ABSTRACT

DONG, QI. Applications of Metal-Halide Perovskites in Optoelectronic Devices. (Under the
direction of Dr. Franky So).

Metal-halide perovskites are a type of emerging low-cost semiconductors, showing a great
potential in various optoelectronic applications due to their superior properties. Typically, they
have been applied in photovoltaics (PVs), light-emitting diodes (LEDs), and lasers. In this
dissertation, three projects have been conducted to explore each of these three applications. The
studies on perovskite PVs and LEDs are mainly from the perspective of device physics, while the

perovskite lasers are investigated through photo physics and thin-film optics.

The first successful application of perovskites is in PVs. To date, high-quality perovskite
thin films with long carrier diffusion length (several um) can be easily achieved due to the
improved synthesis method. To further enhance the efficiency, other functional layers and
interfaces become critical. Among them, electron transporting layer (ETL) and its interface with
perovskite play a crucial role in electron collection. In the first project of this dissertation,
perovskite PVs with aluminum-doped zinc oxide (AZO) as ETL are demonstrated. By inserting a
passivation interlayer at the AZO/perovskite interface, the device efficiency has been improved
from 13% to 17%. To understand the mechanism, the interfacial properties are studied, showing
that the enhanced efficiency is attributed to a reduced interfacial defect density and an enhanced

electron collection efficiency.

Following the success of perovskite PVs, perovskite LEDs are also gaining an increasing
attention. Different from perovskite PVs that operate at low voltages, the electric field in
perovskite LEDs is much stronger, leading to a prominent ion migration. However, most current

studies are focused on the device efficiency, while the understanding of ion migration in perovskite



LEDs is still lacking. Therefore, the second project of this dissertation is focused on studying ion
migration in perovskite LEDs by transient electroluminescence and current measurements. Based
on this these measurements, a combined analysis of charge injection and recombination dynamics
is conducted, enabling us to draw a comprehensive picture of the role of ion migration in device

operation.

In addition to PVs and LEDs, perovskites are also promising candidates for gain media in
laser applications. Among different laser cavities, distributed feedback (DFB) cavities are
interesting because of their single mode operation and low threshold. Although low threshold
perovskite DFB lasers driven by pulsed optical pumping have been reported, fine-tuning the cavity
is still a challenge due to the lack of a systematic guidance and the time-consuming cavity-
fabrication process. In the third project, a facile and systematic methodology for fine-tuning the
cavity of perovskite surface-emitting DFB lasers is demonstrated. The cavity-fabrication is
simplified by an innovative nanoimprint on the perovskite film, while the cavity fine-tuning is
guided by a systematic analysis of the optical modes in the DFB structures. Using this

methodology, the process of fine-tuning the perovskite laser cavity is largely simplified.
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CHAPTER 1: INTRODUCTION

Perovskites are a class of ceramic compounds with a chemical formula of ABX3, whose
very initial prototypical composition is titanium calcium oxide (TiCaOs3), firstly discovered as a
mineral in 1839. In recent years, a new type of perovskite materials commonly denoted by metal-
halide perovskites are attracting increasing attentions in various research communities by showing
the potential of overthrowing the paradigm of conventional semiconductor industries established
on silicon. For example, metal-halide perovskites have been found as a competitive candidate in
the applications of the next-generation electronic and photonic devices, such as photovoltaics
(PVs),[t2 field effect transistors (FETs),B! light-emitting diodes (LEDs),”! and lasers,”®! due to
their superior properties of tunable direct-bandgap,® defect tolerance,”! long carrier diffusion
length,®®! long carrier lifetime,® high photoluminescence quantum yield (PLQY),Y narrow
emission spectrum,*®! and solution-processibility.l*] To have a comprehensive understanding on
the prospect of these emerging materials in the future semiconductor technologies, an introduction
is given in this chapter, starting from the basic compositions and crystal structures followed by
their superior properties and the implications in specific applications. After that, optoelectronic
devices based on metal-halide perovskites, including photovoltaics, LEDs, and DFB lasers, are
introduced by addressing the state-of-the-art performance, device structures and basic working

mechanisms.

1.1 Metal-halide perovskite materials
1.1.1 Compositions and crystal structures

Like conventional perovskite materials, metal-halide perovskites also share the chemical
formula of ABXas. Here, the A-site cation is either a monovalent organic cation such as

methylammonium (MA™) and formamidinium (FA™), or an alkali metal cation such as Cs* and Rb*;



the B-site cation is a divalent transition metal cation, including but not limited to Pb?*, Sn?*, and
Ge?*; the X-site anion is a halide ion including CI-, Br-and 1.1 Among these variations, the most
prototypical composition is MAPbIs that has been intensively studied in the applications of
photovoltaics, leading to a high efficiency comparable to polycrystalline silicon solar cells.*3! In
addition, some other compositions are also gaining increasing popularity, such as Sn-based
perovskites (e.g., MASNIs) developed to reduce the environmental contamination caused by Pb,*4l
and Cs-based all-inorganic perovskites (e.g., CsPblz) for a better stability in the operation of
optoelectronic devices.[*® It should also be noted that each ionic site can be alloyed, further
enlarging the tunability of the optoelectronic properties. For example, by fine-tuning the
composition of the X-site through mixing different halide ions (e.g., MAPbCIxBryCls.x.y), different
bandgaps covering the full visible spectrum can be achieved,*8! which is a distinct advantage in

the applications of full color displays.

Fig.1.1 Schematic diagram showing the crystal structure of perovskites (ABX3).

The crystal structure of metal-halide perovskites can be visualized as a 3-dimentional
network formed by corner-sharing octahedra ([BXs]*), where the A-site cations fit into the

interstitial sites, as is shown in Fig.1.1. The crystal symmetry of a specific composition can be

estimated by the Goldschmidt tolerance factor: t=(Ra+Rx)/v/2(Rs+Rx), where Ra, Rs and Rx are



the ionic radii of A, B and X ions, respectively.[*”*8 For example, the crystal symmetry is cubic
when t is between 0.9~1, hexagonal when t is larger than 1, and orthorhombic when t is less than
0.9. Compositions with t less than 0.813 or larger than 1.107 normally cannot form a stable
perovskite crystal.'®l In addition to the composition, the temperature also has an impact on the
crystal symmetry of metal-halide perovskites, which is often observed in temperature-dependent
measurements, denoted by phase transition. For example, MAPbI3 undergoes a tetragonal-to-cubic
phase transition when the temperature is elevated above 327 K, and a tetragonal-to-orthorhombic
phase transition when the temperature drops below 162 K.12% For more detailed information about
the crystal structures of metal-halide perovskites, including the experimental techniques and lattice

parameters, a comprehensive review article wrote by Takeo Oku serves as a good reference.!*?]

1.1.2 Electronic structures

The electronic structures of metal-halide perovskites provide fundamental insights for
understanding their superior properties in specific applications. In general, to investigate their
electronic structures, computational methods based on first principle calculations including many-
body perturbation theory and density functional theory (DFT) are adopted to obtain the band
structures theoretically.[?>%] Due to the existence of heavy elements like Pb and halogen, spin-
orbital coupling plays an important role in the formation of molecular orbitals, and therefore is
also taken into consideration to enhance the accuracy of the computational results.?! According
to these theoretical studies, the electronic structures near the band edge of perovskites is mainly
contributed from the 3D network consisting of corner-sharing octahedra ([BXs]*), while the A-
site cations only contribute to electronic levels several eV below the valance band maximum
(VBM), and thus mainly act as a scaffold to fill the voids of the 3D network to maintain a stable

crystal structure.!?! Such a difference can be attributed to the different types of chemical bond.



The 3D network itself is formed with ionic bond, which is a much stronger interaction compared

to the van der Waals force between the A-site cations and the 3D network.[2¢!

Taking MAPDI3 as an example, the VBM is formed by an anti-bonding of Pb-6s and I-5p
orbitals, while the conduction band minimum (CBM) is mainly constituted by Pb-6p orbitals.[?>27-
2% The strong anti-bonding between the s and p orbitals at the VBM gives rise to a small effective
mass of holes, while the strong spin-orbital coupling originated from the heavy atoms modifies the
CBM leading to a small effective mass of electrons.®®! This combined mechanism accounts for
the good bipolar charge transport observed in perovskites,*! which facilitates the separation of
photoexcited electron and hole pairs, and thus is one of the reasons for the excellent performance
of perovskite PVs. As for MA cations, although they do not directly participate in the construction
of band edge electronic levels, they can affect the dynamics of excited charge carriers, manifested
by an enhanced electron-phonon coupling owing to their intrinsic dipole moment in combination
with the freedom of reorientation under the weak van der Waals interaction.®? Such an enhanced
electron-phonon coupling leads to the formation of small polarons that has been found to act as
charge traps and accelerate the photodegradation of perovskite PVs.[33-3% Therefore, replacing MA
cations by other A-site cations with less dipole moment, such as FA* and Cs*, has become a

strategy to prolong the operational lifetime of perovskite P\Vs.[36:37]

Another important conclusion from the computational studies is that metal-halide
perovskites are normally recognized as a direct bandgap material, meaning the CBM and the VBM
have the same wavevector in the Brillouin zone.[”! This is particularly important in the
applications of PVs. In contrast to silicon that has an indirect bandgap leading to a weak optical
transition at the band edge, perovskites have been observed to show a sharp increase at the

absorption onset due to their direct bandgap nature.’! In addition, the absorption coefficient of



MAPDI; perovskite above the bandgap is on the order of 10° cm™, which is comparable to
prototypical inorganic semiconductors like GaAs.3%! Given that MAPbI; has a direct bandgap
of 1.6 eV, a MAPbIs active layer of 400 nm in thickness is thick enough to absorb more than 90%
of incident visible light from solar illumination in thin-film solar cell structures,*® which

contributes to the merits of lightweight, flexibility and low material-consumption.

1.1.3 Defect properties

It is known that defects, especially point defects, play a significant role in manipulating the
electronic properties of semiconductors in modern industries. This also applies to metal-halide
perovskites. Like the studies on the electronic structures, the defect properties of perovskites are
also mainly investigated by computational methods.I"#%-441 From these studies, two unique defect
properties have been revealed. The first one is the so-called defect tolerance that has been used to
explain many of the superior properties in perovskites."#%42 Depending on the energy levels of
point defects, we can categorize them into shallow defects whose energy level is located near the
band edge, and deep defects whose energy level is within the bandgap. Shallow defects do not
have much impact on the charge transport and recombination, while deep defects act as charge
traps that can slow down carrier transport, and Shockley-Read-Hall centers that facilitate non-
radiative recombination. According to the computational studies on MAPDbI3, the formation energy
of deep defects such as Ips, Ima, Pbiand Pby is in the range of several eV, leading to a small density
of deep defects.[*°! Other defects that exhibit a low formation energy of below 1 eV, such as MA,
Vma, li, Vi, Vb, and MApy, are found to be shallow defects.*® Therefore, the dominant defects in
perovskites are shallow defects, in part accounting for the long diffusion length and long lifetime

of excited charge carriers.



Another unique defect property of perovskites is self-doping.[*®43441 Although perovskites
are generally regarded as intrinsic bipolar charge transport semiconductors, they can be tuned from
p-type dominant conduction to n-type dominant conduction according to the synthesis
conditions.[*! Introducing impurity elements into a semiconductor to modify its conduction
property is a common strategy, known as external doping, whereas the intrinsic defects can also
act as donors or acceptors to provide excess electrons or holes, known as self-doping. In MAPbI3
perovskite, Vi is the major donor defect leading to n-type doping, while Vpy, is the major acceptor
defect leading to p-type doping.[*‘l By controlling the molar ratio of MAI and Pbl, precursors
during synthesis, the relative density of V, and Vpy, can be manipulated, resulting in desired
conduction properties.”**! For example, Pbl,-rich MAPDI3 exhibits n-type conduction, while Pbl-

deficient MAPbI3 exhibits p-type conduction.[*4]

1.1.4 Charge transport properties

The charge transport properties of semiconductors are generally described by several
interrelated parameters, including electron and hole effective mass (m*), mobility (i), diffusion
coefficient (D), and diffusion length (L). Here, MAPDI3 perovskite is used as an example to briefly
address the typical values of these parameters as well as their mathematical correlations. As one
of the most fundamental physical parameters in semiconductors, the effective mass can be directly
determined by the electronic structures, as it is inversely proportional to the curvature of the
corresponding energy band. From the calculated band structures of MAPDI3, both electron and
hole show a low m* of around 0.2mo,% where mg is the mass of free electron, leading to a reduced
effective mass of 0.1m. This theoretical prediction has been verified by experimental results,

showing consistency within a reasonable range of error."!



The mobility is inversely proportional to the effective mass and proportional to scattering
lifetime (t.) according to the Boltzmann transport equation under relaxation time approximation,
u = qt./m*, where q is the elementary charge. According to experimental results, the mobility in
single crystal MAPDIs is just tens of cm?/Vs, 6481 much lower than that in silicon with a similar
effective mass. This difference should be attributed the small <. in perovskites. However, this
small t. cannot be further attributed to scatterings from point defects, as perovskites exhibit long
carrier lifetime (t, hundreds of ns) associated with defect tolerance.[®! To address this issue, one
plausible explanation in the literature is to consider the lattice deformation induced by excited
charge carriers.**-%1 Due to the softness of perovskite crystals, charge carriers can be easily
coupled with phonons, forming large polarons that slow down the charge transport.”*! In addition
to the mobility, this perspective can also explain the long carrier lifetime observed in perovskites,
as the large polaron acts as a shield that protects the carrier from scattering by point defects and

other charge carriers.[*’]

The diffusion coefficient is related to the mobility through the Einstein relation, D =
ukgT/q, where kg is the Boltzmann constant and T is temperature. For MAPDI3, typical values of
the diffusion coefficient are in the range of 0.05-0.2 cm?/s.®? The carrier diffusion length can be
derived from the diffusion coefficient and carrier lifetime through the relation, L = +/Dr, based on
which a long diffusion length up to 1 um in perovskites is expected. This anticipation is consistent
with experimental measurements that show a diffusion length of several um in single crystal
MAPbDI; perovskites.*647l The long carrier diffusion length in combination with the large

absorption coefficient leading to efficient collection of photoexcited carriers in perovskite PVs.



