted color 

mainly achieved by halide engineering; ii) the possibility for high quantum yield; iii) 

and good color purity thanks to generally narrow emission spectra; iv) the good 

transport properties. 

 

In recent years electroluminescence quantum efficiency above 20% has been 

reported both for the green[3,4] and infrared,[5] while the efficiency for sky blue has 

been lagging behind with values of 12.3%.[6]  

 

We can distinguish at least three major approaches for the composition of the 

active layer, namely: i) the 3D perovskite; ii) the two-dimensional and the 

Ruddlesden-Popper (RP) phases, and iii) the nanocrystal approach. The first 

approach has the advantage of the good transport properties of the 3D perovskites. 

However, in bulk materials, the quantum yield of photoluminescence and 

electroluminescence are often limited, as they are affected by the large trapping non-

radiative channels. In contrast, the RP phases have the advantage of tuning the color 

by changing the dimensionality of the phase. Furthermore, they can reach very high 

quantum yields due to the recombination in domains experiencing quantum 

confinement. These advantages come with several challenges: to control the phase 

distribution and their orientation to favor charge transport (vide infra). The last 

strategy is the one based on perovskite nanocrystal. Due to the confinement of these 

nanostructures, this approach has similar advantages as the RP phases, even if, in the 

case of the QDs, the confinement is generally weak, and the color tunability is 

obtained rather with the variation of the halide, and not varying the dimensionality.[7] 

The nanocrystals can achieve quantum yields (QY) higher than 80%[8] thanks to the 

passivation of the surface with ligands and the weak confinement. However, the 
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ligands at the surface are also one of the biggest challenges of this strategy as they 

are a strong hindrance for charge carrier transport. 

 

In this chapter, we report the fabrication of blue perovskite light-emitting diodes 

using the RP strategy. To achieve emission in the wavelength range between 480-

500 nm, we used the RP system of nominal composition PEA2(Cs0.75MA0.25)Pb2Br7, 

by using isopropylammonium as an additive, PLQYs as high as 64% were achieved 

when depositing the material on a PEDOT:PSS coated substrate. Cross-correlation 

of the optical and structural investigation indicates that the active layer comprises of 

domains of n=3 phases surrounded by higher dimensionality phases, which allow 

the efficient transport of charge carriers towards the low dimensional domains. 

Interestingly, the funneling of the photoexcitations towards the low dimensional 

phases is blocked when the additive is used, which allows obtaining LEDs emitting 

at an average wavelength of 483 nm, with FWHM of the electroluminescence of 25 

nm and an external quantum efficiency up to 6%. 

 

4.2 Experimental section  
 

4.2.1 Chemicals 

 

The methylammonium bromide (MABr), the small cation isopropylammonium 

bromide (iPAmBr), and PbBr2 were purchased from Tokyo Chemical Industry 

(TCI). Phenylethylammonium bromide (PEABr), cesium bromide (CsBr), fused 

lithium fluoride (LiF), and metal aluminium pieces were purchased from Sigma-

Aldrich. The chemicals 2,2′,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBi), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS), toluene, and dimethyl sulfoxide (DMSO) were purchased from 

Ossila, Heraeus, Acros Organics, and Alfa Aesar, respectively. All chemicals were 

used as received without any further purification.  
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4.2.2 Preparation of thin films 

 

All precursor solutions were prepared using 0.5 M of Pb. PbBr2, PEABr, MABr, 

CsBr, and iPAmBr were dissolved in DMSO under continuous stirring for 90 min at 

room temperature. Solutions were mixed respecting the required final stoichiometry, 

iPAm was used as an additive and added in 50% with molar respect to the Pb. The 

solutions were spin-coated on fused quartz or ITO/PEDOT:PSS substrates through 

a one-step process at 6000 rpm for 60 s. At the 20th second after the beginning of 

the spin process, 275 µL of toluene was dripped as antisolvent. Subsequently, films 

were annealed for 10 min at 85 °C to ensure the removal of residual solvent.  

 

4.2.3 Optical spectroscopy 

 

The absorbance of the thin films has been measured in a UV-Vis-NIR 

spectrophotometer (Shimazu UV-3600) in transmission mode, using an integrating 

sphere. 

 

Absolute PLQYs were recorded using a Horiba FluoroMax Plus 

spectrofluorometer coupled through optical fibers to the Quanta-Phi integrated 

sphere. The excitation source is provided by a monochromatized Xe lamp. 

 

Photoluminescence and time-resolved photoluminescence measurements have 

been performed in reflection geometry. The third harmonic (267 nm) of the emission 

from an ultrafast Ti:Sapphire laser (Coherent Mira 900) has been used to excite the 

samples with an average power of 50 µW. A 150 mm focal lens was used to focus 

the laser beam on the sample while the photoluminescence was collected through an 

achromatic doublet to a combined spectrograph, consisting of a monochromator with 

a 1200 1/mm grating and two detectors; one for steady-state and the second for time-

resolved PL. Scattered light from the excitation beam was filtered with a 305 nm 

long-pass filter. Steady-state spectra were acquired with a spectral-calibrated EM-

CCD camera (Hamamatsu C9100-13). Time-resolved PL was taken using a 

picosecond steak camera (Hamamatsu C5680-24) working in synchroscan mode, in 

a time range of 2 ns. Under the experimental conditions used for these measurements, 

a time resolution of 10 ps has been evaluated. For the PL measurements, samples 
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were transferred from a glove box to a sample holder without exposing them to air 

and then kept in a vacuum during the measurements. 

