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Abstract

Organic polymer and organo-metal halide perovskite (OMHP) materials have
attracted extensive attention during the past decade due to their various applications, like
solar cells, light emitting diode, even lasing action (OMHP). Especially, the organo-metal
halide perovskite solar cell shows a remarkable power conversion efficiency of about 20%,
which is comparable to the amorphous silicon solar cell. Therefore, OMHP solar cell had
been considered as a promising substitution for the next generation of renewable energy
source. The OMHP materials contain both advantages of organic and inorganic
semiconductors, like solution processable thin film fabrication, long-range ambipolar
transport characteristics, high dielectric constants, low exciton binding energies, and direct
bandgap. In this dissertation, Chapter 1 has been separated into two parts. First part presents
an introduction for different types of photovoltaic materials, including inorganic, organic,
and OMHPs semiconductors. Second part introduces the device fabrication of organic solar
cells, OMHP solar cells, and OMHP light emitting diodes. Chapter 2 shows the effect of
dipole-dipole interaction between electron donor (PTB7) and electron acceptor (PCBM) in
polymer based organic bulk heterojunction solar cell. Here, optically induced dipole-dipole
interaction can largely decrease the electron-hole binding energy at donor:acceptor (D:A)
based on the PTB7:PCBM bulk-heterojunctions. Chapter 3 demonstrates a systematically
study of spin dependent photo-generated e-h pairs recombination and dissociation
processes in OMHP solar cells by using external magnetic field combining with
photocurrent (PC) and photoluminescence (PL). In Chapter 4, the effect of interfacial layer
on photovoltaic performance in OMHP solar cells will be demonstrated. Meanwhile,
impedance measurement and e-h binding energy measurement will be used to demonstrate
how the interfacial dipole to affect the interfacial and bulk properties in OMHP solar cells.
Chapter 5 presents the study of pure free charge recombination processes as a function of
different densities of injection current by utilizing OMHP light emitting diodes. Chapter 6
study the current amplification and luminescence curve shape narrowing phenomenon
from OMHP devices under a simultaneously applied electrical excitation and

photoexcitation. Finally, Chapter 7 summarizes a conclusion for the entire dissertation.
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Chapter 1 Introduction

1.1 Different types of photovoltaic cells

1.1.1 Inorganic photovoltaics
The first silicon solar cell with over 6% efficiency had been developed in 1954 from

Bell Laboratory [1]. Recently, Gallium arsenide (GaAs) and Silicon (Si) based inorganic
solar cells have shown decent efficiencies about respective 29.1% and 25.6% [2]. These
efficiencies are close to the theoretical limitation of 30% in single junction cells [3].
Nowadays, inorganic solar cells have been commercial available and widely utilized
around the world for the past two decades. At the end of 2014, the cumulative photovoltaic
capacity reached about 178,000 megawatts (Mw), which shows almost a 265% growth as
compared to the accumulative photovoltaic capacity till the end of 2011 (67,400 Mw).
However, the number of the photovoltaic capacity is only to supply 1 percent (%) of global
electricity demands. Therefore, to further increase the capacity of the solar photovoltaics,
and meanwhile, reduce the cost are a very emergent mission to push the development of

photovoltaic energy in the world.

1.1.2 Organic photovoltaics
As compared to inorganic semiconductors, in which the atoms or ions are covalent-

bonded to for lattice structure, organic semiconductors are conjugated molecules [4]. In
organic semiconductor, the t conjugation molecular orbitals are formed by the overlap of
Pz orbitals of the carbon atoms in the molecules, which provides a pathway for the =&
electron to delocalize within the conjugated backbone, which is the origin of the electric
conductivity in organic conductive polymers (as shown in Figure 1-1, here we use
Polyacetylene as an example). On one hand, the bandgap of organic semiconductors is
defined as the energy difference between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). In general, the organic semiconductors
with high energy level of HOMO are thought as p-type materials due to their relatively

easily p-doped and hole transport characteristics. On the other hand, the organic



semiconductors with low energy level of LUMO can act as n-type materials due to the

relatively easily n-doped and electron transport characteristics.

(a)

(b)

Figure 1-1. (a) Chemical structure of Polyacetylene showing alternative single
and double bonds; (b) The schematic diagram of p, orbitals showing the overlap of ©

electron wavefunction.

As mentioned above, due to the overlap of Pz orbitals within the organic
semiconductors backbone that the organic semiconductors can demonstrate high intra-
molecular electric conductivity. However, due to the weak inter-molecular interaction
between two adjacent organic semiconductors (by Van der Waals force or hydrogen bond)
that the mobility of inter-molecular charge transport across two neighbor organic molecules
is more difficult than intra-molecular charge transport. As a result, the free charge carrier
mobility in organic semiconductors (~10° ¢cm?V’'s") is much lower than inorganic

semiconductors (~10° cm?V's™). Nevertheless, the higher absorption coefficient in the



organic semiconductors than that of inorganic semiconductors makes organic
semiconductors to absorb more photons to generate photocurrent.

For the past two decades, the power conversion efficiency of organic photovoltaic
cells shows a significant improvement’. Up to now, the highest published power
conversion efficiency (PCE) in organic solar cells is 11.5%. Even though the efficiency of
organic photovoltaic is just about half of the inorganic photovoltaic, however, the organic
photovoltaic show its own unique advantages, such as high flexibility, low cost, and easy
process for large scale application, which are not exhibited in inorganic photovoltaic
devices.

In addition to the low mobility in organic semiconductor, the higher binding energy
(Eb) of photoexcited exciton is also a crucial parameter leading to a lower efficiency in
organic solar cells than inorganic solar cells. Basically, the tight bond photoexcited exciton,
namely Frenkel exciton, in organic solar cells is originated from the low dielectric constant
of the organic semiconductors (g;, which is usually within the range of 2~4). Usually, the
binding energy of Frenkel exciton is in the range of 0.3 eV to 1 eV, which is much higher
than the loosely bond exciton, namely Wannier exciton (E, =10meV), in inorganic solar
cells. As a result, the photo-generated exciton in organic solar cells is much harder to be
dissociated than in inorganic solar cells. In order to effectively dissociate the photo-
generated exciton in organic solar cells, the bulk heterojunction type organic active layer
has been used in organic solar cells. The first bulk heterojunction type organic solar cell
was developed in 1992 from A. J. Hegger’s group [5,6]. They mixed one p-type organic
electron donate material and one n-type electron accept fullerene derivative to form the
bulk heterojunction donor:acceptor (D:A) interfaces in organic active layer. Moreover,
they found the ultra fast electron transfer happens within the D:A interface, which is due
to the sufficient energy band offset by mixing the electron donor and electron acceptor (as
shown in Figure 1-2). This important breakthrough in organic solar cells had brought the

development of organic photovoltaic into a new era.
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Figure 1-2. Ultra-fast charge transfer process in organic bulk-hetero junction active
layer

1.1.3 Organo-metal halide perovskites photovoltaics

Beside pure inorganic and organic solar cell, an organic-inorganic hybrid photovoltaic
material, namely organo-metal halide perovskite, has been a rising star in the field of
renewable energy. In general, organo-metal halide perovskites can be described by a
chemical formula of ABXj (as shown in Figure 1-3), where the A, B, and X sites are
occupied by organic cation, metal cation and halide anion, respectively. We should note
that organo-metal halide perovskites (CH3;NH3;PbX3, X=Cl, Br or I) have shown great
potential for PV application among other members in perovskites family [7-11]. In
addition, the diverse choices of either organic cation or halide anion enable to develop a
series of perovskites for enhancing PV actions [12-14], light emission [15-18], lasing
actions [19-21], and Rashba effect [22]. However, with the concern of the toxicity of lead
component, the lead-free perovskites have been developed, such as tin halide perovskites
[23-28].