1.1.5 Optical properties

The mechanism of radiative recombination is a fundamental factor determining the optical
properties of semiconductors. From the initial studies on the radiative recombination in MAPbDlIs,
there was a debate on whether the radiative recombination at room temperature is from Coulomb
bounded excitons as in organic semiconductors or from free electron-hole pairs through band-to-
band transition as in inorganic semiconductors.® Such a controversy stems from two reasons: (i)
metal-halide perovskites are a type of hybrid materials consisting of both organic and inorganic
components, thereby are expected to exhibit intermediate properties between organic and
inorganic semiconductors; (ii) the exciton binding energy that is used to evaluate the strength of
Coulomb interaction between electrons and holes has been reported by different groups with a
large variation of values ranging from several meV to several tens of meV."554%1 T resolve this
debate, Saba et al. employed a combined analysis of theoretical modeling and time-resolved
spectroscopy.®® Through a numerical modelling on the absorption spectrum at the band edge, they
found that the band edge absorption is enhanced by excitonic correlation; while through power-
dependent transient PL, they found that the radiative recombination is mainly from conducting
plasma of unbound but Coulomb-correlated electron-hole pairs. Nowadays, it is generally accepted
that in MAPbI3 perovskites, excitons are generated after excitation, which quickly dissociate into
free electron-hole pairs due to a small exciton binding energy (smaller or comparable to the thermal
energy 25 meV at RT), and light emission is driven by the correlated electron-hole plasma

recombination.

In addition to the radiative recombination mechanism, the dynamics of other recombination
pathways are also critical to the optical properties. As is illustrated in Fig.1.2 , For perovskites, the

excited charge carrier dynamics undergoes decoherence, thermalization, and cooling in the



conduction band in a fast timescale of 1 ps, followed by different recombination pathways that
relax the carriers to the valence band.>] Since the excited charge carriers quickly dissociated into
free electron-hole pairs, the recombination dynamics can be described by a rate equation: dn/dt =
—An — Bn? — Cn3, where n is the density of the excited carriers; t is the time; A, B and C are the
rate coefficients corresponding to monomolecular trap-assisted recombination, bimolecular
radiative recombination, and three-body Auger recombination, respectively.®®51 From the
equation, trap-assisted recombination and Auger recombination are two non-emissive pathways,

which compete with the radiative recombination.

® () absorption

Tk (2 Thermal relaxation
CBM A AL ) -
® A (3) Defect-assisted recombination

@ ® M (@) Radiative emission

(5) Auger recombination

VBM (& Stimulated emission
Fig.1.2 Schematic diagram showing different recombination dynamics in perovskites.

For solar cell applications, we want all the recombination pathways to be suppressed for
an efficient collection of photoexcited carriers, and this happens to be the case in MAPDI3
perovskites: the defect tolerance and the formation of large polarons leads to small values of
A;B5%%1 the weak interaction between electrons and holes leads to small values of B;% Auger
recombination is negligible in the carrier density regime of solar cells.®® This again explains the
tremendous success of perovskites in solar cell applications. Nevertheless, for LED applications,
we expect the radiative recombination to be promoted and the other two non-emissive pathways

to be suppressed, especially the trap-assisted recombination. In this case, normal perovskites



cannot fulfill the requirements due to the slow bimolecular radiative recombination and grain
boundary defects.[5% To tackle this issue, a synergistic strategy consisting of exciton confinement
and defect passivation has been widely adopted to improve the performance of perovskite LEDs
through introducing low-dimensional structures in the perovskites, 5621 which is elaborated in the

subsequent section.

1.1.6 Low-dimensional perovskites

Low-dimensional perovskites can be fabricated by adding bulky organic cations, such as
phenethylammonium cation (PEA*) and n-butylammonium cation (BA*).I2%64 Due to the large
size of these organic cations, they cannot fit into the interstitial sites of the octahedra ([BXs]*)
network, leading to the formation of layered nanostructures, called Ruddlesden-Popper (RP)
phases, or 2D phases, as is shown in Fig.1.3. The 2D phases can have different dimensionalities
determined by the number of inorganic octahedra layers between neighboring organic spacers.
Such a dimensionality is normally denoted by an index n, and the chemical formula of any 2D
phases can be expressed by CoAn-1BnXan+1, where C is the bulky organic cation. It should be noted
that when n=1, the chemical formula becomes C.BXa4, where A-site cations no longer exist in the
crystal structure, and when n goes to infinity, the chemical formula returns to that of 3D perovskites.
From the perspective of stoichiometry, we should be able to control the dimensionality of a low-
dimensional perovskite by tuning the molar ratios among the precursors like PEAI, MAI and Pbls.
However, due to the robust solution-process, the resulting perovskite films contain a mixture of
phases with different indices ranging from n=1 to infinity.[*%62 This leads to the complexity of the
nanostructures in low-dimensional perovskites and is also the reason why they are called quasi-2D

perovskites. For comparison, normal perovskites like MAPbI3 are called 3D perovskites.
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Fig.1.3 Schematic diagram showing the structure of Ruddlesden-Popper (RP) perovskite.

Quasi-2D perovskites give rise to three important effects that have significantly promoted
their applications in light-emitting devices. First, the bandgap of different phases is determined by
their indices according to quantum confinement, and therefore the bandgap increases with the
decrease of the index.[%%2 Such an energetic landscape in combination with the mixed phases in
quasi-2D perovskites create a self-assembled quantum-well system, where the excited charge
carriers funnel from the larger bandgap phases to the smaller bandgap phases, known as energy
transfer. It has been experimentally determined by transient absorption measurements that the
energy transfer process can be very fast, within 1 ps,[® which is much shorter than the timescale
of radiative recombination. Therefore, light emission solely comes from the large bandgap phases.
This is a distinct advantage in laser applications, as the fast energy transfer can promote the carrier
accumulation in the small bandgap phases, thereby facilitating population inversion.[®! Second,
different from 3D perovskites where excited charge carriers exist as free electron-hole pairs, in
quasi-2D perovskites, excitons are used to describe the radiative recombination process due to
their nonnegligible exciton binding energy.[®% This large exciton binding energy is originated from
guantum confinement and dielectric confinement in the self-assembled quantum-well system,
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leading to a faster radiative recombination rate that is beneficial to LED applications. Third, the
bulky organic cations contain an amine group that can passivate the grain boundary defects.[% In
this case, the trap-assisted non-radiative recombination can be effectively suppressed, leading to

high PLQY and efficient perovskite LEDs.

1.2 Optoelectronic devices based on halide perovskites
1.2.1 Perovskite photovoltaics

The first successful application of metal-halide perovskites is in photovoltaics, manifested
by an unprecedented improvement in power conversion efficiency (PCE) from 3.8 % to 25% in
just one decade.®55] In general, due to the ambipolar transport property of perovskites, the device
structure of perovskite PVs adopts p-i-n configuration and can be categorized into two types. [l
The first type is conventional structure (Fig.1.4a), where a transparent conducting metal oxide like
indium tin oxide (ITO) or fluorine doped tin oxide (FTO) is used as the bottom cathode on a glass
substrate, followed by an electron transporting layer (ETL), an active layer (perovskite), a hole
transporting layer (HTL), and a reflective metal anode. The materials commonly used for the ETL
is n-type semiconducting metal oxides such as TiO2, ZnO and SnO». The HTL is made from p-
type organic semiconductors such as 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (spiro-MeOTAD). The anode is usually made by noble metals like gold and silver.
The second type is called inverted structure (Fig.1.4b), where the transparent anode is at the bottom,
followed by a HTL, an active layer, an ETL, and a metal cathode. In this case, the HTL can be
made from p-type polymers such as Poly(4-butyltriphenylamine) (Poly-TPD), or inorganic p-type
metal oxides such as NiOx. The ETL is usually made from n-type fullerene derivatives like phenyl-
C61-butyric acid methyl ester (PCBM). The cathode can be made from low work function metals

such as aluminum.
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Fig.1.4 (a) Conventional structure of perovskite solar cells. (b) Inverted structure of perovskite

solar cells.
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Fig.1.5 Schematic energy diagram of each functional layers in perovskite PVs showing the process

of photocurrent generation.

The basic working mechanism of perovskite PVs is illustrated in Fig. 1.5.1%1 This diagram
shows the approximate energy levels of each functional layers and the critical steps of photocurrent
generation. Upon the absorption of a photon by the perovskite active layer, a pair of electron and
hole is generated, which stay at the conduction band and the valence band, respectively. Due to
the small exciton binding energy, the electron and hole are separated and transported to the ETL

and the HTL, respectively, driven by the built-in potential. Lastly, the electron is collected by the
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cathode through the transport of the ETL and the hole is collected by the anode through the
transport of the HTL, leading to the generation of photocurrent passing through the external circuit.
From the working mechanism, it can be realized that not only the properties of the active layer are
important for efficient photocurrent generation, but also the other functional layers especially the
ETL and HTL play a critical role. More importantly, the interface properties between adjacent
layers such as ETL/perovskite and HTL/perovskite also have a significant impact on the final

device performance.[’”]

1.2.2 Perovskite light-emitting diodes

Following the prosperity of perovskite PVs, an increasing effort has been devoted to
exploring the potential of perovskite materials in LED applications, and this leads to a fast increase
in the external quantum efficiency (EQE) from less than 1% to over 20% in both green and red
spectra.l’*"? The device structure of perovskite LEDs is intrinsically similar to that of perovskite
PVs, where a perovskite layer is sandwiched by an ETL and a HTL. There are also two types of
structures for perovskite LEDs. One is like the conventional structure of perovskite photovoltaics
(Fig.1.4a), where the cathode is at the bottom, followed by an ETL, a perovskite emitting layer, a
HTL and a metal anode. Another structure inverted (Fig.1.4b), where the anode is at the bottom,
followed by a HTL, a perovskite emitting layer, an ETL and a metal cathode. In both structures,
the materials used for each layer are like that of perovskite PVs. Nevertheless, perovskite LEDs
still differ from perovskite PVs in terms of the perovskite materials used. As we mentioned
previously, 3D perovskites are not suitable for LED applications due to their slow bimolecular
recombination and grain boundary defects.[®°! Therefore, to date, high efficiency perovskite LEDs

are normally fabricated with quasi-2D perovskites.l’?!
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Fig.1.6 Schematic energy diagram of each functional layers in perovskite LEDs showing the

process of charge injection and recombination. (a) Before turn-on. (c) After turn-on.

The working mechanism of perovskite LEDs is a reverse process of that in perovskite PVs,
as is depicted in Fig. 1.6."! Instead of generating electric current by absorbing photons, light is
emitted by current injection in perovskite LEDs. Without applying an external bias, the band
structure is tilted, associated with the formation of a built-in potential. Upon the application of a
small bias (less than the built-in potential), the overall electric field inside the device is still in the
opposite direction of the external bias, leading to negligible current injection (Fig.1.6a). As the
external bias is further increased to overcome the built-in potential, the total electric field in the
device is aligned with the bias, leading to current injection (Fig.1.6b). This transition is called
turn-on, and the amount of voltage that is needed to give sufficient current injection is called turn-
on volage. In general, the turn-on voltage is mainly determined by the bandgap of the perovskite
material. Above the turn-on voltage, electrons and holes can be injected from the cathode and the
anode, respectively, and then transported through the ETL and the HTL, respectively, into the
perovskite emitting layer where they recombine radiatively to emit photons. From this working
mechanism, two major aspects play important roles in determining the device efficiency: one is

charge carrier recombination and the other is charge carrier injection. The former is mainly
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determined by the perovskite emitting layer and can be tackled by compositional engineering to
improve its PLQY and charge transport. The latter is mainly affected by the properties of other
functional layers as well as their interfaces. In this case, device engineering is employed to achieve

efficient and balanced charge injection.

1.2.3 Perovskite DFB lasers

In addition to PVs and LEDs, perovskites have also been found as a good candidate of gain
media in laser applications.[®! Nevertheless, the development of perovskite lasers is still in its
infancy, as the room-temperature laser from perovskites so far can be only achieved by pulsed
optical pumping (e.g., fs pulsed laser). One exception is a work reported in September 2020, where
continuous-wave optically pumped laser at room temperature is demonstrated from a quasi-2D
perovskite.["?1 However, in this work, the laser emission is very unstable, manifested by a fast
degradation by 80% within 1 hr. To date, electrically driven laser from perovskites has not been
realized yet. These obstacles are mainly originated from the instability of perovskite materials,
which degrade under strong electric or optical stress due to ion migration.l” To overcome these
challenges, many research groups are working on improving the electric and optical stability of

perovskites through material engineering.

The working mechanism of a perovskite laser consist of two aspects: gain medium and
optical cavity.[! In a perovskite gain medium, optical pumping leads to the excitation of electrons
and holes, which subsequently undergo intraband relaxation and accumulate at the bottom of the
conduction band and the top of the valance band, respectively. Such accumulations result in the
formation of quasi-fermi level of electrons and quasi-fermi level of holes. When the pumping
intensity is increased beyond a certain value, the energy difference between the quasi-fermi level

of electrons and the quasi-fermi level of holes exceeds the bandgap, causing the stimulated
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emission rate larger than the absorption rate. In this case, photons traveling through the perovskite
is amplified, leading to optical gain. Without optical cavity, the optical gain only gives rise to
amplified spontaneous emission (ASE) whose threshold is commonly used to evaluate the
potential of a material in laser applications. When an optical cavity is incorporated, the cavity
provides an optical feedback that leads to the build-up of photons at the resonant frequency of the
cavity, which eventually suppresses all the other optical modes, resulting in coherent, directional,

and monochromatic light emission, known as laser.

a
( ) PDMS mold
Perovskite

Bottom up epoxy
Substrate - -
(b)
Perovskite
Top down [ 2 =)

Substrate

Fig.1.7 Different ways of fabricating perovskite DFB structure. (a) Bottom up. (b) Top down.

Among different perovskite laser cavities, distributed feedback (DFB) cavities have
attracted the most attention due to their low fabrication-cost and single-mode operation.’6771 A
DFB cavity is a periodic variation of refractive index that provides optical feedback through Bragg
diffraction. In general, perovskite DFB lasers can be fabricated with two types of configurations.
The first one is called bottom-up structure, where a perovskite thin film is coated on a substrate
with periodic surface relief,’5"" as shown in Fig.1.7a. The corrugated substrate can be fabricated
by photolithography, e-beam lithography, or nanoimprint lithography. The second configuration
is top-down structure (Fig.1.7b), where the perovskite film is nanopatterned from the top by

thermal nanoimprint lithography, and the substrate is planar.[®! Both structures provide a periodic
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index variation, with the former between the perovskite and the substrate, and the latter between
the perovskite and the air. The resonant wavelength (Ag) of the DFB cavity is determined by the
effective (n.s) of the waveguide mode and the index variation period (A) through A = 2mAngg;,
where m determines the laser emission direction. The laser emission is from the edge when m=1,
and from the surface when m=2. The design of the DFB cavity (selection of A ) should also
consider the emission spectrum of the gain medium. For example, in a surface-emitting DFB laser
that uses a green-emitting perovskite (e.g., MAPbBTI3) as the gain medium, nq¢ can be 1.7, and the

desired Ag can be 530 nm, leading to A at 312 nm.
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CHAPTER 2: INTERFACIAL PASSIVATION IN PEROVSKITE PVS
This chapter has been previously published in:

Q. Dong, C. H. Y. Ho, H. Yu, A. Salehi, F. So, Defect Passivation by Fullerene Derivative in
Perovskite Solar Cells with Aluminum-Doped Zinc Oxide as Electron Transporting Layer, Chem.
Mater. 2019, 31, 6833-6840.