 

Fast transient absorption spectroscopy has been performed at “Università di 

Cagliari” by prof. Andrea Mura. Samples for the measurements have been 

encapsulated by quartz glass and sealed with epoxy adhesive before shipping them. 

The measurements have been performed in a pump-probe configuration. The output 

of a regenerative amplifier (794 nm, 4 mJ, 1 kHz) with an integrated Ti:Sapphire 

oscillator (Coherent Libra) was used to seed an optical parametric amplifier (Light 

Conversion Topas 800) to generate the 100 fs long pulses at 360 nm used as a pump. 

The probe was a white light supercontinuum (390-850 nm), generated inside a 

transient absorption spectrometer (Ultrafast Systems Helios) by focusing a small part 

of the regenerative amplifier output into a rotating CaF2 crystal. The pump was 

focused on the sample with a spot size of 150 µm, and the fluence was adjusted to 3 

nJ for all the measurements. Two custom CMOS spectrometers individually 

acquired the probe transmitted through the sample and a reference spectrum to 

compensate for white-light oscillations. A chopper on the optical path of the pump 

allowed recording of the sample absorption with and without pump excitation. In the 

time, the pump-probe time delay was controlled, modifying the optical path of the 

probe through a delay line. Time delays as high as 8 ns have been probed. 

 

4.2.4 Structural measurements 

 

X-ray diffraction patterns were recorded by a Bruker D8 Advance Diffractometer 

using Cu Kα source (λ= 1.54 Å) and a LynxEye detector. Grazing incidence wide-

angle X-ray scattering (GIWAXS) measurements on perovskite thin films using a 

MINA X-ray scattering instrument built on a Cu rotating anode source (λ=1.5413 Å) 

following the procedure reported in our previous work.[9] SEM images were recorded 

on an FEI NovaNano SEM 650 microscope through a CBS detector and with an 

acceleration voltage of 18kV. AFM micrographs were recorded by ScanAsyst mode 

using a Bruker Dimension Icon microscope and analyzed through Gwyddion 

software.  
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4.2.5 Fabrication of the PeLEDs 

 

Our PeLEDs were fabricated using ITO patterned substrates with four different 

active areas of 0.1, 0.16, 0.36, and 1.0 cm2. These substrates were ultrasonically 

cleaned using a hot soapy solution, rinsed with DI water, acetone, and isopropanol. 

A 35 nm PEDOT:PSS film was achieved by a two-step spin coating process followed 

by an annealing process at 140 ºC in air for 20 min. During the first spin-step process, 

PEDOT:PSS solution was dripped carefully to fully cover the substrate at 500 rpm 

for 5 s. Sequentially, the second step began at 3000 rpm for 60 s. Next, the perovskite 

active layer was deposited on top of the PEDOT:PSS film in a N2 glovebox following 

the process described above. Finally, TPBi and LiF/AL electrodes were thermally 

evaporated in vacuum with pressure as low as 10E-8 mbar through a patterned 

shadow mask to determine the active areas as the ITO and AL overlapping section 

electrode. For this investigation, more than 60 PeLEDs were fabricated and 

characterized.  

 

4.2.6 Characterization of the PeLEDs 

 

Our PeLEDs were characterized through a calibrated integrated sphere with 

barium sulfate coating from Newport. A 2400 Keithley power source supplied the 

applied bias. The EL spectra were recorded through an Ocean Optics spectrometer 

(USB2000) coupled to the optical fiber (QP400-2-UV-Vis), and the radiant flux was 

collected by a silicon photodiode (Hamamatsu S2281-01). In addition, a 6514 

Keithley electrometer registered the generated photocurrent. Both the detectors were 

residing on the wall of the integrated sphere at about 90º from the light source. The 

colorimetric characteristics were calculated through a designed Python program 

when feeding our EL spectra. 

 

 

 

 

 

 



 

79 

 

4.3 Results and discussion 
 

4.3.1 Perovskite active layer and their physical properties 

 

Figure 4.1 are shown the schematics of the Ruddlesden-Popper (RP) n=2 phases 

used in this study. On the left of the figure, the system of composition 

PEA2(Cs0.75MA0.25)Pb2Br7 to which in the following we will refer as neat, and on the 

right, the system obtained with the addition of isopropylammonium, to which we 

will refer as iPAm-modified. Thin films of the two systems including other control 

samples, as the pure 2D system (PEA2PbBr4) and the 3D perovskite 

(Cs0.75MA0.25PbBr3), were deposited by spin-casting from DMSO solution using 

toluene as antisolvent (we refer to the experimental section for more details).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic illustration of <n=2> perovskite used as the active layer of 

the blue PeLED. On the left side is depicted the composition 

PEA2(Cs0.75MA0.25)Pb2Br7 [neat] and on the right side the composition 

PEA2(Cs0.75MA0.25)Pb2Br7:iPAm obtained using isopropylammonium [iPAm] as an 

additive. 

