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Abstract 

Charge balance in organic light emitting structures is essential to simultaneously 

achieving high brightness and high efficiency. In DC-driven OLEDs, this is relatively 

straight forward. However, in the newly emerging, capacitive, field-activated AC-driven 

organic devices, charge balance can be a challenge. We introduced the concept of gating 

the compensation charge in AC-driven organic devices and demonstrated that this can 

result in exceptional increases in device performance. To do this we replaced the 

insulator layer in a typical field-activated organic light emitting device with a 

nanostructured, wide band gap semiconductor layer. This layer acts as a gate between the 

emitter layer and the voltage contact. Time resolved device characterization shows that, 

at high-frequencies (over 40,000Hz), the semiconductor layer allows for charge 

accumulation in the forward bias, light generating part of the AC cycle and charge 

compensation in the negative, quiescent part of the AC cycle. 

We also showed that solution-grown films of CsPbBr3 pervoskite nanocrystals 

imbedded in wide band-gap Cs4PbBr6 can be incorporated as the recombination layer in 

light-emitting diode structures. More importantly, optical response was studied to shed 

light on why the very poor light emitter CsPbBr3 becomes a high-efficiency fast emitter 

when imbedded as nanocrystals in the wider gap host Cs4PbBr6.  Kinetics at high carrier 

density of pure (extended) CsPbBr3 and the nano-inclusion composite were measured and 

analyzed, indicating second order kinetics in extended and mainly first order kinetics in 

the confined CsPbBr3, respectively. In these terms, the nano-confinement might be 

viewed as enforcing mainly geminate recombination of electrons and holes in a material 

(CsPbBr3) that did not support stable excitons at room temperature.  The resulting first-



XXV 

 

order recombination competes with trapping much more effectively than does 

bimolecular recombination at the moderate carrier densities typical of LEDs and usual 

photo-excitation.  Analysis of absorption strength of this all-perovskite, all-inorganic 

imbedded nanocrystal composite relative to pure CsPbBr3 indicated enhanced oscillator 

strength consistent with earlier published attribution of the subnanosecond exciton 

radiative lifetime in nano-precipitates of CsPbBr3 in melt-grown CsBr host crystals and 

CsPbBr3 evaporated films. Single crystals of the CsPbBr3 - Cs4PbBr6 nanocomposite 

were also grown in the solution based method which are potentially used as new 

generation high energy particle detectors. 
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Chapter 1 Basics of Radiative Emission in Semiconductors 

Conventional lightings rely on either incandescence (Figure 1-1a) or discharge in 

gases (Figure 1-1b). Both phenomena are strongly linked with significant quantity of 

energy losses which are essentially inherent because of the extremely high temperatures 

or large Stokes shift. Semiconductors provide an alternative way of light generation, so-

called spontaneous light emission (Figure 1-1c and 1-1d).  

 

Figure 1-1 | Different lighting technologies. (a) Incandescent bulb; (Image courtesy of 

thorinside via Flickr) (b) Gas discharge tube; (Image courtesy of Tatalux Lighting) (c) 

Light emitting diode; (Image courtesy of Adafruit) (d) Organic light emitting device. 

(Image courtesy of LG Display) 

 

As shown in Figure 1-2, spontaneous light emission in semiconductor is the 

result of radiative recombination of free electrons “negative charges” and holes 

“imaginary positive charges”. Both of the free charges are created by current injection 

overcoming energy barriers. Subsequent radiative recombination of the injected carriers 

may attain quantum yields close to unity. This phenomenon, called injection 
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luminescence, is the basis of operation of all kinds of thin film light emitting devices. 

Therefore, the efficient carrier injection and exciton recombination is essential to highly 

efficient, bright, long-lived solid-state lighting technology.   

 

Figure 1-2 | Scheme of electron hole recombination resulting in spontaneous light 

emission in a semiconductor. 

 

Spontaneous Emission   

The basic element of a thin film light emission device is a semiconductor 

electroluminescent structure that comprises, at least, a region of radiative recombination 

regions of different conductivity type (p and n) that supply the recombining carriers. In 

the simplest design, the structure relies on a junction between a p-type semiconductor and 

an n-type semiconductor of the same kind (p-n homojection) with on or both conductivity 

regions employed as the radiative-recombination region or regions.  

Figure 1-3a depicts a band diagram of a p-n homojunction. Under zero bias, the 

majority electrons from the n-region diffuse into the p-region and majority holes diffuse 

in the opposite direction. This process creates depleted regions on both sides of the 

interface. The space charge of the depleted regions creates an internal electric field that 

counteracts the diffusion. In equilibrium, when the potential barrier is smaller than the 
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bandgap energy, the diffusion current is counterbalanced by the reverse current of 

minority carriers that drift in this internal electric field.  

 

Figure 1-3 | P-N junction in zero bias (a) and forward bias (b). 

 

When the homojunction is biased in the forward direction as shown in Figure 1-

3b, the reverse currents of the minority carriers change negligibly. Meanwhile, the barrier 

for majority carriers decreases by qV. Consequently, the majority carrier diffusion 

current increases by a factor of Bexp(qV/ k T) . Enhancement of the diffusion due to the 

electric field, called injection, results in an excess density of minority carriers on both 

sides of the homojection. For luminescence, the injected electrons and holes recombine 

radiatively. Thus, the net forward I-V characteristic can be described by the Equation 1-1 

with the consideration of electron-hole nonradiative recombination at the interfaces of the 

junction.  

n0 p0 0(I I )[exp( ) 1] [exp( ) 1]Rs Rs
n p nr nr

T T

V I V I
I I I I I

V V

 
         

Eqn. (1-1) 
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where In0 and Ip0 are reverse currents for minority electrons and holes, respectively. 

/T BV k T q . Inr is the reverse non-radiative recombination current and   is the ideality 

factor for the recombination current. (1 2  ) 

Charge Carrier Transport  

Electrons in the conduction band and holes in the valence band are able to move 

upon thermal activation, a gradient or an applied electric field. In this section, the 

concepts of electronic transport in crystalline materials will be described. 

Electrons in the conduction band or holes in the valence band can essentially be 

treated as free carriers or free particles. Even in the absence of an electric field the 

carriers follow a thermally activated random motion. In thermal equilibrium the average 

thermal energy of a particle (electron or hole) can be obtained from the theorem for 

equipartition of the average thermal energy of an electron or hole. The thermal energy of 

the particle is equal to its kinetic energy, so that the velocity of the particle can be 

calculated. The mass of the electron is equal to the effective mass of the electron. 

Furthermore, the velocity of the electron corresponds to the thermal velocity of the 

electron, so that the thermal velocity can be determined by 

2

2

eff t

k

m v
E 

 

Eqn. (1-2) 

At room temperature the average thermal velocity of an electron can be determined by  

3
t

eff

kT
v

m
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Eqn. (1-3) 

Thermal motion of free carriers can be seen as random collision (scattering) of the free 

carriers with the crystal lattice. A random motion of an electron or hole leads to zero net 

displacement of the free carrier over a sufficient long distance / period of time. The 

average distance between two collisions within the crystal lattice is called mean free path. 

Associated to the mean free path we can introduce a mean free time τ. A typical mean 

free path is in the range of 100nm and the mean free time is in the range of 1ps. 

Generally, there are three types of charge carrier transport which are band 

transport, trap controlled transport and hopping model.  

Band-like transport: When a small electric field is applied to the semiconductor material, 

each free carrier will experience an electro static force which accelerate the carriers along 

or opposite direction of the field based on the charge of carrier (electron or hole). An 

additional velocity component caused by an applied electric field (E) will be 

superimposed upon the thermal motion of the carrier. The additional component is called 

drift velocity. The drift of the electrons can be described by a steady state motion since 

the gained momentum is lost due to collisions of the electrons and the lattice. Based on 

momentum conservation the drift velocity can be calculated. Therefore, the electron and 

hole mobility can be expressed as  

n
n

v

E
   and 

p

p

v

E
   

Eqn. (1-4) 
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where 𝑣𝑛 and 𝑣𝑝 are drifting velocity of electrons and holes. The mobility is directly 

related to the mean free time between two collisions, which is determined by various 

scattering mechanisms. The most important scattering mechanisms are lattice scattering 

and impurity scattering. Lattice scattering is caused by thermal vibrations of the lattice 

atoms at any temperature above 0 K. Normally, the carrier moves in a highly delocalized 

plane wave in a broad carrier band with a relatively large mean free path. For organics we 

expect in the ideal case that the HOMO corresponds to the conduction band and the 

LUMO to the valence band.  

Trap controlled transport: In contrast to charge carriers immobilized in deep traps, charge 

carriers occupying shallow states can be excited and therefore contribute to charge-carrier 

transport.1,2 

 

Figure 1-4 | Carrier transfer in trap controlled transport mechanism. 

 

In disordered semiconductors such transport is usually characterized by an average 

mobility, μ, and the diffusivity, D. Both μ and D are equally relevant for the proper 

description of conductivity and recombination.3 The following Einstein equation is 

widely applied in the physics of conventional and organic semiconductors:  
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Bk TD

q


 

Eqn. (1-5) 

here kB denotes the Boltzmann constant, and, T represents the temperature q defines the 

electron charge. In a system characterized with the help of a density-of-states function, 

this relation may be generalized for an arbitrary temperature to the form of  

( / )
c

c

nD

q n 


 
 

Eqn. (1-6) 

where   is the chemical potential and nc represents the total density of mobile charge 

carriers.4 

 
Figure 1-5 | Density of states with deep carrier traps. 

 

Hoping transport: In inorganic semiconductors, strong covalent bonds hold atoms 

together with well-ordered configurations. The energy band in this case extends 

continuously in the bulk and therefore the delocalized carriers can freely move along the 

band with a relative high mobility.  
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Figure 1-6 | Carrier hopping and tunneling mechanism in organic semicondcutors 

 

However, for most organic semiconductors, weak intermolecular forces are 

predominant among molecules or polymers. In this case, discrete energy band structure is 

dominant in the bulk. The freely propagating wave of charge as usually seen in inorganic 

semiconductor no longer exists. As a result, carrier transport in organic semiconductors 

becomes a hopping process that involves thermionic emission and tunneling of carriers 

between localized sites, Figure 1-6. Many of the hopping models for organic 

semiconductors are based on the Miller-Abrahams formalism that was originally used to 

describe the hopping process in deep traps in inorganic semiconductors.5,6 The photon 

assisted hopping rate between two localized sites is:  

0 ij j i Bexp( 2 r ( ) / k T)i jv v       
  j i 

  

Eqn. (1-7) 

0 ijexp( 2 r )i jv v   
  j i 

  

Eqn. (1-8) 

where v0 is the attempt-to-jump frequency of the order of the phonon frequency 1012 ~ 

1013 s-1, γ is the inverse localization radius, rij is the distance between sites i and j, εi and 
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εj are the site energies. The Eqn. (1-7) describes the tunneling probability from a 

localized site i to another localized site j separated by a distance rij. The Eqn. (1-8) 

depicts the thermally assisted hopping rate. For an energetically upward hop, εj > εi, the 

hopping rate follows an exponential function. For an energetically downward hop, εj < εi, 

the hopping rate is equal to unity, that is independent of the energy difference of the 

hopping sites and the temperature. 

Exciton Generation and Recombination 

Migrating hole and electron charge carriers that encounter each other within the 

Coulombic capture radius (rc) combine to form an electron-hole pair sometimes called an 

exciton.7 This occurs when the Coulombic binding energy is to equal or greater than the 

exciton thermal dissociation energy kT.8,9 The Coulombic capture radius is defined as 

follow, 

2

04
c

e
r

kT
   

Eqn. (1-9) 

where e is the electron charge, ε is the dielectric constant, ε0 is the permittivity of free 

space, k is the Boltzmann constant, and T is the temperature. Based on the Eqn. (1-9) the 

thermal energy increases with the Coulombic capture radius decreases. As the dielectric 

constants of organic semiconductors are typically low (ε ~ 3), the capture radius is 

typically found to be around 20 nm.10,11 Studies on the rates of recombination have been 

treated within the context of recombination of statistically independent opposite 

charges.12,13 The bimolecular recombination rate can be specified in terms of the product 
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of the hole and electron densities and the bimolecular rate constant defined as γ = e(µ+ + 

µ−)/εε0 ; where e represents the electron charge, µ+ and µ− represent the mobilities of the 

holes and electrons, ε is the dielectric constant, ε0 is the permittivity of free space. From 

the point of view of molecular states, recombination of holes and electrons can generate 

either singlet or triplet excitons that may form according to spin statistics  and lead to a 

one-to-three ratio of these states.14 Thus, four possible excited states may exist as shown 

in Figure 1-7. 

 

Figure 1-7 | Singlet excited state (S=0) and triplet excited states (Sz=+1,0,-1). 

 

The bound hole-electron pair (exciton) is stabilized (relative to unbound and 

charged states) by a Coulombic attraction known as the exciton-binding energy. At 

temperatures where the exciton-binding energy is greater than the thermal energy kT, 

excitons will not dissociate appreciably after formation. Light can be generated from the 

excitons states depending on the type of materials employed is fluorescent or 

phosphorescent. The possible pathways for relaxation can be depicted in the Jablonski 

diagram15 as follows: 
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Figure 1-8 | Energy diagram illustrating fluorescence, phosphorescence, internal 

conversion (IC) and intersystem crossing (ISC). 

 

Excluding considerations of allowed transitions or of spin-orbit coupling, the 

available decay pathways for a singlet exciton include radiative fluorescence and/or non-

radiative internal conversion (IC). In addition, intersystem crossing (ISC) from the 

excited singlet state to the triplet state may occur followed by either radiative 

phosphorescence and/or non-radiative ISC to the ground state. For the triplet excitons, 

decay to the ground state can occur via radiative (phosphorescent) and/or non-radiative 

ISC. It was believed that phosphorescence is rarely observed at room temperature for π-

conjugated organic emitters due to their typically low rate of intersystem crossing 

associated with weak spin-orbit coupling. The prediction is established on the 

presumption that the triplet-to-ground state transition is not spin conserving and therefore 

a forbidden process. However, it was later proven that it is possible to capture both 

singlet and triplet excitons by using metal organic semiconductors (such as Ir with strong 

spin-orbit coupling) doped in host materials. It opened the door for extremely efficient 

OLEDs having 100% internal quantum efficiency of the exciton recombination.16,17  
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The Intersystem Crossing (ISC) Model in Singlet-Triplet Dynamics 

The ISC model is based on the magnetic field change of the spin dependent 

intersystem crossing in intermolecular excited states (polaron pairs). Therefore, the 

intersystem crossing model also is called polaron pair model. The intersystem crossing is 

the transition between the singlet and triplet levels. In the intramolecular excited state 

under photo excitation, most of the excitons are in singlet configuration. But in the 

intermolecular excited state under electrical excitation, the singlet - triplet ratio has the 

limit of 25%, if the spin orbital coupling effect is not considered. However, the singlet 

excitons and triplet excitons can be mutually converted when the spin flip mechanism is 

present due to hyperfine coupling or spin-orbital coupling.18  

 

Figure 1-9 | Electron and hole spin precessions in an external magnetic field B for singlet 

and triplet e–h pairs. 

 

The Figure 1-9 illustrates that electron and hole spin polarizations coherently 

process around both internal nuclear magnetic field and external magnetic field. The 

singlets and triplets excited states are created at e-h capture. In essence, the e–h spin–

exchange interaction is accountable for the coherent spin orientations and precessions 

within an e–h pair. There are basically two roads to influence singlet - triplet ratios.19 

First, changing electron and hole coherent spin orientations can directly affect the e–h 
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spin-pairing configurations, and the resultant singlet and triplet ratios at formation. 

Second, perturbing the spin correlation between electrons and holes can lead to a mutual 

conversion between singlet and triplet excited states, and redistribute the singlet and 

triplet populations. Therefore, an external magnetic field is able to impact de-excitation 

or revolution processes of singlet and triplet pairs by varying the singlet and triplet ratios 

involved in excited processes and charge transport.  

When an external applied magnetic field is comparable to the internal magnetic 

interaction in strength, an external magnetic field can further increase the triplet splitting 

(namely, external Zeeman effect), and consequently modifies the ISC. In principle, 

magnetic-field-dependent singlet and triplet ratios can consist of two contributions20, 

from spin-dependent formation of excited states and from the field-sensitive ISC. There 

are two necessary conditions, namely magnetic requirements, for the ISC to be magnetic-

field dependent. First, the external Zeeman splitting must be larger than the internal 

Zeeman splitting. Second, the external Zeeman splitting should be comparable to the 

singlet–triplet energy difference caused by the e–h separation-distance-dependent spin-

exchange interaction.  

This magnetic field phenomena has drawn strong interest toward the development 

of organic spintronics in which electronic, optical, and magnetic properties can be 

integrated for the development of next-generation semiconductor devices for energy 

conversion, sensing, and optical-communication applications.  

Exciton Oscillator strength  

Oscillator strength is a dimensionless quantity that expresses the probability of 

absorption or emission of electromagnetic radiation in transitions between energy levels 
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of an atom or molecule.21 It can also be defined as the ratio between the quantum 

mechanical transition rate and the classical absorption/emission rate of a single electron 

oscillator with the same frequency as the transition.22  

In direct bandgap semiconductors, a hydrogen-like series of the transitions to s-

states of Wannier-Mott excitons accounts for the fundamental absorption.23 In addition to 

the free exciton lines, there are surprisingly strong additional absorption lines in the same 

spectral region.24 They are due to the excitons weakly bound to impurities or defects. 

Anomalously high intensity of the impurity-exciton lines indicate their giant oscillator 

strength of about 1 per impurity center while the oscillator strength of free excitons is 

only of about 10-4 per unit cell. Shallow impurity-exciton states are working as antennas 

borrowing their giant oscillator strength from vast areas of the crystal around them. They 

were predicted by Emmanuel Rashba first for molecular excitons25 and afterwards for 

excitons in semiconductors.26 Giant oscillator strengths of impurity excitons normally ties 

with the ultra-short radiative lifetimes less than 1 ns. The relation between oscillator 

strength and exciton lifetime is given  

3
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Eqn (1-10) 

where m0 is the electron mass, c is the speed of light, n is the refraction index, and i  is 

the frequency of light. Typical values of exciton lifetime are down to nanoseconds range, 

and the fast luminescence decay favors the radiative recombination of excitons over the 
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non-radiative process.27 With a high quantum yield, the emission process is also named 

as resonance fluorescence.  

Lead Halide Perovskite Emitter 

In order to promote color purity of display and lighting devices, research on new 

emitting materials that can emit light with narrow full width at half- maximum (FWHM) 

have been a huge trend. Inorganic quantum dot or quantum well emitters with narrow 

spectra (FWHM ∼ 30 nm) have been significantly studied following organic emitters 

(FWHM > 40 nm); however, size-sensitive color purity, difficult size uniformity control, 

and expensive material costs of inorganic quantum dot (QD) emitters retard the progress 

for wide use in industry. Therefore, new emitters with size-insensitively high color purity 

(FWHM <20 nm) and low material cost should be developed. Among many candidates, 

metal halide perovskites have gained great attentions and show the possibility for future 

high-color purity emitters. 

 

 

Figure 1-10 | (a) Lattice structure of orthogonal Pervoskite structure.28 (b) Red and green 

Pervoskite LEDs.29 
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Halide perovskites have a general formula of ABX3, where A and B are 

monovalent and divalent cations, respectively, and X is a monovalent halide (Cl, Br, I) 

anion. The three-dimensional (3D) crystal structure of lead halide perovskites is shown in 

Figure 1-10, where the B cation, commonly Pb, but also Sn, is coordinated to six halide 

ions in an octahedral configuration. The octahedra are corner-sharing, with the A cation 

located in between those octahedra. Lead halide perovskites are further classified into 

either organic–inorganic (hybrid) or all-inorganic, depending on whether the A cation is 

an organic molecule, most commonly methylammonium (MA, CH3NH3+), or an 

inorganic cation (commonly Cs+), respectively.  

 

Figure 1-11 | The color tunable fluorescence of CsPbX3 nanocrystals based on halid ion 

exchange.30 

 

The optical (fluorescence) and electronic properties of perovskites are tunable 

(Figure 1-11) by varying the composition of constituted halide ions and to a smaller 
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degree of the cations.30–32 In addition, the size and dimensionality of perovskites can also 

be used to tune their optical properties, similar to conventional metal chalcogenide 

semiconductors.33,34 

 

Figure 1-12 | Quantum size effects in low dimensional perovskite materials.35 

 

In principle, the dimensionality (D) of the inorganic framework can vary from 

three to zero. Small-sized organic or inorganic cations can fit into the PbX6 octahedra of 

the 3D framework. If the cation is too large, the 3D perovskite structure would be 

inappropriate and the dimensionality of the inorganic framework would change to 2D, 

1D, or 0D. In the 0-D hybrid perovskite structure, the PbX6 octahedra are isolated, while 

in the 1D the PbX6 octahedra are connected in a chain, and in the 2D the PbX6 octahedra 

are connected in layered sheets at the corners.36 The stoichiometry of the perovskite and 

radiative emission change with the dimension of the inorganic framework as shown in 

Figure 1-12.  
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Chapter 2 Charge Balance in AC- Field Driven Organic Light Sources 

Charge balance in organic light emitting structures is essential to simultaneously 

achieving high brightness and high efficiency. In DC-driven OLEDs, this is relatively 

straight forward. However, in the newly emerging, capacitive, field-activated AC-driven 

organic devices, charge balance can be a challenge. In this chapter we introduce the 

concept of gating the compensation charge in AC-driven organic devices and 

demonstrate that this can result in exceptional increases in device performance. To do this 

we replace the insulator layer in a typical field-activated organic light emitting device 

with a nanostructured, wide band gap semiconductor layer. This layer acts as a gate 

between the emitter layer and the voltage contact. Time resolved device characterization 

shows that, at high-frequencies (over 40 kHz), the semiconductor layer allows for charge 

accumulation in the forward bias, light generating part of the AC cycle and charge 

compensation in the negative, quiescent part of the AC cycle. Such gated AC organic 

devices can achieve a non-output coupled luminance of 25,900 cd/m2 with power 

efficiencies that exceed both the insulator-based AC devices and OLEDs using the same 

emitters. This work clearly demonstrates that by realizing balanced management of 

charge, AC-driven organic light emitting devices may well be able to rival today’s 

OLEDs in performance. 

Introduction of Alternating Current Driven Organic Electroluminescence (AC-

OEL) Device 

Carrier drift under uniform external electric field is the dominates mechanism of 

free carrier injection and transportation in OLEDs.37–39 Electrons and holes are injected as 

polarons from highly conductive, metallic, cathodes and anodes.  They are then 
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transported through the HOMO and LUMO levels of organic semiconductors to a light 

emission layer respectively, resulting in the formation of excitons and radiative 

recombination transitions.16,40 Thus, it is crucial to reduce barrier heights for the carrier 

injection at the metal/organic and organic/organic interfaces.12,41–44 For the same reason, 

heat dissipation at injection barriers interfaces is not trivial for energy loss in OLEDs.45 

Hot carriers exceed the energy gap of the emitting material, so the excess energy is 

wasted thermally, giving rise to a lower power efficiency. The reduction of the carrier 

injection barriers by decreasing the difference between adjacent energy levels is now a 

common method to optimize the efficiency of OLEDs.41,46–49 

However, recently many researchers have been drawn to understanding AC-OEL 

which avoid losses at interfaces by the use of an AC field to create polarization currents 

in the active organic layer for light emission.50–59 In these devices, power loss is limited 

to dielectric losses and efficiency and luminance of the AC-OEL has been attributed to 

the cross-section for the creation of free carrier by the field.  Thus they are said to be 

“field-activated.”  

For most defect free, light emitting, semiconducting polymers, the cross-section 

for the field generation of a polaron or exciton is small and with the massive reduction of 

injected carriers from electrodes this means the emitting layer will need to be doped.  

This can be done by blending dopants into the emitter or using a hole or electron 

generation layer as a carrier source.50,53,54,60.  Normal hole generation layers include 

N,N,N',N'-tetrakis(4-Methoxy-phenyl)benzidine (MeO-TPD): tetrafluoro-

tetracyanoquinodimethane (F4TCNQ)50, Poly(3-hexylthiophene) (P3HT):F4TCNQ53,and 

4,4',4''-Tris(N-3-methylphenyl-N-phenylamino)triphenylamine (m-
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MTDATA):F4TCNQ61.  Bathophenanthroline (BPhen):Cs50, Cs2CO3:BPhen62, and 

2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi):Cs2CO3
63 are good 

choices for electron generation electron-donor/electron-acceptor (D/A) system.  But, in 

order to prevent hot carrier direct injection into the device, single or double dielectric 

layers (in asymmetric or symmetric structures) should be utilized generally64. 

Unfortunately, the high dielectric constant of such materials (HfO2
50, P(VDF-TrFE-

CFE)65, SiO2
59, and LiF62), means that a nontrivial applied voltage drop on the dielectric 

layer, rather than functional organic layers, results and high driving voltages are 

necessary for the insulating and capacitive AC-OEL. Moreover, dielectric losses can be 

large. Most importantly, however, the insulating nature of this layer means that there is 

little charge compensation allowed in the device and a space charge can accumulate 

during operation at high brightness.  