2.1 Abstract

ZnO is a potential replacement for TiO> as an electron transport layer (ETL) used in low-
temperature processed hybrid perovskite solar cells. However, poor thermal stability of perovskites
on ZnO and interfacial traps introduced during processing are obstacles to achieve a good device
performance. In this Chapter, we demonstrate perovskite solar cells using aluminum doped zinc
oxide (AZO) nanoparticles for the ETL having a better thermal stability compared with ZnO.
However, the device shows a lower short circuit current density and a large photocurrent
hysteresis, which are attributed to the poor interfacial properties between the ETL and the
perovskite layer. To address this issue, a thin interfacial modification layer of phenyl-C61-butyric
acid methyl ester (PCBM) is employed. The resulting device show the efficiency is improved from
13% to 17% along with a significant reduction in hysteresis. Results from our thermal admittance
spectroscopy show that the interface defect states are significantly reduced with the PCBM

passivation layer.

2.2 Introduction

Metal-halide perovskite solar cell is considered as a promising candidate for photovoltaics
in recent years. The power conversion efficiency (PCE) has been improved from 3.8% to over
25% in one decade.l*? Different approaches have been employed to enhance the device
performance, and they include morphological control,*-¢1 chemical composition engineering, "8l

interfacial modification,® and defect passivation of the active layer.['>!Y Today, pinhole-free
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perovskite films with a grain size larger than 300 nm can be obtained by non-polar solvent washing
during the spin coating process.>“l In addition, solvent vapor assisted annealing can increase the
grain size of the perovskite film, leading to improved crystallinity and device performance.(®!
Compared to the study on the morphology and crystallinity of the active layer, in-depth study on
electron transporting layer (ETL) in perovskite solar cells is still lacking. Today, titanium oxide
(TiOy) is the most used ETL for high efficiency perovskite solar cells.[*3-%1 However, the high
processing temperature of TiO2, which is usually above 450 °C, presents a problem to fabricate
perovskite cells on flexible substrates. To overcome this limitation, zinc oxide (ZnO) has been
used as an alternative candidate, owing to its good optical transparency in the visible spectrum,
high electron mobility, low processing temperature, and energy level matching with
perovskites.*2181 However, the thermal instability of perovskite films deposited directly on ZnO
is an obstacle to achieve good efficiencies.}*1%1 It is known that perovskite films on ZnO tend to
decompose when the post-annealing temperature is above 70 °C.1*4 Lowering the annealing
temperature will lead to incomplete crystallization and poor morphology.[*>'4 Further, under
operation conditions, photovoltaic devices are inevitably heated up due to illumination of sunlight,
leading to an accelerated degradation of the perovskite film.['81 As a result, both the efficiency and

the stability of perovskite solar cells using ZnO as an ETL are inferior to the devices using TiOx.

To address the thermal instability issue of the perovskites caused by the underlying ZnO
film, two approaches have been reported. One approach is to avoid the direct contact between ZnO
and perovskite by inserting a passivation interlayer between the ETL and the perovskite film,[*4
while another approach is to dope a small amount of aluminum (1~3 wt%) into ZnO to change its
surface properties.'1’-21 To passivate ZnO films, the most common passivation layers are

polyethylenimine (PEI) and phenyl-C61-butyric acid methyl ester (PCBM). However, it was found
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that a passivation layer is insufficient to completely suppress the decomposition of perovskite on
ZnO.14 Alternatively, aluminum zinc oxide (AZO) is a potential candidate as an ETL for low
temperature processed perovskite cells. To fabricate AZO films, various methods have been used.
Mahmud et al. doped Al into sol gel ZnO, resulting in a more stable device and an enhanced
efficiency from 12% to 14%.1°! L et al. and Zhao et al. employed sputtered AZO as the bottom
cathode in perovskite solar cells, with the best efficiency only around 13% having a large hysteresis
effect due to a large amount charge traps at the AZO/perovskite interface.['”18 Although using
AZO as an ETL can address the issue of thermal instability of perovskite, the device efficiency is
inferior due to the defects at AZO and perovskite interface. As discussed above, phenyl-C61-
butyric acid methyl ester (PCBM) has been used as a passivation layer for ZnO 24! as well as for
perovskite films.[1%141 Here, we attempt to use PCBM as a passivation layer for the perovskite solar

cells and study its passivation properties on perovskite solar cells having AZO as an ETL.

In this work, we fabricated conventional perovskite solar cells using AZO nanoparticles as
the ETL with and without a PCBM passivation layer. Without the PCBM interlayer, the average
device efficiency is about 13%, which is comparable to the values from the literature.'”-21 By
adding PCBM as a passivation layer, the average efficiency has been improved to 17%. In addition
to the efficiency enhancement, the hysteresis effect is significantly reduced. To investigate the
efficiency enhancement mechanism, both photoluminescence and thermal admittance
spectroscopy (TAS) measurements were conducted to probe the interfacial properties including
electron extraction efficiency and interfacial charge traps. We found that PCBM not only facilitates
electron extraction from perovskite to ETLs, but also passivates the interfacial charge traps,

resulting in a much better device performance.
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2.3 Thin film characterizations

AZO nanoparticle (3.15 mol% Al) films were fabricated by spin coating of commercially
purchased nanoparticle ink on ITO patterned glass substrates. The optical properties of AZO
nanoparticle film are shown in Figure 2.1a. The absorbance was measured by ellipsometry, and
we estimate the film thickness is 40 nm based on the transmittance and the SEM data. Through the
Tauc plot, the direct optical band gap is determined to be 3.25 eV, which is consistent with the
value reported in the literature.?!! The transmission data show that the AZO film has a high
transparency of 95% in the visible spectrum. Figure 2.1b shows the SEM micrograph of the AZO
nanoparticle film having an average grain size of around 10 nm. The thermal stability of perovskite
on the AZO film was investigated by XRD as shown in Figure 2.1c. The relative intensity of the
peak corresponding to Pbl> and the full width at half maximum (FWHM) of the perovskite (110)
peak gives information on the crystallinity and the possible decomposition of perovskite. Here
perovskites films were fabricated by one-step spin coating method with a subsequent annealing
step at 100 °C for 10 min to complete the crystallization process. It is known that perovskite films
on ZnO can easily be decomposed at high annealing temperatures due to residual hydroxide groups
on the surface of ZnO.[*4%%1 Based on our XRD results, the very low intensity of Pbl, peak on AZO
is similar with that on glass substrate, indicating that there is no decomposition of perovskite on
AZO during processing. In addition, the FWHMs of the perovskite (110) peak in the two samples
are almost the same, indicating that AZO does not impede the crystallization of perovskite. As a
result, a pin hole-free perovskite device-quality film with a grain size of 300 nm can be fabricated

on AZO as shown in Figure 2.1d.
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Figure 2.1 (a) UV-visible absorption and transmittance of AZO film. (b) SEM image of AZO
nanoparticle film. (c) XRD of perovskites on different substrates. (d) Top view SEM of perovskites

on different substrates.

2.4 Device performance

In this work, a conventional device architecture of ITO/AZO/PCBM/Perovskite/2,2,7,7’-
Tetrakis-(N, N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-MeOTAD) /MoOx/Al was
adopted as shown in Figure 2.2. PCBM functions as an interfacial modification layer, while spiro-
MeOTAD serves as a hole transporting layer. It is known that DMF solvent used in the perovskite
precursors can dissolve PCBM during solution processing. However, we found that having an
AZO bottom layer in the stack, depositing the perovskite layer on top of PCBM does not wash
away PCBM. Consequently, PCBM still remains after the deposition of perovskites and avoid the

direct contact between perovskite and the underlying AZO layer, which is clearly observed in the
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device cross-section SEM in Figure 2.3a&b. Based on the morphology results shown by SEM in
Figure 2.3d, the morphology of perovskite is not affected by the PCBM interlayer. In addition,
the XRD data in Figure 2.3c also show similar crystallization characteristics of the perovskite
films with or without the PCBM interlayer. Therefore, the insertion of the PCBM interlayer can
affect the interfacial properties of the perovskite at the bottom, but not the upper part of the

perovskite film.

(a) (b) 2300

Spiro-MeOTAD -43eV
-4.7 eV
Perovskite o PVK Al
PCBM -5.4 eV
PCBM

AZO NPs AZO 54V 5.2eV
-6.0 eV
ITO

-7.5eV
-7.8eV

Figure 2.2 (a) Device structure of perovskite solar cells. (b) Energy diagram.
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Figure 2.3 (a) & (b) Cross-section SEM images of perovskite solar cells, (a) Device with PCBM,
(b) Device without PCBM. (c) XRD of perovskite films on different ETLs. (d) SEM morphology

of perovskites on AZO and AZO/PCBM.

To compare the device performance between the two devices, the device data with and
without the PCBM interlayer are shown in Figure 2.4 and a summary is given in Table 2.1.
Without the PCBM interlayer, while both open circuit voltage (Voc) and fill factor (FF) are
comparable to the perovskite solar cells having an AZO layer reported in the literature,}-°1 3
strong photocurrent hysteresis is observed in the device without PCBM interlayer,*% as shown in
Figure 2.4c. When the PCBM interlayer is used, the device performance is significantly improved,
due to an increase in Jsc from 16.3 to 20.1 mA/cm? and fill factor from 0.71 to 0.78. As a result,
the average PCE is increased to around 17%. In addition, photocurrent hysteresis effect has also

been largely reduced as shown Figure 2.4d. As discussed above, the bulk properties of perovskites
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are not altered by adding the PCBM interlayer, suggesting that the enhancement is due to the
changes at the ETLs/perovskite interface. Among the PV device parameters, only Vo is not
changed by adding the PCBM interlayer, indicating that the energy level alignment should not be
a reason for the improved device performance. The increase in Jsc should not be due to the change
in light absorption, considering that the thickness and the bulk properties of perovskite with and
without PCBM are same. This can also be supported by EQE data shown in Figure 2.4b where
we found there are no changes in the shape of the EQE spectrum and an increase in EQE overall
all wavelengths due to the presence of the PCBM interlayer. Hence, we attribute the increase in Js
to the improved electron extraction and charge collection facilitated by the PCBM interlayer. In
the absence of PCBM, we speculate that due to the ineffective electron extraction, electrons
accumulate at the AZO/perovskite interface give rise to charge carrier recombination, resulting in
a lower fill factor. The improvement in fill factor might also be partially attributed to the enhanced

electron extraction and defect passivation facilitated by the PCBM interlayer.
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Figure 2.4 (a) J-V curves and (b) EQE spectrum of perovskite solar cells with and without PCBM

interlayer. The integrated short circuit currents are shown for both cases. (c) and (d) J-V curves

obtained from forward and reverse scan directions.

Table 2.1 Device performance of perovskite solar cells (average of 16 devices).

Jsc (MA/cm?) Voc (V) FF PCE (%)
AZO 16.3+ 1.0 1.12 + 0.02 0.71+£0.04 129+ 0.8
AZO/PCBM 201+ 0.4 1.12 + 0.02 0.75 £ 0.02 169+ 0.7

To confirm the function of PCBM on facilitating electron extraction, spectral

photoluminescence (PL) measurements were conducted on the perovskite films. Three thin film
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samples were prepared on glass substrates including AZO/perovskite, AZO/PCBM/perovskite and
perovskite/spiro-MeOTAD. The relative photoluminescence intensity indicates the quenching
effect at the interface of perovskite with either the ETL or HTL due to the carrier transfer across
the interface.??l Therefore, the change in the photoluminescence intensity of perovskites on AZO
or AZO/PCBM can be correlated with the electron extraction efficiency from perovskite to ETLSs.
To exclude the light scattering and absorption by Spiro-MeOTAD and AZO/PCBM, the PL signal
of perovskite/Spiro-MeOTAD was measured from the backside of the glass substrate, while the
PL signal of AZO/PCBM/perovskite was measured from the top of the perovskite films. The light
scattering and absorption by glass in the case of perovskite/Spiro-MeOTAD can be neglected.
Figure 2.5 shows that PL quenching in the perovskite film is the strongest with Spiro-MeOTAD
and is the weakest with AZO, indicating the hole extraction efficiency from perovskite to HTLs is
stronger than the electron extraction to the AZO layer. The resulting unbalanced electron and hole
extraction efficiency might be one of the reasons for charge accumulation at the AZO/perovskite
interface, resulting in carrier recombination, a lower fill factor and poor device performance. When
the PCBM interlayer is added, PL quenching is significantly increased to a value closer to the
perovskite with spiro-MeOTAD, indicating that PCBM interlayer can facilitate electron extraction,
resulting in a more balanced electron and hole extraction efficiency. The improved device
performance with the PCBM interlayer can be partially attributed to the reduced electron
accumulation at ETLs/perovskite interface, which is important for achieving low recombination

rate and high fill factor.
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Figure 2.5 Photoluminescence of perovskite films combined with different layers.

2.5 Thermal admittance spectroscopy

In addition to the improvement in the PV device due to the use of the PCBM interlayer, we
have observed a strong suppression of hysteresis in the solar cell with PCBM. In the literature,
several mechanisms have been proposed to explain the hysteresis phenomenon in perovskite solar
cells,’?®! including capacitance effect,?! ferroelectric effect,?® charge trapping,*®?! and ion
migration.!?”l As mentioned above, the addition of the PCBM interlayer does not affect the bulk
properties of the perovskite film. The reduction in hysteresis in the device with PCBM can be
attributed to a reduction of defects at the ETL/perovskite interface. Therefore, we conjecture that
the PCBM interlayer acts as an interfacial passivation layer suppressing the photocurrent
hysteresis. The charge traps are defect states introduced either during the processing of the
perovskite layer or on the AZO film surface. The hysteresis induced by interfacial charge traps can
be explained by a slow dynamic process of trap charging and discharging. When the applied

external bias starts from the short circuit condition to the open circuit condition, the interfacial
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traps are partially filled by charge carriers, resulting in charge accumulation at the interface
impeding the extraction of charge carriers out of the perovskite layer. Under reverse scan
conditions, the traps are filled in the beginning under large forward bias such that charge carriers
can be more efficiently extracted from perovskite.[%23261 This is probably the reason why the
photocurrent obtained from the reverse scan direction is larger than that from the forward scan

direction.