 

Figure 4.2 (a) reports the absorbance and the photoluminescence (PL) spectra of 

the 2D, the <n>=2 and <n>=3 RP phases, and the 3D perovskite deposited on 
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quartz substrates. The spectra of the 2D sample, with an absorption peak at 403 nm 

and an emission peak at 410 nm, are dominated by the excitonic behavior determined 

by dielectric and quantum confinement of carriers into the inorganic layers. The 

<n>=2 thin film shows absorbance and PL spectra indicating the presence of 

multiple phases. Together with the 2D phase, the n=2 phase with an absorption peak 

at 433 nm and emission at 441 nm, and the n=3 phase with absorbance at 464 nm 

and emission at 475 nm are evident in the spectra. Furthermore, the absorbance 

shows a low energy tail that is surely composed of a small amount of material of 

rather large n values (quasi-3D) as the PL spectra are dominated by emission at 512 

nm (note that the 3D absorbance is at about 520 nm and the emission of the 3D phase 

is at 530 nm). The strong n=2 in absorbance and the PL dominated by quasi-3D 

phases is a clear indication of an effective energy transfer mechanism in this sample. 

The optical properties of the <n>=3 sample are substantially very similar to the 

<n>=2 with the obvious clear appearance of the quasi-3D phase in the absorbance 

spectra with a peak at about 516 nm, and the PL spectra dominated by a broad 

emission also attributed to the quasi-3D phase. Figure 4.2 (b) reports the absorbance 

and the PL spectra of the same types of samples as in figure 4.2 (a), in which iPAm 

has been added to the precursor solution as an additive. Interestingly, while the 

addition of iPAm does not seems to have an influence on the optical properties of 

the 2D sample and only determines a small blue shift (5 nm) of both the absorption 

and emission peak in the 3D phase, it has a rather dramatic effect on the RP phases 

<n>=2 and <n>=3, with the almost total suppression of the larger n contributions. 

The PL of these two samples is now dominated by the high energy peaks 

corresponding to n=1, n=2 and n=3 emissions. 

 

As our aim is to fabricate blue light-emitting diodes in the following, we 

concentrate on the samples with <n>=2 compositions. One of the most common 

hole transport layers (HTL) in perovskite light-emitting diodes is the conductive 

polymer PEDOT:PSS.[10] As the energy landscape of RP phases is susceptible to 

many processing factors and to the surface where they are deposited,[11,12] it is 

imperative to investigate the physical and structural properties of our samples when 

deposited on PEDOT:PSS. 
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Figure 4.2 Steady-state optical characteristics of 3D (Cs0.75MA0.25PbBr3), 2D (PEA2PbBr4), and quasi-2D perovskites deposited on 

quartz substrates. Absorbance (Abs) and photoluminescence (PL) spectra of thin films of different nominal <n> value for neat (a) and 

iPAm-modified (b) perovskites. 
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Figure 4.3 shows the results of PL measurements on nominal <n=2> thin 

films, neat and iPAm-modified, deposited on quartz and ITO/PEDOT:PSS 

substrates. By fitting the spectra, a total of five components have been identified 

in the emission of the RP films, which can be attributed to different n-phases, 

from 1 to ≥5. In Table 4.1, the corresponding emission peak wavelengths are 

reported, together with the values of their FWHM. No significant shift in the 

emissions is observed between different samples. 

 

As already seen previously, for the neat films [figure 4.3 (a)], the PL spectrum 

is dominated by emission at 510 nm, attributed to n≥5 phases. On both substrates, 

the spectra seem similar, although emission peaks are represented with different 

intensities. For the film on PEDOT:PSS, the emission from low n-value phases 

is more intense concerning the main peak. 

 

With the addition of iPAm [figure 4.3 (b)], the n≥5 phase emission is 

completely suppressed in the case of the quartz substrate, whereas for the film on 

PEDOT:PSS is present as one of the strongest emissions. The 475 nm, which 

corresponds to the n=3 phase, is the most intense on the quartz substrate, whereas 

for the PEDOT:PSS film, the 491 nm (n=4 phase) appears as dominant. As for 

the neat perovskite and the iPAm-modified samples, the deposition on 

PEDOT:PSS increases the relative intensity of the emission from low n-value 

phases, particularly from the n=1. 
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Figure 4.3 Photoluminescence characteristics of <n=2> thin films deposited on 

quartz and PEDOT:PSS. (a) PL spectra of the <n=2> [neat] films, and of (b) of 

iPAm-modified ones. (c) influence of PEDOT:PSS on neat (green color) and iPAm-

modified films (blue color), and (d) PLQYs for the two samples on PEDOT:PSS. 

 

A comparison of the PL spectra of neat and iPAm-modified perovskites, both 

on PEDOT:PSS [(figure 4.3 (c)], reveals as an effect of the additive an 

enhancement in the emission of n=2 and n=3 phases. In contrast, the emission of 

the n=1 phase is diminished (see table 4.1). Most importantly, the PL quantum 

yield (QY) of films deposited on PEDOT:PSS [figure 4.3 (d)] is 2-fold for the 

iPAm-modified film with respect to the one of the neat films; a value as high as 

64% was measured for the iPAm-modified sample. It is interesting to note that 

the QY of samples deposited on quartz does not overcome values of 7.2%. 