In 2009, the first perovskite solar cell with a PCE of 3.81% has been reported by
Miyasaka et al. [29]. Two years later, Park ef al. have further enhanced the PCE to 6.5%
[30]. Till 2012, the high-efficiency perovskite solar cells have been demonstrated by Snaith
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Figure 1-3. Schematic crystal structure of organo-metal halide perovskites



et al. with the PCE reaching 10.9% [31]. During the past three years, the PCEs of perovskite
solar cells have shown an amazing growth from 10.9% to 20.1% [32]. In the application of
photovoltaic field, the organo-metal halide perovskites have demonstrate remarkable long-
range ambipolar charge transport characteristics [33], high dielectric constants [34,35], low
exciton binding energies [36,37], intrinsic ferroelectric polarizations [38,39], and spin-
dependent responses [40,41]. Clearly, these intrinsic photo-physics and spin-physics
properties indicate that the perovskites are the most promising candidates for developing
the next-generation PV cells.

First of all, long carrier diffusion lengths have been demonstrated by using
temperature dependent photoluminescence in solution processed polycrystalline organo-
metal halide perovskites, like CH3;NH;Pbl; (~ 100 nm) and CH3NH3Pbl; ,Clx (~ 1 pum)
[42,43]. These values are amazingly much higher than the diffusion lengths in polymer
photovoltaic semiconductors (~ 10 nm) [43]. Normally, longer diffusion length means
lower charge recombination and more efficient charge collection, and then, no doubt,
leading to better photovoltaic actions. Meanwhile, the respective electron and hole mobility
are similar with each other, so-called ambipolar charge transport. As a result, space charge
limited current will be dismissed significantly due to the balanced charge transfer.

Secondly, Hu et al. [34] have observed a high dielectric constant (~32) in
perovskites under dark condition. Furthermore, Juarez-Perez et al. [35] have shown that
the dielectric constant can be largely enhanced (~1000) under photoexcitation. More
recently, Lin ef al. [44] have estimated that high dielectric constant can lead to an ultralow
binding energy (<10 meV) in under light illumination in organo-metal halide perovskites.
It’s known that higher dielectric constant can lead to stronger dielectric screening effect,
and hence leads to lower exciton binding energy. Clearly, the dielectric constant plays a
crucial parameter in controlling the binding energy towards the generation of photocurrent
in solar cells.

Thirdly, ferroelectric properties in organo-metal halide perovskites can be
theoretically observed due to the distortion of crystal, especially the moving of center
heavy metal, which is lead (Pb) in organo-metal halide perovskites, caused structural

transition from orthorhombic phase to tetragonal phase [ 45 ]. Here, the intrinsic
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ferroelectric polarizations provide additional mechanisms, like enhancing the charge
transport and reducing charge recombination etc. [38,46], to control the key photovoltaic
parameters, including photocurrent (J,.), open circuit current (V,.), and fill factor (FF) in
perovskite solar cells.

In addition to the solar cells, organo-metal halide perovskites can also be introduced
to make spintronics device and light emitting devices. Two decades ago, Hirasawa et al.
[36] have reported the first magnetic field effects at low temperature (4.2 K) and high field
(> 20 Tesla) in the CH3;NH3Pbl;. However, at room temperature and low field it has been
a challenge to develop magnetic field effects in perovskites. Recently, magnetic field
effects have been shown at room temperature and low field (< 200 mT) in
photoluminescence and photocurrent in perovskites, leading to magneto-
photoluminescence and magneto-photocurrent [40,41]. Clearly, the results of magneto-
photoluminescence and magneto-photocurrent provide us a good start to study the spin-
physics in organo-metal halide perovskites.

On one hand, perovskites light emitting diode (LED) also attracts a lot of attention
recently. First perovskites LED had been published by Tan et al. [15]. After that, several
papers have reported the application of perovskites light emitting diode [15,18,17].
Especially, the emitting color of perovskites LED can be tuned from visible light to infrared
light by changing the type or ratio of halide components (I, CI', and Br’). This result gives
us a good opportunity to investigate the white light perovskites LED. Furthermore, the
lasing action from OMHP thin film and single crystals has been significantly investigated.
The color of OMHP laser can also be tuned by change the components within OMHP
crystal structure. In addition to the LED application and lasing action, the property of two
photons absorption has also demonstrated by G. Walters et al. [47]. They found that the
absorption coefficient of the perovskite single crystal shows a non-linear response
(CH3NH3PbBr3) to be 8.6 c/GW at 800 nm, which is comparable to epitaxial single
crystal semiconductors with similar bandgap. Based on the fact that the OMHP is a good
photovoltaic material for the solar cell application with an extremely low e-h pair binding
energy. Therefore, the significant light emission property from OMHP is a surprising

phenomenon because of that the low binding energy usually leads to a less recombination.
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However, the OMHP can still shows high recombination rate from respective electrical

excitation or photoexcitation, and consequence, lead to a strong light emission.

1.1.4 Working principle of organo-metal halide perovskite solar cells
The working principle of organo-metal halide perovskites solar cells is quite similar

to organic solar cells (as shown in Figure 1-4, 1-5). First of all, the photon from light source
has been absorbed by the OMHP material active layer, and, secondly, a photoexcited
electro-hole (e-h) pair have been generated by exciting an electron to the LUMO of OMHP
material and leave a hole in the HOMO. Thirdly, if the diffusion length of e-h pair is larger
than the domain size of electron donor OMHP material that the e-h pair can diffuse to the
D:A interface. Fourthly, the photoinduced electron transfer happens at D:A interface within
the time scale of femtosecond due to the strong electron affinity of electron acceptor
material. Finally, due to the built-in potential of the OMHP photovoltaic cells that the
separated electron and hole can diffuse to respective cathode and anode, and then generate
photocurrent. However, there are two major differences in the generation of photovoltaic
response as compared to the organic solar cells. First, due to the extreme low electron-hole
binding energy that the photo-generated electron-hole pairs can be dissociated
spontaneously without bulk-heterojunction structure, and the charge dissociation can be
happened in the time period of picoseconds [19]. Second, as mentioned in the previous
section that the organo-metal halide perovskites can show ambipolar charge transfer
characteristics, which means the electron and hole has similar charge mobility. Therefore,
the “acceptor” layer of organo-metal halide perovskites solar cell can use either electron
acceptor materials or hole acceptor materials, which is different as compared to organic
solar cells (organic solar cells can only use electron acceptor materials to form bulk
heterojunction structure, which is due to the unbalanced charge mobility between free
electron and free hole in donor materials). Therefore, we do have a more flexible device
making engineering of organo-metal halide perovskite solar cells than the polymer based
organic solar cells, which can give us more room to further advance the device making

engineering and leading to a higher device power conversion efficiency.
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Figure 1-5. Working principle for the organo-metal halide perovskite and bulk
heterojunction solar cells.

1.2 Device fabrication of organo-metal halide perovskite photovoltaic and
light emitting cells

1.2.1 Organo-metal halide perovskite photovoltaic cells
In this part, two different types of OMHP photovoltaic cells will be introduced.