In this chapter, we demonstrate that n-type ZnO, a typical wide band gap (~3.2 

eV) semiconductor, can be used as an ideal substitution of high-k dielectric layer in AC-

OEL devices, serving the function of a “passive carrier management gate”. By utilizing a 

ZnO nanoparticles (NPs) layer between anode and HGL not only hot holes are prevented 

from direct injection in the negative half of AC cycle, but electron extraction in HGL 

[Poly(4-butylphenyl-diphenyl-amine) (Poly-TPD):F4TCNQ] is facilitated. As we show, 

this essentially balances the charge in the device. This function of the ZnO gate is 

demonstrated in the Poly-TPD:F4TCNQ heterojunction system for this work, but may be 

applied generally. 
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Materials and Characterization 

All devices were fabricated on a glass substrate with a pre-coated 100 nm ITO 

film with a sheet resistance of approximately 10 Ω. The substrates were cleaned in an 

ultrasonic bath with acetone followed by methanol and isopropanol for 1 hour each. The 

ITO substrates subsequently were dried in a vacuum oven for 2 hours and treated with 

UV-ozone for 15 min. ZnO NPs aqueous solution (50 wt%, average diameter ~35 nm, 

Aldrich) was purchased and diluted to 1 wt% and 5 wt%. The ZnO gate layer was spun 

coat with 1 wt% and 5 wt% ZnO NPs aqueous solution (50 wt%, average diameter ~35 

nm, Aldrich). Then, a doped hole generation layer of doped Poly(4-butylphenyl-

diphenyl-amine) (Poly-TPD)/ 2,3,5,6-Tetrafluoro-7,7,8,8- tetracyanoquinodimethane 

(F4TCNQ) is fabricated at 2500 rpm in a weight ratio of 10:1. The emission layer 

consisted of a blend of poly(N-vinylcarbazole) (PVK) as a co-host and 10 wt% fac-tris(2- 

phenylpyridinato)iridi- um(III) (Ir(ppy)3) as the dopant. The emitting layers were 

obtained by spin coating the 18 mg/mL PVK:Ir(ppy)3 blend in chlorobenzene at 3000 

rpm. As an electron injection layer, TPBi is dissolved in a mixture of formic acid and 

water (5:1) and spin cast at 3500 rpm before moving to a heated vacuum oven for 30 min. 

Then, a 1 nm layer of LiF and a 100 nm layer of Al was deposited as electrode in high 

vacuum. The active area of the AC-OEL pixels was 15.0 mm2. 

The AC driven field-induced polymer EL devices in this report are measured in 

ambient air at atmospheric pressure and room temperature (25 °C) without sealing. A 200 

MHz function/arbitrary waveform generator (Agilent 33220A) connected to an amplifier 

(Trek PZD700A M/S) provides a sinusoidal signal with suitable voltage and frequency. A 

power analyzer (Zimmer LMG95) is utilized to read the root mean square (RMS) value 
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of voltage and current on the AC-OEL devices. At the same time, voltage waveforms and 

current waveforms are recorded from a Tektronix TPS 2024B oscilloscope to validate the 

voltage and current values. A photometer (ILT 1400-A) is used to measure the out-

coupling luminance. The entire system is connected and controlled by a computer. In 

order to maintain accurate and reliable measurements of luminance and efficiency, each 

turn-on measurement of the pixels was integrated over 2000 ms and averaged 5 times 

instead of fast sweeping for good-looking curves. SEM and AFM images. A scanning 

electron microscope (SEM, JEOL 6330) was utilized to measure the morphology of ZnO 

NPs gate. The thicknesses of ZnO gates were calibrated by an atom force microscope 

(AFM, Asylum Research) and a surface profiler (Alpha-Step 500) 

Carrier Gate Structure in AC-OEL Device 

 

Figure 2-1 | The high-brightness AC-OEL device configuration consists of ZnO gate and 

organic emitter complex. The photo of AC-OEL device has a luminance over 10,000 

cd/m2. SEM image of ZnO NPs shows the morphology of gate layer. 

 

The specific configuration of the AC-OEL used in this work is shown in Figure 

2-1, with the three-layer emit- ter complex, the gate structure, and the electrodes marked 

separately. To fabricate the structure we begin with spin-coating a layer of ZnO NPs 
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(SEM image is shown Fig. 1(a)) onto the 2.5 cm × 2.5 cm glass substrate which has been 

pre-coated with 100 nm of ITO. This will function as a gate for carrier management. 

AFM images typical of 50 nm and 100 nm gate layers spun cast using 1 wt% and 5 wt% 

ZnO NP solutions in solvent, are shown in Figure 2-2.  

 

Figure 2-2 | The thicknesses of ZnO gate layers spun coat by different concentrations of 

ZnO NPs solution (1wt% and 5wt%). 

 

Poly-TPD doped with 10 wt% F4TCNQ was used as HGL and spun cast to a 

thickness of 70 nm on top of the ZnO layer (using a concentration of 10 mg/mL in 

chlorobenzene). This layer will function as the main source of holes in our devices.  

A guest-host system was used in the light-emission layer (EML). This 150 nm 

layer contained the highly efficient metallo-organic phosphores, Ir(ppy)3, and a well-

known p-type host polymer, PVK. Thus, both singlet and triplet excitons could be 

harvested during device operation.  

Finally, a 30 nm electron transport layer (ETL) of TPBi was spun cast in a glove 

box and this was then transferred into a high vacuum (~2 × 10−7 Torr) evaporator where a 
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LiF/Al electrode was deposited. To be clear, we show the molecular structures of the 

functional organic materials employed in the work in Figure 2-3.  

 

Figure 2-3 | Organic molecule structures employed in this work 

 

We note here that while the overall construction seems similar to those seen in 

insulating AC organic EL devices50,58 where the HGL and ETL are effectively charge 

sources activated through a Zener breakdown process with applied field66, in this system 

the insulators have been replaced by a single gate structure and the HGL and ETL layers 

must be chosen specifically to allow barrier formation at the interfaces.   

To fully understand the mechanisms of charge generation in D/A system (Poly-

TPD:F4TCNQ), we must first consider the two sources of holes as shown in Figure 2-4: 
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Figure 2-4 | The energy level diagram of the AC-OEL devices 

 

Source I (Polarization current) 

The first charge generation process is associated with the polarization current 

which normally exists in materials under an applied time-varying electric field. 

Molecules are being polarized under the influence of the electric field and displaced 

positive and negative charges are accumulating on sites throughout the volume randomly, 

as a bound charge density. These electron-hole pairs can become unbound in sufficiently 

large field assuming there is a local defect to assure momentum conservation. 

Alternatively, the bound pair can migrate in the field to the Poly-TPD/F4TCNQ 

interfaces.67 At the interface, these electron-hole pairs may form charge transfer states 

that dissociate to mobile carriers.68 Since the electric field varies with time, then the 

charge displacement is time dependent. The displacement yields a polarization current 

which is proportional to the time derivative of the field (𝐼 = 𝑑�⃑� 𝑑𝑡⁄ ).69  

Source II (Electron-donor/electron-acceptor heterojunctions) 
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Poly-TPD and F4TCNQ are known as a strong electron donor and accepter 

respectively. When 10% F4TNQ is doped in Poly-TPD, electrons can easily tunnel from 

HOMO states of electron donor (Poly-TPD) to the LUMO states of electron acceptor 

(F4TCNQ) through a narrow depletion zone.70 This suggests that an electron-hole pair 

generated in doped organic p-n heterojunctions, dissociates under intense electric field. 

The electric-field-assisted bipolar charges spout from the internal charge separation.71,72 

The combination of these two sources of charge generation is responsible for the 

electron-hole pair population in the HGL. The unstable electron-hole pairs are easily 

dissociated into free holes in the HOMO state of Poly-TPD and electrons in the LUMO 

state of F4TCNQ at the interface of Poly-TPD/F4TCNQ. Under external electric field, 

free holes drift into EML for light emission. 

 

Figure 2-5 | Performance of phosphorescent green AC-OEL devices with various 

thicknesses of ZnO gate. (a) The luminance as function of driving frequency (from 50Hz 

to 70kHz). (b) The RMS current density as function of driving frequency (from 50Hz to 

70kHz). 

 

The gate structure, however, changes the balance of these charge sources 

according to frequency and applied voltage. The frequency-dependent characteristics of 
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AC-OEL devices with ZnO gates of different thicknesses (50 nm, 70 nm, 100 nm, and 

120 nm) are shown in Fig. 2(a,b). There is a noticeable difference in the AC-OEL 

devices’ current and emissive response with frequency as the gate thickness is increased. 

For instance, Figure 2-5 shows a strong thickness-dependence in carrier injection 

(current) in the low frequency range (below 500 Hz). Near DC frequencies (< 50 Hz), the 

AC-OEL devices with 50 nm, 70 nm, 100 nm, and 120 nm gates all show relatively low 

levels of light generation (470 cd/m2, 620 cd/m2, 650 cd/m2, and 760 cd/m2) at current 

densities of 10.4 mA/cm2, 13.0 mA/cm2, 16.7 mA/cm2, and 18.5 mA/cm2, respectively. 

However, these luminances increase dramatically at 40 kHz for instance (1,130 cd/m2, 

1,230 cd/m2, 1,420 cd/m2, and 1,550 cd/m2), nearly twice that of low frequency driving, 

while the current densities of the devices remain at the nearly same level (18.7 mA/cm2, 

18.5 mA/cm2, 14.5 mA/cm2, and 14.7 mA/cm2, respectively). Thus, it is reasonable to 

suggest that the current densities at very low and DC frequencies mainly depend on the 

contribution of external hot carrier injection, rather than carrier generation within the 

devices. This is made clearer in Figure 2-6, α , β , θ , and δ are slopes of lines connecting 

the data points between at 50 Hz and the data points locating at luminance peaks at high 

frequency. The larger the slope the higher the injection barrier for free carriers near DC. 

We attribute this graphical result: α > β > θ > δ , to the fact that the voltage drop over 

ZnO layer dramatically increases. Note that the dielectric constant (~3) of the organic 

multi-layer is incompatible with that of the inorganic semiconductor gate layer (~8). So, 

the tunneling probability of the positive charges through gate is greatly suppressed. This 

gives a lower current density (for near DC frequencies) with the thicker ZnO gates. Thus, 

we reason that carrier injection is the dominant mechanism of free charge in these ZnO 
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gated AC-OEL devices at low frequencies and the behavior is similar to that of an AC 

driven OLED63. 

Conversely, the high-frequency electric field (where the field is held constant 

RMS magnitude) induces a large population of the free carriers due to the contributions 

of charge injection and polarization. The luminance and current peaks in the frequency 

sweep are the direct evidence to show this point. 

Gate Carrier Valve Mechanism 

 

Figure 2-6 | Current density versus voltage characteristic under DC driving in the devices 

of ITO (100nm)/ZnO (~100nm)/Poly-TPD:F4TCNQ (~70nm)/MoO3 (15nm)/Au 

(100nm) and ITO (100nm)/ZnO (~100nm)/MoO3 (15nm)/Au (100nm). 

 

To further investigate the carrier manipulation of semiconductor gate, the hole-

only devices with a ZnO gate were studied using the structure: ITO/ZnO NPs(~100 

nm)/Poly-TPD: F4TCNQ(~70 nm)/MoO3(15 nm)/ Au(100 nm) and ITO/Poly-TPD: 

F4TCNQ(~70 nm)/MoO3(15 nm)/Au(100 nm). Figure 2-6 show the JRMS as a function of 
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VRMS for devices with and without ZnO gate layer under the forward and reverse DC 

bias. In the absence of ZnO gate, the device exhibits nearly symmetric curve (584.6 

mA/cm2 at 3.57 V versus -293.87 mA/cm2 at − 3.77 V). This is because the symmetric 

energy barriers at the interface (~0.3 eV) of ITO and HGL and that of HGL and Au (~0.1 

eV) for carrier injection. However, the device with the ZnO semiconductor shows a 

“gating” effect in the I-V characteristics (8.2 mA/cm2 at 3.67 V versus − 101.5 mA/cm2 

at − 3.78 V). We illustrate this using a band alignment diagram of the hole-only devices 

in Figure 2-6. 

 

Figure 2-7 | Energy band diagrams of AC-OEL devices in forward and reverse bias. 

 

In the forward cycles, the direction of external electric field points from ITO 

towards Au. The high density of positive charges in the HOMO state of Poly-TPD are 

strongly drifted to MoO3 then to Au. On the other hand, the excess electrons trapped in 

HGL are transferred by the strong electric field and encounter the energy barrier at 

HGL/ZnO interface, then tunnel to the CB of ZnO. The electron extraction in HGL 

dramatically facilitates the electron hopping rate from Poly-TPD to F4TCNQ, resulting in 
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a larger population of positive charge. In other words, the ZnO gate “opens the door” of 

electron extraction and hole regeneration in HGL. As the applied AC voltage switches to 

reversed fields in the power cycle, the electric field tilts the Fermi level. Holes in the 

LUMO of Poly-TPD are driven towards the opposite direction and are accumulated at the 

interface of ZnO and HGL because of high tunneling barrier (~2.2 eV). The ZnO gate 

“shuts the door” for electron extraction before the next forward cycle arrives. A high 

electron injection barrier (~2.5 eV) is observed as well. The accumulated carriers trapped 

in HGL will be moved or neutralized in the next cycle of charge regeneration. Therefore, 

the ZnO layer plays a role of electron extraction layer (“gate on”) in the forward bias and 

works as dielectric layer (“gate off”) in the reverse cycle. 

 

Figure 2-8 | Time response of cell current in ITO (100nm)/ZnO (~100nm)/Poly-

TPD:F4TCNQ (~70nm)/Au (100nm) and ITO (100nm)/ZnO (~100nm)/Au (100nm). 
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Figure 2-8 shows the time-resolved current characteristics under AC driving. 

Waveforms of current density indicate not only increased amplitude with rising RMS 

driving voltage but are also positive (without ZnO) or negative (with ZnO). More 

importantly, the negative current density in the device with ZnO gate suggests that the 

free electrons are transferred from Au side to ITO side. In the perspective of AC driven 

devices, the ZnO gate facilitates or “pumps” the excess electrons trapped in HGL, 

resulting in a high population of positive charge.  

 

Figure 2-9 | I-V performance and theoretical models of the AC-OEL devices with various 

hole generation layers (HGL). (a) Experimental RMS current density as function of RMS 

voltage utilizing Poly-TPD:F4TCNQ, Poly TPD, F4TCNQ as HGL or absence, 

respectively. (b), (c), (d), and (e) are electronic band structures analysis with various 

HGLs. (f) Theoretical RMS current density as function of RMS voltage by fitting in 

tunneling model and P-N junction model. 

 

To further validate the electron extractor and hole blocker function of the ZnO 

gate, under intense high-frequency electric field in the gated AC-OEL devices, the Poly-

TPD:F4TCNQ (doped HGL) was substituted by pure Poly-TPD or F4TCNQ in AC-OEL 

devices or absence. The experimental JRMS-VRMS curves of these devices are shown in 

Figure 2-9. In the AC-OLED device, without the electron blocking layer, electrons are 
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injected from cathode, then transferred to the anode without recombination, which causes 

a poor EL performance and a low breakdown voltage (5.5 V). This, we suggest, is 

explained by the fact that the device missing HGL layer, establishes an electron passage 

through the LUMOs of functional organic layers to CB of ZnO (shown in Figure 2-9). 

Meanwhile, the same tunneling behavior was observed when a layer of F4TCNQ 

was sandwiched by ZnO and PVK:Ir(ppy)3. The JRMS of the device increases rapidly as 

function of VRMS because electrons injection from Ir(ppy)3 can be drifted to ZnO NPs 

through F4TCNQ molecules which is an excellent electron acceptor (shown in Figure 2-

9). An identical curve was found for pure Poly-TPD since free electrons dissociated from 

the electron-hole pairs due to AC electric field have to stay in the LUMO state of Poly-

TPD (shown in Figure 2-9), rather than be transferred to the HOMO states of the electron 

acceptor (F4TCNQ) in D/A system (shown in Figure 2-9). The high density of electrons 

in Poly-TPD enormously increases the possibility of electron breakdown in the device. A 

turning point in J–V curve can be observed and confirms the fact that the device is 

breaking down at a voltage of 6.7 V. In contrast, in the Poly-TPD:F4TCNQ device, 

current density increases without breakdown while applied AC voltage increases since 

free charges are well-managed at the ZnO/HGL interface. The electron-hole pairs are 

dissociated into free electrons and holes staying in the HOMO state of F4TCNQ and the 

LUMO state of Poly-TPD, respectively, illustrated in Figure 2-9. In the forward bias of 

AC cycles, the injected electrons in PVK will not break through the barrier to reach ZnO, 

but instead, hop to the LUMO state of Ir(ppy)3 for exciton recombination. 

We use a previously established tunneling model73,74 coupled with a P-N junction 

model75 to further interpret the experimental data. The modeling results of the JRMS - 
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VRMS characteristics of the devices are in excellent agreement with experimental 

measurements in Figure 2-9. Together with the experimental demonstration, this 

suggests that the charge generation mechanism due to field polarization indeed has great 

impact on majority of free hole carrier population, and that the ZnO gate has a non-trivial 

influence on carrier extraction and balancing of the dual carrier injection and transport 

under an AC electric field. 

No Gate vs Semiconductor Gate vs Insulator Gate 

So far, we have demonstrated the electronic functionality of the ZnO 

semiconductor “gate” in AC-OEL devices. Specifically, the ZnO gate is responsible for 

carrier management in the Poly-TPD:F4TCNQ by facil- itating (gate on) and blocking 

(gate off) the electron transport passage in different halves of AC power cycle. 

Furthermore, it is worth comparing different gates, 100 nm ZnO, 100 nm P(VDF-TrFE-

CFE) in a same AC-OEL devices configuration, and AC-OLED directly.  

 

(a)     (b)     (c) 
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Figure 2-10 | (a) RMS current density as function of RMS voltage. (b) Luminance as 

function of RMS voltage. (c) Luminance as function of frequency. 

 

First, the “turn-on” voltage: in Figure 2-10, the turn-on voltage at 40 kHz of the 

device with ZnO gate is 10.5 V (RMS value) which is much lower than that (29.1 V) of 

the device with P(VDF-TRFE-CFE) insulator. However, turn-on voltages of the devices 

with the ZnO gate (10.5 V) and without (9.0 V) are nearly identical. Second, the 

maximum brightness: Figure 2-10 shows that the peak brightness at 40 kHz of the AC-

OEL device with the ZnO gate is as high as 25,900 cd/m2 at 28.4 V while the P(VDF-

TRFE-CFE) device has a luminance of 770 cd/m2 at 41.9 V (maximum brightness 6,030 

cd/m2 at 108.9 V is not indicated in the plot). As a reminder, we state that these devices 

are built on glass without the aid of output coupling and output was measured using a 

fiber optic light probe. Thus light captured by the glass substrate is not accounted for. 

The devices without gate or insulator exhibit a maximum luminance of 13,940 cd/m2 at 

23.8 V. However, the current characteristics in Figure 2-10 show the opposite trend; that 

the devices with ZnO gate, P(VDF-TRFE-CFE) insulator, and AC-OLED have cur- rent 

densities of 231.0 mA/cm2, 258.7 mA/cm2, and 215.2 mA/cm2, respectively. This 

suggests the carrier transport within the devices have become unbalanced shifting the 

recombination zone away from the emitter layer. Third, the low frequency response: In 

Figure 2-10, we observed that the luminance is greatly suppressed to 10 cd/m2 at 50 Hz 

by the P(VDF-TRFE-CFE) insulator, whereas, AC-driven OLED shows a much higher 

luminance of 2,240 cd/m2 due to the dramatically enhanced carrier injection. As would be 

anticipated, a luminance of 680 cd/m2 is obtained in the device with ZnO gate, which 



35 

 

demonstrates the gate function of ZnO as distinguished from the insulator or direct 

injection devices. 

 

(a)     (b)      (c) 

Figure 2-11 | The carrier transportation mechanisms of AC-OEL devices with ZnO gate 

and P(VDF-TrFE-CFE) insulator, and AC-OLED. 

 

This suggests that the significant optical and electric differences of the various 

charge injection responses are due to the charge transportation properties and band gap 

structures of semiconductor and insulator. The dielectric constant of P(VDF-TrFE-CFE), 

as high as 40 at 40 kHz, means that the carrier injection is limited and the applied electric 

field is not enough to effectively generate carriers within the emitter. There is enormous 

free charge accumulated at the interface of the P(VDF-TrFE-CFE) and HGL in Figure 2-

11. In the case of ZnO, the gate facilitates electron extraction from HGL (Poly-

TPD:F4TCNQ) which greatly enhances the generation rate of positive charge. Electron 

extraction over ZnO and hole regeneration in Poly-TPD:F4TCNQ tremendously 

promotes carrier injection in positive half of AC power cycle at low voltage (see in 

Figure 2-11). In the reversed bias, the hole carriers are trapped at the ZnO/HGL interface 
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resulting in a lower current density in Figure 2-11 compared with the devices that have 

no gate or utilize an insulator. The theoretical analysis on carrier injection and 

transportation is confirmed by power efficiency in Figure 2-11. The 40 kHz driven 

lighting device with ZnO gate exhibits the highest efficiency of 72.9 lm/W, compared 

25.4 lm/W with P(VDF-TrFE-CFE) and 50.3 lm/W in AC-drive OLED. Table 1 

summaries the performances of AC-OEL devices with different gates at high frequency 

(40 kHz) or low frequency (50 Hz).With comparison to the power efficiency as low as to 

2 lm/W at 50 Hz, we conclude that polarization current contribution facilitates more 

efficient carriers injection than the direct injection of hot carriers, which exhibits 

dramatically high power efficiency at 40 kHz.  

Table 1 | Summary of the performance of AC-OEL with different gates at high frequency 

and low frequency. 

 High frequency (at 40kHz) Low frequency (at 50Hz) 

Gate 

material 

Turn-on 

voltage 

[V] 

Max. 

brightness 

[cd/m2] 

Max. 

Power 

eff. 

[lm/W] 

Turn-on 

voltage 

[V] 

Max. 

brightness 

[cd/m2] 

Power 

eff. at 

Max. 

brightness 

[lm/W] 

ZnO 10.5 
25,900 @ 

28.4 V 
72.9 7.9 

15,620 @ 

26.8 V 
1.2 

P(VDF-

TrFE-

CFE) 

29.1 
6,030 @ 

108.9V 
25.4 63.3 < 100 < 0.1 

AC-

OLED 
9.0 

13,940 @ 

23.8 V 
50.3 6.7 

20,130 @ 

19.7 V 
1.7 

 

The crucial condition for the ZnO gate to be “open” or “closed” is band alignment 

of the AC-OEL devices and the direction of net electric field applied to the device. Thus, 

a reasonable external DC electric field can promote the electron extraction from HGL to 

ZnO, resulting in a higher density of hole carriers. Conversely, the direct current injection 
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can be significantly suppressed due to the high k insulator. So it is not hard to understand 

the inset in Figure 2-12, which shows the luminance - VRMS curve where a DC offset has 

been added to the device during AC driving.  

 

(a)      (b) 

Figure 2-12 | (a) Power efficiency plot as function of luminance. Inset shows the phase 

angle characteristics. (b) Luminance versus RMS current density characteristics of the 

AC-OEL devices with ZnO gate and P(VDF-TrFE-CFE) insulator, and AC-OLED while 

an increasing DC voltage offset are added to AC driving voltage. 7.1V and 4.2V of DC 

voltages are added to AC voltages when AC-OLED and ZnO device reach the maximum 

luminance respectively. 

However, the analysis of the luminance - VRMS characteristics comparison 

between ZnO gated and AC-OLED in Figure 2-12 is more complicated. This is because 

the luminance - VRMS curves are divided into parts (zone “1” and “2” for ZnO gate; 

zone “I”, “II”, and “III” for AC-OLED). For the device with ZnO gate, an external DC 

electric field accelerates the rate of electron extraction over the ZnO and establishes hole 

accumulation, leading to the increasing brightness (zone “1”). In the device without gate, 

the DC electric field promotes electron extraction as well as hole extraction, which 

continuously increases current density. However, the luminance of the AC-OLED drops 

rapidly after a small bump (between zone “I” and “II”) because the positive external DC 

v v 
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offset trades off against the slight negative offset in AC waveforms in the first stage, 

resulting in a reduced total voltage. When the external DC electric field is nontrivial 

compared to AC field, both of the devices (with and without ZnO gate) work as 

traditional OLEDs and show the peak luminances of 12,300 cd/m2 at 309.3 mA/cm2 and 

6,990 cd/m2 at 575.8 mA/cm2 (zone “2” and “III”), respectively. 

Chapter Summary 

In this chapter, we propose that, due to the gating effect at the interface between 

n-type and p-type semiconductors, ZnO is an ideal gate material to replace traditional 

dielectric layers in the AC-driven EL devices. Based on general band alignment in AC-

OEL devices, the energy band diagrams at the interface of gate and HGL in the for- ward 

and reverse cycles of AC voltage are given and demonstrated in hole-only device 

experiments under positive and negative bias. Four distinct types of devices with 

different HGLs (F4TCNQ, Poly-TPD, Poly-TPD: F4TCNQ, or absence) were fabricated 

to confirm the validity of ZnO gate function and hole generation mechanism due to 

polarization in the experiment and modeling simulation. A comparison between AC-

OLED and AC-OEL devices with ZnO and P(VDF-TrFE-CFE) reveals distinct trends in 

the performance of luminance, frequency-dependent, and DC-offset characteristics. From 

the viewpoint of the broader electroluminescence community, inorganic semiconductor 

gates provide a novel strategy to utilize free charge injection as well as polarization 

current in organic thin film EL devices for the development of next generation, high 

brightness, high power efficiency, AC-DC hybrid electroluminescence devices. 
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Chapter 3 Tailoring Spin Mixtures in Color-Tunable AC-OEL Devices 

In this chapter, we show that the spin dynamics of excitons can be dramatically 

altered by Maxwell magnetic field coupling together with an ion-enhanced, low internal 

splitting energy organic semiconducting emitter.  By employing an unique, AC-OEL 

device architecture that optimizes this magnetic field coupling, almost complete control 

over the singlet to triplet ratio – from fluorescent to phosphorescent emission in a single 

device is realized.  We attribute this spin population control to magnetically sensitive 

polaron-spin pair ISC that can be directly manipulated through external driving 

conditions.  As an illustration of the utility of this approach to spin-tailoring, we 

demonstrate a simple hybrid (double layer) fluorescence-phosphorescence (F-P) device 

using a polyfluorene-based emitter with a strong external Zeeman effect and ion-induced 

long carrier diffusion.  Remarkable control over de-excitation pathways through control 

of the device driving frequency is achieved resulting in complete blue-red color tunability 

of the emission. The picosecond photoluminescence (PL) spectroscopy directly confirms 

that this color control derives from the magnetic manipulation of the singlet to triplet 

ratios. These results may point the way to far more exotic organic devices with magnetic 

field-coupled organic systems poised to usher in an era of dynamic spintronics at room 

temperature.76 

Spin Remixing in Electroluminescence 

In today’s current-driven organic electroluminescence devices, or OELs of which 

organic lighting diodes are a subset, free charges are injected through metal contacts into 

an organic semiconductor where they can recombine into an electron-hole (e-h) pair and 

decay to emit a photon37,38 (or they can be transported through the layer without 
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interacting). Quantum statistics dictates that the fraction of spin pairs formed in the spin-

triplet excited state is generally fixed at 75%. The spin-singlet states make up the 

remaining 25% of the excited state population.77,78 This means, when re-combining 

injected, spin-1/2, polaron-spin pairs for electroluminescence, three out of four possible 

spin-combinations will be triplets (with nonradiative or IR decay routes) and one of the 

four will be a singlet (fluorescent emission). This has prompted the use of triplet 

scavenging dyes that resonantly transfer the triplet energy to a metal complex (e.g. Pt, Os, 

Ir, Au, Pd, or Ru) with strong L-S coupling16,17,40, allowing for phosphorescent emission 

and higher device efficiency.  