 

4.3.2 Charge carrier dynamics 

 

Figure 4.4 shows the results of time-resolved PL (TRPL) measurements on films 

of neat (left panels) and iPAm-modified perovskites (right panels) deposited on 

top of PEDOT:PSS. The time-resolved spectra of the neat film [figure 4.4 (a)] 

present the same features observed in steady-state PL. In addition, we observe 

that right after the excitation, the spectrum shows two high-intensity emissions 

from n=1 and n=2 phases, together with a broad emission peaked at 510 nm, 

which is given by the overlap of the emission from n=3, n=4, and n≥5 phases. By 
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comparing the spectra at different time intervals after the excitation, the peaks 

from low n-value phases undergo a rapid decay, almost completely disappearing 

in the time scale of a few nanoseconds. In contrast, the broad emission peaked at 

510 nm decays much slower. Nevertheless, it is still strong after more than 13 ns; 

namely, it is longer than the temporal difference between two consecutive pulses 

of our laser (repetition rate 76 MHz). Moreover, the broad emission appears to 

get narrower with time, with faster decay of the emission on the side of low 

wavelengths. We can then deduce the emission from n=1 and n=2 phases, plus 

the one from n=3 and n=4 have much rapid decay compared to the ones from the 

n≥5 phase. In figure 4.4 (c), the decays of the PL signal are reported at 

wavelengths corresponding to the peak positions extracted from the steady-state 

(see Table 4.1). 

 

Table 4.1 Photoluminescence peaks. Peak position and FWHM of the main emission 

signals in the steady state PL spectra reported in figure 4.3. The values are obtained 

fitting the spectra with multiple gaussians components. 

N phase Peak position (nm) FWHM 

N=1 415 9 

N=2 448 14 

N=3 475 15 

N=4 491 16 

N≥5 510 30 

 

The decay dynamics were fitted using a multi-exponential function and the PL 

lifetimes obtained are reported in table 4.2. The lifetimes increase with the 

increase of the n-value, both in the time range of tens and hundreds of 

picoseconds. Additionally, the n≥5 phase emission is not only characterized by 

the slowest decay, but the calculated lifetimes are almost two-fold those of the 

emissions of the other n-value phases. The results suggest the presence, in the 

neat perovskite film, of efficient energy funneling from the phases with larger to 

phases with narrower band gap (i.e. from lower to higher n-value), which ends 

with the radiative recombination of the carriers in the n≥5 phase. 
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Figure 4.4 Time-resolved photoluminescence (TRPL) of <n=2> thin films deposited 

on PEDOT:PSS. PL spectra at different times after excitation of (a) neat film and (b) 

films with the addition of iPAm. PL decays measured at different wavelengths, 

corresponding to the emission of different N-phases, in (c) neat film and (d) film with 

the addition of iPAm. 
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Table 4.2 PL lifetimes obtained by fitting with a multi-exponential decay function 

the time-resolved PL signal at different wavelengths for both neat and iPAm modified 

films. For the film with the additive signals at 475, 491 and 510 nm show a long tail 

with a decay much longer than the time range of the measurements. 

 

 

 

Wavelength 

(nm) 

τ1 

(ps) 

τ2 

(ps) 

τ3 

(ps) 

Neat 

415 26 77 264 

448 22 96 315 

475 25 98 381 

491 29 92 380 

510 44 160 521 

iPAm-

modified 

415 39 125 484 

448 24 99 370 

475 49 329 / 

491 68 418 / 

510 71 401 / 

 

Similarly, as discussed above, for the neat perovskite samples, the time-

resolved spectra, for the iPAm-modified samples [(figure 4.4 (b)], resembles its 

steady-state PL. However, by paying careful attention to the time evolution of the 

spectrum, we can note some differences to the neat film. While an initial rapid 

decay still characterizes the emissions from n=1 and n=2 phases, they remain 

distinctly visible in the spectrum up to 2 ns. The steady-state PL broad band that 

includes the emission from n=3, n=4, and n≥5 phases at short times after the 

excitation appears peaked at 475 nm, showing the dominant contribution of the 

n=3 phase. After more than 13 ns (see the dark blue spectrum), the profile still 

shows components at high energy as if the energy funneling is partially hindered. 

This is remarkably distinct behavior as observed in the neat film. 
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Driving our attention to figure 4.4 (d) of the decay dynamics, an increase in 

PL lifetimes appears evident for the emission from all the n-value phases when 

iPAm is added to the perovskite (see for the lifetimes in table 4.2). As mentioned 

in the analysis of the time-resolved spectra, the emission from n=1 and n=2 

phases have decayed in the first tens of picoseconds, similar to that observed in 

the neat film. However, for the neat film, the emission results completely depleted 

in hundreds of picoseconds; whereas, in the iPAm-modified film, a significant 

part of the emission occurs in a nanosecond timescale. The differences between 

neat and iPAm-modified film are even more important for the emission from n=3, 

n=4, and n≥5 phases. These emissions became significantly longer by the 

additive, with lifetimes of tens or even hundreds of nanoseconds. Furthermore, 

for n=3 and n=4 phases, longer τ1 lifetimes suggest hindering of the energy 

transfer mechanism to the n≥5 phase. In short, the analysis of the time-resolved 

PL points out that the addition of iPAm to the perovskite brings to a significant 

increase in the PL lifetimes of all the n-value phases in the film, pointing to a 

reduction of the energy funneling and of the non-radiative component. The last is 

in agreement with the very high quantum efficiency of the iPAm-modified films. 