Here, we characterize the interfacial charge traps by thermal admittance spectroscopy
(TAS), which is a characterization technique used for probing the electronic defect profile within
the bandgap in semiconductors.?8-3% In TAS measurements, the complex admittance of a device
is measured versus the probing frequency and temperature. The complex admittance can be

represented by conductance (G) and capacitance (C):

Y=G(w,T)+iwC(w,T) (2.1)

where w = 2xf is the angular frequency of the probing ac-signal, and T is the temperature.
The existence of defects is revealed by a decrease of the measured capacitance obtained from low
frequency to high frequency. The contribution to capacitance by defects is realized by charging
and discharging of traps under the ac-signal. At low frequencies, the dynamic process of charging
and discharging of most traps follows the change of alternating electric field, contributing to the
measured capacitance. When the frequency is increased, some defects cannot respond to the ac-
excitation, thus not contributing to the capacitance, resulting in a decrease in the capacitance. If
we consider a single defect, the dependence of the capacitance on frequency can be represented by

a combination of depletion capacitance and the capacitance from the trapped charges!
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Clw) = Cdepletion + 2 Ctrap (2.2)

1+ w?t

where 7 is the time constant of charging and discharging process, which can be extracted
from the measured capacitance-frequency (C-f) curve. From the equation, we observe that there is
a clear step in the C-f curve, and the characteristic transition frequency w; = 1/t is where the step
occurs. The energy of the defect is reflected by a shift of the step when the temperature changes,
since the dynamic process of charging and discharging is related to the thermal energy by: [l

w; = BT? exp (_k—?l) (2.3)

where 3 is a constant, k is the Boltzmann constant and E, is the activation energy of the defect.
The activation energy is the energy of the defect level above valence band for hole trap or below

conduction band for electron trap.

2.6 Quantifying interfacial defects

Figure 2.6 shows the capacitance-frequency curves of the devices with and without the
PCBM passivation layer at different temperatures. The temperature ranges from 220 K to 290 K
with a temperature step of 10 K. It has been reported that there are phase changes in MAPDI3 at
160 K and 330 K. Since these transition temperatures are outside the temperature range at our
TAS measurements, phase changes should not be considered here. At 290 K, the low frequency
capacitance of the device without the PCBM passivation layer is already much larger than that
with the PCBM passivation layer, indicating a higher charge trap density in the former case. When
the temperature decreases, for both cases, the step in the C-f curves shifts from high frequency to
low frequency, consistent with Equation (2.3). To gain a more quantitative understanding on the
change of defects profile due to passivation by PCBM, we firstly extract the characteristic
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transition frequency through a plot of (—w - j—i) versus w, where the transition frequency is at its

maximum. Then we rewrite Equation (2.3) as:

W E, 1
ln(ﬁ =—% T + In(B) (2.4)

The activation energy can be extracted through linear regression according to Equation
(2.4) as shown in Figure 2.7. The slope of the fitted line represents the activation energy of the
defects. We found that the activation energy is reduced from 490 meV to 350 meV with the PCBM
passivation. It should be noted that there is a distribution of defects in the device instead of just a
single defect, and the activation energy extracted here is the median value. The reduction on

defects energy indicates the deep traps become shallower due to the presence of the PCBM layer.
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Figure 2.6 Capacitance-frequency curves at different temperature. (a) Device without PCBM

interlayer. (b) Device with PCBM interlayer.

Based on the extracted activation energy, the charge trap density can be guantitatively

obtained from the measured C-F curves through the following equation:[?¢]
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Vbi dC w
N(E,) = —"——7——= 2.

where N, is the trap density V,; is the built-in potential, e is the elementary charge, W is the
depletion width, and E,, is the defect energy. The built-in potential of perovskite solar cells
reported in the literature is generally 1.0 V,3 which is also consistent with the Vo our devices.
Therefore, 1.0 V was used as the built-in potential in Equation (2.5). The energy distribution of
charge trap density is plotted in Figure 2.8. Without the PCBM passivation layer, the peak value
of trap density is around 2.1 x 1017 cm~3eV 1, while with the PCBM passivation layer, the peak
value is reduced to 7.5 x 101¢ cm=3eV~1. By integrating the traps over energy, the total trap
densities of devices with and without PCBM passivation are 5.9 x 10> cm™3 and 1.8 x
101¢ cm ™3 respectively, indicating there is a three-time reduction of the trap density. Compared
to the shifting of trap energy from 490 meV to 350 mV, the reduction in trap density is more
pronounced. Therefore, it is the reduced charge trap density that mainly accounts for the reduction
in the hysteresis effect shown by the perovskite solar cells. From the TAS data, we verify that the
passivation effect of PCBM resulting in reduced hysteresis and enhancement in the photovoltaic

device performance.
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Figure 2.8 Charge trap density distribution over energy. (a) Device without PCBM interlayer. (b)

Device with PCBM interlayer.

2.7 Conclusion

In this Chapter, we demonstrated that perovskite films on AZO nanoparticles show good
thermal stability. The device performance can be improved by inserting a PCBM interlayer
between the AZO and perovskite layers. Since PCBM does not affect the bulk properties of the

perovskite film, the enhanced power conversion efficiency of the resulting solar cell is attributed
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to the passivation on the ETLs/perovskite interfacial properties. The increase in photocurrent and
fill factor can be attributed to improved electron extraction facilitated by PCBM, while the
reduction in hysteresis can be attributed to the defect passivation of the interfacial traps by PCBM.
The passivation effect of PCBM not only shifts the defect activation energy to a lower value, but
also reduces the total trap density by three times from 1.8 x 106 cm™3 t0 5.9 x 10> cm™3. We
demonstrated that PCBM functions as an effective interfacial defect passivation material in

perovskite solar cells having an AZO ETL.

2.8 Methods
Materials

Aluminum-doped zinc oxide (2.5 wt.%) nanoparticle ink, lead iodide (99.999%),
dimethylformamide (99.9%) and chlorobenzene (99.9%) are purchased from Sigma Aldrich.
Dimethyl sulfoxide is from Fisher Chemical. PCBM is from Nano-C. Methylammonium iodide is
from Dyesol. 2,2°,7,7’-Tetrakis-(N, N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (Spiro-

MeOTAD) is from Xi’an Polymer Light Technology Corp. D.

Device Fabrication

ITO patterned glass substrates are cleaned by isopropanol and acetone in ultrasonic bath in
sequence. The substrates are subjected to UV-Ozone for 15 min before using. All the solution-
processed films are deposited in nitrogen-filled glove box. AZO nanoparticle ink is spin coated on
the substrates at a speed of 3000 rpm, followed by annealing at 150 °C for 10 min. For devices
with PCBM interlayer, precursor solution with a concentration of 20 mg/mL PCBM in CB is spin
coated on AZO film at 4500 rpm. Then the samples are annealed at 80 °C for 10 min to evaporate
residual CB solvent. Perovskite films are fabricated by one-step method reported in the literature.®!

Perovskite precursor solution is prepared by dissolving Pbl2, MAI and DMSO (molar ratio is 1: 1:
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1) in DMF with a concentration of 1 M. The precursor solution is spin coated on ETLsS, during
which 100 uL of toluene is dropped on the sample at 8" second. The precursor film is then annealed
at 100 °C for 10 min to complete the crystallization. After that, hole transporting layer (Spiro-
MeOTAD) is deposited on perovskite. Finally, 15 nm of MoOx and 100 nm of Aluminum are

deposited on HTL as electrode.

Characterizations

J-V curves are measured by Keithley 2400 under illumination of AM 1.5 generated by solar
simulator. SEM images are taken by FEI Verios 460L field-emission scanning electron
microscope, and XRD measurements are conducted by Rigaku SmartLab X-Ray Diffractometer.
Photoluminescence is measured by FLS920 Fluorescence Spectrometer from Edinburgh
Instruments. Optical Absorption and transmission were measured by ellipsometer (ESM300) from
J. A. Woollam. For the thermal admittance spectroscopy (TAS) measurements, an AC signal of 20
mV is applied on perovskite solar cells to probe the capacitance at different frequencies. During
the measurement, the samples are put in vacuum with temperature controlled by heater and liquid

nitrogen.
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CHAPTER 3: THE IMPACT OF ION MIGRATION IN PEROVSKITE LEDS

This chapter has been previously published in:

Q. Dong, J. Mendes, L. Lei, D. Seyitliyev, L. Zhu, S. He, K. Gundogdu, F. So, Understanding the
Role of lon Migration in the Operation of Perovskite Light-Emitting Diodes by Transient
Measurements, ACS Appl. Mater. Interfaces 2020, 12, 48845-48853.

3.1 Abstract

Perovskite light emitting diodes (LEDs) have been gaining attention in recent years due to
the high efficiencies. Despite of the recent progress made in device efficiency, the operation
mechanisms of these devices are still not well-understood, especially the effects of ion migration.
In this Chapter, the role of ion migration is investigated by measuring the transient
electroluminescence and current responses, with both the current and efficiency showing a slow
response in a time scale of tens of milliseconds. The results of the charge injection dynamics show
that the slow response of the current is attributed to the migration and accumulation of halide ions
at the anode interface, facilitating hole injection and leading to a strong charge imbalance. Further,
the results of the charge recombination dynamics show that the slow response of the efficiency is
attributed to enhanced charge injection facilitated by ion migration, which leads to an increased
carrier density favoring bimolecular radiative recombination. Through a combined analysis of both
charge injection and recombination dynamics, we finally present a comprehensive picture of the

role of ion migration in device operation.

3.2 Introduction

Organometal halide perovskites have shown a great potential over the past decade for their
applications of next-generation optoelectronic devices including photovoltaics,*! transistors,?!
light-emitting diodes (LEDs)* and laserst®®! due to their unique properties of defect tolerance,®-

% long carrier diffusion length,[*®! high color purity,*!! bandgap tunability*>*3 and solution
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processability. Perovskite LEDs are specifically interesting because of the narrow emission
bandwidth*!! compared with organic LEDs (OLEDs). To date, external quantum efficiencies
(EQEs) above 20% have been achieved in both red™**5 and green[¢! perovskite LEDs. The rapid
progress in device efficiency is mainly attributed to the structural and compositional engineering
of perovskite light-emitting materials.[*42% For example, high efficiency perovskite LEDs can be
made by adding bulky organic cations in perovskites, not only promoting radiative recombination
by forming low-dimensional nanostructures (quasi-2D perovskite!*”*°1 or nanocrystal

perovskite?)), but also suppressing non-radiative recombination through defect passivation.?%]

Despite the high efficiencies achieved by perovskite LEDs, an in-depth study of the role of
ion migration on device operation is still lacking. lon migration has been recognized as a key
reason for photocurrent hysteresis in perovskite photovoltaics (PVs).12224l For perovskite light-
emitting devices, ion migration leads to changes in the internal electric field affecting charge
injection and electroluminescence (EL).[?>?"1 As a result, two interesting phenomena have been
reported. The first phenomenon is polarity switchable EL which is done by applying an external
bias in either direction to a device with two high work function electrodes.? Another phenomenon
is reversible enhancement in charge injection and EL by pre-bias poling.?®?"1 Both can be
explained by enhanced charge injection as a result of ion accumulation at the electrode
interfaces.[?>-2"1 However, to further understand the role of ion migration in the operation of
perovskite LEDs, three important issues need to be addressed. First, since ion migration and hence
the ion distribution is a dynamic process affected by the applied electric field, it will affect the
results of device measurements during the luminescence-current-voltage (LIV) scans. Therefore,
the EL intensity and current are strongly affected by the voltage scan rate as well as the scan

direction, leading to an uncertainty in device measurements. Specifically, the apparent measured
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efficiency has been found to vary with the measurement parameters such as the scan rate, scan
direction and pre-bias conditions.[?%?7281 Second, mobile ions accumulated at the electrode
interface affect charge injection. Specifically, mobile cations affect hole injection and mobile
anions affect electron injection.[?>?71 Therefore, it is important to differentiate the effects of ion
migration on electron and hole injection and their roles in the overall device performance. Third,
in addition to charge injection, ion migration can also affect charge recombination through
increased charge carrier density and defect annihilation,?® which eventually contributes to the
dynamics of EL. Therefore, to better understand the device operation mechanism, it is necessary
to carry out transient EL and current measurements to monitor the dynamics of charge injection
and recombination in perovskite LEDs and study the interplay of the effects on charge injection

and recombination due to ion migration.

To synthesize perovskite nanocrystals for LED fabrication, we first passivate grain
boundary defects and constrain the growth of perovskite crystals by adding a bulky organic cation
phenethylammonium bromide (PEABT) to methylammonium lead bromide (MAPbBr3). To study
the device operation mechanism and the effects of ion migration on the device performance,
transient electroluminescence (Tr-EL) and transient current (Tr-J) measurements were carried out,
from which the transient efficiency (Tr-CE) data were also extracted. From the results, all three
parameters show a very slow response in a time scale of tens of milliseconds. To have an in-depth
understanding of the origin of the slow current response, Tr-J measurements on single carrier
devices were conducted to investigate the electron and hole injection dynamics separately and the
results show that the slow response is due to a slow hole injection response as a result of migration
and accumulation of Br ions at the anode interface facilitating hole injection. On the contrary,

electron injection is not affected by Br ion migration. Such a different effect of ion migration on
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electron and hole injection leads to a strong charge imbalance in the resulting LEDs. To study the
origin of the slow efficiency response, photoluminescence (PL) under pulse voltage measurements
were conducted to investigate the charge recombination dynamics and the results show that the
defect density is not reduced under an external electric field. Therefore, we attribute the increase
of the efficiency to the enhanced charge injection facilitated by ion migration leading to an
increased carrier density favoring bimolecular radiative recombination. Finally, a comprehensive

picture of the device operation mechanisms will be presented.