The resonant transfer of energy is quite useful for lighting and display 

applications.  However, we must realize that lifetimes involved in triplet transfer or 

decay, limits on current flux and dye concentrations due to co-localization of triplet 

energy, and subsequent quenching, among other considerations, means that resonant 

energy transfer doesn't address issues that spin-triplets cause for high performance light 

emitting applications. These potential but unrealized, applications include the electrically 

stimulated organic laser,79 the photonic spin valve, organically based optical computing 

paradigms and telecommunications.  Quite simply, without more complete spin-

population control, it is unlikely we will see any of these technologies realized using the 

organic platform.  

Until recently, there didn't seem to be any way to beat the statistics of this 

problem. But, in 2007 20 a hint was provided experimentally in negative 

magnetoresistance of organic semiconductor device. The typical 75%:25% ratio of 

triplets to singlets is not maintained when external, static magnetic fields are present. 
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This has been attributed to a spin remixing in the polaron-spin pairs that is typically 

found in organic systems.18,20,80,81 Simply, the external magnetic field can perturb the 

coherent relationship between electron and hole spin precessions.82–84 Therefore, an 

enhanced singlet-related emission can be observed in a florescent semiconducting 

polymer that has an low internal splitting energy or strong Zeeman effect.  However, 

phosphorescent organic semiconductors do not exhibit the spin remixing property in 

external magnetic field since the heavy metal atom can significantly raise the internal 

splitting energy of the organic compound.18  Moreover, in magnetically-coupled OEL 

devices, the redistribution of singlet and triplet electron-hole pairs can give rise to a 

significant change in electrical current in the semiconductor, through dissociation85–89 and 

charge reaction90–93.  The real key to utility, however, is to extend this control over the 

spin populations. 

By utilizing the magnetic field spin remixing phenomena, in our present work, a 

novel device architecture is optimized to self-couple the time dependent, Maxwell field 

into the ion-assisted emitter.  With the right choice of emitters in such structure, a high 

color contrast in spin-state ratios for a single compact device structure can be achieved.  

Color tunable pixels have an unique potential for use in ultra-high-resolution information 

displays39,51 since they allow for an optimal fill factor and impart further momentum to 

realizing HD micro-displays. One of most common color-tuning concepts is to apply 

voltage-dependent color shift by a spatial shift of recombination zone, or exciton 

redistribution within a multilayerd device.94,95 However, this leads to inevitable 

brightness change and quenching in the high fields, making the voltage-dependent color 

tunable devices more difficult and expensive to commercialize. Another method seen in 
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the literature is to stack two or three color independent OEL segments into a tandem 

device.51,96 However, stacked tandem EL structures requires complicated, multiple thin 

film, deposition and designs of electrical power for multiple electrodes.  

In the following section, a color-change hybrid AC driven, OEL device is driven 

with a high frequency, AC electric field.  This yields a Maxwell AC magnetic field which 

is coupled to the organic emitter - a p-n emitting interface.  The internal AC magnetic 

field allows for the manipulation of the ratio between singlet and triplet electron-hole 

pairs in an n-type fluorescent material by ISC, yielding the generation of diffusive 

secondary carriers. Then, these ion-enhanced secondary carriers produce triplet-spin 

excitons in a proximal phosphorescent organic matrix. In the magnetically-coupled F-P 

hybrid OEL device, we successfully shifted CIE coordinates of the radiative output from 

(0.23, 0.34) to (0.53, 0.40) by manipulating driving frequency from 50Hz to 60,000Hz 

with no significant brightness change.  

Materials and Methods 

Materials and device fabrication 

AC-OEL devices were built on a 2.54cm × 2.54cm glass substrate pre-coated with 

140nm thick layer of ITO having a sheet resistance ~ 10 Ω/□. These ITO glass substrate 

are cleaned in an ultrasonic bath with acetone followed by methanol and isopropanol for 

1 hour each, and then dry-cleaned for 30 min by exposure to an UV-ozone ambient. To 

efficiently control the carriers transport under AC driving, PEDOT: PSS doped with 

18wt% ZnO NPs (~35nm) was spun onto the substrate to form a gate and hole generation 

layer. As to dual emission layers unit, a layer of PVK with 3wt% Ir(MDQ)2(acac) was 
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spin-coated using 10 mg/mL in chlorobenzene at 2000 rpm, followed by baking at 100 ℃ 

for 30min. The second emission layer was obtained by spin coating the 5 mg/mL (20nm), 

8mg/mL (50nm), or 10mg/mL (70nm) of PFN-Br blend in methanol at 3000 rpm and 

dried at 95℃ for 20min. The Iron oxide magnetic nanopowder (Fe3O4 NPs ~ 30nm) was 

purchased from Sigma-Aldrich and was pre-functionalized by N-succinimidyl ester for 

easy dispersion in suitable solvent. A 24 mg/mL electron-transport material (TPBi) was 

dissolved in formic acid: deionized water (FA:H2O = 3:1) mixture and spun cast onto the 

EML at a spin speed of 4000 rpm followed by drying at 120 ºC for 30 min. The 150nm 

top Al electrode was deposited at a rate of 2 Å/s by thermal evaporation through a 

shadow mask with 0.16cm2 opening. Before carried out for test, the devices were sealed 

by quartz caps with UV curing adhesive at nitrogen atmosphere in glove box. 

EL and PL measurement 

The AC driven field-induced polymer EL devices in this report are measured in 

ambient air at atmospheric pressure and room temperature (25℃) with encapsulation. A 

200 MHz function/arbitrary waveform generator (Agilent 33220A) connected to an 

amplifier (Trek PZD700A M/S) provides a sinusoidal signal with suitable voltage and 

frequency. A power analyzer (Zimmer LMG95) is utilized to read the RMS value of 

voltage and current on the AC-OEL devices. At the same time, voltage waveforms and 

current waveforms are recorded from a Tektronix TPS 2024B oscilloscope to validate the 

voltage and current values. A photometer (ILT 1400-A) is used to measure the out-

coupling luminance. The entire system is connected and controlled by a computer. In 

order to maintain accurate and reliable measurements of luminance, each turn-on 

measurement of the pixels was integrated over 2000 ms and averaged 5 times instead of 
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fast sweeping for good-looking curves. The EL spectra for color tunable AC-OEL 

devices were collected by an ILT 950 spectroradiometer (International Light 

Technologies) while the driving frequency was varied easily by function waveform 

generator. The PL spectra for PVK, PFN-Br, and PVK:Ir(MDQ)2(acac)/PFN-Br thin 

films were measured by a fluorescence spectrometer (PerkinElmer LS50B). 

Streak camera test 

For measurement of the transient PL characteristics, short-pulse excitation with a 

pulse width of 200 fs and a wavelength of 280 nm was used in combination with a 

Hamamatsu C2830 streak camera system mainly consisting of C2830 streak camera and 

M2547 fast sweep unit (resolution < 10ps). Fluorescence and phosphorescence lifetime 

measurements were carried out by a photodiode with UV laser illumination in dark-room 

ambient at 25℃.  

SEM and AFM images 

A scanning electron microscope (JEOL 6330) was utilized to analyze the 

morphology of Fe3O4 NPs dispersed in PFN-Br methanol solution. The surface 

morphology analyses of PVK and PFN-Br were made by an atom force microscope 

(Asylum Research MFP-3D-BIO). 

XRD pattern 

The crystalline phase analysis was performed by an X-ray powder diffractometer 

(Bruker D2 PHASER) in ambient. The result was averaged over 10 times. 
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Fluorescence-Phosphorescence (F-P) Hybrid Emission Layer 

 

Figure 3-1 | Compositional schematic of devices with fluorescence-phosphorescence (F-

P) emission interface driven by AC power source (50Hz ~ 70,000Hz). Singlet spins (blue 

circle pairs) and triplet spins (red circle pairs) are formed at the PVK/PFN-Br interface 

(or F-P interface).   

 

Our device architecture (Figure 3-1) borrows from the “gated” AC-driven organic 

emitters introduced recently in literature.97 In this case, however, the gated structure is 

coupled to a bilayer organic emitter consisting of PVK : Ir(MDQ)2(acac) and PFN-Br.  

Surface morphology analysis of PVK: Ir(MDQ)2(acac) and PFN-Br emissive layers are 

made via AFM and the images can be found in Figure 3-2.   

 
(a)     (b) 
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(c)     (d) 

Figure 3-2 | AFM images of PVK:Ir(MDQ)2(acac) before annealing (a) and after 100 

degrees annealing (b); Surface morphology of PFN-Br before annealing (c) and after 100 

degress annealing (d). 

 
Figure 3-3 | Chemical structures of PFN-Br and Ir(MDQ)2(acac). Photo luminescence of 

PFN-Br and Ir(MDQ)2(acac) under 365nm UV lamp. 

 

As in the earlier work98 the carrier gate layer was composed of PEDOT:PSS 

loaded with ZnO NPs, and the electron transporting layer was TPBi.  The two conductive 

electrodes were ITO and Al.  The chemical structures of emitters, PFN-Br and 

Ir(MDQ)2(acac), are listed in Figure 3-3.  With 365nm UV excitation, PFN-Br and 

Ir(MDQ)2(acac) show strong fluorescent and phosphorescent luminescence peaking at 

474nm and 585nm respectively (as shown in Figure 3-3).  The lifetimes of short-live 

blue fluorescence and long-live red phosphorescence are given in Figure 3-4 for 0.31ns 
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and 1.87us respectively.  With ZnO NPs (~35nm in diameter) gating the interface of 

ITO/PEDOT:PSS so that injected charges can be efficiently manipulated in the forward 

and reversed bias of AC cycles.50,52,98 The AC-OEL devices are driven by sinusoidal 

voltage with a wide frequency range from 50Hz, which causes the gate to allow for bi-

polar injection and the device acts like diode, to 60,000Hz in which most light is created 

by field-generated polarons/excitons with little diffusive transport in the active volume of 

the emitter.  

 

Figure 3-4 | Lifetime of PFN-Br’s fluorescence and Ir(MDQ)2(acac)’s phosphorescence. 

 

Maxwell Magnetic Field Coupling  

We note that PFN-Br is a high performance ionized electron transporting 

polymer99,100 with electron mobility of 1.41 ×10-7 cm2V-1s-1 and PVK is a typical p-type 

semiconductor with a hole mobility in the order of 1.0 ×10-6 cm2V-1s-1. Thus, electrons 

and holes are transferred and interact at the PVK/PFN-Br interface under external electric 

field. At different driving frequencies, there is more or less time for accumulation at this 

interface.  However, as already noted at high frequencies, the gate of the system allows 
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only for field-generated carrier injection into the emitting volume, while at lower 

frequencies the gate allows for direct injection from the contacts.  

 

 

Figure 3-5 | Schematic diagram of dynamic field analysis at p-n magnetic interface. 

 

Never-the-less, both conditions result in drifting charge heading toward the 

interface. The electrons and holes are transferred to the heterointerface in the positive 

cycle of AC electric field and drifted along the opposite direction in reversed bias.101–103  

Therefore, time-dependent electric field generates an interfacial magnetic field at 

PVK:Ir(MDQ)2(acac)/PFN-Br heterointerface based on Maxwell’s equations. In an ideal 

case, the pixel dimension is 4mm × 4mm, significantly larger than its thickness (~300 

nm) – so it is reasonable to ignore fringing effects (infinite area parallel plate capacitor 

assumption). Via engaging a high frequency driving (60,000 Hz), and strong AC 
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electrical field (1.6×108 V/m), the temporal and spatial characteristics of the internal 

magnetic field are shown in Figure 3-6. The upper and lower half plane represent the 

opposite “clock directions” of magnetic field in the positive and negative halves of an AC 

cycle. The amplitude of the magnetic field is estimated to be approximately 0.85 mT.  

 
Figure 3-6 | Simulated results of magnetic and electric fields at p-n junction at 60,000Hz. 

The maximum self-generated magnetic field is 0.85mT. In the positive and negative half 

of AC driving cycle, the directions of vertex magnetic fields are clock wise (z > 0) and 

counter clock wise (z < 0) respectively. 

 

Meanwhile, the heterointerface is also playing the role of an electron-hole pair 

recombination zone for hot carrier injection as shown in energy level diagram in Figure 

3-5.  These electron-hole pairs move in the applied electric field, but also experience the 

induced magnetic field.  The device shows a blue emission due to the PFN-Br 

fluorescence at near DC driving (50Hz) since the dissociation rate of electron-hole pairs 

is trivial in the absence of induced magnetic field ( < 0.00005mT).  When this internal 

AC magnetic field is of the same order as the nuclear hyperfine field (~1mT), ISC 

suppression should occur80 and this would naturally lead to singlet-spin electron-hole pair 

accumulation. A large number of secondary carriers will be produced in PFN-Br through 

the magnetically-mediated dissociation of the electron-hole pairs. The secondary charges 
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are diffused to nearby Ir(MDQ)2(acac) sites, which yields decay of triplet-state excitons.  

We note that there is no significant position shift of recombination zone in the device as 

proven in Figure 3-7.   

 

 

Figure 3-7 | Electroluminescence spectrum with PVK: 3wt% Firpic/PFN:DOF: 3wt% 

Ir(MDQ)2(acac). 
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Frequency Controlled Color Tunability 

 

Figure 3-8 | Images of the blue emission and red emission at the frequency of 50Hz and 

60,000 Hz respectively. Electrical and magnetic field properties of PVK/PFN-Br 

interface. 

So as illustrated in Figure 3-5, in the low frequency driving regime (50Hz ~ 

1,000Hz), hot carrier injection is the main mechanism for fluorescent excitons in PFN-Br. 

In the high frequency regime (30,000Hz ~ 70,000Hz), the high intensity AC magnetic 

field at the F-P interface greatly populates singlet-excited e-h pairs via ISC suppression, 

which leads to secondary carriers.  The secondary carriers exist in form of bonded 

electrons in PFN-Br polymer matrix, more specifically with Br atoms which are strong 

electron acceptors. The charged Br ions significantly improves the carrier diffusion 

length104,105, resulting in movable negative charges across interfacial energy barrier. 

Consequently, the secondary carriers are transferred to Ir(MDQ)2(acac) for red 

phosphorescent emission.  For the same reason, the charged movable Br ions greatly 
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facilitate magnetic-field current even in very subtle magnetic intensity with non-ionized 

polymer which normally needs over hundreds of mT.106  

 

(a)       (b) 

Figure 3-9 | (a) At 50Hz, electroluminescence (EL) spectrum with RMS voltage varying 

from 15.4V to 20.4V corresponding the luminance of 15 cd/m2 to 210 cd/m2. Hot carrier 

injection is only current contribution. (b) At 60,000Hz, EL spectrum with RMS voltage 

varying from 17.9V to 22.0V corresponding the luminance of 40 cd/m2 to 240 cd/m2. 

 

Figure 3-9a and 3-9b show the evolution of the device’s EL spectrum with 

increased electric field at low and high frequencies. At the frequency of 50Hz, there are 

trivial spectral shifts in Figure 3-9a when applied voltage varies from 15.4V to 20.4V. 

Meanwhile, no phosphorescence is observed. This is attributed to the dominant hot 

carrier injections as shown in Figure 3-10a. Electrons and holes are injected in the 

positive halves of voltage cycles while no current injection occurs in the reverse bias. 

Clearly, hot carrier injection is strongly tied to the 474nm-wavelength fluorescence. 
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(a)      (b) 

Figure 3-10 | (a) Time-resolved current at 50Hz. Hot carrier injection is only current 

contribution. (b) Time-resolved current at 60,000Hz with various voltages (17.9V to 

22.0V). Secondary carriers (Jdc) and hot injection carriers (Jsine) have mutual contributions 

in EL spectrum and current density characteristics.   

 

As for 60,000Hz (secondary carrier related), as seen in Figure 3-9b the EL 

intensity of the fluorescent emission at 474nm is nearly identical to that seen at 50Hz. But 

the 595nm phosphorescent peak boosts with the raising of the external electric field. 

Examining current transients in Figure 3-10b, the total current density is the sum of 

RMS value of sinusoidal waveform and DC offset (Jtot = Jdc + Jsine). Under the lower 

voltage of 17.9V, the DC current density and RMS sine current density are 60.2mA/cm2 

and 36.6mA/cm2 respectively. Compared to higher voltages (18.9V, 19.8V, 20.6V, 

21.5V, and 22.0V), the DC current densities are dramatically increased to 82.3mA/cm2, 

114.9mA/cm2, 138.5mA/cm2, 164.1mA/cm2, and 184.6mA/cm2 while a relative constant 

RMS sinusoidal current is observed at: 37.8mA/cm2, 39.4mA/cm2, 42.1mA/cm2, 

43.7mA/cm2, and 45.2mA/cm2, respectively. It seems straightforward to suggest that the 

tremendous enhancement of secondary charge current produces the growth of 595nm-

wavelength phosphorescence.  
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Figure 3-11 | Jrms-Vrms and L-Vrms characteristics of AC-OEL devices at 50Hz and 

60,000Hz, respectively. 

 

Plus, Jrms-L-Vrms characteristics at low frequency (50Hz) and high frequency 

(60,000Hz) are shown in Figure 3-11 in which the maximum brightness, 360cd/m2 in 

blue and 600cd/m2 in red, are of the order necessary for devices for personal display use 

for instance. 
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Figure 3-12 | Luminance plots as the function of frequency. Current-frequency 

characteristics of AC-OEL devices and its effective current analysis. 

 

The luminance-frequency characteristic of the color tunable AC-OEL device is 

shown in Figure 3-12. The total emission of the device shifts between fluorescent and 

phosphorescent contributions, but the luminance is relatively stable over the frequency.  

Corresponding to the F-P shift, the frequency characteristics are also shown with current 

density in Figure 3-12.  Analyzing the low-frequency regime (below 1,000Hz) first, we 

note that low frequencies lead to dominant blue fluorescence, since, as we suspected, the 

device under low frequency driving acts more like a carrier injection type diode in 

forward and reverse bias (Figure 3-13).  

 

(a)       (b) 

Figure 3-13 | Current and voltage transient properties of AC-OEL device at frequency of 

50Hz (a) and 60,000Hz (b). 

 

At higher frequencies (over 10,000Hz), the current density consists of a sinusoidal 

contribution and a DC offset (see in Figure 3-13), essentially reflecting both 

displacement of direct current injection and secondary charge current respectively. In 

Figure 3-12, the DC offset component of the current through the device starts at a very 
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low level (13.8 mA/cm2) at 10,000Hz and then increases to 226.1 mA/cm2 at 45,000Hz. 

In contrast, the RMS value of the sinusoidal component of the current waveform drops 

from 286.1 mA/cm2 at 10,000Hz all way down to 106.8 mA/cm2 at 45,000Hz, which 

suggests the significantly reduced contribution of hot carrier injection in total current at 

high frequency. This opposite trends illustrate that electric field above 20,000Hz applied 

on the capacitive device is sufficient to generate a magnetic field strong enough to yield 

secondary charge diffusion. The stronger AC magnetic field (due to higher frequency) 

suppresses ISC between singlet-state and triplet-state electron-hole pairs in the PFN-Br, 

resulting in population enhancement of singlet electron-hole pairs at the F-P interface. 

The elevated singlet-triplet ratio promotes the generation of secondary charge carriers. 

The hopping transport of secondary electrons and holes in the organic semiconductor is 

acutely tied to the generation of radical triplet excitons in Ir(MDQ)2(acac) leading to the 

red phosphorescence (as indicated in Figure 3-12).  It is worth noting that the coupling of 

the driver to the capacitive device has been taken into consideration because dominant 

capacitance of device (1~3nF) compared with parallel external capacitance (530pF) in the 

driver.  The driving frequencies over 50,000Hz cause the insufficient carrier injection 

resulting the decrease of electron-hole pairs as well as the sum current reduction in 

Figure 3-12. 
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Figure 3-14 | Electroluminescence (PL) spectral shift of AC-OEL devices with driving 

frequency of 50Hz, 100Hz, 500Hz, 1,000Hz, 10,000Hz, 20,000Hz, 30,000Hz, 40,000Hz, 

50,000Hz, and 60,000Hz. 

 

In Figure 3-14, the EL spectrum of the AC-OEL device shows a dramatic color 

change when the driving field frequency varies from 50Hz, 100Hz, 500Hz, 1,000Hz, 

10,000Hz, 20,000Hz, 30,000Hz, 40,000Hz, 50,000Hz, up to 60,000Hz. The 474nm 

emission band is dominant at low frequency of 50Hz. As driving frequency increases, the 

peaks at 430nm, 474nm, and 531nm (due to PFN-Br’s fluorescent emission) are 

weakened, in contrast, the 595nm peak (corresponding to Ir(MDQ)2(acac)’s 

phosphorescent emission) grows rapidly and becomes the dominant emission band. We 

note that all spectra are measured under 100 cd/m2 and integrated for 500ms with 5 times 

average. The operating pixel images in Figure 3-15a provide us a clearer picture of the 

color change with frequency in the forward and reverse sweeps. As indicated by the 

marked circles, the CIE coordinates in Figure 3-15b starts from (0.23, 0.34) at 50Hz, 

across the white zone then towards (0.53, 0.40) in red zone at 60,000Hz. The color 

change effect is also impacted by the thickness of PFN-Br as shown in Figure 3-16 and 

3-17. 
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(a) 

 

(b) 

Figure 3-15 | (a) Images of the color tuning emission in the forward and reverse 

frequency sweeps.  (b) CIE 1931 x-y chromaticity diagram showing the color shift from 

(0.23, 0.34) to (0.53, 0.40) with frequency variation between 50Hz and 60,000Hz. 
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(a) 

 

(b) 

Figure 3-16 | EL spectra shift of AC-OEL devices with 30nm (a) and 80nm (b) PFN-Br 

spun-cast from Me(OH) solution. 
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Figure 3-17 | Intensity ratio between 474nm peak and 590nm peak as a function of 

frequency in the PFN-Br’s concentrations of 20nm, 50nm, and 70nm. 

 

Ion Enhanced Color Tunability  

To further study the energy transition at the F-P interface, photoluminescence 

(PL) spectroscopy is carried out and the results are shown in Figure 3-18a and 3-18b.  

The absorption of PFN-Br (peaks at 398nm) shows a large overlap with PL spectra of the 

host PVK (shows a wide peak at 404nm) in Figure 3-18a. This implies an efficient 

Fӧrster energy transfer route between PVK and PFN-Br (Fӧrster resonance energy 

transfer efficiency ~ 21.1% calculated from Figure 3-19). In the PL spectra for PVK: 

3wt% Ir(MDQ)2(acac)/PFN-Br seen in Figure 3-18b, an extra 585nm peak due to 

Ir(MDQ)2(acac) was detected when the sample was excited by 347nm (PVK’s strongest 

absorption), in contrast, 380nm excitation (PFN-Br’s strongest absorption) yields the 

absence of this 585nm peak. This suggests that the direct energy transfer between PFN-

Br and Ir(MDQ)2(acac) is not allowed. The Fӧrster energy transfer from PVK to PFN-Br 

and the forbidden transfer between PFN-Br and Ir(MDQ)2(acac) explains the blue 

florescence due to PFN-Br in hot carrier injection.  
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Figure 3-18 | Photoluminescence (PL) spectroscopy for organic emitting materials and 

energy transfer analysis. (a) Excitation and emission spectra for PVK film and PFN-Br 

film on glass. (b) PL spectra for glass/PVK: 3% Ir(MDQ)2(acac)/PFN-Br with two 

excitation: 347nm and 380nm. (c) Current-voltage characteristics of PFN-Br (ionized) 

and PFN-DOF (non-ionized). (d) EL spectral shifts of PFN-Br (ionized) and PFN-DOF 

(non-ionized) at 50Hz (magnetic free) and 60,000Hz (magnetic engaged). 
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Figure 3-19 | PL spectroscopy of PVK: Ir(MDQ)2(acac)/PFN-Br and resonance energy 

transfer (FRET) efficiency. 

 

Because of the full ionization of poly[(9,9-bis(3'-(N,N -dimethylamino)propyl)-

2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN-DOF) by Br atoms, PFN-Br possesses a 

great number of moveable negative charges among main polymers. The Figure 3-18c 

shows the electron mobility enhancement by the diffusive Br negative ions comparing 

with PFN-DOF.  Because of the long distance diffusion, the movable Br ions are able to 

populate the free secondary electrons leading to the dissociation of more excitons, 

thereby they facilitate the carrier diffusion to the phosphorescent emission layer. To 

contrast PFN-Br devices, we studied the spectral shift in PFN-DOF devices between 

magnetic free device (50Hz) and AC magnetic field coupled device (60,000Hz) in the 

same architecture.  In Figure 3-18d, the fluorescence of PFN-DOF (at 423nm and 

476nm) is promoted implying the promoted singlet-state excitons by suppressing ISC of 

PFN-DOF. However, the color change is almost unnoticeable in PFN-DOF, which 

suggests the secondary carriers are unable to reach the phosphorescent sites without the 

aid of Br ions.   
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Energy Transfer Mechanism of Magnetic Dependent ISC  

 

Figure 3-20 | Scheme for e-h pairs excited energy transfer mechanisms between PVK 

(host), Ir(MDQ)2(acac) (phosphorescent dopant), and PFN-Br (fluorescent material) with 

magnetic-suppressive ISC. (e-h)1 and (e-h)3 represent singlet and triplet intermolecular e-

h pairs. S and T are singlet and triplet excitons. 