 

To better understand the effects of iPAm on the photophysics of the material, 

fast transient absorption spectroscopy measurements (FTAS) have been carried 

out on neat and iPAm-modified films. Such spectroscopic technique, in fact, 

allows investigating charge carrier dynamics in the firsts hundreds of 

femtoseconds after excitation, which is the typical timescale of charge and energy 

transfer mechanisms in solid materials. 
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Figure 4.5 Fast transient absorption spectroscopy (FTAS) characterization of 

<n=2> thin films deposited on PEDOT:PSS. Transient spectra at different delay times 

between pump and probe for (a) neat film and (b) film with the addition of iPAm. Time 

dependence of the normalized FTAS signal at different wavelengths, corresponding to 

the main absorption bleaching features on the spectra, for (c) neat film and (d) film with 

the addition of iPAm: experimental data (colored dots) and best fitting models (colored 

lines). 
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Table 4.3 FTAS fit results. Time constants obtained by fitting the dynamics of the 

main absorption bleaching features on the transient absorption spectra of both neat and 

iPAm-modified films. Signals fitted by a combination of exponential rising (τR) and 

decays (τ1, τ2 and τ3). Errors are evaluated taking into account the instrument response 

function of the experimental setup and the parameters used for the measurements. 

 

 

 

wavelength 

(nm) 

τR 

(ps) 

τ1 

(ps) 

τ2 

(ps) 

τ3 

(ps) 

Neat 403 / / / / 

432 / 0.2 ± 0.1 15 ± 2 / 

462 / 0.8 ± 0.1 14 ± 2 158 ± 2 

480 0.2 ± 0.1 0.7 ± 0.1 24 ± 2 128 ± 2 

507 0.3 ± 0.1 / 116 ± 2 680 ± 30 

iPAm-

modified 

403 / <0.1 41 ± 2 / 

432 / 0.2 ± 0.1 26 ± 2 730 ± 30 

462 / 0.5 ± 0.1 25 ± 2 620 ± 30 

480 0.1 ± 0.1 / 36 ± 2 640 ± 30 

507 0.4 ± 0.1 / 202 ± 2 1490 ± 30 

 

Figure 4.5 depicts the result of the FTAS measurements for neat (left panels) 

and iPAm-modified film (right panels). As already done previously, we first 

focus on the neat film. The transient spectra of the neat film [figure 4.5 (a)] show 

in the range of wavelengths between 400 and 550 nm several photobleaching 

features, following the pump excitation. Such features arise from the 

depopulation of the ground state caused by the absorption of the pump pulse. The 

photobleaching features on the spectra match well the absorption peaks observed 

in the steady-state in figure 4.2; thus, they can be correlated with the different n-

value phases present in the film. A positive broadband signal, which corresponds 

to an increase in the absorption, namely a photoinduced absorption, is also 
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overlapped to the photobleaching, making them not easy to observe at long time 

delays. Nonetheless, the transient spectra evidence a rapid decay dynamic for the 

photobleaching associated with n=1, n=2, n=3 and n=4 phases (signals at 403, 

432, 462, and 480 nm, respectively), whereas the signal correlated with n≥5 (507 

nm) has a much longer lifetime, in perfect agreement with the TRPL results. 

 

The decay dynamics of the photobleaching up to 8 ns can be fitted by a multi-

exponential function. The results of the fits are reported in figure 4.5 (c) (close 

up on the first 2.5 ps) and in table 4.3. Unfortunately, due to its extremely fast 

decay and to the presence of a much stronger photoinduced absorption signal 

overlapped to it, it is not possible to fit the photobleaching of the absorption of 

n=1 phase (403 nm). Photobleaching related to the n=2 and n=3 phases (432 and 

462 nm, respectively) has similar dynamics. An initial fast decay which halves 

the intensity of the signals in the time scale of hundreds of femtoseconds. 

Following that, the decay dynamics are comparable with the dynamics observed 

in TRPL, suggesting a carrier relaxation through radiative recombination. Also, 

the decay dynamics are analogous for the photobleaching related to the n=4 

phase, except for two noteworthy differences. First, the signal does not have a 

sharp rising as the previous ones and reaches its maximum in a time of hundreds 

of femtoseconds, which well matches the initial fast decay of the other two 

signals. Second, although this signal has an initial fast decay as the others, the 

decrease of intensity in the firsts picoseconds is minor. Most of the signal decays 

in tens of picoseconds. Focusing on the photobleaching associated with n≥5 

phases, we observe an even longer rising of the signal followed by decay 

dynamics of nanoseconds. To summarize, the FTAS measurements on the neat 

perovskite film not only confirm the results of the TRPL but, by showing ultrafast 

decays for the signals related with low n-value and rising in the signals associated 

with high n-value phases, demonstrate beyond doubt the presence of efficient 

energy funneling in the system. 