3.3 Film characterizations and device performance

In this work, perovskite films were made by adding PEABr in MAPbBr3 (in a molar ratio
of 30%) to passivate grain boundary defects as well as to form low-dimensional perovskites for
exciton confinement.[*”-211 |t is known that by adding bulky organic cations (PEABr in our case)
to the perovskite precursors, either quasi-2D perovskitel*” 1% or nanocrystal perovskite?®! can be
formed. To determine the nanostructure of our perovskite films, UV-visible absorption and X-ray
diffraction (XRD) measurements were conducted, and the results are shown in Figure 3.1a&b
respectively. From the UV-visible absorption spectrum, we do not observe any absorption peaks
from 2D perovskites and the absorption band edge at 530 nm indicates that only 3D perovskite is
formed in our film. From the XRD pattern, again, we only observe a (100) diffraction peak of 3D
perovskite at 14.8 degree. By doing Scherrer analysis on the (100) peak, we determined that the
grain size is around 14 nm, indicating the existence of perovskite nanocrystals. Since the bulky
organic cations do not contribute to forming quasi-2D perovskite, they function as an organic
matrix in the presence of perovskite nanocrystals. Therefore, we conclude that our perovskite film

consists of perovskite nanocrystals (MAPbBrs) embedded in an organic matrix (PEABT).[2%
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The perovskite LEDs used in our study have the following structure: ITO/ nickel oxide
(NiOx)/ perovskite (30% PEABr in MAPDbBr3)/ 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi)/ Cs2COs/ Al, where NiOx is used as hole transporting layer (HTL) and
TPBI is used as electron transporting layer (ETL) (Figure 3.1c). The device LIV characteristics
are shown in Figure 3.1d, and a luminance above 2000 cd/m? is observed at 5 V, indicating a good
quality device. The device shows a maximum current efficiency of 22 cd/A corresponding to an
EQE of 7.7% as shown in Figure 3.1e. The FWHM of the EL spectrum is 21 nm, indicating a
good color purity (Figure 3.1f). The peak wavelength of the EL spectrum is at 521 nm which is
shorter than that of bulk MAPbBr3 perovskite, corresponding to the reduced crystal size of 14
nm.[?% Here, the performance of the perovskite LED is comparable to those reported in the
literature,[*”-2% and therefore these devices can be used as a good reference to study ion migration

in perovskite LEDs.
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Figure 3.1 (a) Absorption and (b) X-ray diffraction of the perovskite film. (c) Schematic diagram
of the device structure. (d) JVL curve and (e) current efficiency of the perovskite LED. (f)

Spectrum of electroluminescence at 3.8 V.

3.4 Transient behaviors of perovskite LEDs
To study the device operation mechanism and the effects of ion migration on device
performance, Tr-EL and Tr-J measurements were conducted by applying a pulse voltage (pulse

width is 50 ms; frequency is 4 Hz; reference voltage is 0 V) on the device and monitoring the
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transient EL intensity and current density, and the results are shown in Figures 3.2a&b. From the
results of the Tr-EL measurements, we found that the EL response time is up to 20 ms, which is
almost four orders of magnitude longer than that in typical OLEDs.[>% It should be noted that
the EL response time in OLEDs is mostly limited due to the carrier transit time in the devices
which is typically on the order of a few microseconds depending of the carrier mobilities of the
electron and hole transporting layers. From the results of Tr-J measurements, we observed a sharp
peak in the beginning, followed by a slow increase also in a time scale of tens of milliseconds. The
initial sharp rise comes from the RC response (estimated to be 0.125 ms) of the equivalent circuit
of the device,®! which is much longer than that in typical OLEDs.*¥l We attribute this large RC
response to ion migration in the perovskite resulting from the capacitance contribution due to ionic
polarization.?®! The subsequent slow increase of the current partially accounts for the slow EL
response. In order to determine whether the slow increase of the current is the only reason for the
slow EL response, we divided the EL by the current density to extract the transient current
efficiency of the device (Figure 3.2c). From the results, the efficiency also shows a slow response
in a similar time scale. Therefore, the slow EL response is a combined result of the slow current
response and the slow efficiency response. Since the transient current is an indication of the charge
injection dynamics and the transient efficiency is an indication of the charge recombination
dynamics, to better understand the operation mechanism of the perovskite LED, we carried out in-

depth studies on these two aspects in the following sections.
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Figure 3.2 Transient (a) electroluminescence and (b) current (c) efficiency of the perovskite LED

at different pulse voltages (pulse width=50 ms, frequency=4 Hz, reference voltage=0 V).

3.5 Charge injection dynamics

The slow current response (Figure 3.2b) of our perovskite LED can be attributed to ion
migration in the perovskite. It has been reported that mobile ions in perovskites under electric field
can migrate to the electrode interface.[?>2"1 When applying a forward bias to a perovskite LED,
negative halide ions migrate to the anode interface facilitating hole injection, while positive MA*
migrate to the cathode interface facilitating electron injection. Compared with the transport of
charge carriers, the migration of ions is much slower, typically in a time scale of millisecond to
second.? Therefore, the enhancement of charge injection facilitated by ion migration is expected
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to be slow, leading to a slow increase in the current. However, the slow current response of the
perovskite LED is a combined result of electron and hole injection dynamics. To have a detailed
understanding of the effect of ion migration on charge injection, we conducted Tr-J measurements

on single carrier devices to examine the injection dynamics of electrons and holes separately.

Electron-only and hole-only devices fabricated have the following structures respectively:
ITO/ aluminum-doped zinc oxide (AZO)/ perovskite/ TPBi/ CspCOs/ Al and ITO/ NiOy/
perovskite/ MoOy/ Au. In both cases, EL was not observed when current was injected into the
devices, indicating they are truly single carrier devices. Tr-J measurements were conducted on
single carrier devices by applying a pulse voltage (pulse width is 50 ms, frequency is 4 Hz,
reference voltage is 0 V) and monitoring the evolution of the current density with time, and the
results are shown in Figure 3. From the hole-only device Tr-J data (Figure 3.3a), after the initial
RC response, there is a slow increase in the hole current with a time scale on the order of tens of
milliseconds, similar to that of the current response of the perovskite LED. Therefore, we conclude
that hole injection is enhanced by the accumulation of Br ions at the anode interface, contributing
to the slow current response of the perovskite LED. From the electron-only device Tr-J data
(Figure 3.3b), we observed a decrease after the initial RC response, indicating it does not
contribute to the slow current response of the perovskite LED. The decrease of the electron current
can be attributed to a screening effect of ionic polarization on the external electric field (the pulse
voltage):4l ion-migration-induced polarization generates an internal electric field which is in the
opposite direction of the external electric field, leading to a decrease in the total electric field in
the perovskite layer, thereby impeding the charge transport. In principle, hole transport in
perovskite should also be affected by this screening effect. However, the enhanced hole injection

at the anode interface due to ion migration plays a dominant role such that we mainly observed the
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slow increase in hole current. The very different electron and hole injection dynamics indicate that
Br ions are the primary species responsible for ion migration in the perovskite layer. More
importantly, due to such a different effect of ion migration on electron and hole injection, the
steady-state hole current is more than one order of magnitude larger than the steady-state electron
current (Figure 3.3), indicating a strong charge imbalance of the resulting perovskite LED during
steady-state operation, leading to a narrow recombination zone located at the ETL interface and
limiting the device efficiency. The implication of this important finding is that electron injection
is the bottleneck to the device performance. Finally, it should be noted that the origin of the charge
imbalance cannot be revealed by steady-state measurements, and temperature-dependent transient

current measurements are needed to understand the device operation mechanism.
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Figure 3.3 Transient current of (a) the hole-only device and (b) the electron-only device under

different pulse voltages (reference voltage=0, frequency=4 Hz, pulse width=50 ms).
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Here, we conducted temperature-dependent Tr-J measurements on hole-only devices to
extract the activation energy of Br ion migration and the results are shown in Figure 3.4. As
expected, we observed slower responses of hole current at lower temperatures. In addition, at lower
temperatures, there is a decrease of the initial RC response prior the slow increase. As mentioned
previously, this decrease is attributed to the screening effect of ionic polarization resulted in
reduction of the electric field in the perovskite layer.[34 Therefore, to quantify the hole current, we
divide it into three components with each one expressed by an exponential term:4 (i) the initial
RC response, Aiexp(-t/t1); (ii) the decrease of the hole current due to the screening effect induced
by Br ion migration, Azxexp(-t/t2); (iii) the increase of the hole current due to the enhanced hole
injection facilitated by the accumulation of Br ions at the anode interface, Asexp(-t/t3). Therefore,
the hole current can be expressed using the equation below:

t t t
)+A2exp (—T—) + Azexp (—T—) + A (3.1)

T 2 3

] =Aexp (

We fitted the measured hole current with Equation (3.1) and the results are shown in Figure
3.4. Fitting parameters are summarized in Table 3.1. Here, 12 and t3 are both due to Br ion
migration, thus indicating the characteristic time of Br ion migration in the perovskite. Therefore,

we have the following approximate relationships:*

1

k, = =C (Ea) (3.2) k—1 =C (Ea) 3.3
2= o =Cexp T . ey o=Cexp|—m (3.3)

where o is the ionic conductivity, C is a constant coefficient, E, is the activation energy of
Br ion migration, k is the Boltzmann constant and T is the temperature. To extract the activation
energy, we conducted linear fittings on In (kz2) and In (ks) versus 1/KT, and the results are shown

in Figure 3.5. The slopes of the linear fittings give the activation energy. From the results, we
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found that the activation energy extracted from k2 (0.20 eV) is close to that of ks (0.18 eV), which
is about the same as expected since they are both induced by Br ion migration. Therefore, the
activation energy of Br ion migration in our perovskite is calculated to be 0.18~0.20 eV, consistent
with the values reported in the literature.®>271 This quantitative analysis verifies that the slow hole

current response is induced by Br ion migration.
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Figure 3.4 Transient current of the hole-only device at different temperatures with pulse voltage
being 3.0 V (reference voltage=0 V, frequency=4 Hz, pulse width=50 ms). The temperature

increment is 10 K. Hollow dots are experimental data, while solid lines are fitted curves.
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Table 3.1 Fitting parameters of hole injection current at different temperatures.

T (K) T4(s) T2 (s) 73 (s) k, (5'1) k, (5'1) ks (5'1)

230 1.27E-04 1.23E-02 2.75E-02 7.87E+03 8.13E+01 3.64E+01
240 1.25E-04 7.16E-03 1.81E-02 8.00E+03 1.40E+02 5.52E+01
250 1.22E-04 5.22E-03 1.47E-02 8.20E+03 1.92E+02 6.80E+01
260 1.32E-04 3.25E-03 1.23E-02 7.58E+03 3.08E+02 8.13E+01
270 1.29E-04 2.35E-03 1.03E-02 7.75E+03 4.26E+02 9.71E+01
280 1.18E-04 1.64E-03 6.91E-03 8.47E+03 6.10E+02 1.45E+02
290 1.23E-04 1.40E-03 4.00E-03 8.13E+03 7.14E+02 2.50E+02
300 1.25E-04 1.18E-03 2.82E-03 8.00E+03 8.47E+02 3.55E+02

" o (k) ——Fitofin(ky)
8- o In(k,) ——Fit of In(k,) .

E,=0.20 eV

E,=0.18 eV

T T T T
38 40 42 44 46 48 50 52
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Figure 3.5 Extract activation energy of Br ion migration by linear fitting.

3.6 Charge recombination dynamics

In addition to the charge injection dynamics as we addressed in the last section, charge
recombination dynamics is another fundamental process in the operation of a perovskite LED,
resulting in a slow efficiency response (Figure 3.2c). One of the reasons for the slow efficiency
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response is the enhanced charge injection facilitated by ion migration increasing the carrier density
in the perovskite layer. Since defect-assisted non-radiative recombination is monomolecular and
radiative recombination is bimolecular, we expect that a higher carrier density in the perovskite
layer favors radiative recombination.’?*! Under forward bias, hole injection in the perovskite LED
is enhanced, leading to an accumulation of excess holes at the ETL/perovskites interface, which
subsequently facilitates electron injection into the perovskite layer. Therefore, the increased
injected carrier density in the perovskite layer results in an enhanced efficiency, leading to a slow
increase in efficiency. Further, a reduction of defect density in perovskite under electric field could
be another reason for the higher efficiency. It has been reported that under photoexcitation or
electric field, pairs of halide interstitials and vacancies migrate and annihilate in perovskite,
leading to a reduction of defect density and an increase in radiative recombination efficiency.?>
31 To determine whether this effect also contributes to the slow response of the efficiency, we
conducted PL measurements under pulse voltage to investigate the effects of electric field on

radiative recombination.

In order to rule out EL and the effects of charge injection on PL, the device used for the PL
measurements has a structure of 1ITO/ HfO2 (40 nm)/ perovskite/ Poly (methyl methacrylate)
(PMMA) (40 nm)/Al, where HfO, and PMMA are two insulating layers blocking charge injection.
The experimental set-up is shown in Figure 3.6a: the perovskite sample is excited by a 405 nm
diode laser under an applied pulse voltage and the PL intensity is monitored by a photodetector
with the signal connected to an oscilloscope. The measurement results are shown in Figure 3.6b.
From the results, we found that the applied electric field has a small effect on the PL intensity,
indicating that the radiative recombination efficiency is only slightly perturbed by the electric field.

To understand the origin of this perturbation, we magnified the signals, and the data are shown in
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Figure 3.6¢. Here, the PL data shows five characteristic regions: region 1 is a constant PL intensity
without external electric field; region 2 is an abrupt drop of the PL intensity right after the
application of the external electric field (pulse voltage); region 3 is a slow increase in the PL
intensity under the external electric field; region 4 is an abrupt drop of the PL intensity right after
the removal of the external electric field; region 5 is a slow recovering of PL after the removal of

the external electric field.
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Figure 3.6 (a) Schematic diagram showing the set-up of PL under pulse voltage. (b)
Photoluminescence (PL) of a perovskite device (ITO/HfO2/perovskite/PMMA/AI) under different
pulse voltages. (c) Magnification of (b). (d) Schematic diagrams illustrating the effects of electric
field on exciton dynamics at different regions of (b): (1) no electric field; (2) external electric field
separates exciton; (3) external electric field is screened by internal electric field induced by ion

migration; (4) ion-migration-induced internal electric field separates exciton.
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We propose that the evolution of the PL intensity can be explained by Br ion migration in
the perovskite layer. As we mentioned previously, we have perovskite nanocrystals (MAPbBTr3)
embedded in an organic matrix (PEABT), as shown in Figure 3.6d(1). Therefore, both excitons
and mobile ions are confined in the nanocrystals. From region 1 to region 2, upon an application
of the electric field, electrons and holes are pulled away from each other in the nanocrystals,
leading to an abrupt decrease in the radiative recombination efficiency®® (Figure 3.6d(0)&(2)).
From region 2 to region 3, ion-migration-induced polarization driven by the external electric field
generates an internal electric field that is in the opposite direction. As a result, the total electric
field is decreased, leading to a slow increase in the radiative recombination efficiency (Figure
3.6d(2)&(®)). From region 3 to region 4, the external electric field is instantly removed, leaving
the internal electric field alone in the perovskite. Therefore, the total electric field is abruptly
reversed and increased, leading to an abrupt decrease in the radiative recombination efficiency
(Figure 3.6d(3)&(®)). From region 4 to region 5, without external electric field, mobile halide
ions diffuse back, leading to a decrease in the total electric field and a recovery of the radiative

recombination efficiency.