 

Figure 3-20 shows the overall energy transfer at the PVK: Ir(MDQ)2(acac)/PFN-

Br heterojunction.  There are three processes need to address: 

(i) ISC of electron-hole pairs in PFN-Br is magnetic field sensitive. In the presence of 

magnetic field, energetically inaccessible T- and T+ states yield a redistribution of singlet 

and triplet excited states (S0:T0=1/2:1/2) in PFN-Br, as has been predicated 

theoretically106–111; 

(ii) Accumulated singlet-spin electron-hole pairs are dissociated into diffusive secondary 

carriers with the assistance of Br ions; 

(iii) The energy transfer of electron-hole pairs between PVK and PFN-Br is efficient but 

trivial because of insufficient singlet state excitons in PVK. 
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Figure 3-21 | SEM image of Fe3O4 magnetic nanoparticles (NPs) in PFN-Br polymer 

matrix. 

 

Figure 3-22 | XRD pattern of Fe3O4 magnetic nanoparticles (NPs). 

 

An instructive and elegant confirmation of magnetic field effects on F-P tunable 

emission, can be gained through the use of Fe3O4 NPs acting as a magnetic field 

alternative. The nano magnetite-induced magnetic field is extremely local, and so it will 

not introduce extra, unpredicted magnetic field effects as a uniform external magnetic 

field may do (for instance, possible magnetic field effects on the PVK. It has been 

reported that magnetic field gradients due to Fe3O4 nanocrystals are more effective in 

suppressing ISC processes than static external fields are for DC-devices.76,107 The 

ferromagnetic Fe3O4 magnetic NPs used here have average diameter of 30nm (TEM 

shown in Figure 3-21), which has been demonstrated by XRD pattern (Figure 3-22) and 
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widely accepted as a ferromagnetic material since superparamagnetic behavior only 

exists in Fe3O4 magnetic NPs with diameter less than 10nm.112–114 

 

(a)       (b) 

Figure 3-23 | (a) Time-integrated PL spectra measured at 437nm for pure PFN-Br thin 

film, PFN-Br doping 0.125wt% Fe3O4 NPs film, and PFN-Br doping 0.375wt% Fe3O4 

NPs film after constant excitation at 280nm (10Hz, 500fs, 130 μJ/cm2). (b) Time-resolved 

PL decay transients at 410nm~500nm integration. 

 

The magnetic enhanced singlet-state excitons in PFN-Br were directly observed in 

time-integrated PL spectra in Figure 3-23a by 1.6 fold while 0.125wt% Fe3O4 NPs was 

doped in PFN-Br. A slight PL intensity is increased in 0.375wt% Fe3O4 NPs doping 

PFN-Br, indicating the 50% theoretical up limit of singlet excitons. Worth to note a 

constant excitation was used in experiment: λex. = 280 nm. In Figure 3-23b, we show the 

picosecond-transient PL intensity of PVK: Ir(MDQ)2(acac)/ PFN-Br (τ1=319.7ps, where 

τ0 is the time taken for the PL to fall to 1/e of initial intensity) and PFN-Br (τ2=171.7ps) 

for 410nm~500nm emission (corresponding to PFN-Br’s fluorescence). We assign the PL 

radiative delay to short exciton diffusion in PFN-Br, which has trivial impact on 

Ir(MDQ)2(acac)’s phosphorescence. Furthermore, the relative reduced PL intensity of 
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Ir(MDQ)2(acac)’s phosphorescent emission (580nm - 600nm) provides the evidence that 

no diffusive exciton involves color tunbility even though singlet-state exictons are 

saturated with doping magnetic NPs in PFN-Br. Therefore, the possibility of diffusive 

exciton across interface is excluded, reversely the Br ion-enhanced secondary carriers is 

demonstrated. More than that, we analyzed the streak image for the sample of PVK:3 

wt% Ir(MDQ)2(acac)/PFN-Br in Figure 3-24, no emission is observed except for an 

intense emission band (350nm~425nm) which corresponds to PVK’s fluorescence. 

However, PFN-Br’s fluorescent emission (410nm~500nm) becomes observable when 

0.125wt% Fe3O4 or 0.375wt% Fe3O4 are blended into PFN-Br. This demonstrates that 

massive numbers of radical singlet-spin pairs are formed in PFN-Br as the influence of 

the magnetic field on F-P emitting unit. Note that the Ir(MDQ)2(acac)’s phosphorescent 

emission cannot be captured in the first several nanoseconds in both cases because of 

long-live triplet excitons, but appears at 600nm in time integrated spectra. 

 

(a)     (b) 
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(c)     (d) 

Figure 3-24 | (a) Time-integrated PL spectrum (>1us) for glass/ PVK:3wt% 

Ir(MDQ)2(acac)/PFN-Br, glass/PVK:3wt% Ir(MDQ)2(acac)/PFN-Br:0.125wt%Fe3O4, 

and glass /PVK:3wt% Ir(MDQ)2(acac) /PFN-Br:0.375wt%Fe3O4. The streak images for 

glass/ PVK:3wt% Ir(MDQ)2(acac)/PFN-Br (b), glass/PVK:3wt% Ir(MDQ)2(acac)/PFN-

Br:0.125wt%Fe3O4 (c), and glass /PVK:3wt% Ir(MDQ)2(acac) /PFN-Br:0.375wt%Fe3O4 

(d) in 6ns. 

 

To confirm the importance of the magnetic effect in F-P emitting unit, we 

measured the EL spectrum of analogous devices in Figure 3-25 with zero magnetic field 

coupling (DC driving), internal AC magnetic field (60,000Hz driving) and external NP 

magnetic field (DC driving). A large F-P intensity ratio (If/Ip) of 5.5 was observed when 

the magnetic field was eliminated. In contrast, the F-P intensity ratios are 0.65 and 0.93 

in AC magnetic field and Fe3O4 NC magnetic field, respectively. This implies the low F-

P intensity ratio is a sign that secondary charges, originating from singlet electron-hole 

pair accumulation, are able to facilitate the generation of triplet excitons in the 

Ir(MDQ)2(acac) molecules.  
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Figure 3-25 | EL spectrum with no magnetic field, internal AC magnetic field, and 

external magnetic field due to Fe3O4 NPs. 

 

Chapter Summary 

In summary, the application of internally generated, AC magnetic fields in a 

unique AC-OEL architecture is demonstrated as an efficient method to manipulate the 

ratio of singlet and triplet spin pairs. The magnetically sensitive ISC can modify the 

probability of singlet-spin electron-hole pairs in organics (PFN-Br), which significantly 

populates diffusive secondary charges to achieve phosphorescence emission 

(Ir(MDQ)2(acac)). By varying AC magnetic fields coupled at an F-P heterointerface in 

the AC-OEL device, the emission can be shifted between blue fluorescence (singlet-spin 

related) and red phosphorescence (triplet-spin related) while no significant brightness 
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changes. Conventional contributions for color shifts associated with spatial shift of 

recombination zones or exciton redistribution and quenching under high voltage have 

been excluded by our experiments.  While the unusual properties of magnetically-coupled 

AC-OEL devices may lead to other breakthrough devices, our work opens new doors for 

a more detailed understanding of radical pairs manipulation in the quantum 

electrodynamics and spintronics of organic materials.  
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Chapter 4 Solution Possessing Organic Small Molecular Emitter 

With the significant advantages of low-cost manufacturing and large device area, 

field induced AC-OEL based on solution processed polymeric emitters have been 

intensively stuided over the past few years.52,57,59,97,115–117 However, the choice of 

polymeric emitter for full color devices is restricted when compared to organic small 

molecules emitters. The thermal evaporation of organic small molecules has critical 

drawbacks as a fabrication technique such as high vacuum manufacturing cost and being 

time consuming. In this chapter, state-of-the-art solution processed small-molecule films 

are fabricated and compared to their vacuum-deposited counterpart. The proper solvent 

for tris(8-hydroxyquinolinato)aluminium (Alq3) has been studied, which has an adequate 

solubility but also avoids the interfacial mixing between top emission layer and bottom 

HGL. Comprehensive non-gated and ZnO-gated AC-OEL devices based on Alq3 emitter 

were fabricated and the underlying mechanism of hole carrier manipulation at ZnO/HGL 

interfaces was investigated in time-resolved current and voltage characteristics.  

Solution Based AC-OEL Devices 

The key-advantage of field induced inorganic electroluminescent devices is an 

easy solution-fabrication process, a dramatic manufacturing cost saver which meant that 

they were rapidly commercialized after this was first reported by Toshio Inoguchi in 

1974.118 The solution processing of these devices is effectively used to fabricate large-

area lighting panels or displays with good robustness and long-term reliability. Recently, 

instead of inorganic phosphors, organic semiconducting polymers have been given these 

traditional advantages through a variety of solution-process thin film fabrication methods, 

such as spin-coating38, blade coating119, spraying120, ink-jet printing121 etc. In contrast 
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with polymers, organic small molecule materials provide more advantages, particularly 

high stability and a wide selection of emitter materials which span the entire visible 

spectrum.122,123 The major drawback of organic small molecule thin film devices is the 

considerably strict manufacturing requirement on high vacuum evaporation.50 Therefore, 

it is necessary to develop an AC-OEL device based on soluble organic small molecule 

emitters.  

Due to the insulators sandwiching a p-i-n structure, the operating voltage in AC-

OEL has to be very high (over 100V in the most cases)53,124 this is because of the 

inefficient carrier transportation in AC cycles which causes a great number of hot carriers 

that need to be neutralized at insulator/HGL interfaces. This in turn leads to irradiative 

recombination of electron-hole pairs. In this respect, the use of a n-type, wide bandgap 

semiconducting gate has been demonstrated as a good strategy to manipulate effective 

carriers and to lower driving voltage97,98, which solves the device’s overheating issue.  

Here, Alq3 was chosen as the emitting host material, as it is the most common 

used emitter in vacuum-deposition.37,125 The soluble properties of Alq3 in different 

organic solvents were studied and the morphological properties of the films using 

solution process were compared to the evaporated film. The non-gated and ZnO-gated 

AC-OEL devices were also fabricated with solution processed Alq3 and the electrical and 

optical responses over driving frequency were further investigated. The analysis of the 

performance of the AC-OEL devices near DC and at the resonant frequency revealed that 

carriers are generated under an AC electric field, and at the same time, electrons and 

holes are efficiently manipulated at the ZnO gate/HGL interface.  
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Solubility of Alq3 in Different Solvents 

 
Figure 4-1 | (a) Chemical structure of Alq3. (b) The solubility of Alq3 (10 mg mL−1) in 

dimethylformamide (DMF), chloroform, and acetone. 

 

The choice of solvent is an initial but critical issue for solution processing 

technique, because a considerable amount of organic small molecules need to be able to 

be dissolved into it. Figure 4-1a shows the molecular structure of Alq3, the common 

solvents reported in literature for which are chloroform 126,127 and acetone128, which have 

a high polarity index of 4.1 and 5.1 respectively. However, both of these options have 

some inevitable technical drawbacks. Chloroform has quite good solubility, not just for 

Alq3 but for a variety of organic compounds including polymers and small molecules, 

which could cause interface damage during spin-coating. This would lead to inferior film 

quality and a shorted current during device’s operation. With regards to acetone, the 

solubility of Alq3 in it is quite low (as 10mg/mL shown in Figure 4-1b) to the point that 

it is unable to satisfy the thickness of spun-cast film where sufficient radiative electron-

hole recombination occurs129.  
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(a)     (b) 

Figure 4-2 | (a) Current density characteristics in a function of RMS voltage at 50 Hz. 

Inset: device structure of the AC-OEL devices. (b) The relation between RMS voltage 

and brightness at 50 Hz. Inset: the power efficiency. 

 

So far, dimethylformamide (DMF) has not been fully reported as a solvent for 

Alq3 in solution-processed organic lighting devices. Due to its high vapor point (~153℃), 

the DMF spun-cast thin film shows a few hundred nanometer thickness with smooth 

morphology. In addition, there are a number of hole transport organics that show a 

resistance to dissolving in DMF, which prevents the dual films mixing. Taking these into 

consideration, AC-OEL devices were built with solution-processed Alq3 emitters from 

chloroform, acetone, and DMF. These devices were driven under a sinusoidal voltage 

with frequency between 50Hz and 60,000Hz and their structure is shown in the inset of 

Figure 4-2a. In order to provide sufficient hole carriers, poly[N,N’-bis(4-butylphenyl)-

N,N’-bis(phenyl)-benzidine] (poly-TPD) was pre-coated as a HGL on top of gate layer 

prior to coating with Alq3. Missing a HGL layer normally gives an imbalanced electron-

hole injection into emitter, resulting in the missing of an efficient recombination zone.53 

The current characteristics of AC-OEL devices with Alq3 emitters, either from 

chloroform, acetone, or DMF are compared in Figure 4-2a. The DMF device shows the 
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best carrier injection at 50Hz, while a reduced current density was found in the acetone 

device. The current density of the chloroform device is consistently between the DMF 

and acetone device. It is difficult to draw any convincing conclusion based on current 

characteristics alone. Therefore, the corresponding plot of luminance versus applied 

voltage (L-V) is presented in Figure 4-2b. All devices show a similar turn-on voltage at 

around 4V. However, the brightness boosts to 2,080 cd/m2 at 8.5 V in the DMF device, 

whereas, a maximum luminance of only 71 cd/m2 is obtained in the chloroform device at 

6.7V. Combined with the tremendous current in Figure 4-2a, we attribute that to the 

shortening of the device due to washed-off poly-TPD by chloroform. The exposure of 

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) causes direct 

contact with Alq3 so that electrons can easily break through the entire device through the 

LUMO levels. On the other hand, the acetone-based device lights up to 370 cd/m2 with 

non-trivial current injection (238.6 mA/cm2). Considering the thin emission layer from 

dilute Alq3-acetone solution, it seems reasonable to suggest that electron and hole 

carriers are simply being transported from one electrode to another in the lack of presence 

of an efficient recombination interface. More importantly, it is worth comparing the Alq3 

solution-processed device performance with the one with evaporated Alq3 emitter. The 

Alq3 evaporated device shows a lower turn-on voltage and a faster increase in L-V plot, 

exhibiting a maximum power efficiency of 0.29lm/W which is higher than that in Alq3 

solution-processed devices (0.22 lm/W in Acetone, 0.03 lm/W in Chloroform, 0.23 lm/W 

in DMF). This attributed to the trivial defects on evaporated Alq3 thin film. Only the 

DMF based device can compete against the evaporated device since its maximum 

efficiency shows at the high brightness. 
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Morpholgy of Spun-cast Alq3 Thin Film and Wash-out Effect 

 

Figure 4-3 | Surface morphology of spun-cast Alq3 films from a variety of organic 

solvents. The optical microscopy (×1000 magnification) of thermally (a) evaporated Alq3 

film and (b) spun-cast Alq3 films from DMF and (c) chloroform. AFM topography of 

thermally (d) evaporated Alq3, (e) DMF spun-cast Alq3 film, and (f) chloroform spun-

cast Alq3 film. The scale bar is 1 µm. (g–i) The corresponding 3D AFM images. 

 

To prove the distinctive influence of solvent choice on solution-processed Alq3 

film, the morphology of the solution-processed films were looked at on the top of poly-

TPD, and are compared to its vacuum-deposited counterpart. First, the optical 

microscopic images of Alq3 from thermal evaporation (Figure 4-3a), DMF spin coating 

(Figure 4-3b), and chloroform spin coating (Figure 4-3c) were compared. Under × 1000 
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magnification, both the evaporated and DMF spin coated Alq3 films exhibited a good 

film quality over a large area. The roughness values (Ra) of the Alq3 layers from 

evaporated and spin-casted obtained DMF are 0.14nm and 0.19nm, respectively, given by 

the AFM surface morphology shown in Figure 4-3d and 4-3e. As for chloroform spin 

coated Alq3, the film surface is full of eye detectable defects which led to a high Ra of 

~3.98nm (shown in Figure 4-3f). The chloroform spun-cast Alq3 film indicates a 

polymeric morphology which noticeably contrasts with small molecules, but is quite 

similar to PEDOT:PSS (shown in Figure 4-4). The corresponding 3D AFM images are 

shown in Figure 4-3g-i for better observation. Also, the corresponding XPS results (in 

Figure 4-5) shows the atomic concentration increases in the peak of C 1s and the 

decreases in the peaks of N 1s and O 1s which indicates the wash-off effect on Poly-TPD.  

 

Figure 4-4 | AFM image (5μm × 5 μm) of PEDOT:PSS. 

 

(a) 
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(b) 

 

(c) 

Figure 4-5 | XPS patterns of Poly-TPD/Alq3 from DMF(a), Poly-TPD/Alq3 from 

Chloroform (b), and Poly-TPD/Alq3 deposited by evaporation (c). 

 

Resonant Effect and Carrier Gate Mechanism in Alq3 Device 

In our previous work, it has been demonstrated that ZnO is an ideal gate material 

to replace traditional dielectric layers in AC-OEL devices for high brightness, and high 

power efficient lighting.97 With such a gated structure, carrier manipulation at the 

interface can lead to high brightness and efficiency in an AC-OEL. We demonstrated that 

the role of the gate is to promote carrier transport in the forward bias and block carriers in 

the reverse bias, thereby using part of the power cycle as a charge accumulation phase 

creating light, and part of the power cycle as a charge compensation phase to retain 

charge balance in the device. The theoretical mechanism of carrier manipulation by the 

gate was tested with hole-only devices in the absence and present of ZnO gate under AC 
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power cycles and comparisons of the performance of AC-OEL devices with ZnO gate, 

P(VDF-TrFE-CFE), and with no gate are made as a function of frequency response and 

electric field. 

 

Figure 4-6 | Frequency response of the AC driven OEL devices with and without a gate 

layer. (a) Current density. (b) Normalized luminous intensity. Note that the applied 

voltages were maintained at 22 and 8 V with and without the ZnO gate, respectively. 

 

A 70nm-ZnO-gated AC-OEL devices having solution-processed Alq3 emitters 

(from DMF) were also fabricated and studied in this report with time-resolved current 

and voltage characteristics which has not been done yet. Figure 4-6a shows the 

frequency response to current density with the ZnO gate layer and the PEDOT:PSS hole 

injection layer (HIL). Compared to the non-gated device with HIL, the ZnO-gated device 

presents a dramatic current cut-off at the low frequency range (< 10,000Hz). At a 

constant voltage, the current density is as low as 10.0 mA/cm2 at 1,000Hz with the ZnO 

gate, while conversely, the PEDOT:PSS device has169.7 mA/cm2 at 1,000Hz. The 

current density in ZnO-gated device is not maintained at low levels over a frequency 

range, but promotes rapidly to the peak (169.3 mA/cm2) at the resonant frequency of 

50,000Hz.  
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Figure 4-7 | The resonant behavior of ZnO-gated AC driven OEL devices over the 

frequency range 50Hz to 75,000Hz. 

 

This resonant behavior is strongly related to the enhancement of polarization 

current due to the time dependent electric field. Because of strong carrier injection, the 

current density of a non-gated device consistently stays at a high level (over 100mA/cm2 

on average). However, the resonant behavior remains in the absence of ZnO layers, it 

shows up at a lower frequency of 30,000Hz. This remaining resonant effect again can be 

explained by the polarized nature of the hole generation material. A similar resonant 

behavior is also discovered in a plot of EL characteristics shown in Figure 4-6b. Besides 
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a slight resonant frequency shift, the cut-off behavior at low frequencies still exists in the 

ZnO-gated device.  

 

Figure 4-8 | Hot carriers (50 Hz) versus polarization carriers (30 000 or 50 000 Hz) in 

electroluminescence (EL) characteristics. (a) AC driven OEL device with PEDOT:PSS 

injection layer. (b) 70 nm ZnO-gated AC-OEL device. Insets: current density in the 

function of AC voltage. Time-resolved voltage and current of ZnO-gated device at (c) 50 

Hz and (d) 50 000 Hz. 
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The functional ZnO gate was initially designed to serve as carrier balance in 

resonant frequency driven OEL devices. Therefore, it is worth investigating the resonant 

behavior and DC behavior in both a non-gated device and a ZnO-gated device. Figure 4-

8a shows the L-V graph of a non-gated device at 50Hz (near DC) and 30,000Hz 

(resonant frequency as found from Figure 4-6a). Both L-V curves are similar in shape, 

but the 30,000Hz curve increases a little bit later than the 50Hz one. This is mainly 

because at high frequencies the injection carriers are more easily drained in the reversed 

bias before the electron-hole recombination occurs, resulting in a reduction of the 

effective current.  

However, the carrier balance has been totally altered by the ZnO gate layer. As 

shown in Figure 4-8b, the device (50Hz driven) is turned on at a relatively high voltage 

of 25V caused by a high hole injection barrier. This energy barrier (∆E) can reach 2.7eV 

in ZnO-gated devices (Figure 4-9b) which is significant in comparison to 0.3eV in non-

gated device (Figure 4-9a). Also, the 50Hz time-resolved voltage and current 

characteristics are shown in Figure 4-8c. Unlike normal lighting diodes (non-gated 

devices shown in Figure 4-8e), the current in the reversed bias is not trivial but a 

noticeable negative value (about -0.13mA), which results from the hole-electron 

neutralization in the p-n junction at ZnO/poly-TPD interfaces. This only happens when a 

great number of carriers are pushed toward the junction under an electrical field until a 

thin enough depletion zone forms for a reduced electrical resistance.  
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Figure 4-9 | Energy diagram of AC driven OEL devices (a) with hole injection layer 

(PEDOT:PSS) and (b) with n-type gate layer (ZnO). 

 

At the resonant frequency of 50,000Hz, luminance increases earlier and more 

rapidly than at 50Hz in the L-V curve in Figure 4-8b. This is mainly attributed to the 

promotion of polarization carriers and electron extraction of the ZnO gate under high 

frequency AC cycles. More specifically, electrons and holes are generated in polarized 

HGL (poly-TPD), and they occupy the LUMO and HOMO levels respectively. When the 

bias is applied in the forward direction, the electrons are extracted via n-type ZnO 

towards the ITO electrode and the holes are directly injected into the Alq3 emitter. Then, 

when the electric field flips over, the holes are drifted and accumulate at the ZnO/poly-

TPD interface because of the forbidden transfer shown in Figure 4-9. Each electrical 

cycle was approximately 20 μs in period which inhibits the over-saturation of carriers. 

Hence, together with energy level alignment, it was predicted that a dominant current 

would be present in ZnO-gated AC-OEL at the resonant frequency, which has been 

demonstrated by the current characteristic inserted in Figure 4-8b. In contrast to the 

trivial current density below 20V at 50Hz, a linear current increase from 16.2 mA/cm2 at 
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2.4V to 146.2 mA/cm2 at 21.6V can be seen at 50,000Hz. Meanwhile, another piece of 

evidence was observed in the time-resolved current and voltage properties at 50,000Hz 

shown in Figure 4-8d. It reveals two axisymmetric current waveforms (yellow and 

purple) in the top and bottom of the voltage cycles. Contrasting the resonant-frequency-

resolved current (at 30,00Hz) of the non-gated device in Figure 4-8f, both halves of the 

current of gated device remain positive in AC power, which suggests that the current 

flow through the device is consistently in the forward direction, resulting from hole 

blocking effect at the ZnO/poly-TPD interfaces. Thus, it is clear to conclude that 

functional ZnO gates facilitate hole injection in forward bias as well as hole blocking in 

reversed bias.  

Cavity effects may have an influence on the emission of thin-film lighting 

devices. A preliminary comparison of the AC-OEL’s spectra (in Figure 4-10) shows 

equal emissive profiles, indicating a negligible impact of cavity effects on the device’s 

optical performance. 

 

(a)       (b) 
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(c)       (d) 

Figure 4-10 | EL spectrum of ZnO-gated AC-OEL device with Alq3 emitter doping 1wt% 

C545T (a) and corresponding CIE diagram (b). 

 

Methods and Characterizations 

Device measurement 

The AC-OEL devices were measured in a nitrogen filled glove box at room 

temperature (25 °C) without sealing. A 200 MHz function/arbitrary waveform generator 

(Agilent 33220A) connected to a Trek PZD700A M/S amplifier provided a sinusoidal 

signal with suitable voltage and frequency. The actual applied voltage and current were 

measured from a power analyzer (Zimmer LMG95). An ILT 1400-A photometer 

(International Light Technologies) is used to measure the out-coupling luminance. EL 

spectra were collected using an ILT 950 spectroradiometer (International Light 

Technologies). The entire system was connected and controlled by a computer. In order 

to obtain accurate and reliable measurements of luminance and current, each turn-on 

measurement of the pixels was integrated over 2000 ms and averaged five times. 

Surface Morphology 
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An optical microscope (Olympus BX60M) and an AFM (JEOL JSPM-5200) were 

used to measure the morphology of spun-cast and evaporated Alq3 films. 

XPS Measurement  

An XPS (AXIS ULtrabld) was performed on the Alq3 thin films from spun-cast 

and evaporation. To maintain the accuracy, each XPS pattern was averaged from 15 

times measurements. 
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Chapter 5 Flexible, Stable, White Electroluminescent Devices Under 

High Frequency 

In this chapter, the application of an aluminum (Al)/multiwall carbon nanotube 

(MWCNT)/Al, multi-layered electrode to flexible, high-efficiency,(AC-OEL is 

discussed. The electrode was fabricated by sandwiching a spray-cast nano-network film 

of MWCNTs between two evaporated layers of Al. The resulting composite film 

facilitates a uniform charge distribution across a robust crack-free electrode under various 

bending angles. We demonstrate that these composite electrodes stabilize the power 

efficiency of flexible devices for bending angles up to 120°, with AC-OEL device power 

efficiencies of approximately 22 lm/W at luminances of ~ 4000 cd/m2 (using no output 

coupling). Microscopic examination of the Al/MWCNTs/Al electrode after bending of up 

to 1300 cycles, suggests the nanotubes significantly enhance the mechanical properties of 

the thin Al layers while providing a moderate modification to the work function of the 

metal. While the realization of robust, high brightness and high efficiency AC-OEL 

devices is potentially important in their future lighting applications, we anticipate this to 

also have significant impact in standard OLEDs lighting applications.  