 

Following the same approach for the iPAm-modified film, we observe the 

same photobleaching features characterize the transient spectra in figure 4.5 (b) 

as for the neat film. Nonetheless, the photobleaching signals related to low n-

value phases are higher in intensity, and their decay is significantly slower than 

in the neat film. The higher intensity can suggest a larger amount of the related 



 

91 

 

phases in the sample or, more likely, an hindering of ultrafast decay processes, 

comparable or even shorter than the time resolution of the measurement (100 fs). 

The fit of the dynamics of the signals [figure 4.5 (d) and table 4.3) clearly shows 

the iPAm addition effects. Thus, while the initial fast decay of the signals 

associated with n=1, n=2, and n=3 phases is still present, its effect on the intensity 

of the signals is largely reduced. Most of the photobleaching signal decays in a 

time range of a few nanoseconds, compatible with the radiative recombination 

for all these phases. The effects of the additive are even more remarkable on the 

signal related to the n=4 phase for which, after the rising, we do not observe any 

more a fast decay, as if the energy funneling to higher n-value phases is 

completely hindered. Lastly, the photobleaching associated with the n≥5 phases 

is still characterized by a pronounced rising, followed by prolonged decay, even 

longer than in the neat film and longer than the probed time range (8 ns). 

 

Summarizing, the results of the FTAS measurements on the iPAm-modified 

perovskite film further prove a substantial hindering of the energy funneling and 

thus a higher chance to have radiative recombination of the excitons in the phase 

where they are generated. This is expected to enhance quantum yield and the 

color purity of the emission in light-emitting devices. 
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4.3.3 Structural and morphological characterizations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. SEM and AFM micrographs of nominal <n=2> samples. SEM 

micrographs of the (a) neat perovskite and (b) i-PAm-modified films. The insets show 

magnification of the surface morphology. AFM micrograph of (c) neat film (scan size of 

10 µm x 10 µm) and (d) iPAm-modified film (scan size of 5 µm x 5 µm). On the right-

side of (d) is shown a zoom-in of the i-PAm film (size 2 µm x 2 µm). 

 

The next step is to understand the thin film quality and their crystallographic 

structure to comprehend if they are suitable for fabricating light-emitting diodes. 

The possibility to fabricate a light-emitting diode with the investigated samples 

is based on the ability to fabricate smooth and continuous thin films, as the overall 

device structure requires the possibility to deposit on top of the active layer other 

functional layers and the cathode without creating electrical shorts. Figure 4.6 

shows the scanning electron microscope (SEM) and atomic force microscopy 

(AFM) micrographs of the neat and iPAm-modified samples. The neat sample 

display, when measured with both techniques, a wrinkled structure. These types 
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of structures are often obtained when using the antisolvent method and recently 

were explained as formed via a bilayer intermediate with a perovskite top layer 

on a viscous amorphous bottom layer.[12] The iPAm-modified film does not show 

wrinkles but a rather smooth surface composed by relatively small and randomly 

oriented flat crystallites.  

 

Figure 4.7 exhibits powder-XRD measurements carried out for nominal 

<n=2> thin films and 2D as control film after adding the small spacer cation of 

iPAm for both quartz and PEDOT:PSS substrates. In general, no significant 

perturbation is observed for the 2D control-perovskite thin films after the addition 

of iPAm on both substrates. However, the perovskite crystallization appears to be 

influenced by the substrate. Two reflection peaks located at 2θ=30.5˚ and 

2θ=35.6˚ appear only when films are grown on PEDOT:PSS. In nominal <n=2> 

RP phases films, a combination of 2D and 3D phases coexist, with a dominance 

of the 2D, especially on quartz after incorporating iPAm, as shown in figure 

4.7(b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Powder X-ray diffraction patterns (XRD) of 2D and nominal <n=2> 

layered perovskite thin films for neat and iPAm films. (a, b) Films deposited on quartz 

(c,d) and on PEDOT:PSS. 
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A particular situation occurs when the nominal <n=2> films are crystalized 

on PEDOT:PSS. The mixture of 2D and 3D prevails for neat films, and both 

phases seem to be enhanced. The peaks, marked with a star on figure 4.7(d), 

located at 2θ=16.20˚ and 30.7˚correspond to the 3D perovskite counterparts[3]; 

the latter is also present in the iPAm-modified film, whereas the former is not 

observable. The iPAm-modified film shows very low crystallinity, with the 

emergence of broad features and remaining diffraction peaks typical of the 2D 

phase, including the low reflection peak at 2θ ˂ 5˚. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8. GIWAXS patterns of thin films of (a) PEA2PbBr4,(b) 

PEA2(Cs0.75MA0.25)Pb2Br7, (c) PEA2PbBr4:i-PAm and (d) 

PEA2(Cs0.75MA0.25)Pb2Br7:iPAm deposited on PEDOT:PSS. 