First one is p-i-n type, the other one is n-i-p. In both device structures, the OMHP active
layer is sandwiched between one n-type electron transfer layer and one p-type hole transfer
layer. The difference of these two device structure is the order of layers stacking.

p-i-n type of OMHP photovoltaic cells: The OMHP precursor was prepared by
mixing Methylammonium iodide (MAI) and lead chloride (PbCl;) in anhydrous
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dimethylformamide (DMF, Aldrich) with a mole ration of 1:1. The overall solution
concentration was 40 wt%. The perovskite precursor was then stirred for 12 hours at 60°C
and followed by filtration with a 0.45um PVDF filter. The OMHP (CH;NH;3Pbl;(Cly)
solution was spin-cast with the film thickness of 300 nm on the ITO/PEDOT:PSS
substrates, followed by thermal annealing at 90°C for 2h. After the thermal annealing the
color of the OMHP thin film will be transferred from green color to black color (as
shown in Figure 1-6). The Phenyl-C;;-butyric acid methyl ester (PC7;BM) was spin-
coated with the thickness of 100nm (from the 1,2-Dichlorobenzene solution with the
concentration of 15mg/ml) as an electron transfer layer on the thermally annealed
perovskite films. The TiOx was prepared by adding a 0.026M HCI (diluted in isopropanol
alcohol) into a 0.46M titanium isopropoxide solution (diluted in isopropanol alcohol) with
stirring for 12 hours and then filtered with a 0.2 um PTFE filter. The TiOx thin films were
spin-cast with the thickness of about 35 nm on the PC;;BM/perovskite/PEDOT:PSS/ITO
substrates and then thermally heated at 130°C for 10minutes. The aluminum (Al) electrodes
were thermally deposited with film thicknesses of 150 nm under the vacuum of 7x107 torr.
The perovskite solar cells were finally fabricated with the device structure of
ITO/PEDOT:PSS/CH3NH;Pbl;Cly/PC7BM/TiOx/Al

n-i-p type of OMHP photovoltaic cells: The perovskite was prepared by mixing
methylammonium iodide (MAI) and lead chloride (PbCI2) in
anhydrousdimethylformamide (DMF) (Aldrich) with a ratio of 3:1. The total solution
concentration was 40 wt%. The precursor was then heated at 60°C for 12 hours while
stirring and then was filtered by a 0.45 um PVDF filter. The TiOx was prepared by adding
a 0.026M HCI (diluted in isopropanol alcohol) into a 0.46M titanium isopropoxide solution
(diluted in isopropanol alcohol) with stirring for 12 hours and then filtered with a 0.2 pm
PTFE filter. The TiOx thin films were spin-cast with the thickness of about 45 nm on the
PC7BM/perovskite/PEDOT:PSS/ITO substrates and then thermally heated at 450°C for 30
minutes. Then the as prepared mixture of MAI and PbCI2 solution was spin-cast onto the
TiOx layer with the thickness of around 300 nm and annealed at 90 °C for 2 hours.
Afterwards, hole transport materials (P3HT or PTB7) was dissolved in chlorobenzene

(Aldrich) with a concentration of 2 wt%, and then deposited with the thickness of 60 nm
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on top of the perovskite active layer. Finally, the gold (Au) electrode were thermally
deposited with film thicknesses of 60 nm under the vacuum of 7x107 torr. The perovskite
solar cells were finally fabricated with the device structure of ITO/TiOy/CH3NH;3PbI;.
«Cly/P3HT(PTB7)/Au.

1.2.2 Organo-metal halide perovskite light emitting diode
The TiOx was prepared from the Ti(OCs;H7)s precursor and used as an electron-

injecting layer with the thickness of 35 nm on the pre-cleaned ITO substrates. The TiOx
films on ITO substrates were then thermally annealed at 450°C for 30 minute, and then
gradually cooled down to room temperature. Here, we use two types pf OMHPs as our
light wmitting layers, the first one is CH3NH;3Pbls, the second one is CH3;NH3;PbBr3. The
organo-metal halide perovskite precursors were prepared by mixing Methylammonium
iodide (MAI) separately with lead iodide (Pbl,) or lead bromine (PbBr;) in anhydrous
dimethylformamide. Specifically, the precursor of organo-metal halide perovskites were
prepared by mixing MAI and Pbl, (PbBr;) with the molar ratio of 1:1. The CH3;NH;3Pbl;
perovskite precursor was then stirred for 12 hours at 60°C and followed by filtration
(0.45um PVDF filters). The CH3NH3Pbl; perovskite thin film was fabricated by first spin
coating organo-metal halide perovskite (CH;NH;Pbl;) film followed by thermal annealing
0f' 90°C for 120 mins. The overall thickness of the CH;NH3Pbl; perovskite films are around
50 nm. The CH3NH;3PbBr3. perovskite precursor was then stirred for 30 minutes at 60°C
and followed by filtration (0.45um PVDF filters). The CH;NH3PbBr; perovskite thin film
was fabricated by first spin coating CH3;NH3;PbBr3; solution followed by thermal annealing
of 100 °C for 10 minutes. The overall thickness of the CH;NH;PbBr; perovskite films are
around 50 nm. The MoO; was vacuum deposited with the thickness of 10 nm on top of the
perovskite interfa ce to serve as a hole-injecting layer. The silver (Ag) electrodes were then
vacuum deposited with the thickness of 100 nm on the hole-injecting MoOs layer. The
vacuum depositions were done under the pressure of 7x107 torr. The perovskite light-
emitting devices were finally fabricated with inverted architecture: Ag/MoOs/CH3;NH3Pbl;
(CH3NH3PbBr3)/TiO/ITO (Forward: Ag-positive and ITO-negative. Reverse: ITO-

positive and Ag-negative).
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1.2.3 Organic bulk-heterojunction solar cell

The experimental studies were performed based on the typical solar cell:
PTB7:PCBM bulk-heterojunctions. The photovoltaic materials (PTB7 and PCBM)
together with electrolyte PFN were purchased from 1-material Chemscitech and used to
fabricate the ITO/PFN/PTB7:PCBM/Mo00Os/Ag devices. The PFN was spin-coated on pre-
cleaned ITO glass substrates from a solution of 2mg/ml in methanol with a small volume
of acetic acid (2ul/ml). The PTB7:PCBM composite was prepared with the weight ratio of
1:1.5 in chlorobenzene/1,8-diiodoctane mixture solvent (97ml:3ml). The concentration of
PTB7:PCBM composite solution was set at 25mg/ml. The PTB7:PCBM films were spin
cast with the thickness of 100nm on the charge-transporting PFN layers. The charge-
transporting MoQOs layers and Ag electrodes were thermally deposited under the vacuum of

7x107 torr with film thicknesses of 10nm and 40nm, respectively.

100°C 60 mine
RMS:8:2nm

13. 748

0 10 20
um

Figure 1-6. The picture of organo-metal halide perovskite thin film before (a) and
after (b) thermal annealing. (¢) Atomic force microscope (AFM) image for the
morphology of organo-metal halide perovskite.
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1.3 Magnetic Field Effect on Organic Semiconductors

The excited states in organic semiconductors could be separated into two different
species, which are exciton (short separation distance between electron and hole) and
polaron pairs (long separation distance between electron and hole). Here, the lifetime for
both singlet exciton and triplet exciton are 10” seconds and 10 second, respectively
[49,50]. On the other hand, the lifetimes for singlet polaron pair and triplet polaron pair are
respective 107" second and 10®~10" second [51]. The spin exchange energy of excited
pair state can be described by
J=Jy exp (B(rerp) (1)
Here, 3 and J) are constant of exchange interaction and radius constant, which are directly
related to the intrinsic property of materials. Here, we can see it clear that the spin exchange
of excited pairs is related to the separation distance between electron and hole (7.-73).

In m-conjugated polymer, the energy difference between singlet exciton and triplet
exciton (AEst) is about 1 eV [52,53], which is related to the spin exchange interaction.
However, the AEst in singlet polaron pair and triplet polaron pair is not just from spin
exchange interaction, the hyperfine interaction is also getting involved [54]. In general, the
energy of 1 Oersted of external magnetic field is about 10® eV, which implies that
disturbing the intersystem crossing (ISC) of exciton is hard due to the large spin exchange
energy of exciton state. Nevertheless, the AEst of polaron pair is twice larger than the spin
exchange energy of polaron pair (J), in which J is directly related to the separation distance
of electron-hole. Therefore, the external magnetic filed can then disturb the ISC of polaron
pair due to the longer electron-hole separation distance than exciton. By using the
Coulombic attraction to calculate the spin exchange energy that we can get a calculated
spin exchange energy at the range between 10 mel to 100 melV [55]. Due to the lower spin
exchange energy that the external magnetic field may can disturb the intersystem crossing

rate of polaron pairs.