Based on the analysis above, we conclude that the small perturbation (about 10%) on PL
by the voltage pulse is due to the interplay between the applied external electric field and the ion-
migration-induced internal electric field. Here, we do not observe any evidence of the reduction of
defect density in perovskite under electric field. It should be noted that the change in the PL
intensity due to electric field is very small compared with the change in the EL efficiency,
indicating that the slow efficiency response of the perovskite LED is mainly due to the enhanced

charge injection that increases the carrier density in the perovskite layer.
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Combining the investigations on charge injection and recombination dynamics, we present
the operation of the device in Figure 3.7. As soon as a forward bias is applied (Figure 3.7a),
limited charge carriers are injected into the perovskite layer resulting in a low EL intensity. As the
electrical stress continues (Figure 3.7b), mobile Br ions in the perovskite layer migrate to the
HTL/perovskite interface, facilitating hole injection. The increased hole injection efficiency leads
to an accumulation of excess holes at the ETL/perovskites interface, which subsequently facilitates
electron injection into the perovskite layer, resulting in a slow increase of the current. In addition,
due to the enhanced charge injection efficiency, both the density of electron and hole are increased
in the perovskite layer, which favors bimolecular radiative recombination, leading to a slow
increase of the efficiency. The slow current response and the slow efficiency response together
result in the slow EL response.
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Figure 3.7 Schematic diagram showing the role of halide ions in the operation of perovskite LED.

(@) In the beginning of the pulse voltage. (b) At 10 ms of the pulse voltage.
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3.7 Conclusion

In this work, we studied the role of ion migration in the operation of perovskite LEDs by
transient measurements, where the EL intensity, the current density and the device efficiency all
show a slow response in a time scale of tens of milliseconds. Through Tr-J measurements on single
carrier devices, the data revealed that the slow current response is due to a slow hole injection
response which is attributed to the migration and accumulation of the Br ions at the anode interface
facilitating hole injection. On the contrary, electron injection is not affected by ion migration. Such
a different effect of ion migration on electron and hole injection leads to a strong charge imbalance,
suggesting that to enhance the device efficiency electron injection needs to be significantly
enhanced to compensate for the enhanced hole injection facilitated by halide ion migration. In
addition, through PL measurements under pulse voltage, we identified that the slow efficiency
response is mainly attributed to the enhanced charge injection which leads to an increased carrier
density favoring bimolecular radiative recombination. Our findings shed light on the
understanding of the device physics of perovskite LEDs, thereby paved the way for the future

design of device architecture and materials to realize the full potential of perovskites LEDs.

3.8 Methods
Materials

Nickel acetate tetrahydrate (99.998% trace metal basis), ethanol (99.5%, anhydrous),
ethanolamine (99.0% ACS reagent), lead bromide (99.999% trace metals basis), N,N-
dimethylformamide (DMF) (99.8%, anhydrous), dimethyl sulfoxide (DMSQO) (99.9%, anhydrous),
chlorobenzene (CB) (99.8%, anhydrous) cesium carbonate (Cs.CO3) (99.9%, trace metal basis),
polyvinylpyrrolidone (PVP), Aluminum-doped zinc oxide (AZO) (2.5 wt %) nanoparticle ink and

Poly(methyl methacrylate) (PMMA) are from Sigma Aldrich. Phenethylammonium bromide

68



(PEABT) and methylammonium bromide (MABTr) are from Dyesol. 2,2',2"-(1,3,5-Benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBI) is from Lumtec. Aluminum pellets, Gold pellets and

MoOy are from Kurt J. Lesker.

Device fabrications

For the perovskite LEDs, glass substrates with ITO pattern were cleaned by acetone and
isopropanol in sequence in ultrasonic bath, followed by UV ozone treatment for 15 min before
using. Nickel oxide thin films were fabricated by sol-gel method: 248.8 mg of nickel acetate
tetrahydrate and 60 uL of ethanolamine were dissolved into 5 mL of ethanol, which was stirred at
65 °C for 45 min to form a stable sol-gel. Then the nickel oxide precursor was spin coated on the
cleaned substrates at a speed of 3000 rpm for 1 min, followed by annealing in ambient at 500 °C
for 1 hour. Perovskite films were fabricated on the nickel oxide film by spin coating method
assisted with anti-solvent treatment in nitrogen-filled glove box. The precursor solution of the
perovskite was prepared by dissolving 108 mg of lead bromide, 33 mg of MABr and 17.8 mg of
PEABr into 1 mL of a mixed solvent (DMSO/DMF=12/88). Before fabricating perovskite films,
a solution of PVP (4 mg/mL in DMF) was spin coated on the nickel oxide film at a speed of 4000
rpm to passivate the surface defects of the nickel oxide, followed by annealing at 120 °C for 10
min. Then the perovskite solution was spin coated on the passivated nickel oxide film at a speed
of 4000 rpm for 2 min, during which 100 uL of CB was dropped on the sample at 5" second. After
spin coating, the sample was annealed at 80 °C for 10 min to evaporate the residual solvents and
complete the crystallization of perovskite. To complete the device, 40 nm of TPBi as electron
transporting layer and Cs>CO3z (2nm)/Al (100nm) as cathode were thermally evaporated in
sequence on the perovskite film. For the electron-only devices, the NiOx layer was replaced by

AZO layer which was fabricated by spin coating AZO nanoparticle ink at a speed of 3000 rpm,
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followed by thermal annealing at 150 degree for 10 min in ambient. For the hole-only devices,
TPBi and cathode were replaced by 15 nm of MoOx and 80 nm of Au, which were thermally
evaporated on the as-prepared perovskite films. For the device that is used for the PL measurement
under pulse voltage, 40 nm of HfO, was fabricated by atomic layer deposition
(Ultratech/Cambridge Nanotech Savannah) on cleaned ITO substrate. Then perovskite film was
fabricated on the HfO; layer, followed by spin coating 40 nm of PMMA (20 mg/mL in CB) on the
top of the perovskite. Lastly, 100 nm of Al was evaporated on the PMMA layer to complete the

device fabrication.

Characterizations

Current-voltage-luminance (J-V-L) measurements were conducted by Keithley 2400 and a
photodetector. Electroluminescence spectrum was measured by a high-resolution spectrometer
(HR4000) from Ocean Optics. In the transient measurements, a pulse voltage generated by a
function generator (Agilent 33220A) was applied to the device. To monitor the dynamics of the
electroluminescence in the transient measurements, a photomultiplier tube (PMT) powered by a
voltage source (C9525-02 from Hamamatsu) was used, whose signal is connected to an
oscilloscope (Tektronix MDO3014). In addition, the device is connected in series with a resistor
(9850 ohm) whose voltage signal was led into the oscilloscope to monitor the dynamics of current
density. X-ray diffraction was conducted by Rigaku SmartLab X-Ray Diffractometer (XRD). UV-

visible absorption was done by Lambda 750 UV/Vis spectrometer from PerkinElmer.
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CHAPTER 4: CAVITY FINE-TUNING FOR PEROVSKITE DFB LASERS

This chapter will be published:

Q. Dong, X. Fu, D. Seyitliyev, K. Darabi, J. Mendes, L. Lei, Y. Chen, K. Gundogdu, A. Amassian,
C.-H. Chang, F. So, Facile Fabrication of High-Performance Solution-Processed Distributed
Feedback Lasers, manuscript under revision.

4.1 Abstract

Solution processed distributed-feedback (DFB) lasers have been regarded as the next-
generation coherent light sources due to their low fabrication-cost and single-mode operation.
Although good laser performance has been demonstrated from these devices, fine-tuning of the
cavity is still a challenge due to the lack of a systematic guidance and the time-consuming cavity-
fabrication process. In this Chapter, a metal-halide perovskite is used as a prototypical gain
material to demonstrate a facile and systematic methodology for fine-tuning the cavity of solution-
processed surface-emitting DFB lasers. The cavity-fabrication is simplified by adding a polymer
polyvinylpyrrolidone (PVP) into the perovskite solution, enabling a simple nanoimprint on the
perovskite film, while the cavity fine-tuning is guided by a systematic analysis of the optical modes
in the DFB structures, aiming at an optimal overlap of the resonant wavelength with the gain
spectrum. Using this methodology, the process of fine-tuning the laser cavity is very much

simplified.

4.2 Introduction

Solution-processed semiconductors including organic small molecules, conjugated
polymers, colloidal quantum dots and metal-halide perovskites have been recognized as promising
gain media for coherent light sources in various photonic applications due to their low-cost
fabrications.[*31 Among different optical resonators, distributed feedback (DFB) cavities are of

great interest due to their single-mode operation, low threshold, and the utilization of Bragg
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diffraction instead of fabrication of high-quality facets or mirrors to provide the optical feedback.
Although optically pumped DFB lasers based on these solution-processed semiconductors have
been reported to show a decent performance,*-3! the process to fine-tune the cavity is laborious,
making it extremely tedious to achieve an optimized performance. Specifically, the resonant
wavelength of the DFB cavity should be located within the gain spectrum of the gain medium, and
for the optimal laser performance, the resonant wavelength should also be located at the gain
maximum. To do that, first, the gain spectrum needs to be determined, and subsequently the cavity
needs to be fine-tuned to match the gain maximum. Fine-tuning the cavity enables the tuning of
the resonant wavelength, which is commonly achieved by changing the grating period.l However,
without knowing the fine-tuning direction, a random try of a series of grating periods is needed,

which greatly slows down the fine-tuning process.

In addition to the guidance on the cavity fine-tuning, a facile fabrication of the cavities is
also critical to reduce the amount of effort for achieving an optimized laser performance. Here, we
choose metal-halide perovskites as a prototypical solution-processed semiconductor for the study
due to their high photoluminescence quantum yield (PLQY),B! large absorption coefficient,®!
defect tolerance,!8l and broadband tunability.** The common ways to fabricate a perovskite
DFB cavity in the literature is to nanopattern a substrate followed by depositing a perovskite film,
which can be done by either etching the substrate or nanoimprinting on an UV-curable epoxy.[**-
141 However, the former is tedious and time-consuming, and the latter results in low-quality
perovskite films due to the poor wettability of the perovskite solutions on the nanopatterned
epoxy.[*! Instead of nanopatterning the substrate, nanoimprinting on the perovskite film has
recently been reported to be a better approach, as the large refractive index contrast at the

corrugation interface between the perovskite and the air can lead to a higher quality-factor of the

77



cavity.[16171 However, this approach is also challenging due to the thermal instability and the
unmanageable crystal growth of the perovskites during the nanoimprint process, where the
pressure and temperature need to be carefully controlled to obtain good-quality perovskites as well

as gratings.[8-24

To address the issues above, in this work, we demonstrate a facile and systematic
methodology to accelerate the cavity fine-tuning process of solution-processed surface-emitting
DFB lasers by using a metal-halide perovskite (methylammonium lead bromide, MAPbBr3) as an
example. To realize a facile fabrication of the cavities, a polymer polyvinylpyrrolidone (PVP) is
added into the perovskite precursor solutions, enabling the formation of a stable and soft precursor
film after spin coating, which can be readily nanoimprinted by a polydimethylsiloxane (PDMS)
mold, forming well-shaped gratings. To guide the cavity fine-tuning process, we first analyze the
optical modes in the DFB structures, base on which the fine-tuning process can be determined by
an angle-resolved PL spectra (ARPS) characterization or the spatial pattern of the amplified-
spontaneous-emission (ASE) diffraction. Based on this methodology, we greatly reduced the
workload to achieve an optimal overlap of the resonant wavelength with the gain spectrum, leading
to an optimized laser performance at 530 nm with a threshold of 20 pJ cm and a linewidth of 0.85

nm.

4.3 Fabrications of perovskite DFB cavities
4.3.1 Nanoimprint on perovskite films

Perovskite DFB cavities are fabricated by nanoimprint lithography as illustrated in Figure
4.1a: (i) a solution of MAPbBr3 precursor using dimethyl sulfoxide (DMSQO) as a solvent is spin-
coated on a glass substrate, forming a precursor film where the perovskite crystallization is not yet

completed due to the presence of the residual solvent; (ii) a nanopatterned PDMS mold is
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subsequently placed on top of the precursor film while the sample is heated at 80 °C to complete
the crystallization under the constraining of the mold, thereby forming a grating; and (iii) upon
complete crystallization, the PDMS mold is peeled off, leaving a nanopatterned crystalline

perovskite film. More details of the fabrication procedures can be found in the experimental section.

(a) G Perovskite
solution PDMS mold

Pgi%usﬁg: efilm m ﬂ
. - EE R =5

Hot plate (80 °C)

(i) Spin coating (ii) Nanoimprint (iii) Peel off the PDMS mold

Figure 4.1 (a) Schematic diagram showing the procedures of fabricating the perovskite DFB
cavities. Top SEM images of nanopatterned perovskite films without (b) and with (c) 20% of PVP.
(d) Cross-section SEM image of nanopatterned perovskite film with 20% of PVP. The grating

period in all the SEM images here is 320 nm.

As mentioned previously, the crystal growth of perovskite during the nanoimprint process
is difficult to control, thus leading to a poor morphology, as shown in Figure 4.1b, where the
perovskite film is not continuous with disconnected domains and defective grating. To improve
the film quality during the nanoimprint process, a polymer Polyvinylpyrrolidone (PVP) is added
to the precursor solution (mass ratio of PVP/PbBr; is 20%). From the results shown in Figure

4.1c&d, the perovskite film shows a much better morphology as manifested by closely packed
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perovskite nanocrystals and a well-shaped grating. In addition, the spin coating duration is also
found to be critical to the success of the subsequent nanoimprint. As can be seen from Figure 4.2,
with 20% of PVP, the spin coating duration should be around 20 s to obtain a good-quality grating.

Shorter (15 s) or longer (30 s) spin coating duration both result in a poor-quality grating.

15s 20s 30s

Figure 4.2. Nanopatterned perovskite films fabricated by adding 20% of PVP with different spin

coating durations: (a) 15 s; (b) 20 s; (c) 30 s. The grating period is 320 nm.