 

The structure of the perovskite thin films deposited on PEDOT:PSS without 

and with the addition of the additive was further investigated by GIWAXS (see 

figure 4.8). GIWAXS patterns allow obtaining information about the packing 
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adopted by the material and the preferred orientation of the perovskite 

crystallites.[11,13,14] The GIWAXS pattern of the pristine 2D PEA2PbBr4 thin film 

can be described assuming a unit cell with a, b, and c axis of about 12 x 12.5 x 

17.5 Å in agreement with XRD results and the reported crystal structure for 

PEA2PbBr4.[15] The 00l peaks are highly aligned along the quasi vertical z-

direction [see figure 4.7 (a)], indicating that the 2D crystallites align with the 00l 

planes parallel to the substrate, in agreement with what is commonly reported for 

other 2D Pb- and Sn-based perovskites using PEA cations. The films show a high 

degree of order as up to 5 00l reflections are visible along the z-direction. The 

addition of iPAm to the PEA2PbBr4 system does not significantly alter the 

structure, increasing the order slightly as the 005 reflection is evident [see figure 

4.8 (c)]. This result proves that the iPAm can be well tolerated within the 2D 

crystal structure. 

 

Inspection of the intensity cuts along the qz direction reveals the simultaneous 

presence of different phases for the PEA2(Cs0.75MA0.25)Pb2Br7 (<n=2> neat film, 

with n=1 and n=3 being the most abundant (see figure 4.9). Similar to the 2D 

phase, the PEA2(Cs0.75MA0.25)Pb2Br7 film is also composed of crystallites 

strongly orientated with their 00l planes parallel to the substrate [figure 4.8 (b)]. 

However, contrary to what was observed for the 2D phase, the <n=2> phase 

structure is strongly perturbed by the addition of iPAm. Two main effects are 

observed when iPAm is added to the <n=2> neat film. A change in the relative 

composition of the different phases is detected, as revealed by the change in the 

001 peak intensity for the phases with different n observed along the qz direction 

[(figure 4.9 (b)]. The addition of the iPAm causes a decrease in the n=1 and n=3 

phases, in agreement with PL data. Furthermore, a significant increase of the 

fraction of crystallites with a random orientation upon addition of the iPAm is 

observed from the appearance of the Debye-Sherrer rings in the GIWAXS pattern 

of figure 4.8 (d). The crystallites with random orientation are mostly composed 

of n=1 and n=3 structure, while the n=2 retain high orientation. 
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Figure 4.9 Comparison of the GIWAXS intensity cuts along the quasi vertical qz 

direction for the 2D and the <n=2> thin films without and with the iPAm addition. 

 

It has been reported that crystallites with random orientation can improve the 

charge transport in the direction perpendicular to the perovskite film and, thus, 

led to higher efficiencies in light-emitting devices[16] On the other hand, has also 

been shown that high orientation can be beneficial to enhance the radiative 

recombination of the carriers.[17] Therefore, the results of the morphological 

characterization, together with those of the optical spectroscopies, suggest the 

possibility to have better device performance using the iPAm-modified 

perovskite film instead of the neat film for blue light-emitting diodes. 

 

4.3.4 Device performance  

 

Motivated for the results obtained from the optical, structural and 

morphological characterization, we then decided to fabricate PeLEDs . 

 

PeLEDs with the <n=2> iPAm-modified perovskites were fabricated using a 

device structure composed by ITO/PEDOT:PSS (35 nm) /quasi-2D perovskite 

(125 nm) /TPBi (40 nm) / LiF (1nn) /Al (80 nm) as depicted schematically in 

figure 4.10 (a). The energy alignment of the different materials composing the 

devices is depicted in figure 4.10 (b). The energy level for the quasi-2D 

perovskite was estimated according to previous reports on bromide-based multi-
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cation quasi-2D perovskites[15]. It is also important to underline that the active 

layer is not a pure phase but a mixture of phases of different band-gap. As a 

reference, we also fabricated devices with neat <n=2> RP phases with the aim of 

better understand the effect of the iPAm addition. The details of the device 

fabrication process can be found in the experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Schematic illustration of the structure of the perovskite LED (a) and 

the energy level alignment of the materials composing the device structure (b).  

 

Devices’ performances are summarized in figure 4.11. The colorimetric 

characteristics of several devices are calculated based on the EL spectra and 

plotted in the CIE 1931 color space diagram using as a reference the standard 

illuminant E [figure 4.11 (a)]. The current density–applied bias–luminance (JVL) 

characteristics for iPAm-modified and neat devices are displayed in figure 4.11 

(b). Upon the addition of iPAm, the electrical properties of the diode are 

improved, with a decrease of the threshold voltage to 2.9 V with respect to 3.6 V, 

of the neat sample and a general increase of the current in forward bias. Also, the 

luminance is practically one order of magnitude higher for the iPAm LEDs with 

respect to the neat one. The maximum luminance reached for the iPAm device is 

8260 cd m-2 at an applied bias of 6.5 V (20.61mA/cm2) (at 7V JV is 

24.85mA/cm2). After this point, the device experiences the typical roll-off 
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behavior. For the neat PeLED, the maximum luminance reached is 2469 cd m-2 

at the tested bias of 7V (17.19 mA/cm2). The current efficiency at their maximum 

brightness of both devices was also evaluated as shown in figure 4.11(e), values 

of 38 cd/A (6.5 V) and 14.3 cd/A (7V) are obtained for iPAm-modified and neat 

PeLED, respectively. The EL spectra for the neat and iPAm-modified PeLEDs at 

7V are in figure 4.11 (c), the electroluminescence for neat PeLED is located at 

501 nm, while for the iPAm-modified relies on 481 nm. Small variations of the 

coordinates are obtained with slightly different deposition procedures as shown 

in figure 4.11 (a). The color coordinates, dominant wavelength, and color purity 

are resumed in table 4.4.  