1.3.1 Spin-orbit coupling
From classical electro-magneto theory, the electron motions around nucleus. Here,

the tangential velocity is v, and we can get a coulombic electric field between electron and

proton, which can be described as
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E=V¢(r) = EV¢(T) =T dr (2)

Here, a magnetic field could be generating through the electrical field from the orbital
motion of electron:

= — L OxE (3
Therefore, the spin state of the electron could be affected by this magnetic field, namely
spin-orbit coupling (SOC). Here, the Hamiltonian of the SOC could be described as:

—

— 1 1avg 7
Hso = 2m2c? rar L (4)
2
Here, the atom radius is » = nzao, and the Coulombic potential is V = — :g - In which,
0
. 41TEh? . . . .
the Bohr radius is a, = :f‘;z , and therefore, we can then get the Spin-orbit Hamiltonian:
e
—_— _ 1 62 1 3 > -
Hso = 4meg 2mic? ( 24”80h2) S-L )
n mee?

Under excited states, we set the wave function of electron as |¢p >, and therefore, we can
calculate the energy of SOC:

—

—

Eso =< ¢ |H,,

¢ >~ a*m,c?~1073 eV (6)

1 e? 1 .
— —~ — is constant of fine structure.
4megy hc 137

in which, a =

1.3.2 Hyperfine interaction

Hyperfine interaction is the interaction between the spin momentum (S) of electron

and the orbital momentum (f ) of proton, which can contribute different magnetic field
effect as compared to SOC. Here, we can describe the hyperfine interaction as

= MO — o\ A — 21“’0—) —
1= WB(#I P)F — ] + T.UI‘SS(?") (7)

and the Hamiltonian of hyperfine interaction can be described as

Hogpe? [3(5_1;-77)(5_3’-?)—s_p’-s_e’]Jruogpe2

3
8mm,m, r 3m,m,

Hu = —Hs B = 5, 5e83(F) (8)

p
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in which, the magnetic momentum of nucleus is (i; = %g) and electron magnetic
P

momentum is i, = — mi ST)e Through the calculation of first order perturbation energy that
e

we can then estimate the energy of hyperfine interaction:

Eyo =< ¢ |Hyp| ¢ > ~1077 eV 9)

1.3.3 Spin exchange interaction
Polaron pairs and excitons can demonstrate different spin exchange energies due to

the different separation distance of electron-hole and the wavefunction overlap between

electron-hole. Here the spin exchange interaction can be described as
02

J01) = [ 00000~ 9. ) pnr)drdn, = Joexpl-atr, = )] (10)
in which, ¢.and ¢ are the wavefunctions of respective electron and hole, r,and r,are the
spatial position of respective electron and hole.

In general, electrons and holes are considered as Fermion, and their total
wavefunction are anti-symmetry with each other. Therefore, through Pauli principle we
can know that the overlap of spatial wavefunction of triplet state is lower than singlet,
leading to a longer lifetime of triplet than the lifetime of singlet. Here, the energy of spin

exchange interaction can be described as

E=E, - (r)( 2 51 52) £, +{](r)(Singlet,S =0) } (11

—J(#)(Triplet,S = 1)
In organic semiconductors, the spin exchange energy of electron-hole can be presented as
Hen = —J(rur)Se - Sy (12)
1.3.4 Zeeman effect

When an atom is placed under external magnetic field that the energy of triplet state
can be change, which is called Zeeman effect. The total Hamiltonian of a single atom in a

magnetic field is

H=H,+H, (13)

H is the unperturbed Hamiltonian and /. is the perturbed Hamiltonian due to the
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external magnetic field B, and H, can be determined by

H,=—ji-B (14)
m

Here, ji is the magnetic momentum:

—

i=—-pp-g-= (15)

where, M is total electronic angular momentum including orbital angular momentum L
and spin angular momentum S. g 1s the g factor. Therefore, the magnetic momentum

could be re-described as

] g-L+gsS
M=—MB'9'ITS (16)

Where, ugis Bohr magneton (ug = %), and g| =1 and gg = 2.0023192, which is the

anomalous gyromagnetic ratio. As a result, the perturbation from the external magnetic

field can be shown as:

e — -
H, = o (L +2S) - Bex: (17)

Here, the competition between the internal field and the external field determines whether

the Zeeman splitting can happen.
1.3.5 Magnetic field effect on intersystem crossing in organic semiconductors

As we had mentioned in the past four sections that the intersystem crossing rate of
polaron pairs in organic semiconductors can be manipulate by four different mechanisms,
which are spin-orbit coupling, hyperfine interaction, spin exchange energy, and Zeeman
effect. Here, the external magnetic field we applied can compete with the above four
mechanisms, leading to change the singlet/triplet ratio (magnetic field response) in organic
semiconductors (as shown in Figure 1-7). When the life time of polaron pair is shorter than
the spin relaxation time, the only factor to manipulate the spin can only be the external
magnetic field. Thus, the thermal energy (which may exceed the exchange energy by

external magnetic field) cannot affect the spin motion processes [56].
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Figure 1-7. Schematic diagram for the magnetic field effect on resistance,
photocurrent, photoluminescence and electroluminescence [57].
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Chapter 2 The Optically Induced Dipole-Dipole
Interaction Effects on Charge Dissociation at
Donor:Acceptor Interfaces in Organic Solar cells under
Device-Operating Condition

2.1 Introduction

Low bandgap polymers are critical components towards developing high-efficiency
organic solar cells with facial materials processing and large-area properties [58-64]. Using
coexisted electron-donating and electron-withdrawing units forms an important approach
to design advanced photovoltaic polymers with low bandgaps for developing efficient solar
cells [65-67]. The typical photovoltaic polymer, namely polythieno[3,4-b]-thiophene-co-
benzodithiophene (PTB7), contains both the electron-donating Benzodith-iophene (BDT)
and the electron-withdrawing thienothiophene (TT) moieties [60,68]. As a consequence, a
photoexcitation can generate local electric dipoles between electron-donating and electron-
withdrawing moieties, namely intra-chain dipoles, in the donor PTB7 chains [69-74]. The
optically generated dipoles have been estimated by calculating the dipole-moment change
from ground state to excited state [72-74]. It should be pointed out that the widely used
acceptor molecules of fullerene derivatives possess very high polarizabilities in exposure
to an electric field [75,76,77]. With the high polarizabilities a photoexcitation can largely
polarize the fullerene molecules, leading to optically polarized acceptor molecules. In this
situation the dipole-dipole interaction can be established between donor and acceptor
components in bulk-heterojunction solar cells. In principle, the optically induced dipole-
dipole interaction can influence the charge dissociation, transport, and collection through
drifting field, and consequently changes the Js., V,., and FF in bulk-heterojunctions. In this
chapter, we demonstrate optically induced dipole-dipole interaction effects on the e-h
binding energy at D:A interfaces based on the typical PTB7:PCBM solar cells. Our
experimental measurements combine two simultaneous procedures: (i) applying the
double-beam 532 nm and 325 nm excitations to establish the dipole-dipole interaction

between donor and acceptor components and (ii) using magneto-photocurrent to monitor
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the charge dissociation at the D:A interfaces, in the PTB7:PCBM bulk-heterojunction solar
cells. Specifically, adjusting the double-beam 532 nm and 325 nm excitations can generate
three different excited situations: (i) the donor only, (ii) acceptor only, and (ii1) both donor
and acceptor components to control the dipole-dipole interaction. At the same time, we use
magneto-photocurrent with an external electric field to measure the critical bias required
to completely dissociate the electron-hole pairs at the D:A interfaces when the dipole-
dipole interaction is established between donor and acceptor components. Therefore,
combining double-beam excitation with magneto-photocurrent can reveal the dipole-dipole
interaction effects on the electron-hole binding energy at the D:A interfaces in bulk-
heterojunction solar cells.