4.3.2 Film formation dynamics

To understand the role of PVP and the crystallization kinetics duration the nanoimprint
process, in-situ absorption measurements are conducted to monitor the film formation
dynamics,?!] where the time evolutions of the absorbance spectra with different PVP ratios (mass
ratio of PVP/PbBr.) are recorded during spin coating. The in-situ absorption data of the precursor
solution with different PVP ratios are shown in Figure 4.3. From the results, for all the PVP ratios,
3 phases can be identified: (i) a solution phase with an absorption peak at 305 nm; (ii) an
intermediate phase with a peak at 320 nm; (iii) a perovskite phase with a broad absorption spectrum.
As shown in the data, as soon as the spin coating starts, the absorbance mainly comes from the
solution, as indicated by the 305 nm peak which decreases quickly in the very beginning,
corresponding to the solution volume shrinkage. As the spin coating continues, the peak shifts

from 305 nm to 320 nm due to the formation of a PbBr.-MABr-DMSO complex (intermediate
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phase) due to the evaporation of the residual solvent.l?? Finally, perovskite crystals start to form

and grow as the residual solvent further evaporates, leading to a broad absorbance spectrum.
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Figure 4.3 2D plot of the in-situ absorption during the spin coating of the perovskite solution with

different PVP ratios: (a) 0%; (b) 5%; (c) 10%; (d) 20%. The colormap indicates absorbance.

To gain a better perspective on the film formation dynamics, the absorbance at 305 nm
versus time is plotted in Figure 4.4, showing the time evolution of the disappearance and formation
of different phases. From the figure, with the increase of the PVP ratio, not only the transition to
the intermediate phase is delayed, but also the amount of solution before the transition is increased.
These results indicate that PVVP can slow down the evaporation of the solvent and maintain a larger
amount of the solution, thereby enabling the formation of a soft and stable precursor film that can

be readily nanoimprinted.t8 In addition, for the 20% PVP case, the transition to the intermediate
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phase occurs at 25" second, which explains why the spin coating duration should be around 20 s
(Figure 4.2): at the 15" second, the 305 nm peak has not yet reached a plateau before the transition
to the intermediate phase, indicating the precursor film is not yet stable for the subsequent
nanoimprint, leading to cracks (Figure 4.2a); at the 30" second, the precursor film already reaches

the intermediate phase that is not soft enough to be nanoimprinted (Figure 4.2c).

Solution  Intermediate Perovskite
phase phase phase
0% PVP
5% PVP
—10% PVP
1.5 20% PVP 1

Absorbance (a.u.)

0.0 T T T T T T T T

20 40 60 80 100
Spin coatting time (s)
Figure 4.4 In-situ absorbance of perovskite solutions at 305 nm with different PVP ratios (0%,

5%, 10% and 20%).

4.3.3 Photophysical studies

In addition to facilitate the nanoimprint process, the effects of PVP on the threshold of the
ASE of the perovskites are also investigated since it is the most important parameter to evaluate a
gain material. To investigate the intrinsic optical properties of the perovskite films due to the

effects of PVP, planar perovskite films with and without PVP (20%) are fabricated by the same
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procedure using a planar PDMS mold. ASE measurements were carried out for these planar
perovskite films by a femtosecond pulsed laser at 400 nm. We found that the perovskite film
without PVP does not show ASE even at a very high energy fluence (185 uJ cm™), while the film

with PVP shows ASE at 531.3 nm with a threshold of 37 puJ cm (Figure 4.5).

—
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SR 1) R ——
28.7 udicm? ——28.7 uJiem?
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Figure 4.5 (a) Emission spectra of a planar perovskite film without PVVP; no ASE is observed even
at a high excitation fluence (185 wJ/cm?). (b) Emission spectra of a planar perovskite film with

20% of PVP; ASE peak starts to appear at an excitation fluence of 37.0 pJ/cm?.
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Figure 4.6 Transient absorption of planar perovskite films fabricated without (c) and with (d) 20%

of PVP; GSB is ground state bleaching; PIA is photo-induced absorption.
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To understand the mechanism behind the effect of PVP on the ASE performance, transient
absorption (TA) measurements are conducted on planar perovskite films to probe the charge carrier
dynamics using a pumping fluence of 53 pJ cm which is above the ASE threshold of the
perovskite film with PVP, and the results are shown in Figure 4.6. Here, ground state bleaching
(GSB) due to band-to-band transition is observed in both films. For the film without PVP (Figure
4.6a), photo-induced absorption (PIA) is observed at 530 nm during the initial 0.5 ps, thereafter
quickly followed by a broad sub-bandgap GSB. The initial PIA comes from the excited charge
carriers in the conduction band, while the sub-bandgap GSB comes from the occupancy of the sub-
bandgap defect states by the photo-excited carriers. Such a quick transition from the initial PIA to
the sub-bandgap GSB during the first 1 ps indicates a rapid loss of excited carriers from the
conduction band to the defect states, instead of accumulating carriers in the conduction band for
population inversion, and this is the reason why ASE cannot be observed. For the film with PVP
(Figure 4.6b), a strong PIA at 520 nm is observed, and sub-bandgap GSB was not observed,
leading to accumulation of excited carriers in the conduction band for population inversion and
hence ASE with a relatively moderate threshold. It has also been reported that PVP can passivate
the grain boundary and surface defects of perovskites.l?>24 Therefore, in this work, the improved
ASE performance by adding PVP can be attributed the reduced grain boundary defects by PVP
passivation. This is further supported by transient PL measurements (Figure 4.7), where the PL

lifetime is significantly extended with addition of PVP into the perovskite film.
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Figure 4.7. Transient PL of planar perovskite films with 20% of PVVP and without PVP.

4.4 Fundamentals of DFB Cavity Fine-Tuning

Although a facile approach of fabricating perovskite DFB cavities has been established in
this work, fine-tuning the cavity for an optimal overlap of the resonant wavelength (Ar) with the
gain spectrum is also crucial to realize an optimized laser performance. The gain spectrum can be
estimated from the ASE spectrum with a peak wavelength (Aase) corresponding to the gain
maximum at 531 nm from Figure 4.5b. Since the gain spectrum is an intrinsic property of the gain
material, the cavity fine-tuning is realized by manipulating Ar by tuning the cavity to match with
Aase.?®l However, in many cases, the exact value of Ar is unknown. As mentioned previously, to
reduce the amount of effort of fine-tuning a cavity, it is critical to determine the fine-tuning
direction, such that the tuning process is conducted in a guided way. Here, we introduce a
systematic approach to determine to fine-tuning direction, which consists of the analysis and

characterizations of optical modes in DFB lasers.
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4.4.1 Optical modes in DFB structures

We first analyze the optical modes in perovskite thin films and how they interact with the
DFB structures. In a planar perovskite thin film, due to the larger refractive index of the perovskite
than its surrounding air, the propagation of light undergoes total internal reflection when the
propagation angle is larger than the critical angle. In other words, only light with an in-plane
wavevector (k) less than the wavevector in the air (ko) can be outcoupled, forming air modes. Light

with a larger k value is trapped inside the perovskite film forming waveguide modes.
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Figure 4.8 Schematic diagrams showing the light outcoupling physics in a DFB structure: (a)
mode distribution of a planar thin film in the hv-k;; space; (b) mode distribution of a nanopatterned
thin film in the hv-kj space; (c) cross section of (b) along hv-ky plane at hvase; (d) cross section of

(b) along kx-ky plane with hv larger than the TM mode cross point.

We illustrate the dispersion of the optical modes in an energy-momentum space, where the

z-axis is the photon energy (hv) and the x-y plane corresponds to k (Figure 4.8a).[?81 From the
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diagram, the air mode forms a solid cone which defines the dispersion of the outcoupled light,
while the transverse electric (TE) and transverse magnetic (TM) waveguide modes (WG) form
hollow cones. Because the perovskite film is isotropic in the x-y plane, the optical modes are all
concentric circles with different radii: air < TM WG < TE WG. The radii of the waveguide cones
are large than that of the air cone because the waveguide modes are trapped inside the planar
perovskite film. When a grating structure is introduced to the perovskite film, the trapped
waveguide modes are diffracted, and the in-plane wavevector of the diffracted waveguide modes
become kwg’(A) = kwa(A) + m - k¢, where m is the diffraction order and kg = 21t/A is the grating
wavevector. In the mode dispersion plot, this is represented by a shift of the waveguide cones by
+ m - Kk leading to partial overlaps between the diffracted waveguide modes and the air cone

(Figure 4.8b).2%

For a surface-emitting DFB laser, the grating is responsible for both the cavity resonance

and surface emission, and the resonant wavelength is determined by the equation below:

kwe(r) = Kg (4.1)

This equation governs the second order diffraction to be kwg’(Ar) = kwc(Ar) — 2 - K=
—kwe(ARr), therefore the grating provides the optical feedback to revert the waveguide mode
propagation direction, which forms a resonance in the x-y plane normal to the grating grooves.
Equation (4.1) also results in the first order diffraction to be kwg’(Ar) = kws(Ar) — k=0, therefore
the resonance mode is diffracted towards the z-axis. Below the lasing threshold, multiple
waveguide modes across a broad range of wavelength are present. Above the lasing threshold,
given Ag in the gain spectrum, the resonance mode is amplified by stimulated emission thereby

suppressing the other modes, leading to surface-emitting lasing at Ag.
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Based on the understanding of the optical modes in the DFB structure, here we introduce
two approaches to guide the cavity fine-tuning process. The first approach aims at directly
determining Ar below the ASE or laser threshold by measuring the angle-resolved PL spectra
(ARPS), while the second approach uses the spatial pattern of the waveguide emission above the

ASE or laser threshold to determine the fine-tuning direction.

4.4.2 Angle-resolved PL spectra

In angle-resolved PL spectra (ARPS) measurements, the PL spectra of the perovskite film
are measured at different angles (Figure 4.9a), generating a 2D mode dispersion plot with the
vertical axis being the photon energy converted from the emission wavelength, and the horizontal
axis being the in-plane wavevector converted from the measurement angle. More details of the
characterization can be found in the experimental section. From Figure 4.8b, the first order
diffraction of the grating shifts the waveguide cones in the hv-k space by a vector of ke. When we
measure the ARPS normal to the grating grooves (along kg), the 3D mode dispersion along the ky
axis is shifted by kg in the hv-ky plane and falls within the air cone. Hence, the WG mode can be
extracted as two pairs of crossed stripes within the air cone, from which Ar can be determined as
the wavelength corresponding to the cross point (Figure 4.8c).*”] Note that both the TM and TE
waveguide modes can be present in the mode dispersion, therefore we can use a polarizer in the

ARPS measurements to differentiate them.

To illustrate the approach above, we first measure the mode dispersion of a nanopatterned
perovskite film using ARPS. From the plot, two pairs of crossed stripes are observed, which is
consistent with the measurements illustrated in Figure 4.9b. We infer that the upper crossed stripes
are the TM WG modes, while the lower crossed stripes are the TE WG modes, which is confirmed

by inserting a polarizer in the ARPS setup. Based on the cross point of the TE WG modes, we can
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determine that Ag is 570 nm (2.18 eV),?”1 which is far away from the ASE peak of 531 nm (2.34
eV). Therefore, to achieve an optimized laser performance, cavity fine-tuning should be conducted

to reduce Ar.

Optical
fiber

spectrometer

Rota r'y stage

Figure 4.9 (a) Schematic diagram showing the setup of the ARPS characterization. (b) ARPS

plot of a nanopatterned perovskite.

4.4.3 Diffraction pattern of ASE

The spatial pattern of ASE emission is another approach to determine the fine-tuning
direction, which relies on an understanding of the ASE diffraction pattern within the context of the
optical mode analysis in Figure 4.8. As described previously, the difficulty of cavity fine-tuning
occurs when Ar is out of the gain spectrum such that the waveguide modes at Ar cannot be
amplified, leading to the failure of laser emission, from which Ar cannot be determined.
Meanwhile, the waveguide modes at Aase are amplified resulting in ASE emission. Because the
ASE peak is much stronger than the other wavelengths, the spatial pattern of the extracted
waveguide modes at Aase stands out from the background, which can be visualized by cutting the
3D mode dispersion (Figure 4.8b) along the ky-ky plane at the ASE photon energy (hvase)
(Figures 4.8d). To illustrate this, consider the spatial patterns projected on a flat surface at a
distance of d (Figure 4.10). Each point in the kx-ky plane corresponds to a point on the flat surface
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(X, y) based on (kx, ky) = (Ko siné cosg, ko sinéd sing) and (x, y) = (d tané cosg, d tané sing), where
6 is the polar angle relative to the substrate normal direction, ¢ is the azimuthal angle in the x-y
plane. At small angles 6, (x, y) = (d-kx/ko, d-ky/ko), indicating the spatial pattern resembles the

mode dispersion in the ky-ky plane.
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" k space
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J/y bky )
v
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Figure 4.10 Schematic diagram showing the spatial pattern in the x-y plane resembles the mode

dispersion in the ky-ky plane.

Based on the illustration above, we can easily determine the fine-tuning direction when Ar
is out of the gain spectrum. Remember that Ar is located at the cross point of the TE WG modes
in the hv-ky plane (Figure 4.8c). If Ar is on the longer side of the gain spectrum (hvr < hvasg),
then the ASE diffraction pattern is manifested by crossed arcs in the ky-ky plane (Figure 4.11a); if
Ar is on the shorter side of the gain spectrum (hvr < hvasg), then the ASE diffraction pattern is
manifested by separated arcs in the ky-ky plane (Figure 4.11c). When Ar is within the gain
spectrum, the spatial pattern is laser emission, which is formed by just touching of the TE

waveguide arcs (Figure 4.11b).
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ASE
diffraction

Figure 4.11. (a) Mode dispersion in hv-Ky plane. Cut of the 3D mode dispersion along kx-ky plane
(b) when Ag is on the longer side of the gain spectrum (hvresonant < hvase), (€) when Ag is within the

gain spectrum, (d) when Ag is on the shorter side of the gain spectrum (hvresonant > hvase)

4.5 Results of DFB cavity fine-tuning

Based on the optical analysis and the ARPS characterization, we now introduce an effective
and systematic strategy to fine-tune the perovskite DFB cavities. First, instead of changing A that
can lead to a heavy workload as discussed previously, here we change the effective refractive index
(ngge) through changing the thickness of the perovskite film. It has been reported that n.¢ decreases
as the film thickness is reduced, indicating that the resonant wavelength also decreases as the film
thickness is reduced.?>?8] In this work, the film thickness is manipulated by varying the
concentration of the precursor solutions. Second, the ARPS characterization is used to determine
the resonant wavelength that is compared with the ASE wavelength, so that the direction of cavity

fine-tuning can be determined.
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To demonstrate the fine-tuning of the cavity, we first fabricate perovskite films having a
DFB structure (A=320 nm) using different solution concentrations (mass of PbBr, in DMSQ). The
films are then subjected to both laser and ARPS characterizations with results summarized in
Figure 4.12. In all ARPS plots, we can clearly identify the crossed upper TM mode stripes and the
lower TE mode stripes, from which the resonant photon energy (wavelength) in each condition is
also determined. In addition, the ASE photon energy (2.34 eV corresponding to 531 nm) is labeled
for comparison. For the concentration of 180 mg/mL, the resonant phonon energy is still smaller
than the ASE phonon energy, leading to a diffraction of ASE. In this case, the TE mode arcs in the
diffraction pattern are crossed. Therefore, the concentration needs to be further reduced to increase
the resonant photon energy. When the concentration is reduced to 150 mg/mL, the resonant photon
energy is further shifted upward, which is almost perfectly matched with the ASE photon energy,
leading to successful laser emission. In this case, the TE mode arcs just touch with each other,
forming a single bright stripe in the middle.l*?° Up to this point, the cavity is already successfully
fine-tuned, and 150 mg/mL has been identified as the optimized concentration. Further reduction
of the film concentration to 120 mg/mL results in a resonant photon energy much larger than the
ASE photon energy. In this case, the TE mode arcs are separated from each other, and only ASE
diffraction instead of laser emission is observed. As can be seen from these data, all the ARPS
plots are consistent with their corresponding photos of the emission patterns, confirming the

validity of the two characterization approaches.
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(a)

180 mg/mL

(b)

150 mg/mL

(c)

120 mg/mL

Figure 4.12. ARPS plots and diffraction patterns of nanopatterned perovskites fabricated with

different concentrations.