Meanwhile, a novel flexible polymeric gate layer for AC-OEL devices is 

presented. The charge-valve mechanism of carrier manipulation in forward and reversed 

bias of the applied AC cycles is fully detailed. With a low-doping strategy of two 

phosphors in the fluorescent host, a flexible PET-based AC-OEL device with PFN-Br 

gate exhibits incredible stability on EL performance with a superior color rendering index 
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(CRI), over 81 at 2800K color temperature and a power efficiency of 2.8 lm/W at 1,000 

cd/m2 with high bending ability (-90° to +90°). 

Challenges for Achieving Flexibility  

AC-OEL devices have received tremendous interest lately by the organic lighting 

community.50,52,56–59 The devices which use an AC field to create polarization currents in 

an electroluminescent organic layer and thus generate light emission 53,55,130,131 have 

shown promise as high-quality panel lighting due to their property of simultaneously 

increasing brightness and power efficiency. 54,65,124 Furthermore, they may present 

potential advantages in driver circuit simplicity when interfacing to standard AC power 

sources. However, as with all ultra-thin or organic lighting approaches, a widely sought 

property of the AC-OEL is flexibility. 

The concept of low-cost, flexible, high-efficiency light sources based on organic 

solid-state lighting devices is already well establish.132–137 Indeed, both standard OLEDs 

as well as AC-OELs have demonstrated brightness and efficiency numbers of 

commercial interest. However, the slow transition from state-of-art laboratory research to 

a modern manufacturing environment should somehow indicate the magnitude of the 

challenges faced by the technologies to meet with robust utilization in the consumer 

world.138 Two key problems that developers are facing are addressed in this work:  

The first is how to achieve extremely high-power efficiencies in lighting devices 

when internal quantum efficiencies are already reaching levels approaching 100% (both 

the spin-symmetric and anti-symmetric molecular excitations are fully used for photon 

emission16,17,40,139,140). In any organic EL device, there are many energy loss mechanisms 

from carrier transport to multiple non-radiative processes that convert singlet and triplet 
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excitations into the ground state.16,17,40,139 Among these mechanisms, an important 

problem in OLEDs is direct injection of hot carriers, which form bound electron-hole 

pairs or excitons after tunneling through energy barriers at multiple interfaces.141–144 

These hot carriers exceed the energy gap of the emitting material, so the excess energy is 

wasted thermally, giving rise to a lower power efficiency. The reduction of the carrier 

injection barrier by decreasing the difference between adjacent energy levels (HOMO or 

LUMO) is now a common method to optimize the efficiency of OLEDs.46,47,145–147 

However, as in the case with most technology demonstrators, what works best in the lab 

is difficult to implement in commercial settings, so placing Li or Ca at the metal interface 

is undesirable. 

In the case of capacitively coupled AC-OEL devices, as described here, the large 

induced polarization currents effectively control the rate and energy of carrier “injection”. 

While power efficiencies as high as 29.3 lm/W at 20500 cd/m2 have been reported in 

green phosphorescent AC-OEL devices, it has been anticipated that higher values are 

possible using asymmetric contact designs that allow for better charge compensation in 

the devices.52–54 But it must be recognized that facile charge compensation in such 

asymmetric devices also requires engineering of the work function at the metal contact. 

And, again, we wish to avoid the use of typical laboratory solutions to this problem such 

as Li or Ca. 

The second problem we would like to address is what the ideal flexible, reflective 

electrode for organic devices might be. A great deal of research has been devoted to the 

development of highly flexible electrodes with high transparency including metal 

nanowire grids148–153, graphene sheets154–158, and carbon nanotube (CNT) networks.159–162 
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However, development of flexible cathode materials (the back reflector) with excellent 

optical, electrical, and mechanical properties is rarely reported. Generally, flexible 

optoelectronics, such as OLEDs and organic solar cells (OPVs), utilize surprisingly thin 

metal layers as the flexible back cathode. Metals that have been most widely studied for 

this use include Al132,133, calcium (Ca)/Al163, nickel-chromium (Ni-Cr)44 and sliver 

(Ag).164 Interestingly, the balance between flexibility and conductivity is difficult to 

achieve. Metal electrodes can have residual stress due to work hardening and become 

rigid or brittle, leading unavoidably to cracking after repeated bending or stretching. 

Voids, gaps and uneven thin film morphologies that result can then lead to non-uniform 

current distributions in the electrodes: essential for performance in both AC and DC EL 

devices. In the laboratory setting one would choose the metal with most desirable 

mechanical properties then modify its work function using the methods described above. 

However, again, in a commercial sense this may not be possible. 

To address the two challenges above, we examine the application of novel 

composite electrode structures, composed of metal/nanowires (nanotubes)/metal. We 

demonstrate that as a reliable alternative structure for the cathode, this triple-layer 

composite electrode gives an excellent balance between mechanical stability, electrical 

conductivity, and optical functionality even after thousands of bending cycles. We further 

demonstrate these Al (50nm)/ MWCNTs/Al (100nm) cathodes on a flexible AC-OEL 

device structure which achieves and maintains a power efficiency of approximately 22.2 

lm/W at 4050 cd/m2 after full bending cycles of 120° for 10 minutes. However, we 

emphasize the generality of this approach and their potential use in OLEDs as well. 
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Construction of Metal/Nanowires Composite Electrode 

 

(a) 

 
(b) 

Figure 5-1 | AC-driven organic EL device on flexible 1 inch × 1 inch plastic substrate. (a) 

PET/ITO(100nm)/PEDOT:PSS doped ZnO NPs (80nm)/PVK:Ir(ppy)3 (150nm)/TPBi 

(35nm)/Triplet-layer cathode (~200nm). Electric fields due to AC driver in the capacitor-

based device are changing in high frequency rather than pointing a unique direction. (b) 

The definition of the bending angle used in this report. 

 

Figure 5-1a shows a diagram of the capacitive flexible AC-driven OEL device 

with a triple-layer composite cathode. The fabrication of the device starts with a clean 

polyethylene terephthalate (PET) substrate pre-coated with 100 nm of ITO. Commercial 

PEDOT:PSS doped with 36 wt.% ZnO NPs (35 nm average diameter) is spun cast on 

ITO as not only a hole generation layer, but also as an inorganic semiconductor gate, 

which is required for a field-induced EL device. A more complete discussion and analysis 
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of the function of insulating or semiconducting gate layers in AC-OEL devices can be 

found in our previous work.52–54 In this work PVK : Ir(ppy)3) is used as the 

electroluminescent layer with Ir(pp)3 as the triplet scavenging phosphorescent dye. TPBi, 

is an electron-rich (electronegative) dopant and transport layer used to help in charge 

generation at the interface to the emitter. The PEDOT serves an analogous function for 

hole injection. The multi-layer composite electrode (metal/MWCNTs/metal) is deposited 

on the functional organic layers in a three step process before the devices are tested. This 

procedure is shown in Figure 5-2 and is carried out as follows: 

a) A 50nm layer of Al is pre-deposited through a shadow mask over the TPBi layer with 

a rate of 2 Å/s under high vacuum (~2 × 10-7 Torr). 

b) A spray gun is used to deposit the MWCNT nano-matrix at different volumes of 0.5 

mL, 1.0 mL and 1.5 mL on the substrates. The MWCNTs are dispersed in acetone at a 

concentration of 0.2 mg/mL through ultrasonication. 

c) After post annealing in air for 10min at 60° to evaporate excess solvent, the PET 

substrate is placed back into high vacuum for thermal evaporation of the final 100nm of 

Al. 

SEM images in Figure 5-2 show the three deposition steps in the fabrication and 

surface morphology of the Al/MWCNTs/Al composite cathode. The Al/MWCNTs/Al 

sandwich structure is asymmetric in that the bottom Al layer is flat and the top Al layer 

firmly coats the protruding MWCNTs network, which leaves a rough surface.  
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Figure 5-2| Multi-step fabrication of triple-layer composite electrode. (a) Thermal 

deposition of 50nm Al layer. (b) The formation of nano-matrix of MWCNTs with 

spraying. (c) Top 100 nm Al layer coating. SEM images of multi-step fabrication of 

triple-layer composite electrode. (d) Al, (e) Al/MWCNTs, (f) Al/MWCNTs/Al, 

corresponding to (a), (b) and (c). 

 

The property that we seek in this electrode is outstanding durability under 

multiple bending cycles. Generally, we would expect that the interlaced bundles of 

MWCNTs would exhibit high structural integrity and mechanical robustness as has 

already been reported in numerous applications.165–167 We would also anticipate that 

mobile dislocations within the thin metal films will be pinned by the nanometer 

inclusions, thereby limiting failure due to work hardening of the film.  

Electrically, it is well-known that MWCNT mats can exhibit a rather high 

electrical conductivity at room temperature, but generally not as high as a metal like Al. 

This limits the application of the Al/MWCNTs/Al structure in DC-driven OLEDs since 

carrier injection efficiency is greatly affected by electrode resistance. MWCNTs also 
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have a relatively high work function, between 4.40 and 4.95eV, as compared to LiF/Al 

(2.6 eV), Mg (3.72eV), Mg/Ag (4.12 eV) and Al (4.28eV)).168 169,170 This suggests pure 

nanotubes would be unsuitable to replace the metal as a top cathode in flexible lighting 

devices since there would exist a large electron injection barrier at the metal-

semiconductor interface and the overall conductivity across the electrode would be 

inadequate. We add here that while the asymmetric AC-OEL devices with their unique 

capacitive nature, utilize a field-induced polarization current which contributes 

significantly to the light output, they also have some direct injection. Thus, even though 

lower carrier injection efficiency has less influence on the AC-OEL device’s 

performance, it does have some. Furthermore, MWCNT mats’ porous and low 

dimensional carbon structure produces a very low reflectivity surface for visible light 

(wavelength ~ 400 nm -700 nm).  Therefore, clearly we want the mechanical properties 

of MWCNTs but not the electronic properties for this application.  

However, a composite of nanotubes and a metal such as Al should result in a 

blending of the work functions of the two materials, while providing a surface with the 

reflectivity of the metal (for relatively small amounts of nanotubes) and finally the 

mechanical properties we seek, as described above. Unlike symmetric field-induced EL 

devices with two insulators or asymmetric El devices with a single insulator, the devices 

used in our studies are an asymmetric structure with a ZnO (semiconductor) gate. A 

unique feature of these asymmetric AC-OEL devices is that the contribution of injected 

charges has a nontrivial influence on the formation of excitons in the light emission layer, 

and thus the work function is of importance.  
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In order to avoid high temperature processing of a composite structure, our 

composite is formed by layering. This means the Al is exposed to air between the 

application of the MWNTs and the second layer, leading to a very thin alumina film.  

However we expect that the mechanical properties to be dominated by the metal and the 

MWNTs.  Figure 5-2 show the formation of the composite layers using field emission 

SEM. We note here that the Al covered mat is relatively rough, but covered with Al, 

leaving behind a reflective film. 

The AC-OEL device’s flexibility was determined by measuring the performance 

parameters of brightness and lumens per watt (LPW) as a function of the number of 

bends at a specified bend angle as defined in Figure 5-1b above. Resistivity of the triple 

layer contact as well as microscopic analysis of the devices was carried out and correlated 

with the performance at specific bend conditions. 

Table 2 | Summary of the performance of flexible organic AC-EL devices with different 

cathode structures. 

Cathode Structure 

Turn-on 
RMS 

Voltage 
(V) 

Max. 
Brightness 

(cd/m2) 

Max. Power 
Efficiency 

(lm/W) 

Optimum 
Frequency 

(Hz) 

Al(150nm) 5.76 4070 21.8 50k 

Al(50nm)/0.5mLMWCNTs/Al(100nm) 6.63 4050 22.2 60k 

Al(50nm)/1.0mLMWCNTs/Al(100nm) 10.71 3376 16.1 55k 

Al(50nm)/1.5mLMWCNTs/Al(100nm) 11.00 1982 7.3 50k 

 

We first examine the effects of the triple-layer cathode on un-bent geometries and 

these data are tabulated in Table 2. 0.5mL, 1.0mL and 1.5mL volumes of 0.2 wt. % 

MWCNTs dispersions are used to create triple layer cathodes with different nanotube 

contents for comparison. Notice that the optimum operational frequency is where the AC 
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driver is in resonance with the capacitive device for the maximum reactive power. This 

occurs at similar frequencies in all cases suggesting that the capacitance is roughly the 

same from device to device as we would expect. However, we note that the brightness 

decreases slightly with nanotubes in the metal layer while the turn-on voltage increases. 

This can be understood in terms of the relatively poor conductivity of MWCNTs (0.5~1 

kΩ/□)171 compared to Al (~0.3 Ω/□). Quite simply, as more of the Al volume is replaced 

by the poorer conducting nanotubes, the overall conductivity of the system begins to drop 

proportionally and there is a potential drop now across the electrode. Consequently the 

voltage drop seen across the emitting layer has gone down for a given voltage applied to 

the device. Electrical resistivity characteristics of Al electrode and Al/MWCNTs/Al are 

given in Figure 5-3. 
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Figure 5-3 | The electrical resistivity of Al electrode and Al/MWCNTs/Al before and 

after bending. 

 

We expect three other factors have non-negligible effects in raising the turn-on 

voltage while the light emission is reduced. The first of these is obviously due to the 

effects the increasing content of the nanotubes have on the reflectivity of the back 

cathode. The MWNTs are within 50 nm (less than the skin depth for Al) of the interface. 

So, while scattering generally helps output coupling in such devices, in this case the 

addition of a black absorber will surely reduce the output.  

The second factor is the effect of increasing the work function of the cathode. In 

the AC-OEL charge neutrality must be maintained throughout the power cycle. In the 
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asymmetric configuration used here, this charge balance is established using makeup 

charge from the cathode – thereby requiring a low barrier to charge transport. If the 

injection barrier is raised, the compensating charge is hindered. 

Finally, when the device is bent, there occurs a change in device capacitance. 

Since these devices operate at a resonance between the driver and the lamp capacitor, the 

frequency at which they should be driven for optimal light output changes as the 

capacitance changes. Bending can change the capacitance slightly and therefore move the 

device off of resonance. We expect this to yield a decrease in overall brightness since the 

device is being driven off the resonance. However, in this last case, we expect the 

capacitance to recover once the device has relaxed back (recovered) from the bending. 

Bending Test on Nano-Network Composite Cathode  

To minimize the negative effects of resistance in the MWCNT component of the 

composite, while examining their potential to enhance the robustness of device 

flexibility, AC-OEL devices with 0.5mL of 0.2 wt. % MWCNTs are chosen as our basis 

for comparison during bending. Clearly, from Table 2 AC-OEL devices with and without 

MWCNTs at this loading level in the cathode exhibited brightness’s of the same order 

(Lmax_flat_Al=3330 cd/m2 and Lmax_flat_Al/MWCNTs/Al=2700 cd/m2. In Figure 5-4, we 

present the brightness data for Al only cathodes (Figure 5-4a) and compare to brightness 

for MWCNT cathodes (Figure 5-4b) for all voltages tested. When tested initially in an 

unbent state, the flat nanotube and flat Al only devices (open squares) are very nearly the 

same as would be expected, except for the slight offset associated with resistance in the 

cathode. Notice too, in Figure 5-4c and 5-4d, the current voltage characteristic associated 
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with the flat devices without and with nanotubes respectively, are linear and differ only 

by the resistance of the cathode.  

 

(a)     (b) 

 

(c)      (d) 

Figure 5-4 | Performance of the green phosphorescent flexible organic AC-EL devices 

with and without MWCNTs driven at a frequency of 50kHz during bending (flat, 60°, 

90°, 120°, recover). Luminance with Al (a) or Al/MWCNT/Al (b) as function of voltage 

for flexible organic AC-EL devices. Red arrows represent the luminance peak shifts 

between the maximum luminance of the Al-based device and that of the Al/MWCNT/Al-

based device. (c) and (d) show RMS current density vs RMS voltage characteristics of 

flexible organic AC-OEL devices before and after bending. 
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A slight enhancement of the luminance is observed in both cases as the devices 

are bent from 0° to 120°.  This is measuring the brightness at the center of curvature of 

the bend. The capacitance change of flexible AC-OEL devices with shape change of 

substrates should lead to a decrease in luminance as stated in our expectations above. 

Therefore, we attribute this slight increase to increased conductivity of the compressed 

electrodes induced by external mechanical deformation of the film and enhanced field 

density in this area. It should also be recognized that the output coupling of the light from 

the surface of the curved substrate during bending could be quite different from that of 

the flat state device, thereby leading to an observed increase in light output.  

 

(a)      (b) 

Figure 5-5 | Metallurgical microscopy images of top electrodes in flexible organic AC-EL 

devices before (insets) and after a full cycle of 120° bending. (a) Al (150nm) electrode 

shows 20μm width creases due to bending. (b) Al (50nm)/MWCNT/Al (100nm) 

composite electrode shows outstanding mechanical property in bending. 

 

When the bent Al-based device is released, its brightness-voltage and current-

voltage curves recover to their original shape, but the maximum luminance shifts from 

4054 cd/m2 at 12.7 V at 90° to 3328 cd/m2 at 16.3 V in the recovered state. The lower 

optimal luminance and higher voltage required to achieve optimal luminance is consistent 
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with the view that the cathode has formed cracks and deformations that have reduced its 

overall conductivity – thereby reducing the total voltage dropped across the emitter. This 

morphology change is confirmed in optical microscopy under 200× magnification shown 

in Figure 5-5. The formation of these cracks and creases in Figure 5-5a is an irreversible 

process, and thus poor conductivity results when the device is flattened after severe 

bends.  

In contrast, consistent EL performance of MWCNT-based devices is observed 

with bending and recovery. A small luminance peak shift from 4002 cd/m2 at 13.1 V at 

90° to 4060 cd/m2 at 13.9 V in the recovered state, as shown in Figure 5-4b, is seen, but 

peak shape as well as optimal luminance is, intriguingly, maintained. We attribute this to 

the mechanical properties of the networked structure of the Al/MWCNT/Al electrode. 

The composite cathode keeps the surface morphology crack-free even under large-angle 

bends since dislocations within the Al are being pinned and additional some stress is 

taken by the nanotubes – not the malleable metal. Again, optical micrographs at 200× 

magnification confirms the morphology as seen in Figure 5-5b. However, the EL 

performances in MWCNT-based devices do show a slight shift in the voltage where the 

maximum luminance occurs under different bending angles compared with Al-based 

devices. We attribute the difference to the reflections on back electrodes: normal 

reflection to Al and random scattering to Al/MWCNTs/Al (Insets in Figure 5-4a and 4b). 

There is one final issue. AC-OEL devices can be thought of as a light emitting 

capacitor. High frequency electric fields induce a polarization current within the device to 

generate light. Therefore the electrodes must be just as highly conductive and 

homogeneous as in the case of OLEDs. Creases and voids in the Al film due poor 
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mechanical properties can cause local potential variations in the device which show up as 

brightness inhomogeneity. The network of MWCNTs clearly imparts some mechanical 

stability on the Al film during bending leading to uniformity in the composite cathodes 

spreading resistance. To see this point more clearly, RMS current density vs the RMS 

voltage (J-V) of Al-based devices and composite electrode-based devices are compared 

in Figure 5-4c and 4d. The difference between J-V curves of Al-based case before and 

after a full cycle of 120° bend is an unmistakable increase in the resistivity (slope of the 

line). However, the J-V characteristics of Al/MWCNTs/Al device before and after 

bending are nearly identical suggesting not very much permanent morphological change 

has taken place. 

 

(a)       (b) 

Figure 5-6 | Power efficiencies with Al (a) or Al/MWCNT/Al (b) as function of 

luminance for flexible AC-OEL devices. 

 

In measuring the power efficiency of the devices, we use the standard convention 

of measuring the current voltage and the phase angle between them.50 For both cathode 

types (with and without MWCNTs) the overall power efficiency of flat devices are quite 

similar except for small fluctuations from device to device. However, in Figure 5-6, we 
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show what happens to the power efficiency of composite cathode devices as compared to 

pure Al cathodes under bending. For example, a pure Al cathode device flat that has not 

been bent achieves approximately 22 lm/W at 3250 cd/m2 but yields only 18 lm/W at 

3250 cd/m2 after bending once to 120° and fully relaxing back. Notice that this is not the 

case for the composite cathode devices that tracks almost exactly in its recovery from 

120° bending. 

 

Figure 5-7 | Electroluminescence spectrum of flexible organic AC-El device with 

Al/MWCNTs/Al cathode at different bending angles. 

 

Importantly, the EL spectra of devices with MWCNT cathodes taken at different 

bending angles and displayed in Figure 5-7, do show subtle differences. Most notably the 

recovered spectra from a previously bent device seems to suggest some damage is done 

to the device, perhaps delamination at the interfaces. However, it is important to realize 

that this is for one set of loadings only and optimization of MWCNT content has yet to be 

completely optimized. 
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Iterative Bending Tests on Devices with Al/MWCNTs/Al Electrode 

Iterative bending tests on the AC-OEL devices were performed holding the 

bending angle at a constant 90° (radius of curvature ~ 9 mm), for each bend. Shown in 

Figure 5-8a, the luminance remains very stable in devices with MWCNT composite 

electrodes, requiring over 500 bending cycles to drop to half of the initial luminance 

(1250 cd/m2). In comparison, devices with pure Al electrodes exhibit a luminance drop of 

the same magnitude (half of the initial brightness (1270 cd/m2)) with only 50 bending 

cycles. The insert in Figure 5-8a shows an illuminated AC-OEL device after 1000 

bending cycles.  

 

(a)      (b) 

 

(c) 
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Figure 5-8 | Bending test of flexible organic AC-EL devices with and without MWCNT 

nano-network modification. (a) Luminance as a function of the number of cycles (0, 20, 

25, 50, 100, 200, 500, and 1000). The insert shows the photograph of the flexible device 

with MWCNTs after 1000 bends. Luminance - current density - voltage characteristic of 

flexible organic AC-OEL devices before (b) and after (c) 1300 cycles of bend.  

 

A voltage sweep at 50 kHz driving frequency was made before and after 1300 

bending cycles and L-J-V characteristics are shown in Figure 5-8b and 8c respectively. 

Compared with identical performances before bends (Figure 5-8b), after continuous 

1300 bending cycles the device with a MWCNT composite cathode shows a luminance 

and current density of over 1290 cd/m2 at 133 mA/cm2 while the Al-based cathode device 

only produced 600cd/m2 at 93 mA/cm2 (Figure 5-8c). The superior mechanical reliability 

of the AC-OEL device with an Al/MWCNT/Al composite cathode, again, can be 

attributed to the strong mechanical strength of the MWCNT network together with the 

nanoinclusions ability to pin mobile defects in the metal films.  

Flexible Carrier Gate in White AC-EL 

Solar-Spectral, flexible, indoor illumination panels, wearable display technologies 

and roll-up cell phones are all a part of the imaginative “form-factor advantage” that has 

brought so much attention to the field of organic EL.51,98 Traditionally, it has been 

recognized that wide-panel organic light emitting diodes (OLEDs) face specific 

challenges associated with controlling large currents across large areas.  The 

comparatively newer, capacitive and AC-OEL offer some advantages in this respect over 

the OLED.  However, flexibility has generally required the use of a more conventional 

approach to AC-OELs, utilizing symmetric50 or asymmetric52,116 organic insulators 

sandwiching the emitting complex.  PVDF, a highly non-reactive thermoplastic 
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fluoropolymer, has been popular in flexible AC-OEL device studies117, but, its high 

dielectric constant leads to high driving voltages that can make the device lossy.54  

It has recently been shown that AC-OEL devices gated by n-type wide band gap 

semiconducting layers in place of the insulator layers, exhibit greater carrier manipulation 

and luminescent performance advantages in AC power cycles.97,172  The “model” for this 

improvement is rather straightforward.  By utilizing a semiconductor gate between anode 

and HGL, hot holes are prevented from direct injection in the negative half of the AC 

cycle, and electron extraction in HGL is facilitated. Of course, inorganic crystalline gate 

materials such as ZnO, NiO, and TiO2 have been the focus of this approach and this 

makes the full realization of the flexible potential of AC-OEL devices difficult.  

In the following section, we present an AC-OEL structure that utilizes a novel 

polymeric gate layer for efficient free carrier manipulation in high frequency power 

cycles. The n-type PFN-Br has been used to demonstrate passive carrier management as a 

gate in a highly flexible platform.  This gate system has also been used in this work, to 

construct a high CRI white light emission AC-OEL device comprised of a solution-

processed single emission layer with phosphorescent emitters lightly-doped into a 

fluorescent blue host, simultaneously emitting fluorescence and phosphorescence.  

To harvest triplet excitons for power-efficient white light, organic sources, 

metallo-organic phosphors (e.g. Pt, Os, Ir, Au, Pd, and Ru complexes) are used to achieve 

near 100% internal quantum efficiency.16,17 Blue173,174, green175, and red176 

phosphorescent dopants are typically employed in a single host matrix for wide spectral 

output.177 Heavy doping of these phosphors (over 5wt%) is a common method to improve 

the brightness and light quality of OEL devices. But, triplet-triplet annihilation (TTA) 
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dramatically quenches radiative excitons, or yields delayed fluorescence, and 

substantially diminishes the luminescent efficiency and accelerates degradation.178,179 The 

low endothermic triplet transfer rate also makes it difficult to achieve high CRIs in a 

multi-blend emission layer devices.180  

However, the optical design seems to take advantage of the integration of superior 

flexibility a very low-doping recipe, and AC-driving to yield a white AC-OEL device that 

can bend ±90° and with a high CRI (over 81 at 2800K).  We note that in these studies 

little emphasis has been given to impedance matching of the driving circuit.  

Consequently the maximum power efficiency measured was only 2.8 lm/W at 1,000 

cd/m2, relatively low. 