The magneto-photocurrent phenomena were originally observed from the
photoconduction in pristine organic materials in a low field (< 10 mT) in 1970s [78-80]. In
recent a few years, the magneto-photocurrent studies have been extended to bulk-
heterojunctions in organic solar cells [81-84]. In general, the magneto-photocurrent
phenomena can be observed when a magnetic field disturbs the populations of different
spin states during the generation of photocurrent. Before applying a magnetic field,
different spin states can reach certain populations governed by the spin mixing, caused by
hyperfine or spin-orbital coupling, and spin-conserving, generated by spin-exchange
interaction. In most organic materials where hyperfine interaction is a primary factor
responsible for spin mixing normally occurring below 10 mT due to negligible spin-orbital
coupling, the spin-exchange interaction can essentially determine whether a magnetic field
can disturb the populations of different spin states above the hyperfine regime by
introducing in-phase or out-phase spin precessions [85]. In general, the different spin states
can exist on both intramolecular and intermolecular states in organic solar cells. The
intramolecular states are mainly Frenkel excitons while the intermolecular states present
as polaron pairs and charge-transfer complexes. In general, the Frenkel excitons do not
exhibit appreciable magneto-photocurrent due to strong spin-exchange interaction which
tightly governs the spin populations [81,83]. However, the polaron pairs and charge-
transfer states can generate appreciable magneto-photocurrent signals at room temperature

[78,81,83]. The experimental studies have shown that a magnetic field can easily disturb
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the spin-conserving or spin-mixing in polaron pairs and charge-transfer states due to weak
spin-exchange interaction [81,83,84,86]. Specifically, in pristine organic materials the
polaron pairs can generate a low-field magneto-photocurrent within hyperfine regime (<
10 mT) due to negligible spin-exchange interaction [83, 87 ]. However, in bulk-
heterojunctions the low-field magneto-photocurrent from polaron pairs becomes un-
detectable [81]. This indicates that the polaron pairs are completely dissociated by the D:A
interfaces. Instead, a new magneto-photocurrent can be observed above the hyperfine
regime (> 10 mT) due to appreciable spin-exchange interaction in organic solar cells [81].
These new magneto-photocurrent signals above hyperfine regime have been attributed to
the electron-hole pairs at D:A interfaces. In this work, we select the PTB7 and PCsBM as
donor and acceptor to fabricate the bulk-heterojunction PTB7:PC¢BM solar cells. In
particular, the separated absorption spectra between PTB7 and PC¢BM allows that the
donor and acceptor components can be separately excited by using double-beam 532 nm
and 325 nm excitations in the PTB7:PC¢BM solar cells. Based on the PTB7:PC¢BM
system with separated optical absorption spectra, combining the magneto-PC with an
external bias provides an experimental method to explore the electron-hole binding energy
at the D:A interfaces in the PTB7:PCsBM solar cells when the electrical interaction is
optically changed by separately exciting the donor only, acceptor only, and both donor and
acceptor components. Essentially, the electron-hole binding energy at the D:A interfaces
can be evaluated by the critical bias required to completely quench the magneto-PC

generated by electron-hole pairs in the PTB7:PCBM solar cells.

2.2 Experiment

The device making procedure has been introduced in chapter 1. The effective
device operating area is 6 mm” under simulated sunlight illumination and 3.14 mm?” under
CW laser light illumination. The current-voltage (/-}) characteristics were measured by
using Keithley 2400 source meter under simulated sunlight (Thermal Oriel 96000 300 W
from Newport) and continuous wave (CW) laser excitations (532nm and 325nm). The
capacitance-frequency measurement were performed under different frequencies by using
a dielectric spectrometer (Agilent E4980A LCR). The magneto-photocurrent signals were

recorded by measuring the short-circuit current as a function of magnetic field. The control-
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experiments indicate that the observed magneto-photocurrent is originated from the
electron-hole pairs at the D:A interfaces in the PTB7:PCsBM solar cells by comparing
pristine donor-PTB7 and the PTB7:PC¢BM bulk-heterojunctions. The magneto-

photocurrents were recorded by measuring the photocurrent (J;.) as a function of magnetic

Ip—Ig

field at room temperature. The magneto-photocurrent amplitude is defined as , where

0

the Iz and [ are the photocurrents with and without magnetic field at short-circuit
condition. By combing the magneto-photocurrent measurements with a reversed external
bias, the electron-hole binding energy at D:A interfaces was evaluated by the critical bias
required to completely quench the magneto-photocurrent signal at different excitation
intensities. The dipole-dipole interaction between donor and acceptor components were
optically tuned by separately exciting (i) the donor-PTB7 only, (ii) the acceptor-PCsBM
only, and (iii) both the donor-PTB7 and acceptor-PCgBM, in the PTB7:PC¢BM solar cells
with using the double-beam excitation of 532 nm and 325 nm. All measurements were

performed under nitrogen gas atmosphere at room temperature.

2.3 The observation of CT states formation and dissociation by

magneto-photocurrent measurement

Figure 2-1 (a) shows the magneto-PC signals measured above the hyperfine regime
from the ITO/PFN/PTB7:PCsoBM/Mo00O3/Ag device under two different excitations by
using (i) 532 nm beam of exciting the donor-PTB7 and (i1) simulated sunlight of exciting
both donor and acceptor components. When the 532 nm beam of 100 mW/cm? is used to
only excite the donor-PTB7, a magneto-PC signal can be clearly observed in the
PTB7:PCsBM solar cell. The observed magneto-PC indicates that the electron-hole pairs
are formed as charge-transfer states at the D:A interfaces during the generation of
photocurrent. However, when the simulated sunlight at one-sun condition (100 mW/cm?
white light) is used to excite both donor and acceptor, the magneto-PC becomes non-
detectable in the PTB7:PCsBM solar cells. We note that the 532 nm laser beam of 100
mW/cm? is stronger than the simulated sun light at one-sun condition by a factor of 2.6.
However, further increasing the simulated sun light to three-sun condition (300 mW/cm?)

does not generate any detectable magneto-PC signal. When the 532 nm laser beam intensity
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decreases to 24 mW/cm? to only excite the donor-PTB7, slightly lower than sun light (one-
sun condition), a magneto-PC signal can be still observed (Figure 2-1 (a)). Therefore, our
experimental observation indicates that exciting both donor and acceptor by using
simulated sunlight disables the formation of electron-hole pairs at D:A interfaces in the
PTB7:PCsBM solar cells. This phenomenon opens an important question: how can the
simulated sunlight completely dissociate the electron-hole pairs at the D:A interfaces?
Here, we propose that the simulated sunlight generates an electrical interaction between
donor and acceptor components by exciting both the donor-PTB7 and acceptor-PCsBM,
and consequently dissociates the electron-hole pairs at the D:A interfaces. Essentially,
exciting both donor and acceptor generates an electrical dipole in the PTB7 through
intramolecular charge transfer and the electrical polarization in the PCsBM through
excited states, leading to a dipole-dipole interaction between the PTB7 and the PC¢BM in
the PTB7:PC¢BM solar cells (Figure 2-1 (b)). Specifically, exciting the donor-PTB7
generates both excitons and electrical dipoles. Exciting the acceptor-PCsBM can lead to
largely polarized acceptor molecules due to high polarizabilities. As a consequence, the
dipoles in donor and the polarized acceptor can experience a dipole-dipole interaction
between the PTB7 and PCsBM components. The photoluminescence quenching shows
that the photoexcited excitons can predominately dissociate into free carriers in donor and
acceptor components [88,89]. But, the free carriers can partially recombine into electron-
hole pairs, namely charge-transfer states, at the D:A interfaces [90-92]. Obviously, the
electron-hole pairs are exposed to the dipole-dipole interaction formed between the donor
and acceptor components during the generation of photovoltaic actions (Figure 2-1 (c)).
Here, we can see that the dipole-dipole interaction between donor and acceptor components
provides a primary driving force to dissociate the electron-hole pairs at the D:A interfaces
in bulk-heterojunction solar cells.