 

The champion device terminology is used for the samples that show the best 

efficiency performance, as it is not exclusively dependent on the emission 

properties but also on the electrical performances of the active layer. Our 

champion iPAm-modified PeLED displays the CIE chromaticity coordinates of 

x=0.1092 and y= 0.1738, meeting the standard requirements for the blue region, 

reaching a color purity of 88% in accordance with an FWHM of 25 nm. 

Furthermore, we have estimated a dominant-wavelength distribution color 

average for the evaluated iPAm PeLEDs [figure 4.11(a)]. The average dominant 

wavelength is 483 nm; it is represented by a blue dot at the locus curve. Similarly, 

the green dot at 501 represents the average wavelength of the neat perovskite 

PeLEDs. As mentioned earlier, while the neat devices show a very high 

reproducibility of color, the iPAm-modified one shows a larger variability, 

depending on the fabrication procedure. 

 

Another important quality of LEDs is their color stability with different 

applied voltages. In figure 4.11 (d) are reported the EL spectra of one of the 

iPAm-modified champion devices at different applied bias, from 4.5 to 8 V, both 

the peak wavelength (481 nm), the shape, and the color purity of the 

electroluminescent is not perturbed. Importantly, the highest external quantum 

efficiency (EQE) reached by the iPAm PeLEDs is 5.2%. While the maximum 

EQE measured for the neat device is 1.5%.  
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Figure 4.11 Performance of PeLEDs. (a) CIE color coordinates of different types of 

devices investigated (b) JVL curves of one the best performing devices (c) EL of 

PeLEDs using as emissive layer <n=2> neat and with iPAm the spectra are recorded 

with the device bias at 7V, (d) EL spectra of the blue-emitting LED at different bias, and 

(e) luminous efficiency of <n=2> neat and with iPAm PeLEDs.  
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The role of iPAm is essential to achieve high efficiency, as mentioned above 

the addition of this organic cation has the fundamental role of hindering the 

energy transfer, which clearly has the expected effect in the blue EL spectra (483 

nm average) respect to the (501 nm average) of the neat device. However, it 

appears to have also a very important role in the electrical behavior of the active 

layer. Structural investigations demonstrated that iPAm breaks the crystallization 

and scramble the orientation of the crystallites of large n values, this improves 

the transport of the active layer and allows recombination to occur in the low 

dimensional domains. In conclusion, it is important to underline that our iPAm-

modified device is among the highest EQE blue PeLEDs demonstrated up until 

now, with color purity of 88% and record luminance of 8260 cd m-2 at 6.5 V. 

 
Table 4.4 Colorimetric characteristic for neat- and iPAm-modified PeLEDs using as 

reference the standard illuminant E. 

PeLED Coordinates 
Dominant 

wavelength 
Color purity 

Neat 

champion 

(0.1105,0.4710) 501 nm 66% 

Neat (ii) (0.1003,0.4679) 500 nm 70% 

iPAm 

champion 

(0.1092, 0.1738) 481 nm 88% 

iPAm (ii) (0.1096,0.2675) 488 nm 79% 

iPAm (iii) (0.1576, 0.2030) 481 nm 69% 

iPAm (iv) (0.1148, 0.2146) 484 nm 82% 

iPAm (v) (0.1415, 0.2148) 483 nm 73% 
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4.4 Conclusions  
 

Rudlesden-Popper perovskite phases of nominal composition 

PEA2(Cs0.75MA0.25)Pb2Br7 with and without, the addition of the 

isopropylammonium additive were demonstrated to emit in the wavelength range 

around 480 nm and 500 nm, respectively. The sample with isopropylammonium, 

when deposited on a PEDOT:PSS coated substrate, displays an exceptional PL 

QY as high as 64%. Cross-correlation of the optical and structural investigations 

indicate that the RP phase is composed of domains of n=3 phases surrounded by 

higher dimensionality phases, which allow the efficient transport of charge 

carriers towards the low dimensional domains. Interestingly, the funneling of the 

photoexcitations towards the low dimensional phases is blocked in samples using 

the isopropylammonium additive, mostly due to the random orientation of very 

small crystalline domains. All these features of this new RP phase allowed us to 

fabricate LEDs emitting at an average wavelength of 483 nm, with FWHM of the 

electroluminescence of 25 nm and an external quantum efficiency up to 6%.  

 

Our results demonstrate an opportunity to achieve high-efficiency LEDs in the 

blue spectra range by engineering Ruddlesden-Popper phases.  
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