N-type Polymeric Gate Structure and Application 

PFN-Br is a polyfluorene-based conjugated polyelectrolyte n-type semiconductor 

(chemical structure is given in Figure 5-9a).  Its HOMO and LUMO levels are located at 

-5.73eV and -2.11eV indicating a wide band gap of 3.62 eV.100 The surface morphology 

of PFN-Br spin-coated onto ITO is shown in Figure 5-9b. PFN-Br has a rather high 

electron mobility of 1.41 X 10-7cm2V-1s-1, measured using an “electron-only” device for 

PFN-Br.   
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Figure 5-9 | (a) Chemical structure of PFN-Br. (b) Morphology of spin-coated PFN-Br 

thin film. 

 

The wide band gap and high electron mobility makes PFN-Br an excellent 

candidate for the carrier management gate layer in the gated AC-OEL as Figure 5-10. As 

an external electric field is applied, pointing from the ITO side to the metal anode, the 

“forward” direction of the device-diode, a mass of positive carriers drift toward the low 

work function metal electrode through the MoO3 buffer layer.  Simultaneously, the 

excess electrons trapped in the HGL are transferred by the strong electric field toward the 

energy barrier at the HGL/PFN-Br interface and tunnel into PFN-Br’s LUMO level. 

Electron extraction in the HGL dramatically facilitates the electron hopping rate from 

Poly-TPD to F4TCNQ, resulting in a larger population of holes. In other words, the gate 

layer “opens the door” for electron extraction.  

 
Figure 5-10 | Energy band diagrams of gate functionality in forward and reverse bias.  

 

Conversely, when the applied AC voltage changes polarity, and the electrical field 

is reversed across the entire device, the Fermi level tilts the opposite way around. Holes 

Gate off Gate on 
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in the HOMO of Poly-TPD are driven in the opposite direction and are accumulated at 

the interface of PFN-Br and HGL because of the high tunneling barrier (~ 0.43 eV). The 

PFN-Br gate thus, “shuts the door” for electron extraction before the next forward cycle 

arrives. Therefore, the PFN-Br gate plays a role of electron extraction layer (“gate on”) in 

the forward bias and works as dielectric layer (“gate off”) in the reverse cycle. 

 

Figure 5-11 | I-V demonstration of PFN-Br polymeric gate in DC mode. 

 

Experimentally, we investigated current density for forward and reversed voltage 

of the gate structure: ITO/PFN-Br(40nm)/Poly-TPD: F4TCNQ(~70 nm)/MoO3(10 nm)/ 

Au(60 nm) in Figure 5-11. The peak current is 161.9 mA/cm2 in the forward bias of 3V, 

and crosses through the origin. As the bias is reversed to 3V, the current becomes 

independent from the applied voltage, maintaining a low level contant (less than 

0.67mA/cm2).  This is indicative of the “gate off” condition in reverse bias. In 

comparison, the I-V characteristics of a “hole-only” device without the PFN-Br gate 

shows the lack of this current cut-off ability in negative bias (Figure 5-12). 
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Figure 5-12 | Current density characteristic of ITO/Poly-TPD:F4TCNQ/MoO3/ Au in 

forward and reversed bias.  

 

The PFN-Br gate structure is utilized in an AC-OEL device as illustrated in 

Figure 5-13a. The device fabrication details are listed in the supplementary experimental 

section. The electron-hole pairs are generated in the Poly-TPD:F4TCNQ layer via 

electrical polarization and donor-acceptor heterojunctions. Holes and electrons are 

transported toward the emission layers in the “forward” part of the AC cycle. There, they 

recombine using Ir(ppy)3 molecules for scavenging of the triplet-state excitons. As 

discussed previously, PFN-Br guarantees exceptional carrier manipulation in AC power 

cycles, resulting in carrier balance throughout the cycle. The normalized EL intensity 

versus frequency characteristics of AC-OEL devices with a variety of thicknesses of 

PFN-Br gate, made from polymer solutions of different concentrations, are shown in 

Figure 5-13b. Comparing a non-gated device and a device with a gate (one made from a 

0.5mg/mL solution of PFN-Br in solvent, for example), the device without PFN-Br 

clearly seems to have a greater injection current at low frequency. This is expected due to 

the loss of the hole barrier that the gate layer provided. Unexpectedly though, for very 

low frequencies (that is, near DC) this direct injection of current gets stronger with 
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increasing gate thickness (via solution concentration: 1mg/mL, 2mg/mL, and 5mg/mL). 

Of course, in the experiment the voltage across the entire device is increasing for the 

increasing gate thicknesses so as to make light emission comparable since the field across 

the emitter must be the same.  However, total resistance in the gate layer is increasing and 

this means the voltage dropped across this layer is increasing. This will naturally result in 

an increase in the direct current injection in this layer.  

 

Figure 5-13 | Performance of PFN-Br gated green AC-OEL device. (a) The energy level 

diagram of the PFN-Br gated AC-OEL device with Ir(ppy)3 green phosphorescent 

dopant. (b) Frequency response of normalized EL intensity with different thickness of 

PFN-Br gate layer. (c) and (d) are the relation between RMS voltage versus brightness 

and RMS voltage versus RMS current density at 40kHz respectively. 
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Meanwhile, JRMS vs. VRMS measurements were conducted at 40kHz and the 

results are shown in Figure 5-13c and 13d respectively. The gate thickness-dependent 

characteristics also can be observed in “turn-on” voltage that increases from 7.8 V 

(0.5mg/mL) to 11.5 V (5mg/mL). Meanwhile, the PFN-Br gated device exhibits a 

maximum brightness of 5,840 cd/m2 at 205.3 mA/cm2, comparing to 4,860 cd/m2 at 221.7 

mA/cm2 (gate-free), which implies a superior hole carrier facilitation by the gate layer at 

the resonant frequency.  

The doping strategy of phosphorescent molecules is a crucial factor in efficient 

triplet harvesting for such a device. Normally there is a tradeoff between insufficient 

Förster transfer and exciton-exciton annihilation. Figure 5-15a shows the normlized 

lifetimes of 1wt% (insufficient Förster transfer), 3wt%, and 5wt% (TTA) doped AC-OEL 

device. Not surprisingly, both insufficient Förster transfer and TTA process impact EL 

luminance (as shown in Figure 5-14), more importantly, they accelerate the degradation 

of the OEL device. Thus, we choose to utilize 2wt% of phosphoresecent dopants in the 

PVK host matrix, including the green Ir(ppy)3 and an additional red dye, Ir(MDQ)2(acac). 

That suggests the excited e-h pairs are initially formed in PVK and then transferred to 

Ir(ppy)3 and Ir(MDQ)2(acac) molecules, as band diagram illustrated in Figure 5-15b. 

Then, the recombination of excitons takes place via PVK, Ir(ppy)3, or Ir(MDQ)2(acac) in 

a specified ratio and the white emission is generated consequently.  



112 

 

 

Figure 5-14 | Brightness relation with RMS AC voltage in the white AC-OEL devices 

with 1wt%, 2wt%, and 5wt% phosphorescent dopants [Ir(ppy)3:Ir(MDQ)2(acac) = 2:1].  

 

 

Figure 5-15 | (a) Degradation of AC-OEL device with different concentrations of 

phosphorescent: 5%, 2%, and 1wt% in weight. (b) Energy transfer mechanism of dual 

doping white emission system. 

 

Figure 5-16a presents the EL luminance as a function of frequency for the white 

AC-OEL devices. The total phosphorescent doping weight percentage is pinned down to 

2wt%, meanwhile, the weight ratios of Ir(ppy)3: Ir(MDQ)2(acac) are precisely tuned from 

3:1, 2:1, and 1:1. At constant voltage (~11.5V), the luminance intensity of all devices 

rises as the driving frequency increases up to 40kHz, where the peak brightness occurs.  
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These peak brightness’ are: 1,200 cd/m2, 930 cd/m2, and 690 cd/m2 for 3:1, 2:1, and 1:1 

respectively. Also, identical JRMS - frequency resonant behaviors are found in Figure 5-

16b. It is worth noting that the effective current consists of two contributions: a DC 

component (direct injection related) and AC component (polarization current related). 

The relations between luminance and electrical field intensity are also shown in Figure 

5-16c. At resonant frequency, the devices with 3:1 ratio show the highest luminance of 

4,010 cd/m2 under 5.5×107 V/m. The devices with 2:1 and 1:1 doping exhibit the 

maximum brightness, 3,650 cd/m2 under 5.4×107 V/m and 2,870 cd/m2 under 5.3×107 

V/m, respectively. The corresponding current properties are given in Figure 5-16d. 

 

 

Figure 5-16 | (a) and (b) Frequency response of brightness and RMS current density in 

three doping ratios of Ir(ppy)3 and Ir(MDQ)2(acac): 3:1, 2:1, and 1:1 at a constant 
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voltage of 11.5V (±1V). (c) and (d) The brightness and RMS current density 

characteristics in the function of AC electric field intensity 

 

 

(a)       (b) 

 

(c) 

Figure 5-17 | The EL spectrum of white emission AC-OEL device with different doping 

ratios of Ir(ppy)3 and Ir(MDQ)2(acac): (a) 3:1, (b) 2:1, and (c) 1:1. 

 

Table 3 | Summary of electrical and luminescent properties of white emission AC-OEL 

devices. 

Doping 

ratio 

Frequency 

(Hz) 

Max. L 

(cd/m2) 

Powder 

factor 

Power 

efficiency 

(lm/W) 

Color 

rendering 

index 

Color 

temperatur

e (K) 

CIE 

3:1 40,000 4,010 0.0628 5.0 80.86 3,077 0.45,0.47 

2:1 40,000 3,365 0.0642 4.0 85.12 2,582 0.48,0.44 

1:1 40,000 2,870 0.0660 3.4 75.98 1,986 0.52,0.41 
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Figure 5-17 shows the EL spectrum of AC-OEL devices with 3:1, 2:1, and 1:1 

doping ratios and there is no significant spectral shift in luminance of 100, 500, 1000, and 

2000 cd m−2. Even though the relative peak intensity may change slightly with different 

doping ratios, each spectrum consists of three main contributions: weak PVK’s blue 

fluorescence (410 nm), 510 nm green phosphorescence due to Ir(ppy)3, and 600 nm red 

phosphorescence from Ir(MDQ)2(acac). In the co-doping configuration of Ir(ppy)3: 

Ir(MDQ)2(acac) = 3:1, the Ir(MDQ)2(acac) peak is slightly stronger than Ir(ppy)3 peak 

which eventually gives us a cold white with CRI of 80.86. With heavier doping of 

Ir(MDQ)2(acac) (2:1 ratio), Ir(ppy)3’s emission is weakened consequently, which 

demonstrates a 2582 K white emission with a CRI as high as 85.12. However, the 

device’s output becomes a reddish warm white with a CCT of 1986 K and a CRIof 75.98 

with too many Ir(MDQ)2(acac) molecules (1:1 ratio). The electrical luminescent data of 

white AC-OEL devices aresummarized in Table 1. Therefore, the enhancement of 

Ir(ppy)3 doping contribution has a great impact on overall performance. This is attributed 

to the high quantum efficiency of Ir(ppy)3 molecules compared with Ir(MDQ)2(acac) 

molecules as shown in Table 2. More importantly, it was demonstrated that the For- ster 

resonance energy transfer efficiency (FRET) from PVK toIr(ppy)3 boost from 21.7% to 

99.1% while the doping concen- tration increases from 0.1 to 2 wt%, which enables a 

very efficient radiative excitons generation. 
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(a)    (b)    (c) 

Figure 5-18 | The photos of white emission AC-OEL device with different doping ratios 

of Ir(ppy)3 and Ir(MDQ)2(acac): (a) 3:1, (b) 2:1, and (c) 1:1. 

 

 

(a)      (b) 

Figure 5-19 | (a) Device structure of PET-based AC-OEL device. (b) The photos of 

devices are bent in convex position and concave position. The scale bar is 10mm. 

 



117 

 

   

(a)      (b) 

Figure 5-20 | The luminescent and electrical stability in the function of bending angle 

from -90deg to +90deg. (a) PFN-Br gate; (b) ZnO gate. 

 

 

(a)      (b) 

 

(c) 
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Figure 5-21 | (a) Device performance over frequency in 5 different bending positions: 

flat, 90deg, -90deg, 45deg, and -45deg. (b) Brightness and power efficiency variation 

with the change of bending angles. (c) The EL spectrum measurement with the variation 

of bending angles. 

 

The improved flexibility of PFN-Br polymeric layer eno mously advances the inorganic 

gate layer and allows us to fabricate mechanically flexible gated AC-OEL devices with 

rela- tively high performance. The PFN-Br gate was laid down on the cleaned ITO/PET 

substrate by spin-coating. A 70 nm layer of poly-TPD:F4TCNQ was then added on top of 

this gate layer to act as an HGL. We employed the doping level of 2:1 of Ir(ppy)3 and 

Ir(MDQ)2(acac) in consideration of high luminance and CRI. The device was completed 

after thermal deposition of Bphen and Ca/Al contacts. The entire flexible structure is 

shown in Figure 5-19a. Since the AC-OEL device was fabricated on one side of the PET 

substrate, there are generally two basic bending positions: convex and concave (shown in 

Figure 5-19b). The bending angle is defined as negative (from −90° to 0°) in convex 

bending and as positive (from 0° to +90°) in concave bending. Figure 5 D shows the 

luminance and cur- rent variation as a function of bending angle which ranges from −90° 

to +90° in initial no-bending luminance of 200 cd m−2 (red dots and line) and 500 cd m−2 

(black dots and line). As shown in Figure 5D, the polymer gated flexible device shows 

stable luminescent output (200 ± 20 and 410 ± 90 cd m−2) compared with ZnO-gated 

device in Figure S3 (Supporting Information). The unstable current under convex 

bending (72–64.3 mA cm−2) results in some luminescent fluctuation (500–340 cd m−2). 

This is attributed to the ITO’s tensile deformation during bending which is confirmed by 

the SEM images shown in Figure 5-22. In addition, iterative bending tests on the AC-

OEL devices were per- formed with sputtered ZnO gate and PFN-Br gate. As shown in 
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Figure 5-23, the luminance remains very stable in devices with PFN-Br with 200 

bending. In comparison, devices with sputtered ZnO gate exhibit a significant luminance 

drop (over the half of the initial brightness) within only five bending cycles. Furthermore, 

the frequency responses of the flexible AC-OEL device were tested at the bending angles 

of 0°, ±90°, and ±45°. The results are shown in Figure 5-21a where a trivial resonant 

frequency shift and no current variations were found. The L–V curves and power 

efficiency were also characterized and shown in Figure 5-21b. The small deviation from 

unflexed device parameters demonstrates the high bending stability of PFN-Br-gated AC-

OEL devices. Finally, the white EL spectra is shown to remain intact and stable in 

convex and concave bending (Figure 5-21c). 

 

(a)      (b) 

Figure 5-22 | SEM images of PET-based flexible ITO substrates coated ZnO gate (a) and 

PFNBr gate (b) after one full cycle bending. 
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Figure 5-23| Iterative bending tests on the AC-OEL devices with different gate materials. 

 

In addition, iterative bending tests on the AC-OEL devices were performed on sputtered 

ZnO gate and PFN-Br gate devices shown in Figure 3b. The luminance drops less 30% 

from the initial in PFN-Br device with 200 bending cycles. In comparison, devices with 

sputtered ZnO exhibit a significant luminance degradation (over the half of the initial 

brightness) within only 5 bending cycles. 

Chapter Summary 

In this chapter, we showed that Al/MWCNTs/Al nano matrix is potential working as 

extremely durable flexible electrode in thin film lighting device. We also demonstrated 

the white emission of gated AC-OEL devices on both rigid glass and flexible PET sub- 

strates using an n-type conjugate polymer, PFN-Br, as the gate layer. The polymeric gate 

between the ITO electrode and HGL has been shown to provide superior carrier 

manipulation in hole blocking and electron extraction for positive and negative bias of 

the AC power cycle of the device. We also studied a low studied a low concentration 

doping strategy of phosphorescent dyes in the gated AC-OEL device to balance the 

tradeoff between insufficient Förster transfer and exciton annihilation.  
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Chapter 6 Imbedded Nanocrystals of CsPbBr3 in Cs4PbBr6 Matrix in 

the Application of LED 

Solution-grown films of CsPbBr3 nanocrystals imbedded in Cs4PbBr6 are 

incorporated as the recombination layer in light-emitting diode structures.  Analysis of 

absorption strength of this all-perovskite, all-inorganic imbedded nanocrystal composite 

relative to pure CsPbBr3 indicates enhanced oscillator strength consistent with earlier 

published attribution of the subnanosecond exciton radiative lifetime in nano-precipitates 

of CsPbBr3 in melt-grown CsBr host crystals and CsPbBr3 evaporated films.  Kinetics at 

high carrier density of pure (extended) CsPbBr3 and the nano-inclusion composite are 

measured and analyzed, indicating second order kinetics in extended and mainly first 

order kinetics in the confined CsPbBr3, respectively.  Carriers injected or excited in the 

wider gap Cs4PbBr6 host can be concentrated by collection into the heterostructure wells 

corresponding to the smaller gap CsPbBr3 inclusions, raising the recombination rate and 

further enabling high quantum yield in competition with traps.  

Discovery of CsPbBr3-Cs4PbBr6 nanocompsite 

Recent work has shown that nanocrystals of CsPbBr3 imbedded in a Cs4PbBr6 

host matrix achieve photoluminescence quantum yield (PLQY) up to 90% 181 in contrast 

to very low light yield from bulk single crystal or polycrystalline CsPbBr3 
182–185.  

Furthermore, the unusually fast (~200 ps) exciton luminescence decay time measured in 

CsPbBr3 nanocrystal precipitates in a melt-grown CsBr host 186,187is seen to be preserved 

even at the high PLQY achieved in solution-processed samples of our work and Ref.181  

This implies that enhanced exciton oscillator strength rather than quenching/trapping is 
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mainly responsible for the short lifetime of luminescence, in line with the previous 

attribution by Nikl et al 186,187and Kondo et al 184,188 in CsPbBr3 nanocrystals in melt-

grown CsBr or evaporated CsPbBr3 films. 

Optical properties of bulk CsPbBr3 and Cs4PbBr6 single crystals and melted or 

annealed film perovskites are known from a series of studies from 1996 onward.182,184,188–

191  In addition to determining band gaps and exciton luminescence energies of the two 

compounds, the occurrence of green luminescence from an impurity phase of CsPbBr3 in 

Cs4PbBr6 crystals was noted.  Nikl et al remarked that such an impurity phase is likely 

unavoidable in melt-grown Cs4PbBr6 because of incongruent melting in its phase 

diagram.190  Unusually fast (90-300ps at 10K) luminescence lifetime in CsPbBr3 was 

observed and the possibility that exciton superradiance could be involved was 

remarked.184,189  The light yield of ~ 2.35-eV green luminescence from bulk crystalline 

CsPbBr3 was characterized as weak even at low temperature.182  The exciton binding 

energy in the semiconductor CsPbB3 has been reported as 19 meV192 to 62 meV193, so at 

room temperature (including the present study) excitons should quickly be ionized to free 

carriers and/or transferred to more deeply trapped excitons at defect sites  The exciton 

luminescence of Cs4PbBr6 was observed at 3.3 eV and its binding energy is deeper than 

in CsPbB3, reported as 353 meV194 or 222 meV195.  Nikl et al prepared nanocrystals of 

CsPbBr3 precipitated in melt-grown CsBr, but the solubility of Pb in solid CsBr limits the 

concentration to about 0.2%186.  Kondo et al produced high concentrations of CsPbBr3 

nanocrystals in films produced by moderate annealing of CsPbBr3 evaporated on cold 

substrates, and demonstrated stimulated emission in the film of imbedded CsPbBr3 

nanocrystallites.196 
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In this chapter, we adds to the observations and resulting conclusions on the 

imbedded nanocrystal origin of the fast and efficient green luminescence reported by 

Quan et al 181as well as preceding empirical observations.194,197  Going further, we 

describe construction and characterization of LEDs utilizing the CsPbBr3 nano-inclusions 

in Cs4PbBr6 as the active medium.  Analysis of absorption strength of this all-perovskite, 

all-inorganic imbedded nanocrystal composite relative to pure CsPbBr3 demonstrates 

enhanced oscillator strength, to which the unusually fast subnanosecond exciton radiative 

lifetime in nano-precipitates of CsPbBr3 in melt-grown CsBr and partially annealed 

CsPbBr3 evaporated films can also be attributed.  High density excitation of pure 

extended CsPbBr3 is examined and analyzed on the basis of bimolecular radiative 

recombination in competition with trapping and Auger recombination.198 Analysis of 

radiative kinetics in the nano-inclusion composite indicate first-order recombination 

despite the known thermal instability of excitons at room temperature in CsPbBr3.   

Methods and Measurement 

Photoluminescence Quantum Yield (PLQY) 

An integrating sphere was employed to determine the QY of perovskite samples.  

The sample was placed in a thin cuvette and was excited with 400 nm blue LED light. 

The scattered excitation, and the emission, were collected together using a fiber optic 

coupled spectrometer (FLAME-S-XR1-ES).  The whole spectrum was collected 

sequentially for a reference (cuvette with DMSO only) and for the sample. 

The ratio of the number of emission photons over the number of absorbed photons 

was used to determine the QY as shown in the equation below, 
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𝑄𝑌 =
𝑆𝑒𝑚 − 𝑅𝑒𝑚

𝑅𝑒𝑥𝑐 − 𝑆𝑒𝑥𝑐
 

Eqn. (6-1) 

where Sem and Sexc are the integrated signal in the emission and excitation region, 

respectively, for the sample, and Rem and Rexc are the integrated signal in the emission 

and excitation region, respectively, for the reference.  As a check for the accuracy of the 

system, the QY of Rhodamine 6G in ethanol was found to be 94.4%, close to the 

literature value of 95%. For the power dependent PLQY measurement, the intensity of 

the excitation UV beam is controlled by the current passing through UV diode, measuring 

the power with a Newport power meter (Model 843-R). 

X-ray photoelectron spectroscopy (XPS) 

XPS (AXIS ULtrabld) measurements were performed on the Cs-Pb-Br perovkite 

thin films. To maintain the accuracy, each XPS pattern was averaged from 15 

measurements. 

Absorption coefficient 

The high transparency of the Cs-Pb-Br pervoskite thin film enabled us to record 

its UV-Vis absorbance in transmission mode with a Cary 50 UV-Vis spectrophotometer, 

while an identical glass slide was used as a baseline reference for the absorption 

measurements.  With equation S2, we carried out the calculation of absorption coefficient 

of Cs-Pb-Br perovkite thin films built from different PbBr-CsBr molar ratio precursors. 

Absorption Coefficient = d-1 ln(I0/I) (cm-1)  

Eqn. (6-2) 



125 

 

where d is the thickness of pervoskite thin film, I/Io is transmittance.  

Time-resolved PL measurement 

For measurement of the transient PL characteristics, short-pulse frequency-

doubled Ti-Sapphire excitation with a pulse width of 300 fs and a wavelength of 420 nm 

was used in combination with a Hamamatsu C2830 streak camera system. The 

measurement was carried out in ambient at room temperature. The excitation fluence 

(10Hz) was kept to ~ 60μJ/cm2 in collimated beam/ 

LED fabrication 

Devices were built on a 2.54cm X 2.54cm glass substrate pre-coated with 140nm 

thickness layer of ITO having a sheet resistance 10 Ohm/square. The ITO glass substrates 

are cleaned in an ultrasonic bath with acetone followed by methanol and isopropanol for 

1 hour each, and then dry-cleaned for 30 min by exposure to an UV-ozone ambient. 

PEDOT:PSS solutions (filtered through a 0.45 µm filter) were spin-coated onto the ITO-

coated glass substrates at 4000 rpm for 30s and baked at 100 C for 30 min in a vacuum 

oven. The hole transporting layer was prepared by spin-coating Poly-TPD chlorobenzene 

solution (concentration: 5 mg/mL) at 2000 rpm for 30s. After baking, the substrates were 

transferred into glove box for further depositions. Perovskite layers were deposited by 

spin-coating at 4000 rpm for 60s with 70°C annealing for 5min. TPBi (30 nm) and Al 

electrode (100 nm) were deposited using a thermal evaporation system through a shadow 

mask under a vacuum of 2 × 10-7 Torr. 

LED characterization 
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The LED devices in this report are measured in on-off cycles inside of glove box 

at room temperature (25℃) without encapsulation. Current versus voltage characteristics 

were measured using a Keithley 2400 unit. Simultaneously, luminance (in cd/m2) was 

directly measured using a photometer (ILT 1400-A) with an optical fiber facing the light-

emitting pixel. The EL spectra for the devices were collected by an ILT 950 

spectroradiometer (International Light Technologies). 

Solution growth and properties of Cs-Pb-Br perovskite thin films.   

We fabricated the Cs-Pb-Br films from solutions made by dissolving PbBr2 and 

CsBr in DMSO at molar ratios of 1:1, 1:1.2, 1:1.5, and 1:2.  Films were spun on glass 

substrates at room temperature in a nitrogen-filled glovebox as shown Figure 6-1a.  The 

formation of Cs-Pb-Br perovskites was initiated by dripping acetone for fast 

crystallization during spin-coating.  

 

(a) 
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(b) 

Figure 6-1 | The fabrication process of Cs-Pb-Br perovskite thin films. 

 

The resultant thin films are transparent with a light yellow tint in room light as 

shown in Figure 6-2a.  The film thickness is approximately 100 nm as measured by 

AFM at a scratch edge as Figure 6-2c.  Under uniform UV excitation (λ = 365nm), the 

equi-molar (1:1 precursor) sample exhibits extremely low luminescence, whereas the 

other three samples with excess CsBr in the precursor solution glow brightly as shown in 

Figure 6-2b.   

 

(a)      (b) 
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(c) 

 

(d) 

Figure 6-2 | Cs-Pb-Br perovskite thin films on glass slides in room light (a) and uniform 

365nm ultra-violet light (b) at room temperature. (c) AFM measurement of film 

thinkness. (d) XRD patterns of Cs-Pb-Br perovskite thin films from precursor solutions. 