We should note that the optically generated dipoles in the donor-PTB7 are the
necessary parameter in the dipole-dipole interaction between the PTB7 and PCsBM
components. To confirm the optically generated dipoles in PTB7, we investigate the

capacitance-frequency (C-f) characteristics upon simulated sunlight illumination. It is
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Figure 2-1. (a) Magneto-photocurrent in ITO/PFN/PTB7:PCsBM/Mo003/Ag device by
separately using by 532nm CW laser light (100mW/cm® and 24mW/cm?) and simulated
sun light (1 sun, 2 sun, and 3 sun). (b) The diagram to show intra-chain dipoles (blue arrow)
in donor-PTB7 and optically induced polarization (red arrow) in acceptor-PCBM. (c¢) The
diagram to show optically generated dipole-dipole interaction formed between donor and
acceptor components to dissociate electron-hole pairs at D:A interfaces in PTB7:PCBM
bulk-heterojunctions. Two arrows represent dipole and polarization in donor and acceptor
with dipole-dipole interaction.
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known that the low and high-frequency C-f characteristics are generated by electrode
interfaces and bulk in the electrode/semiconductor/electrode devices [93]. Essentially, the
high-frequency C-f characteristics can reflect the bulk polarization upon applying light
illumination. Figure 2-2 shows the high-frequency C-f characteristics based on single layer
PTB7 and P3HT devices with the architecture of Ag/polymer/Ag. We can see that
increasing simulated sun light intensity from 0.3 sun to 1 sun condition can cause a much
larger change (19%) in the Ag/PTB7/Ag device as compared to a much smaller change
(7.8%) in the Ag/P3HT/Ag device at high frequency regime (> 1.0x10° Hz), as shown in
Figure 2-2 (a) and (b). This indicates that the PTB7 exhibits stronger bulk polarization than
the P3HT under optical excitation. The PTB7 chain possesses an intramolecular donor-
acceptor structure between BDT and TT units, forming a mechanism to generate an
electrical dipole upon optical excitation. However, the P3HT chain lacks the mechanism
to generate an electrical dipole due to the absence of intramolecular donor-acceptor
structure. Therefore, the observed stronger bulk polarization provides an evidence to
confirm the formation of optically generated dipoles in the PTB7 upon light illumination.
Now we consider whether optically generated dipoles can be partially aligned in the PTB7
by built-in field. We know that the PTB7 is formed amorphous structure in a spin-cast film.
In principle, an amorphous structure can lead to random dipoles, causing negligible net
dipole moment in the PTB7 film. In this situation the electrical interaction between the
donor-PTB7 and the acceptor- PC¢BM would be difficult to influence the charge
dissociation at the D:A interfaces in the PTB7: PCsBM solar cells. However, the optically
generated dipoles can be partially aligned through dipole migration within an amorphous
PTB7 chain under the influence of built-in field in electrode/polymer/electrode devices.
We can see in Figure 2-2 (c) and (d) that applying a reverse bias of -0.9 V can largely
increase the high-frequency C-f'signal by 11.9% in the Ag/PTB7/Ag device but only 3.3%
in the Ag/P3HT/Ag device. This result shows that an external field can interact with the
optically generated dipoles in the PTB7 and largely increases the bulk polarization. This
provides an experimental information to support that optically generated dipoles can be

partially aligned, leading to a net dipole moment in the amorphous PTB7 for generating an

24



2.0 2.0 _
~19 (a) One sun condition — (b) One sun condition
e Ag/PTBTIAg L1.9; AgIP3HT/Ag
o8 1.8
1.7 -0.9V AC/C=11.9% S, -
©1.61 ©
Gy 51.6 0.9V AC/C=3.3%
c1.51 o1.
©1.4] 21 5
S ov S

' 5.0x10° 1.0x10° 1.5x10° 2.0x10° ' 5.0x10° 1.0x10° 1.5x10° 2.0x10°
Frequency (Hz) Frequency (Hz)
2.0 .

A%S (C) Bias:-0.9V —~1.9 (d) Bias:-0.9V

18] AgPTBTIAGl =18 Ag/P3HT/Ag

"1:7~Q/C=19% : o 1.7

gt&& -k §1.6 AC/C=7.8% 1sun

g1.5~¥ g15

'01.41 'g 1.4

81.3 0.3sun a13 0.3sun

812, 812

1.1 11

5.0x10° 1.0x10° 1,5x10° 2.0x10°
Frequency (Hz)

5.0x10° 1.0x10° 1.5x10° 2.0x10°
Frequency (Hz)

Figure 2-1. (a) Capacitance-frequency characteristics under various reverse biases at
one sun condition for PTB7 single layer device. (b) Capacitance-frequency
characteristics under various reverse biases at one sun condition for P3HT single
layer device. (¢) Capacitance-frequency characteristics under various simulated
sunlight intensities at -0.9V reverse bias for PTB7 single layer device. (d)
Capacitance-frequency characteristics under various simulated sunlight intensities at
-0.9V reverse bias for P3HT single layer device.
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electrical interaction between the PTB7 and PC¢BM components in the PTB7:PCsBM
solar cells.

To understand the electrical interaction effects on charge dissociation, we need to
monitor the electron-hole pairs at D: A interfaces. It is known that the photoexcited excitons
can be significantly dissociated in the bulk-heterojunction PTB7:PCsBM solar cells
[94,95]. However, the magneto-PC signal (Figure 2-1 (a)) clearly indicates that the
photogenerated charge carriers can inevitably form electron-hole pairs at the D:A interfaces
[81]. Here, magneto-PC provides an experimental tool to monitor the e-h pairs at D:A
interfaces in organic solar cells. Essentially, the electron-hole pairs are formed with both
spin-antiparallel and spin-parallel states with the 1:3 ratio through randomly pairing
process. A magnetic field can change the populations of spin-antiparallel and spin-parallel
pairs by influencing spin precessions in electron-hole pairs, and consequently modifies the
photocurrent due to different dissociation rates, generating a magneto-PC signal.
Therefore, magneto-photocurrent can be used as an in-situ method to monitor the electron-
hole pairs at D:A interfaces in organic solar cells under device-operating condition.
Furthermore, we should note that applying an external bias can dissociate the e-h pairs
formed at the D:A interfaces, decreasing magneto-PC signal. The electron-hole pairs can
be completely dissociated when an external bias increases to a critical value, leading to un-
detectable magneto-photocurrent. Essentially, this critical bias can give an estimate on the
electron-hole binding energy. Therefore, combining an external critical bias and magneto-
photocurrent can provide an experimental method, namely bias-dependent magneto-
photocurrent, to estimate the electron-hole binding energy at the D:A interfaces in organic

solar cells.

2.4 The effects of intermolecular dipole-dipole interaction on e-h
binding energy at D:A interfaces and photovoltaic responses in
PTB7:PCBM organic solar cells.

In this section we investigate the effects of dipole-dipole interaction on e-h binding
energy at the D:A interfaces with bias-dependent magneto-PC by using the double-beam
532 nm and 325 nm excitations to separately excite the donor and acceptor components in

the PTB7:PCsBM solar cells. At the constant intensity of 532 nm of exciting donor-PTB7,
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adding the second excitation of 325 nm to excite the acceptor-PCsBM component can
gradually quench the magneto-photocurrent signal (Figure 2-3 (a)). This result provides
the experimental evidence to support our hypothesis that exciting both donor and acceptor
can establish the dipole-dipole interaction between donor and acceptor components and
consequently decreases the e-h pairs at the D:A interfaces. With the reduction of magneto-
PC magnitude, we can make an argument that optically exciting the PC4BM mainly induce
the electrical polarization in the acceptor and consequently enhances the dipole-dipole
interaction between the donor and acceptor components with the consequence of
dissociating the electron-hole pairs at the D:A interfaces. Furthermore, we can see in Figure
2-3 (b) that, at the constant intensity of 325 nm beam of exciting the acceptor-PCsBM,
increasing the 532 nm beam intensity of exciting the donor-PTB7 increases the magneto-
photocurrent amplitude (Figure 2-3 (b)). The magneto-PC amplitude increases from 0.94
% to 1.73 % and 2.17 % when the 532 nm excitation is increased from 60 mW/cm® to 82
mW/cm® and 100 mW/cm?® at the constant intensity of 325 nm beam intensity of 14
mW/cm?. This increasement of magneto-PC indicates that increasing the 532 nm beam
intensity of exciting the donor-PTB7 component can essentially increase the e-h pairs at
the D:A interfaces, in addition to introducing the dipoles in the donor component.
Nevertheless, simultaneously exciting the donor-PTB7 and the acceptor-PC4BM can
establish dipole-dipole interaction between donor and acceptor components in the bulk-
heterojunction PTB7:PC¢BM solar cells.