To better understand the importance of cavity fine-tuning for perovskite DFB lasers, the
laser performance with different solution concentrations is summarized in Figure 4.13. From
Figure 4.13a, we can clearly observe the change of the resonant wavelength with the solution
concentration, and 150 mg/mL gives a resonant wavelength located at the gain maximum. From
Figure 4.13b, both the threshold and the FWHM reach to the lowest values when the resonant
wavelength is located at the gain maximum of the perovskites, while a 10% deviation from the
optimal concentration can lead to two times higher lasing threshold. The laser performance of the

optimized concentration (150 mg/mL) is shown in Figure 4.13c&d. From the data, the threshold
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of the optimized perovskite DFB laser is 20 uJ cm™ with a FWHM of 0.86 nm. Therefore, cavity

fine-tuning for an optimal overlap of the gain spectrum with the resonant wavelength is critical to

achieve an optimized performance in perovskite DFB lasers.
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Figure 4.13 (a) correlation between resonant wavelength, effective index, and the solution

concentration. (b) Summary of the threshold and linewidth of perovskite DFB lasers fabricated

with different concentrations. (c) Emission spectra of the 150 mg/mL sample below and above the

laser threshold. (d) Threshold curve of the 150 mg/mL sample.

4.6 Conclusion

In this work, a facile and systematic methodology has been demonstrated with metal-halide

perovskites for fine-tuning the cavity of solution-processed surface-emitting DFB lasers. To

simplify the cavity-fabrication, a polymer polyvinylpyrrolidone (PVP) is added in the perovskite
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precursor solutions to assist direct nanoimprint. Through in-situ absorption measurements, PVP
has been found to maintain the amount of solution after spin coating, enabling the formation of a
stable and soft precursor film that is ready for straightforward nanoimprint to form well-shaped
gratings. Through transient absorption spectroscopy, PVP has been found to reduce the defect
density in the perovskite film, promoting the ASE performance. To accelerate the cavity fine-
tuning, a systematic analysis of the optical modes in the DFB structures is introduced. Through
the ARPS measurements, the resonant wavelength can be determined, which can accelerate the
cavity fine-tuning process. In addition, the spatial pattern of the ASE diffraction can also be used
for guiding the cavity fine-tuning direction. Lastly, based on the methodology, an optimized laser
performance with 20 uJ cm™ threshold and 0.86 nm FWHM has been achieved with largely

reduced efforts.

4.7 Methods
Preparation of Perovskite Precursor Solutions

Lead bromide (PbBr;) (99.999% trace metals basis), Polyvinylpyrrolidone (PVP), and
(dimethyl sulfoxide) (DMSO) (anhydrous > 99.9%) are purchased from Sigma Aldrich, while
methylammonium bromide (MABY) is purchased from Dyesol. The perovskite precursor solutions
are prepared by dissolving PbBr;, MABr and PVP into DMSO, where the molar ratio of MABT to
PbBr. is 1.5: 1.0, and the mass ratio of PVVP to PbBr; is varied with 0%, 5%, 10% and 20% for
studying the effects of PVVP on the film formation dynamics. The concentration of the solutions is
varied to manipulate the perovskite film thickness for fine-tuning the DFB cavities. The
concentration is indicated by the mass concentration of PbBr, in DMSO, ranging from 120 mg/mL
to 180 mg/mL with a step of 15 mg/mL. After mixing the solutes with the solvent, the precursors

are stirred at 70 °C for 1 hour for a complete dissolution before use.
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Fabrication of Perovskite Films

The nanopatterned perovskite films are fabricated by a direct nanoimprint method (Figure
4.1a). First, a precursor film is formed by spin coating the precursor solution on a cleaned glass
substate (cleaned by acetone and isopropanol sequentially in an ultrasonic bath). The spin coating
speed is 4000 rpm, and the spin coating time is tuned from 15 s to 20 s to achieve the best status
of the precursor film for the subsequent nanoimprint. Second, a nanopatterned
polydimethylsiloxane (PDMS) mold is placed on the precursor film, and the sample is subjected
to thermal annealing at 70 °C for 10 min to complete the perovskite crystal growth. The
nanopattern of the PDMS mold is replicated from a silicon master mold fabricated by interference
lithography, which is an 1D grating with a period of 320 nm. Third, after the thermal annealing,
the PDMS mold is peeled off, leaving the nanopatterned perovskite film ready for
characterizations. To maintain the same material properties while excluding the effects of grating
on optical characterizations, the planar perovskite films that are used for photophysical studies
(transient absorption, transient PL and ASE measurements) are fabricated with the same
procedures described above except that the PDMS mold is planar, which is replicated from a planar

glass substrate.

Scanning Electron Microscope
Scanning electron Microscope (SEM) is conducted by a Field Emission Scanning Electron

Microscope (FEI Verios 460L).

In-Situ Absorption Spectroscopy
The in situ UV-Vis transmittance measurements are conducted using a home-built setup
similar to the previous studies.* Filmetrics F20-UVX spectrometer with a deuterium-tungsten

light source (Filmetrics, Inc.) are used. Measurements are performed inside a nitrogen filled
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glovebox with H,O and O levels below 0.1 ppm and all the measurements are done on bare glass
substrates. Transmittance spectra are collected at a repetition rate of 10 Hz and an integration time
of 100 ms. Transmittance is converted to absorbance using the relation A = 2-10g10(T), where T

represents the transmittance.

Ultrafast transient absorption (UFTA) spectroscopy

Transient absorption (TA) measurements are performed using an amplified Ti:sapphire
laser system. Portion of the output from a 1 kHz Ti:sapphire Coherent Libra regenerative amplifier
(4 mJ, 100 fs (fwhm) at 800 nm) is split into the pump and probe beams. The pump beam is directed
into an optical parametric amplifier (Coherent OPerA Solo) to generate the 400 nm pump pulse
while the probe beam is delayed in a 6.6 ns optical delay stage. The probe beam is focused into a
CaF; crystal to generate the white light continuum spanning 400-700 nm. The two beams are
focused and overlapped into a spot on the sample. The transient spectra and kinetics are obtained
using a commercially available transient absorption spectrometer (Helios, Ultrafast Systems). All
the perovskite samples subjected to the characterizations are encapsulated with a cover glass and

an UV-curable epoxy.

Time-Correlated Single Photon Counting Spectroscopy

Time-resolved PL decays are measured using a time-correlated single photon counting
spectrometer from Edinburgh Instruments (LifeSpec 11). Chameleon Ultra 1l Ti:Sapphire
oscillator (Coherent) is used as the light source, generating 140 fs pulses with a repetition rate of
80 MHz. The laser is tuned to 800 nm and directed into a Coherent 9200 Pulse Picker to give a 4
MHz repetition rate for the experiments. Finally, the 400 nm excitation pulse used in these
experiments is obtained by frequency doubling (SHG HarmoniXX, A.P.E.) output from

Chameleon Ultra.
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ASE and Lasing Characterizations

ASE and lasing characterizations are both conducted by exciting the perovskite samples
with a 150 fs pulsed laser (400 nm, 1 kHz) and recording the spectra of the light emission in the
normal direction through a CCD spectrometer (from Mightex) at different excitation fluences. The
pulsed laser is obtained through the second harmonic generation of a 150 fs pulsed laser (800 nm,
1 kHz) from Quantronix Ingetra-C laser system. The laser beam size on the sample is around 2
mm in diameter. All the perovskite samples for the characterizations are encapsulated. To obtain
the diffraction patterns, a piece of white paper is put in the front of the excited perovskite samples,

with projection patterns recorded by photos.

ARPS Characterization

ARPS characterization is conducted by measuring the PL spectra of the perovskite samples
at different viewing angles (Figure 4.9a). Specifically, the nanopatterned perovskite sample is
fixed on a rotary stage, with the grating orientation along the vertical direction. A continuous wave
laser beam (408 nm) that is generated from a laser diode fixed on the rotary stage is used to excite
the perovskite sample from the glass side. The terminal of an optical fiber connected to a
spectrometer is fixed at the front side of the sample to record the PL spectra, with its height being
the same as the excitation spot on the sample. In addition, the excitation spot is within the rotation
axis, so that its relative distance with the optical fiber terminal is kept constant during the rotation.
When the sample is normal to the line connecting the excitation spot and the optical fiber terminal,
the angle is defined as zero; when the sample is parallel with this line, the angle is defined as + 90
°. By recording the PL spectra at different angles with a step of 1 °, the ARPS data with angle from
-90 ° to 90 ° and wavelength from 400 nm to 700 nm are obtained, from which the hv-ky plots are

generated.
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CHAPTER 5: SUMMARY AND OUTLOOK

5.1 Summary

The focus of this dissertation is on the applications of metal-halide perovskites in various
optoelectronic devices, including photovoltaics (PVs), light-emitting diodes (LEDs), and
distributed feedback (DFB) lasers. Each application is addressed by a corresponding chapter.

In Chapter 2, the importance of interfacial passivation in perovskite PVs has been revealed.
Here, aluminum-doped zinc oxide (AZO) is employed as the electron transporting layer (ETL) due
to a good thermal stability of perovskite films deposited on it. However, the device shows a low
short circuit current density and a large photocurrent hysteresis, which are attributed to the poor
interfacial properties between the ETL and the perovskite layer. To address this issue, a thin
interfacial modification layer of phenyl-C61-butyric acid methyl ester (PCBM) is employed,
leading to an increased photocurrent and fill factor, as well as a reduced hysteresis. The increase
in photocurrent and fill factor can be attributed to improved electron extraction facilitated by
PCBM, while the reduction in hysteresis can be attributed to the defect passivation of the interfacial
traps by PCBM. We demonstrated that PCBM functions as an effective interfacial defect

passivation material in perovskite solar cells having an AZO ETL.

In Chapter 3, the impact of ion migration on the operation of perovskite LEDs is studied
by transient measurements. From the measurements, we found that the electroluminescence (EL)
intensity, the current density and the device efficiency all show a slow response in a time scale of
tens of milliseconds. Through transient current measurements on single carrier devices, the data
reveal that the slow current response is due to a slow hole injection response which is attributed to
the migration and accumulation of the Br ions at the anode interface facilitating hole injection. On

the contrary, electron injection is not affected by ion migration. Such a different effect of ion
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migration on electron and hole injection leads to a strong charge imbalance, suggesting that to
enhance the device efficiency electron injection needs to be significantly enhanced to compensate
for the enhanced hole injection facilitated by halide ion migration. In addition, through
photoluminescence (PL) measurements under pulse voltage, we identified that the slow efficiency
response is mainly attributed to the enhanced charge injection which leads to an increased carrier
density favoring bimolecular radiative recombination. Our findings shed light on the
understanding of the device physics of perovskite LEDs, thereby paved the way for the future

design of device architecture and materials to realize the full potential of perovskites LEDs.

In Chapter 4, a facile and systematic methodology to fine-tune the cavity of perovskite
surface-emitting DFB lasers is developed. To simplify the cavity-fabrication, a polymer
polyvinylpyrrolidone (PVP) is added in the perovskite precursor solutions to assist direct
nanoimprint. Through in-situ absorption measurements, PVP has been found to maintain the
amount of solution after spin coating, enabling the formation of a stable and soft precursor film
that is ready for straightforward nanoimprint to form well-shaped gratings. Through transient
absorption spectroscopy, PVP has been found to reduce the defect density in the perovskite film,
promoting the amplified spontaneous emission (ASE) performance. To accelerate the cavity fine-
tuning, a systematic analysis of the optical modes in the DFB structures is introduced. Through
the angle-resolved PL spectra (ARPS) measurements, the resonant wavelength can be determined,
which can accelerate the cavity fine-tuning process. In addition, the spatial pattern of the ASE
diffraction can also be used for guiding the cavity fine-tuning direction. Based on the methodology,
an optimized laser performance with 20 pJ/cm? threshold and 0.86 nm FWHM has been achieved
with largely reduced efforts. More importantly, this methodology can also be applied to other

solution-processed DFB lasers, such as organic lasers and quantum dot lasers.
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5.2 Outlook

Although metal-halide perovskites exhibit good performance in various optoelectronic
applications, there is always a central issue, their poor stability, hindering them from practical
applications. The poor stability has two origins. One is due to the degradation of perovskite
materials under the exposure of moisture or oxygen, while the other is due to the degradation under
electric stress or illumination. The former can be tackled by good encapsulation techniques, which
should not be the most critical issue. In contrast, enhancing the stability of perovskites under
electric stress or illumination is the main challenge. It has been concluded that such an instability
is mainly due to ion migration in perovskites. Specifically, on one hand, ion migration leads to the
degradation of the perovskite layer itself; on the other hand, it can cross the interfaces in devices
resulting in degradation of other functional layers. Therefore, to address this issue
comprehensively, material scientists and device physicists should work more closely, not only to
suppress ion migration in the perovskite through material engineering, but also to suppress

interfacial ion migration by novel designs of device architectures.
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