 

X-ray diffraction (XRD) tests were carried out on these thin films to determine 

crystalline composition, and the results are shown in Figure 6-2d.  The XRD pattern of 

the (1:1) CsBr-PbBr2 thin film matches well with the orthorhombic crystal structure of 

CsPbBr3. When CsBr is in excess (1:1.2 up to 1:2 shown), the main peak (112) of 

CsPbBr3 becomes weak and disappears effectively into the background. New peaks at 
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12.4°, 19.9°, 25.3°, 28.5°, and 30.1° become observable, which identifies the Cs4PbBr6 

phase of pervoskite as the majority constituent in the 1:2 film.  If XRD peak heights are 

taken as a rough indicator of fractional composition, the data for the 1:2 sample suggests 

an upper limit for a minority phase CsPbBr3 of about 10% in the Cs4PbBr6 majority 

phase. The quantum yield of photoluminescence (PLQY) of the films under 400 nm 

excitation increased from 0.1% (1:1 sample) to 29.4% (1:2 sample) as shown in Figure 

6-3a.  The PL of the 1:2 composite thin film shows a blue shift toward 2.41 eV from 2.36 

eV as the fraction of the minority phase CsPbBr3 in Cs4PbBr6 increases as shown in 

Figure 6-3b.  XPS measurements were carried out on the thin films as shown in Figure 

6-4. 

 

(a)       (b) 

Figure 6-3 | (a) Quantum yield (QY) of Cs-Pb-Br perovskite thin films from precursor 

solutions with different PbBr2-CsBr molar ratios (1:1, 1:1.2, 1:1.5, and 1:2).  (b) 

Photoluminescence (PL) shift of different Cs-Pb-Br perovskite thin films.  
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(a)       (b) 

 

(c)   (d) 

Figure 6-4 | The XPS analysis of thin films. 

CsPbBr3 and Cs4PbBr6 DMSO-washed powder samples.   

Additionally, the CsPbBr3 and Cs4PbBr6 crystals were synthesized in precipitated 

powder form and then purified by DMSO washing as described in Ref. 194 to remove 

exposed CsPbBr3 while leaving less soluble Cs4PbBr6.  Upon doing this, we found that 

the green 2.4 eV PLQY of the nominal Cs4PbBr6 powder prepared from 1:2 precursor 

increased from 27% (unwashed) up to 70% (DMSO-washed).  The fact that removing 

exposed grains of CsPbBr3 makes the acknowledged CsPbBr3 PLQY increase 

dramatically implies that the active CsPbBr3 is contained and protected within the less 

soluble Cs4PbBr6 host grains.   
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(a)     (b) 

Figure 6-5 | Photos of pure CsPbBr3 (Cs1) and Cs4PbBr6 crystals with imbedded 

CsPbBr3 nano-inclusions (Cs4) in room light (a) and UV light (b). 

 

The CsPbBr3 and Cs4PbBr6 powders in room light display orange and light green 

color respectively.  With uniform UV excitation (~365nm), the nominal Cs4PbBr6 

powder exhibits bright green luminescence, contrasting no glow from CsPbBr3 powder in 

identical excitation condition (shown in Figure 6-5).  The DMSO-washed Cs4PbBr6 

powder has a PLQY of 70% with 400nm excitation while nearly zero was found from 

CsPbBr3.  
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Morphology of Thin Films Comprised of CsPbBr3/Cs4PbBr6 Nano-inclusion Grains.   

 

Figure 6-6 | Morphology of thin films comprised of CsPbBr3/Cs4PbBr6 nano-inclusion 

grains.  AFM (a) and TEM (b) images of 1:1 thin film.  Scale bar is 200nm.  (c) Select-

area electron diffraction pattern of CsPbBr3.  AFM (d) and TEM (e) images of 1:2 thin 

film.  Scale bar is 100nm.  (f) Select-area electron diffraction pattern of Cs4PbBr6 crystal 

with CsPbBr3 nanocrystals. 

 

To prevent high current leakage through the emitter in a LED device, a compact 

thin film of crystallites is required.  An AFM image of cubic CsPbBr3 thin film (1:1) is 

shown in Figure 6-6a.  A TEM image (Figure 6-6b) and SAED (Figure 6-6c) of a 

specimen made by scraping a 1:1 thin film shows the similar cubic CsPbBr3 structure.  

The 1:2 ratio thin film sample shows an average crystallite size of 70nm in Figure 6-6d.  

The TEM images of the crystals in Figure 6-6e show approximately 10 nm nano-

inclusions around the edges of the host grains.  The SAED (Figure 6-6f) identifies the 

coexistence of Cs4PbBr6 and CsPbBr3 conclusively. The growth direction of 100 is 
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favorable for CsPbBr3 in Cs4PbBr6 crystal composed thin film.  Further microscopic 

images of a group of thin films are include in Figure 6-7.  

 

(a)     (b) 

 

(c)     (d) 

 

(e) 

Figure 6-7 | SEM images of pervoskite thin films in a variety of PbB2-CsBr molar ratios: 

(a) 1:1, (b) 1:1.2, (c) 1:1.5, (d) 1:2, (e) 1:3. 
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Light Emitting Diodes (LEDs) using CsPbBr3 nanocrystals in Cs4PbBr6 host.   

 

Figure 6-8 | The device structure of the Cs-Pb-Br pervoskite LEDs. 

 

Cs-Pb-Br pervoskite based LEDs were fabricated from the different molar ratio 

precursor solutions with the device structure shown in Figure 6-8.  Under static electric 

field, hot carriers (holes and electrons) are injected from ITO (anode) and Al (cathode) 

over HTL and EIL, and generate radiative excitons in the Cs-Pb-Br perovskite emission 

layer.  The LED fabricated from CsPbBr3 solution (1:1) showed poor luminous 

characteristics (maximum brightness = 20 cd/m2 at 106 mA/cm2) in Figure 6-7a, mainly 

due to large CsPbBr3 crystals with weak exciton binding facilitating exciton dissociation.  

However, the CsPbBr3 nanocrystals in Cs4PbBr6 host show a significant improvement in 

luminous performance (850 cd/cm2 at 136mA/cm2).  In Figure 6-7b and 6-7c, the LED 

fabricated from the equimolar precursor shows a poor luminous characteristic (maximum 

current efficiency = 3.33 × 10-3 cd/A, maximum EQE = 3.5 × 10-7).  In contrast, the CE 

and EQE is enhanced to 0.30 cd/A and 2.4 × 10-5 respectively with the CsPbBr3 nano-

inclusion in Cs4PbBr6 composite emitter.   
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Figure 6-9 | (a) Luminance and current density of devices with emission layer fabricated 

from 1:1, 1:1.2, 1:1.5, and 1:2 PbBr2-CsBr precursors.  Current efficiency (b) and 

external quantum efficiency (c) of the LEDs.  (d) Luminance measurement via on-off 

method in a slow voltage sweep on nano-inclusion and bulk CsPbBr3 LEDs. 

 

The nonradiative recombination rates of biexcitons and charged excitons in Cs-

Pb-halide perovskite nanocrystals have been shown to seriously limit to efficiency of 

luminescence in CsPbBr3 nanocrystals.199  The loss from Auger recombination is 

detrimental to prospective LED efficiency using traditional quantum dots.200  In the well-

studied system of CdSe/CdS core/shell nanocrystals, it has been found that energy 

transfer loss through Auger recombination can be effectively inhibited by providing a 

thick shell.201–203  The passivation distance between imbedded CsPbBr3 inclusions in our 

samples is ~ 7.3nm estimated from TEM images (Figure 6-10).   
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Figure 6-10| TEM of CsPbBr3 inclusions imbedded Cs4PbBr6. Scale bar is 100nm. 

 

This can assist in suppression of unwanted energy transfer among neighboring 

nanocrystals and reduces the charging effect in nano-inclusions under device operation.  

The low external quantum efficiency of our present devices might be attributed to 

insufficient isolation between nanocrystals.  Further study of the influence of spatial 

distribution of CsPbBr3 inclusions in Cs4PbBr6 on the luminescence efficiency will be 

useful.  Another reason for low radiative efficiency vs injection current can be Shockley-

Real-Hall (bimolecular) e-h recombination on mid-gap states, which Stranks et al204 have 

found to be important in hybrid Pb-halide perovskites.  The luminance-voltage 

characteristics of the LEDs are measured in alternating on-off cycles at increasing voltage 

within 60 seconds (Figure 6-9d), which is known to give a more conservative efficiency 

than a simple voltage sweep.  This gives the brightness of 1150 cd/m2 for our champion 

device.  This enables us to scale up the pixel to a large-area of 2cm2 in Figure 6-11.   
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(a)     (b) 

 

(c) 

Figure 6-11 | 0.15 cm2 small area (a) and 2 cm2 large area pervoskite LEDs (b). (c) 

Device spectrum in a ramping voltage. 

 

Our powder samples were prepared from DMSO precursor solution in air, and as 

a result they dried from the solvent somewhat slowly.  Microcrystallites of CsPbBr3 were 

found to grow in the powder over a least 2 minutes after precipitation of the Cs4PbBr6 

nanocomposite material.  Subsequent exposure of the dried powder to DMSO vapor 

removes the CsPbBr3 microcrystals.  The resulting purified powder retains stable optical 

properties including high PLQY for months.  The films were spun down in a dry box 

leading to rapid drying. They did not have a color change that would correspond to 
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CsPbBr3 microcrystal growth, and if not subjected to voltage in an LED, they retained 

stable optical properties for 3 months.  The degradation under applied voltage in air in an 

LED configuration is rather rapid (less than 1 hours).  The turn-on voltages of LEDs with 

CsPbBr3 nanocrystals imbedded the Cs4PbBr6 host are between 3V and 4V, which is 

consistent with carrier injection into the Cs4PbBr6 host (Figure 6-12, band gap ≈ 3.7eV 

181,191).  The Cs4PbBr6 would be collected at the nanocrystal inclusions assisted by the 

band-edge offsets as supposed in Figure 6-12 illustrating a Type I heterostructure. Type I 

heterostructure could boost carrier recombination well, helping overcome the 

“bimolecular bottleneck” 198.  Proof of Type I band offsets in this CsPbBr3/Cs4PbBr6 

heterostructure has been givn by K. Biswas based on the hybrid functional band 

structures with heterostructure slab supercell.205 

 

(a)       (b) 

Figure 6-12 | (a) Schematic of operational LED device with Cs4PbBr6 crystal imbedded 

CsPbBr3 nano-inclusions.  (b) Radiative energy transition with CsPbBr3 imbedded 

Cs4PbBr6 in a conjectured Type I heterostructure. 

 

We also carried out the EL spectrum measurement in Figure 6-13a using a 

spectrometer under a constant current density of 50 mA/cm2.The LEDs show narrow full 

width at half maximum (FWHM) of about 18nm.  The EL spectra have blue shift from 

522nm, 521nm, 518nm, to 514nm in the precursor ratio sequence from 1:1 to 1:2 



139 

 

resulting a CIE coordinate shift.  We compare the luminescent peak position shifts 0f the 

EL and PL spectra in Figure 6-13b. The same magnitude of blue shifts occurs in PL (~ 

9nm) and EL (~ 8nm).   

 

(a)     (b) 

Figure 6-13 | (a) EL spectra of LEDs with varying molar ratio of PbBr2 and CsBr.  (b) 

Summary of spectral blue shifts in PL and EL. 

 

Optical response and kinetics of pure CsPbBr3 and the CsPbBr3/Cs4PbBr6 nano-

inclusion composite under high-intensity photoexcitation.   

As shown in the preceding discussion and in published accounts, the PLQY of the 

CsPbBr3 nano-inclusion composite under steady blue or UV illumination (as well as EL 

under current injection) is much higher than that of pure extended CsPbBr3.  In thin-film 

form under modest intensity 0.1 W/cm2, 400nm LED excitation, we found a ratio of 290 

between PLQY of the 1:2 film and that of the 1:1 film, and an even larger ratio between 

PLQY of DMSO-washed powders of CsPbBr3 nano-inclusions in Cs4PbBr6 and pure 

CsPbBr3 (powder morphology is shown in Figure 6-14).   
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(a)    (b) 

 

(c)    (d) 

Figure 6-14 | Optical images and SEM images of pure CsPbBr3 (a)(c)  and purified 

Cs4PbBr6 imbedded with CsPbBr3 nano-inclusions (b)(d). Scale bars are 2μm. 

 

However, under high-intensity femtosecond laser excitation at 60 μJ/cm2 in 300 fs 

or ~ 0.12 GW/cm2 at 420 nm, the streak camera images in Figure 6-15a and 6-15b show 

that the pure CsPbBr3 powder emits roughly equal peak intensity and slightly larger time-

integrated luminescence yield than the nano-composite powder which had been 

approximately 600 times brighter in steady state.  The phenomena at work to produce this 

should include the competition of carrier trapping, bimolecular radiative recombination, 

and Auger decay such as discussed recently by Xing et al for organic/inorganic hybrid 

lead-iodide perovskite electroluminescence198.  Transcribing their discussion to the 

inorganic perovskite light emitters of present interest, we first note that the low exciton 

binding energy reported as 19meV 192 to 62meV 193 in pure CsPbBr3 means that at room 

temperature the recombination kinetics are expected to be mainly those of free and 
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trapped carriers, not excitons.  Radiative recombination should thus obey bimolecular 

kinetics and so the Xing et al rate equation 198 applies.  Qualitatively in this picture, the 

very low light yield of pure CsPbBr3 at micro-grain and larger size for low carrier density 

typical of steady-state optical excitation or LED operation with a homogeneous active 

recombination layer is a result of the intensity – dependent bimolecular recombination 

rate being smaller than the trapping rate at defects.  Using the bimolecular rate constant 

of k2 = 7 × 10-10 cm3 s-1 tabulated and reported by Xing et al198 as typical for hybrid lead 

iodide perovskites, and LED injected carrier densities of n = 1015 cm-3 also typical of 

hybrid perovskite LEDs with homogeneous active layers, the initial rate of descent of the 

bimolecular luminescence can be characterized by an effective initial decay rate (τPL
1/e)-1 

= k2n = 7 × 105 s-1.  This is significantly slower than the carrier trapping rate achieved 

without taking unusual steps to exclude defects, and thus corresponds (in the present 

case) to very low light yield in pure extended CsPbBr3.   
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Figure 6-15 | Subnanosecond luminescence under 300 fs, 60 μJ/cm2, 420 nm excitation. 

Streak camera images of CsPbBr3 micro-crystals (a) and CsPbBr3 nano-crystals in 

Cs4PbBr6 perovskite (b) at room temperature.  (c) PL lifetime decay curves of Cs-Pb-Br 

thin films with different molar ratios, CsPbBr3 micro-crystals and CsPbBr3 nano-

inclusions in Cs4PbBr6 crystals.  (d) Fitting analysis on exciton dynamics of CsPbBr3 

micro-crystals and CsPbBr3 nano-inclusions in Cs4PbBr6 crystals. 

 

In our experimental conditions, the 60 μJ/cm2 of 420 nm laser light in a 300 fs 

pulse, taking into account the absorption coefficient of 3.3 × 104 cm-1 measured and 

reflection loss measured in the course of PLQY determination, produced approximately 

1.4 × 1018 e-h pairs per cm3 in CsPbBr3.  Putting this initial carrier density into the 

bimolecular rate equation with the rate constant k2 = 7 × 10-10 cm3 s-1, we obtain a model 

prediction of the effective initial time constant τPL
1/e = (k2n)-1 = 1 ns for the conditions of 

our experiment in Figure 6-15.  The observed effective initial lifetime seen in Figure 6-

(a) (b) 

(c) (d) 
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15a, 15c, and 15d is 0.97 ns.  This agreement with the prediction based on excitation 

density and estimated rate constant suggests that the simple rate equation model properly 

describes pure CsPbBr3 powder of micro-grain size such as was used in our streak camera 

experiment.  The bimolecular radiative decay time becomes extremely fast (~ 1 ns) for 

dense pumping and thus competes very well against the trapping rate, resulting in a 

dramatic increase of PLQY.  The full 2nd order decay curve of course soon bends toward 

slower rate of decay as time progresses and the carrier density falls.  By fitting the streak 

data for pure CsPbBr3 powder to 2nd order kinetics we obtain the fitted 2nd order curve in 

Figure 6-15d (green curve) and the time constant for decay to half value, t1/2 = 0.69 ns.  

We want to underscore that in fitting Figure 6-15d (green curve) for pure CsPbBr3 

powder, the initial excitation density was fixed at the measured value 1.4 ×1018 e-h pairs 

per cm3, so that there was only one variable fitting parameter, the 2nd order rate constant 

k2.  The fitting specifies k2 = 4.6 × 10-10 cm3 s-1, to be compared to 7 × 10-10 cm3 s-1, 

reported by Xing et al198 for extended (3D) hybrid lead-iodide perovskites.   

Note that the imbedded nanocrystal composite powder labeled Cs4PbBr6 in the 

streak camera data did not fare as relatively well in gaining luminescence intensity versus 

pumping density as did the pure CsPbBr3 powder.  This is partly a statement that the 

composite started out quite bright at low intensity pumping by steady illumination or 

LED injection, and then remained high in PLQY as the excitation density was increased, 

possibly decreasing slightly due to dipole-dipole biexciton or Auger recombination. 

There was simply not headroom or opportunity for such dramatic improvement of PLQY 

upon increasing the excitation density in the nano-inclusion composite that started out 

with high PLQY for low excitation density. The point is that confinement effects favoring 
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geminate electron-hole recombination in the composite already overcame the slow 

recombination that bimolecular kinetics would have predicted at low injection or 

excitation density.  The nanocrystal boundaries in the Cs4PbBr6-encapsulated inclusions 

of CsPbBr3 enforce geminate recombination despite the weak exciton binding energy and 

consequently produce first-order decay kinetics even at low excitation density in a 

material whose excitons are thermally ionized in the bulk at room temperature.  The data 

for the nano-composite powder in Figure 6-15c and 15d (red points) could not be well 

fitted with bimolecular kinetics alone, but did allow a fitting of the main part (longer 

component) with first-order kinetics (exponential decay time τ = 345 ps).  The faster 

initial decay could be fit with addition of second-order kinetics having rate constant k2 = 

1 × 10-9 cm3 s-1, corresponding to τPL
1/e = (k2n0)

-1 = 710 ps.  The sum of the 1st and 2nd 

order rates gives the steepening which can be seen at earliest time in Figure 15d (red).  

The imbedded nanocrystals exhibit first order decay of the geminate e-h pairs enforced at 

room temperature by nano-crystal confinement.  The initial second-order decay at the 

highest density is attributed to biexciton and Auger quenching of multiple geminate pairs 

per nanocrystal. 

In summary, the reason that the CsPbBr3 nano-inclusion composite offers better 

performance at low excitation density appears to be partly because confinement 

encourages first-order recombination kinetics in a material that does not otherwise 

support stable excitons at room temperature.  For LED applications, the collection of 

injected carriers from the Cs4PbBr6 host into Type I heterostructure islands of lower-gap 

CsPbBr3 , if they occurs, could offer further advantage by concentrating carrier density 

into recombination wells. The flip side is that there is not as much room or reason for 
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improvement in this case as excitation density increases. Auger quenching defeat the 

advantage of quantum confinement in the imbedded nanocrystals at high excitation 

density. This may set an ultimate limit of radiative yield unless one takes measure to 

adjacent nanoparticles as shown in core/thick-shell systems.201–203  Improving isolation or 

engineering enhanced oscillator strength to help radiative decay compete with Auger 

decay might be other possibilities for high yield. 

PL quantum efficiency and decay time dependence on size of the Cs4PbBr6 host 

micro-grain.   

Cs4PbBr6 crystals were synthesized in a variety of sizes as imaged by TEM in 

Figure 6-16.  The size of the Cs4PbBr6 crystals is defined here as the longest distance 

between hexagonal corners which are 40nm, 100nm, 2000nm, and 5000nm for the 

examples shown.    Under the excitation of 365nm UV, PL of Cs4PbBr6 crystals in 

DMSO solution varies with crystal size, which can be observed in Figure 6-16e.  We 

quantified the PL quantum yields of these Cs4PbBr6 crystal suspensions and the results 

are plotted in Figure 6-16f.  The light yields are 0.01%, 34%, 55%, and 60% with 

ascending Cs4PbBr6 crystal size.  Furthermore, the streak camera measurements of PL 

decay are shown in Figure 6-16, and the luminescence decay time (1/e) increases with 

the increase of Cs4PbBr6 host micro-grain size in the order 256ps, 301ps, 474ps, and 

621ps. The increasing emission lifetime with increase of the host micro-grain size 

suggests that isolation of the nano-inclusions from the micro-grain boundary layer and 

associated defects may be important.  The parallel increase of PLQY supports this 

hypothesis.   
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Figure 6-16 | Dependence of nano-inclusion photoluminescence on size of the Cs4PbBr6 

host micro-grains.  TEM images of Cs4PbBr6 crystals in different sizes: 40nm (a), 100nm 

(b), 2000nm (c), and 5000nm (d).  (e) The image of Cs4PbBr6 crystal suspensions in 

DMSO under 365nm UV lamp at room temperature.  (f) Quantum yield in a function of 

Cs4PbBr6 crystal sizes, and the PL lifetime versus Cs4PbBr6 crystal sizes.  Streak camera 

images of Cs4PbBr6 crystal suspensions with a size of 40nm (g), 100nm (h), 2000nm (i), 

and 5000nm (j) at room temperature.   

 

There are already some excellent works that demonstrate the suppression of 

blinking behavior and nonradiative Auger recombination in traditional core/shell 

nanocrystals by increasing shell thickness.201–203  The strong shell-thickness dependence 

is attributed to suppression of recombination rates of biexcitons.  The Biexciton emission 
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efficiency is enhanced through electron localization around the core due to the strong 

Coulomb potential of the two confined holes.202,206  According to established theories of 

radiative decay of quantum dots, radiative biexciton lifetimes should also be reduced 

compared to radiative exciton lifetimes by only a factor of 2 to 4.207  Our data indicate 

that PLQY improves with larger composite micro-grain size (possibly thicker Cs4PbBr6).  

Meanwhile, the largest composite micro-grains show a 2.4 times increase of radiative 

decay lifetime compared to the smallest crystals.  However, pending more thorough study 

of spatial distribution of CsPbBr3 nanocrystals in the Cs4PbBr6 matrix, we are unable to 

conclude yet that the large composite micro-grains directly diminish nonradiative Auger 

recombination.  

Enhanced Oscillator Strength of CsPbBr3 Imbedded Nanocrystals Relative to 

Extended CsPbBr3.   

Figure 6-17a shows the absorption spectra for a series of (1:1), (1:1.2), (1:1.5), 

and (1:2) films measured with a Cary 50 UV-Vis spectrophotometer.  The data are 

expressed as absorption coefficient α = d-1 ln(I0/I) (cm-1) where d is film thickness 

measured by AFM at a scratch edge, I0 is power transmitted through a reference 

substrate, and I is power transmitted through the film on substrate. The deposited films 

sometimes had a cloudy appearance, which was manifested in the spectra as attenuation 

at wavelengths longer than 560 nm where both CsPbBr3 and CsPbBr6 are transparent. 

Correction for Rayleigh scattering (⁓ λ-4) and Tyndall scattering (approximately 

independent of wavelength) was made using the FluorTool software extrapolating from 

data in the long-wavelength transparency range. Note that the 520 nm exciton absorption 

peak does not have a wavelength shift commensurate with the PL peaks. This suggests 
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that the cause of the main PL shift may be other than quantum confinement, possibly self-

absorption by the sloping Urbach edge. 

 

Figure 6-17 | CsPbBr3 inclusions in Cs4PbBr6 perovskite crystals.  (a) Absorption 

coefficient of Cs-Pb-Br perovskite thin films with different precursor ratios.  (b) TEM 

images of Cs4PbBr6 chip crystal with CsPbBr3 nano-crystals. Scale bar is 100nm. 

 

Table 4 | Thickness of thin film with different molar ratio precursors. 

 

 

 

The TEM image in Figure 6B supports that there are dispersed nanocrystals 

within the matrix of the larger host grain.  Analysis of the images of multiple host micro-

grains leads to an average 11.6 nm diameter of the nano-crystal inclusions. Regarding the 

micrograins shown as disks in the TEM image of Figure 6-17b, and assuming that the 

dark inclusions are also disks extending through the full thickness of the micro-disk, we 

obtain from multiple grain analyses an upper estimate of the fractional volume of the 

inclusion phase as 12%.  But if the nano-inclusions regarded as CsPbBr3 extend all the 

way to the surfaces of the micro-disk, they should not have withstood the DMSO 

PbBr-CsBr ratio 1:1 1:1.2 1:1.5 1:2 

Thickness 130 ± 20nm 90 ± 15nm 120 ± 15nm 80 ± 10nm 

(a) (b) 
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washing.  In a model of nano-inclusions that are completely encapsulated by the less 

soluble Cs4PbBr6 host, an assumption that the inclusions have half the thickness of this 

micro-grain in the TEM photo leads to an estimate of 6% fraction of the volume of the 

host micro-grain which is CsPbBr3 nano-inclusions. Since the unit cell of Cs4PbBr6 is 

considerably larger than that of CsPbBr3, this volume fraction corresponds to a molar 

fraction of 14%.  This is close to the fraction deduced by taking the ratio of XRD 

resolvable peak height at the position of the [112] peak in the (1:2) film relative to the 

(1:1) film.  It is in line with ~15% molar fraction in the CsPbBr3/Cs4PbBr6 nano-

composite reported by Quan et al181.  The absorption spectrum between 340 nm and 530 

nm for all 4 films is characteristically that of CsPbBr3, notably the exciton peak at 520 

nm with interband absorption extending to shorter wavelength until the transparency gap 

of Cs4PbBr6 ends at about 320 nm as seen in the (1:2) and (1:1.5) films. If the strength of 

the CsPbBr3 absorption spectrum were simply proportional to the number of unit cells of 

CsPbBr3 in a unit volume of film, then the nearly 100 % CsPbBr3 film (1:1) should be 

several times off scale compared to the (1:2) film that is plotted.  Instead, they are of 

comparable strength in the measured data.   