Now we characterize the electron-hole binding energy at the D:A interfaces as a
function of dipole-dipole interaction in the PTB7:PCsBM solar cells. Here we use the
critical bias required to completely quench the magneto-PC signal to estimate the electron-
hole binding energy at the D:A interfaces. The critical bias was measured in two different
situations: (i) changing the 532 nm beam intensity of exciting the donor at the constant
intensity of 325 nm of exciting the acceptor and (ii) changing the 325 nm beam intensity
of exciting the acceptor at the constant intensity of 532 nm of exciting the donor. Here, we
can see a surprising phenomenon: increasing the 325 nm beam intensity of exciting the
acceptor-PC¢BM can largely decrease the critical bias required to remove magneto-PC

signal (Figure 2-3 (a)). Without the 325 nm beam of exciting the acceptor- PC¢BM, the
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Figure 2-2. Magneto-photocurrents measured by separately exciting donor-PTB7 and
acceptor- PC4BM. (a) Changing 325 nm intensity of exciting acceptor-PCsBM at
constant 532 nm intensity (24mW/cm?) of exciting donor-PTB7. (b) Changing 532 nm
intensity of exciting donor-PTB7 at constant 325 nm intensity (14mW/cm?) of exciting
acceptor-PCqBM. The critical bias (Vc) is given by the reverse bias required to
completely quench magneto-photocurrent signal at each condition.
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critical bias becomes 895 mV. When the 325 nm beam intensity is increased from 5
mW/cm? to 10 mV/cm? and 14 mW/cm?, the critical bias largely decreases from 775 mV
to 550 mV and a negligible value. This means that establishing the dipole-dipole interaction
by exciting both the donor-PTB7 and acceptor-PCsBM can largely decrease the electron-
hole pairs at the D:A interfaces, leading to an enhanced charge dissociation in the
PTB7:PCsBM solar cells. Furthermore, at the constant intensity of 325 nm of exciting the
acceptor-PCgBM, increasing the 532 nm beam intensity of exciting the donor-PTB7 beam
decreases the critical bias, required to completely quench the magneto-photocurrent signal,
from 350 mV to 215 mV and 155 mV while the magneto-photocurrent amplitude is
increased from 0.94 % to 1.73 % and 2.17 %. This leads to an interesting situation: the
charge dissociation at the D:A interfaces becomes easier as the e-h pairs are increased.
Normally, increasing the e-h pairs at the D:A interfaces would require a higher critical bias
to complete the charge dissociation. Obviously, this interesting situation reflects the dipole-
dipole interaction effects. Specifically, increasing the 532 nm beam intensity of exciting
the donor can simultaneously increase both the intra-chain dipoles in the PTB7 and the e-
h pairs at the PTB7:PCsBM interfaces. The intra-chain dipoles in the PTB7 can form the
dipole-dipole interaction with the excited PCqBM component in the PTB7:PCsBM bulk-
heterojunctions. The inversion relationship between the critical bias and density of e-h pairs
indicates that the dipole-dipole interaction can indeed decrease the electron-hole binding
energy at the D:A interfaces. Nevertheless, by separately exciting the donor and acceptor,
our magneto-photocurrent studies can confirm that the dipole-dipole interaction between
the donor and acceptor components can decrease the electron-hole binding energy at the
D:A interfaces, enhancing charge dissociation in the PTB7:PCBM bulk-heterojunctions.
Here we use the P3HT:PCsBM bulk-heterojunctions, where the dipole-dipole
interaction is absent, to further understand the optically induced dipole-dipole interaction.
It should be pointed out that the P3HT does not have co-existed electron-donating and
electron-withdrawing units. Optically exciting the P3HT can only generate photoexcited
excitons without generating intra-chain dipoles in the P3HT chains. As a consequence, the
P3HT:PCsBM bulk-heterojunctions do exhibit dipole-dipole interaction between the

donor and acceptor components when both the donor and acceptor are excited under
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Figure 2-3. Magneto-photocurrents measured at different excitation intensities under

simulated sunlight in ITO/PEDOT:PSS/P3HT:PCsBM/Ca/Al device. The critical

bias (Vc) is determined by the reverse bias required to completely quench magneto-
photocurrent signal at each excitation intensity.

simulated sunlight. It is interesting to see in Figure 2-4 that the simulated sunlight generates
the magneto-photocurrent signal above 200 mT in the P3HT:PC¢BM solar cell. This high-
field magneto-PC signal results from the electron-hole pairs at the D:A interfaces
[81,83,96 ]. Obviously, the e-h pairs are still existed in the P3HT:PCsBM bulk-
heterojunctions, opposite to the PTB7:PCsBM bulk-heterojunctions where the electron-
hole pairs become non-detectable, under simulated sunlight. Contrarily to the
PTB7:PCsBM bulk-heterojunctions, in the P3HT:PCsBM bulk-heterojunctions both the
magneto-PC amplitude and the critical bias increases upon increasing photoexcitation. The
critical bias is increased from 0.37 V to 0.5 V while the magneto-PC magnitude increases
from 0.21 % to 0.34 % (the value at 800 mT) when the sunlight intensity of exciting both
the donor-P3HT and acceptor-PCgqBM is changed from 50 mW/ cm? to 100 mW/cm?. This
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result shows that increasing the e-h pairs requires a higher critical bias to complete the
charge dissociation upon increasing the beam intensity of 532 nm exciting the donor-P3HT
in the P3HT:PCgBM bulk-heterojunctions. On contrast, in the PTB7:PC¢BM solar cells
increasing the e-h pairs requires a lower critical bias to complete the charge dissociation
with increasing the beam intensity of 532 nm of exciting the donor-PTB7. Clearly, this
profound difference in the critical bias dependence between the P3HT and PTB7 based
solar cells provides further evidence that the dipole-dipole interaction between the donor
and acceptor components play an important role to dissociate the electron-hole pairs at the
D:A interfaces towards the generation of photovoltaic actions in organic solar cells.

We should note that the electrical potential energies from the critical biases are much
lower than the electron-hole binding energies in the PTB7:PCsBM and P3HT:PCsBM
systems. However, it should be pointed out that organic solar cells can exist charged defects
and trapped carriers in both bulk and electrode interfaces, generating local polarizations
under photoexcitation [97-101]. An applied bias can interact with these local polarizations
to dissociate the electron-hole pairs. As a consequence, even an external bias does not
provide enough potential energies to overcome the electron-hole binding energy, it can still
increase the charge dissociation through local polarizations in organic solar cells [102-
105]. Nevertheless, the critical bias required to completely quench magneto-PC can be used
to reflect the electron-hole binding energy at the D:A interfaces. It should be also noted
that the PTB7:PCBM bulk-heterojunctions form an amorphous morphology with three
structures: PTB7 phase, PCsBM phase, and mixed PTB7:PCsBM phase [106,107]. The
D:A interfaces can exist both between the PTB7 and PCBM phases and within the mixed
PTB7:PCsBM phase. We should also note that within amorphous structures the optically
generated dipole-dipole interaction between donor and acceptor components can be
isotropically formed within the active PTB7:PCsBM film. However, our studies indicate
that the dipole-dipole interaction still exists in the amorphous PTB7:PC¢BM bulk-
heterojunctions. This means that the built-in field under device-operating condition can
induce a certain orientation on the dipole-dipole interaction in amorphous bulk-
heterojunctions. As a result, the dipole-dipole interaction can influence the electron-hole