It is useful to define an absorption cross section σ per unit cell (of CsPbBr3 in this 

case) where    

𝜎(𝑐𝑚2)𝑁(𝑐𝑚−3) = −
𝑑𝐼

𝑑𝑧
= 𝛼    

Eqn. (6-3) 

with N unit cells per unit volume.  We will label properties of the (1:1) and (1:2) films as 

1 and 2 respectively.   From comparison of the absorption strengths of the characteristic 

CsPbBr3 spectral features, 
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𝛼1

𝛼2
≈ 1 =

𝜎1

𝜎2

𝑁1

𝑁2
       

Eqn. (6-4) 

With the estimate already made of  
𝑁1

𝑁2
 in the (1:2) sample, we conclude that σ2 ≈ 16 σ1 in 

that case.  There is apparently something about the arrangement of the minority of 

CsPbBr3 unit cells in the composite film 2 that conveys greater absorption strength per 

unit cell compared to bulk CsPbBr3 (film 1).  Absorption cross section scales with 

oscillator strength.  There are at least four well-established phenomena that can modify 

the oscillator strength per unit cell when the material is a nanocrystal and/or is imbedded 

in a dielectric.  We review them briefly below: 

(1) The local effective field produced by a dielectric medium surrounding a 

transition dipole which is atomic in size with oscillator strength f0 in isolation modifies 

the absorption coefficient α (and cross section per unit cell σ) according to the Smakula 

equation which can be written   

𝑓0
(𝑛2+2)2

𝑛
=

9𝑚𝑐

2𝑒2 𝑊
𝛼

𝑁
=

9𝑚𝑐

2𝑒2 𝑊𝜎    

Eqn. (6-5) 

where n is the surrounding refractive index and W is the transition band width.   A similar 

effective field dependence of the radiative lifetime of an atomic dipole transition was 

presented by Meltzer et al208 and compared to experimental shortening of the Eu3+ : Y2O3 

lifetime as the index n of the surrounding medium was increased.  If we regard the 

product 𝑓0
(𝑛2+2)2

𝑛
  as an effective oscillator strength of the immersed atomic dipole, then 

oscillator strength is enhanced by increasing the index of the host medium according to 

this mechanism.  However, the transition of interest in CsPbBr3 is an exciton in a 
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semiconductor rather than an atom in a host.  The exciton’s internal coordinates as well 

as its external (translational) coordinates are affected by spatial confinement and/or 

surrounding dielectric constant.  Takagahara has treated this situation in detail.209,210 

Takagahara divided the phenomena responsible for oscillator strength 

modification into two categories: quantum confinement and dielectric confinement. His 

treatment of dielectric confinement focused on modification of the exciton wavefunction 

by the dielectric interface at the nanocrystal boundary, and interestingly the resulting 

dependence of oscillator strength on the ratio 
𝜖1

𝜖2
  of dielectric functions in the 

semiconductor nanocrystal (ε1) and surrounding dielectric medium (ε2) is opposite in 

direction to the effective field phenomenon discussed in the paragraph above and 

measured for imbedded compact atomic dipoles e.g. by Meltzer et al208.  Takagahara 

showed that lowering the surrounding dielectric constant with respect to a given 

semiconductor generally increases the oscillator strength of excitons in an imbedded 

nanocrystal.   

(2) Quantum confinement increases electron-hole overlap in the exciton and 

therefore increases oscillator strength, without invoking dielectric constant. 

(3) The main part of Takagahara’s theory concerns dielectric confinement as he 

defined it, which includes effects both on the internal exciton coordinates governing 

electron-hole overlap and on the translational coordinates governing spatial extent of the 

exciton wavefunction (coherence over multiple unit cells).  For partly historical reasons 

going back to roots of “giant oscillator strength” in defect-bound excitons in 

semiconductors, we will separate those two aspects in the brief discussion following.  In 

Takagahara’s treatment, the image charge modification of electric field lines intersecting 
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the dielectric boundary modifies electron-hole correlation and thus the e-h overlap.  The 

calculated results establish that this effect becomes stronger if the interface transition is 

toward lower index of the surrounding medium.  

(4) Translational extent of the exciton wavefunction and associated coherence 

volume – The phenomenon of so-called giant oscillator strength was discovered decades 

ago for defect bound excitons in semiconductors.  The corresponding oscillator strength 

enhancement is proportional to the volume coherently linked by center-of-mass 

translation of the exciton.  Rashba and Gurgenishvili211, first advanced (and named) the 

giant oscillator strength theory to account for anomalously strong absorption by a small 

number of donor-bound excitons.  Henry and Nassau extended the GOS or exciton 

coherence volume theory to account for 500-picosecond-scale spontaneous radiative 

emission rates of bound excitons in CdS.212  Itoh et al213 and Nakamura et al214 extended 

its applicability to describe experiments  in semiconductor nanocrystals.  Nikl et al186 first 

suggested its role in explaining the very short exciton radiative lifetime in CsPbBr3 

nanocrystals precipitated in melt-grown CsBr host.  Takagahara’s general theory of 

dielectric confinement in semiconductor quantum dots includes this contribution to 

enhanced oscillator strength associated with exciton translational motion and increasing 

with crystallite volume.  His treatment showed in addition the interaction between the 

dielectric ratio 
𝜀1

𝜀2
  and the magnitude of GOS.  Smaller surrounding ε2 increases the GOS 

effect for a given semiconductor ε1.  Effective mass ratio and exciton Bohr radius relative 

to nanocrystal radius are also factors. 

A goal of follow-on work with this material system will be to control and 

characterize crystallite size and shape well enough to test scaling of oscillator strength 



153 

 

with crystallite volume.  The comparison will also require more complete spectral 

dielectric function data and effective mass data for the host Cs4PbBr6 in addition to 

CsPbBr3.  As we suggested earlier in this paper, engineering of GOS for radiative dipole 

transitions might be one route to help radiative processes compete with Auger. 
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Chapter 7 Cs4PbBr6 Single Crystal with CsPbBr3 Nano-Inclusions 

Melt-grown single-crystal CsPbBr3 is under development, e.g. at Argonne and 

Lawrence Berkeley Labs, as a semiconductor spectroscopic radiation detector, measuring 

induced current in a biased crystal proportional to the energy of a fully absorbed gamma 

ray.215 The alternative approach for spectroscopic gamma ray detectors is scintillation.  

Each approach has its advantages.  But melt-grown CsPbBr3 and indeed any spatially 

extended bulk crystal or pure powder of CsPbBr3 exhibits very low luminescence 

efficiency, so scintillation from the pure bulk semiconductor had never seemed a 

possibility.  Recently in work directed mainly toward photo- and electro-luminescence, 

we showed along with others181,216 that CsPbBr3 nano-inclusions in a wider-gap Cs4PbBr6 

host achieve  photoluminescence quantum yield up to 70% also reported up to 90% for 

higher CsPbBr3 loading.  Using sub-picosecond laser pulse excitation, we explained the 

different kinetics of extended and nano-inclusion CsPbBr3 and how that accounts for the 

extraordinary quantum yield as well as the subnanosecond lifetime of bright green 

luminescence in this solution-grown nanocomposite.  Photoluminescence of the nano-

composite exhibits 345 ps exponential decay, suggesting potential for fast trigger time-of-

flight applications in gamma-ray detection and localization.  As described here, we have 

achieved the first macroscopic solution-grown crystals of the Cs4PbBr6 host with 

CsPbBr3 nano-inclusions. This nano-inclusion composite in a crystalline host is entirely 

composed of high-Z, earth-abundant elements and it can be grown from solution at room 

temperature.  We explore suitability of this nanocomposite as a fast, dense, possibly low-

cost scintillation detector of ionizing radiation with especially promising potential as a 

fast trigger for time-of-flight spatial localization. 
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Growth of Cs4PbBr6 Single Crystal imbedded with CsPbBr3 Nanoinclusions 

 

Figure 7-1 | Steps for CsPbBr3/ Cs4PbBr6 crystal growth. 

 

The Cs-Pb-Br precursor solution is prepared by dissolving CsBr and PbBr2 

powders into DMSO solvent in Figure 7-1.  The CsBr - PbBr2 molar ratio plays a main 

role of determining crystal phase (CsPbBr3 or/and Cs4PbBr6) in thin films and micro 

scale crystals based on previous reports. Excessive CsBr in the precursor is helpful to 

produce large size and high quality single crystals. By exposing precursor solution 

(optimized 0.2M) in anti-solvent vapor (acetone) at room temperature, Cs-Pb-Br crystal 

nuclei are quickly formed.  In 24 hours, clear and hexagonal crystals were found and 

carefully collected from the bottom of crystal growth beaker (Figure7-2a).  The resultant 

crystals have an average size of 3 mm with the largest so far about 6 mm in diameter 

(Figure 7-2b).  The crystals have a light yellow tint in room light.  The body of the 

crystal has a smooth surface suggesting facets (Figure 7-2c) and a fairly clear bulk 

transparency.  We have demonstrated that the crystals can be grown in a relatively large 

quantity from 3ml of precursor in one batch without high pressure or high temperature, 

which are particularly important factors for a low cost method for potential applications.  
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(a)    (b) 

 

(c) 

Figure 7-2 | Morphology of the CsPbBr3/ Cs4PbBr6 crystals. 

 

Figure 7-3a shows the fluorescent image of the Cs-Pb-Br single crystals with 

365nm excitation, which emit intensive green luminescence. Figure 7-3b shows more 

details of one Cs-Pb-Br single crystal under an optical microscope. The entire crystal 

body emits macroscopic uniform green fluorescence in the wavelength of 520nm which 

is corresponding to the 2.4eV bandgap of cubic CsPbBr3.  PL quantum yield of the 

crystal is measured by integration sphere with a UV-blue LED about 26.7% (Figure 7-4).   
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(a)     (b) 

Figure 7-3 | Fluorescent images of CsPbBr3/ Cs4PbBr6 crystals. 

 

 

Figure 7-4 | Molar ratio influence on quantum yield of CsPbBr3/ Cs4PbBr6 crystals  

 

In Figure 7-5, the LSM was employed to map luminescent locations of the 

crystal.  In order to get a wide view of the entire crystal body, a small size crystal (~ 10 

um) was chosen to image.  The laser excitation wavelength was set to 420 nm and 

detection wavelength of window filter was tuned to 520 nm which is aligned with the 

peak of luminescence of the crystal.  The focal plane was raised from the bottom of 

crystal (Z = 0.86 μm) to the top of the crystal (Z = 6.02 μm) in a minimum increment of 

0.86 μm (limited by the instrument) for a compete Z-scan.  Each fluorescent image was 
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overlapped with the corresponding transmittance image to confirm where the luminescent 

areas were inside the crystal.  All transmittance images show an identical hexagonal 

shape which is consistent with large crystal shape.  Near the crystal bottom (Figure 7-

5a), most of the area of the slice was covered by the green luminescence. The 

luminescent area decreases with the increase of the Z distance while didn’t trespass lager 

hexagonal boundaries.  In a higher Z scanning (Figure 7-5e), the active area starts to 

spread into connecting dots which is unable to be observed in Figure 7-5h when the 

camera is saturated by high intensity luminescence.  These observations suggest that the 

luminescence of the crystal is due to the dot-wise inclusions instead the matrix crystal.  

 

Figure 7-5 | Confocal microscopy images of CsPbBr3/ Cs4PbBr6 crystal. Scale bar is 5 

μm. 
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Compositional analysis of the nano-composite 

 

Figure 7-6 | (a) Powder X ray diffraction patterns of the ground Cs4PbBr6 host crystals 

imbedded with ~5% CsPbBr3 nanocrystals.  (b) Crystal structures of Cs4PbB6 and 

CsPbBr3. (c) HRTEM images of nanocomposite.  

 

The XRD measurement was first carried out for the crystal to identify the lattice structure 

of the composite. Please note that the crystal was grounded into powder for XRD 

measurement due to the strong x-ray absorption of the single crystal. As seen in Figure 

7-6a, the XRD peaks are in a good agreement with calculated Cs4PbBr6 trigonal 

structure. However, we did find the unaligned peaks as the red arrows mark, which fits 

the orthorhombic structure of CsPbBr3 phase. The HRTEM images collected from the 

composite sample (Figure 7-6c) show that there are CsPbBr3 nano-inclusion imbedded 

into Cs4PbBr6 matrix just as the thin films we showed in last chapter. The size pf the 

CsPbBr3 nanocrystals is about 9~10 nm in average. We used the Reference Intensity 
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Ratio (RIR) method to quantitatively analyze the weight ratio of CsPbBr3 (noted as phase 

a) and Cs4PbBr6 (noted as phase b).  The diffraction data of both CsPbBr3 and Cs4PbBr6 

were scaled to the standard Corundum as a factor which is Intensity Analyte over 

Intensity Corundum (I/Ic) at strongest peaks.  In Crystallography Open Database, the I/Ic 

values for CsPbBr3 and Cs4PbBr6 are 6.08 and 5.11 respectively.  In our experiment, the 

intensity ratio (Ia/Ib) of the strongest lines between CsPbBr3 (30.44°) and Cs4PbBr6 

(21.59°) is about 13.48 from the XRD result in Figure 2A.  By applying the equation, 

( )

( )

aa c a

b b bc

I II X

I I I X
 

 

Eqn. (7-1) 

the weight ratio of the two compounds (Xa/Xb) can be calculated, which indicates that the 

weight fraction of CsPbBr3 nano-inclusions in the composite is about 5.9%. 

 

Figure 7-7 | EDS images of Cs-Pb-Br nanocomposite. 

 

We also show the EDS mapping of the thinned sample in Figure 7-7.  The spacemen is 

uniformly rich in three elements: Pb, Br, and Cs which we certainly expect. 
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Exction Kinetics and Recombination Analysis 

 
 

 

Figure 7-8 | (a) PL spectrum of emission of CsPbBr3 nanocrystals. (b) Absorbance and 

photoluminescence of Cs4PbBr6 crystal with CsPbBr3 nanoinclusions. (c) Excitation 

spectrum of the crystal. The inset is PL spectrum of emission of CsPbBr3 nanocrystals 

 

Figure 7-8a shows the PL spectrum of the CsPbBr3/Cs4PbBr6 crystal at 520nm with a 

FWHM of 23.1 nm which is quite consistent with emission CsPbBr3 quantum dots in the 

literatures.  The absorbance of the crystal (Figure 7-8b) shows a clear band edge at 

2.35eV and second band edge at 3.87eV which are attributed to CsPbBr3 and Cs4PbBr6 

respectively.  The relative instability of absorption signal around 290nm is because 

dominant Cs4PbBr6 phase strongly absorbs in this range reaching the upper limit of the 

equipment.  In the same figure, under 290 nm excitation, not only the emission of 
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Cs4PbBr6 host was seen between 350nm and 400nm but also a narrow photoluminescence 

band was detected peaking at 520 nm as CsPbBr3 quantum dots.  One possibility is the 

290 nm UV light excited the CsPbBr3 inclusions directly leading to a radiative 

recombination.  However, the contribution of energy transfer from Cs4PbBr6 host to 

CsPbBr3 cannot be ignored considering the inner band gap of CsPbBr3 which could 

potentially cause an efficient energy transfer from host to inclusion.  In Figure 7-8c, we 

investigated the excitation spectrum of the crystal while the emission is fixed at 520nm.  

It suggests that the 520nm emission is relevant to both Cs4PbBr6’s and CsPbBr3’s 

intrinsic absorptions.  The additional peak appeared at 295nm (in Figure 7-8c) aligning 

with the absorption peak of Cs4PbBr6 (in Figure 7-8b) could be a sign of conversion 

down to 2.35 eV.   

 

(a)     (b) 

Figure 7-9 | Streak images of CsPbBr3 nanocrystals in Cs4PbBr6 crystal under 420nm 

laser excitation in a 300fs pulse in a different of fluences: 26.8 μJ/cm2 and 0.768 μJ/cm2. 
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Figure 7-10 | Fitting analysis on exciton dynamics of CsPbBr3 nanocrystals in Cs4PbBr6 

crystal in a function of laser fluence. 

 

By generating excitons in the CsPbBr3 nanoinclusions only (via photoexcitation using 

photon energies lower than Cs4PbBr6 host band gap, ~ 2.95 eV), we investigate carrier 

dynamics confined in CsPbBr3 nanocrystals.  The steak images in Figure 7-9 shows that 

CsPbBr3 emission was enhanced with a stronger laser pulse.  Meanwhile, the decay 

lifetime of CsPbBr3 fluorescence significantly decreased with 0.768 8μJ/cm2 intensity as 

shown in Figure 7-10.  The decay curves under different excitation densities were fitted 

by 1st order kinetics with initial 3rd order kinetics (Auger recombination). 2nd order 

kinetics was unable to provide a satisfactory fit. The fittings in the nanocomposite differ 

with that in extended CsPbBr3 crystal where the PL decay can be only fitted by 2nd order 

bimolecular kinetics due to dissociation of excitons at room temperature. The large 

population of electrons and holes under high excitation promotes the Auger 

recombination in CsPbBr3 nano-inclusions.  More power dependence can be found in 

Figure 7-11.  
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(a)      (b) 

Figure 7-11 | Power dependent analysis.. 

 

Table 5 The PL decay effective lifetime (t 1/2) under 420nm 300fs laser pulse excitation.  

First order (k1) and Third order Auger recombination constant (k3). 

Intensity 

(uJ/cm2) 
k1 (s-1) k3 (cm6s-1) n0 

t 1/2 (ps) 

=1.5/(k3*n0
2) 

t 1/2 fitting 

(ps) 
Relative 

Lumeffic 

26.8 3.0E+08 3.5E-27 1.38E+18 225 207 0.57 

4.26 2.3E+08 7E-26 2.2E+17 443 403 0.71 

1.85 1.6E+08 2.5E-25 9.5E+16 667 561 0.82 

0.768 1.5E+08 7.5E-25 3.94E+16 1293 952 0.85 

 

The decay curves under different excitations were fitted by 1st order kinetics mainly with 

additional 3rd order kinetics, as black curves in Figure 7-10.  Please note that 2nd order 

kinetics is not satisfactory, which rules out the dominant contribution of dipole-dipole bi-

excitons.  The first order exponential recombination constant was found to be in the order 

of 108 s-1 in the slower later decay with a slight drop with lower excitation intensities 

(Table 1).  This has been attributed to the quantum confinement effects in such nano-

scale system. The physical confinement favors localization of carriers, hereby enforcing 

geminate e-h recombination despite the weak exciton binding energy of CsPbBr3 at room 

temperature and consequently producing 1st order kinetics.  The constant luminescence 

efficiency at low intensities is geminate in its nature and an increased efficiency is 
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anticipated at higher intensity due to nongeminate recombination.  However, we failed to 

observe an improved efficiency with intensity from our results.  This may be because 

when the bleaching of absorption sets in, the luminescence efficiency decreases because 

the incident photons simply pass through the host without further exciting CsPbBr3 

nanocrystals.  Considering power-dependent decay lifetime (Figure 7-11), the additional 

contribution of Auger recombination should be considered.  The effect of Auger 

recombination is to increase the nonradiative recombination at high intensities and, 

therefore, to decrease the initial carrier density which decreases the bimolecular radiative 

decay lifetime until it meets the Auger decay lifetime limit (~ 200ps).  At laser intensity 

of 26.8 uJ/cm2 (in high intensity range), 1.38 X 1018 e-h pairs per cm3 are generated in 

CsPbBr3. Putting this initial carrier density into the 3rd order recombination rate equation 

with rate constant k3 = 3.5 X 10-27 cm6 s-1, we obtain a model prediction of effective 

initial time constant t1/2 = 1.5/(k3*n2) = 225 ps for the conditions of our experiment.  The 

observed effective initial lifetime is 207 ps showing an agreement with the prediction.  

With decrease of the generated carriers, the effective initial constants are also close to 

experimental effective initial lifetimes, which are summarized in Table 5.  This 

agreement with the prediction based on excitation density and estimated rate constant 

suggests that the Auger recombination model properly describes the multi-exciton effects 

in CsPbBr3 nanocrystals.   
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Figure 7-12 | CsPbBr3/Cs4PbBr6 crystals sealed in PDMS. 

 

 

(a)       (b) 

Figure 7-13 | X-ray luminesence spectrum and decay of the x-ray luminescence. 

 

To understand the energy transfer, we studied the x-ray luminescence of the 

CsPbBr3/Cs4PbBr6 nanocomposite in collaborative experiments with Federico Moretti at 

Lawrence Berkeley National Laboratory. Since the 3mm crystal is difficult to align the 
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beam and collect enough signal, the sample we prepared an assemby of several separated 

crystals sealed by PDMS transparent epoxy as shown in Figure 7-12. The spectrum of 

luminescence under x-ray excitation easured at LBNL is exhibited in Figure 7-13a. 

Regardless of the background noise, there are two main peaks at the wavelength of 

340nm and 520nm which are due to de-excitation of electrons in Cs4PbBr6 and CsPbBr3 

respectively. The 520nm peak is 10 times higher than the 340nm peak while volume 

percentage of the CsPbBr3 nanocrystals is only 5%. This indicates the possibility of 

energy flow from Cs4PbBr6 to CsPbBr3. However, we are unable to provide the energy 

transfer efficiency at the Type I heterjunction at the moment due to the missing of 

quantum efficiency of Cs4PbBr6. Figure 7-13b shows the decay of the CsPbBr3 emission 

measured at LBNL using a picosecond pulsed x-ray source the time resolved 

spectrometer (Hamamatsu). The data can be fitted to a tri-exponential function. The first 

component of the decay has a lifetime of 107 ps, which is attributed to ultrafast 

recombination of excitons in the CsPbBr3 confinement. The decay constants increases 

significantly in the second (764ps) and third (15.5ns) components. The delayed process 

could very likely be related with the exciton transfer over the heterjunction which 

normally takes extra time. The type of exciton transfer (dipole-dipole transfer, radiative 

transfer, or exciton migration) still remains unclear and more experiments. 
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CsPbBr3 Phase Evolution in Host Matrix 

 

Figure 7-14 | Snapshots of CsPbBr3/Cs4PbBr6 nanocomposite sample under UV lamp 

within 1 hour.  

 

To form the CsPbBr3/Cs4PbBr6 nanocomposite, we were dripping precursor 

solution into chlorobenzene (serving as anti-solvent). The fact interests us is that there is 

almost no luminescence with UV excitation in the first 2 minutes of the synthesis, 

whereas there is strong luminescence found after 1 hour. So we recorded the revolution 

of emissive intensity in Figure 7-14 which shows the brightness increasing over time. 

The corresponding PL spectrum is shown in Figure 7-15. The intensity of the emission 

dramatically increases within 1 hour of precipitating the microcrystals of Cs4PbBr6. We 

attribute this to the time for growth CsPbBr3 NCs (emissive centers) inside of the 

mocrocrystals. Besides that, a slight red shift was noticed while the intensity of the peak 

was increasing, which could be linked to the CsPbBr3 NCs growth in size at room 

temperature. The size of CsPbBr3 NCs determines the quantum confinement of excitons 

trapped. Oscillator strength enhancement (GOS) initially grows in proportion to the 



169 

 

volume of a nanocrystal (the coherence volume)Therefore, the red-shift and improved 

brightness is the result of the growth of the CsPbBr3 NCs in terms of size and density, as 

depicted in Figure 7-16.  

 

Figure 7-15 | Time dependent PL spectrum of CsPbBr3/Cs4PbBr6 nanocomposite. 

 

 

Figure 7-16 | Scheme of CsPbBr3 nanocrystal growth in Cs4PbBr6 matrix. 

 

On the other hand, microcrystallites of CsPbBr3 were also found to grow in the powder 

over at least 2 minutes after precipitation of the CsPbBr3/Cs4PbBr6 nanocomposite 

material. The transient optical images of this phase transition is shown in Figure 7-17.  

From the XRD result in Figure 7-18 on the final precipitation, the peaks due to both 

CsPbBr3 and Cs4PbBr6 were detected and fitted with the calculated patterns which 

confirmed the mixture of the two phases. 
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Figure 7-17 | Optical images of phase transition within 10 min. Scale bar is 50μm.  

 

 

Figure 7-18 | XRD pattern of Cs4PbBr6 and CsPbBr3 microcrystals mixture. 
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This phase transition may be attributed to the continuous growth of CsPbBr3 

crystals from nanoscale to microscale (Figure 7-19). The promotion of CsPbBr3 

microcrystals negatively impacts the quantum efficiency of the sample since the electron-

hole recombination rate is reduced in the extended CsPbBr3 crystals, ad discussed earlier. 

Optical properties of the extended CsPbBr3 has been studied in Chapter 6.  

 

Figure 7-19 | Phase transition between CsPbBr3/Cs4PbBr6 nanocomposite and CsPbBr3 

microcrystals.  

 

In future work, this nanocomposite could be extended to the application of a 

dense, fast, cheap scintillator, possibly cast as powder suspended in plastic. Aside from 

general transparency noted as desirable above, there is a particular challenge to get 

scintillation light out of a composite in which the emitted light is near the band edge of 

the recombination islands. Some of our preliminary work have been done by mixing dye 

molecules and CsPbBr3/Cs4PbBr6 nanocomposite as shown in Figure 7-20 and 7-21. All 

of these issues need investigation to assess potential of this material system as a 

spectroscopic scintillator, and this just makes a start. 
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(a) 

 

(b) 

Figure 7-20 | (a) Photos of pure dye molecules and CsPbBr3/Cs4PbBr6 nanocomposite 

sealed in epoxy in room light and 365nm UV lamp. (b) The fluorescent spectra of the dye 

molecules and CsPbBr3/Cs4PbBr6 nanocomposite.  
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(a) 

 

(b) 

Figure 7-21 | (a) Photos of a series of the samples mixing the different ratios of dye 

molecules and CsPbBr3/Cs4PbBr6 nanocomposite in room light and 365nm UV. The ratio 

of the dye molecules and the CsPbBr3/Cs4PbBr6 nanocomposite increases from sample#1 

to #4. (b) The fluorescent spectra of the mixture samples.  
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