binding energy at the D:A interfaces in organic solar cells.
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Here, we verify the effect of optically generated dipole-dipole interaction on
photovoltaic actions. Specifically, the double-beam excitations are adjusted to a similar
photocurrent generated by simulated sunlight. In this situation, the double-beam and
simulated sunlight have the same nominal intensity. We can see in Figure 2-3 that the
double-beam 325 nm and 532 nm excitations at 14 mW/cm” and 24 mW/cm? lead to un-
detectable magneto-PC in the PTB7:PCsBM solar cells. This means that, by the 14
mW/cm® from 325 nm beam and 24 mW/cm? from 532 nm beam, the optically dipole-
dipole interaction can sufficiently dissociate the electron-hole pairs at the D:A interfaces.
More importantly, combining the 14 mW/cm? from 325 nm beam and 24 mW/cm® from
532 nm beam produces a similar photocurrent as compared to the simulated sunlight in the
PTB7:PCsBM system. In this situation, the double-beam and simulated sunlight have the
same nominal intensity. Under the same nominal intensity, we can see that the simulated
sunlight generates larger FF' and V,. relative to the double-beam 532 nm and 325 nm
excitations (Figure 2-5 (a)). In the PTB7:PCsBM system the FF and V. are determined to
be 59% and 0.72V under simulated sunlight operation. However, the F'F and V. are slightly
decreased to 51% and 0.70V under the double-beam 532 nm and 325 nm excitations with
the same minimal intensity. We know that simulated sunlight operation can lead to more
dipole-dipole interaction due to broad-range absorption as compared to the double-beam
532nm and 325nm excitations. The deference in FF and V,. between simulated sunlight
and double-beam operations reflects that the optically generated dipole-dipole interaction
can essentially enhance the charge transport and built-in field during the FF and V.
developments. Clearly, our /-V characterization indicates that optically generated dipole-
dipole interaction can strengthen charge dissociation, charge transport, and built-in field
during photovoltaic development in organic solar cells. Therefore, optically generated
dipole-dipole interaction can function as an effective method to enhance photovoltaic

actions in low-dielectric organic materials.
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2.5 Conclusion

In this chapter, we use double-beam 532 nm and 325 nm excitations to separately
excite the donor-PTB7 and acceptor-PCsBM components to establish the dipole-dipole
interaction in the PTB7:PCBM solar cells. The dipole-dipole interaction essentially
originates from the Coulomb interaction between optically generated PTB7-dipoles and
optically polarized PCsBM under sunlight excitation. At the same time, we use the critical
bias required to completely quench the magneto-PC to characterize the electron-hole
binding energy at the D:A interfaces when the dipole-dipole interaction is optically tuned
by separately controlling the 532 nm and 325 nm excitations. We observe a surprising
phenomenon: increasing the electron-hole pairs at the D: A interfaces decreases the critical
bias to completely dissociate the electron-hole pairs in the PTB7:PCsBM solar cells when
both the donor-PTB7 and acceptor-PC¢oBM are excited to establish dipole-dipole
interaction between donor and acceptor components. This indicates that optically generated
dipole-dipole interaction can facilitate the charge dissociation at the D:A interfaces in the
PTB7:PCsBM solar cells. Contrarily, when the optically generated dipoles are absent,
increasing the electron-hole pairs at the D:A interfaces causes an increasement on the
critical bias to completely dissociate the e-h pairs in the P3HT:PCsBM solar cells. By
comparing these two opposite situations, we can see that optically generated dipole-dipole
interaction plays an important role to dissociate the electron-hole pairs at the D: A interfaces
in organic solar cells. Simultaneously, we can see that the dipole-dipole interaction can
increase the V,. and FF' by comparing the /-J characteristics measured by double-beam

excitations and simulated sunlight at the same nominal intensity.
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Chapter 3 Magneto-Optical Studies on Electron-Hole
Pairs Dissociation and Recombination in Perovskite
Solar Cells

3.1 Introduction

According to chapter 1, the organo-metal halide perovskite shows an extreme low
e-h binding energy under photoexcitation [36,37,108], which is from 16 meV to 98 meV.
With this low binding energy that a quick e-h pairs dissociation can be happened under
room temperature [19,20]. Therefore, the OMHPs provide a unique advantage to develop
high-efficiency solar cells. In this chapter, magneto-photocurrent (magneto-PC) and
magneto-photoluminescence (magneto-PL). It should be noted that in 1994 the magneto-
absorption phenomena were reported at low temperature of 4.2K and high field (20 Tesla)
for OMHP (CH3;NH;3Pbl;) when the optical absorption was measured as a function of
magnetic field [36]. Here, a low field measurement (< 1 tesla) at room temperature will be
introduced in our measurement. It’s known that the dissociation of e-h pairs can lead to a
generation of photocurrent, and on the other hand, the recombination of e-h pairs can cause
a generation of both radiative and non-radiative recombination. In this chapter, we focus
on the radiative recombination in this chapter because of that the radiative recombination
has been reported as a dominant species to contribute to the photoluminescence [109,110].
Meanwhile, the radiative recombination has been thought as an important parameter to
determine the photovoltaic response, especially for open circuit voltage [111]. As a result,
we will apply magneto-PC to study the charge dissociation and magneto-PL to study the
charge recombination within OMHP poly-crystals. Clearly, understanding the
recombination and dissociation of photogenerated carriers is a critical issue to control the
photovoltaic actions in OMHP solar cells. (The non-radiative recombination of e-h pairs in
OMHP crystals will be discussed in chapter 5)

In this chapter, we will use our magneto-PC and magneto-PL combining with
different photoexcitation intensities to study the intensity dependent change recombination

and dissociation. Our purpose is to investigate whether the recombination (dissociation)
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mechanism of photogenreated excited states in OMHP solar cells can be changed when we

change the photoexcitation intensity.

3.2 Experiment

The device making procedure has been introduced in chapter 1. Here, we will use
p-i-n device structure, which is ITO/PEDOT:PSS/CH3;NH;Pbl; Cl,/PCBM/TiOx/Al, to
study the photoexcitation intensity dependent charge dissociation and recombination.
Figure 3-1 shows the measurement setup of magneto-PL and magneto-PC. Both
measurements are recorded by measuring the signal (PC or PL) as a function of magnetic

field at room temperature. The amplitude of magneto-PL and magneto-PC is defined as

IBI;IO, where the Iz and ) are the photocurrents or photoluminescence with and without
0

magnetic field at short-circuit condition. Here, the photocurrent characteristics were
measured by using Keithley 2400 source meter. The photoluminescence measurements

were performed by using SPEX Fluorolog 3 spectrometer.

(a) (b) Photoexcitation

ITO

Active layer

Photodetector

Figure 3-1. Experimental setups for (a) magneto-photocurrent and (b) magneto-
photoluminescence.
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3.3 Spin dependent charge dissociation and recombination process
under different photoexcitation intensities

Figure 3-2 (a) shows the magneto-PCs at different excitation intensities from the
continuous wave (CW) laser beam of 532nm in OMHP solar cells with the device
architecture of ITO/PEDOT:PSS/CH;NH;Pbl;Cl/PC7:BM/TiOx/Al. We can see that,
when the photoexcitation intensity is greater than 15mW/cm?, the photocurrent becomes a
function of magnetic field at room temperature and low field (< 150mT), leading to a
positive magneto-PC. The magneto-PC signal gradually increases and then becomes
saturated around 150mT. This magneto-PC indicates that the generation of photocurrent
Ig—1Io

I

undergoes a spin-dependent process. Here, the magneto-PC amplitude is defined by ——,
0

where the Iz and [ are the photocurrents with and without magnetic field. Under 1 sun
condition our devices can yield a power efficiency of around 14 % (Jsc: 22.1mA/cm?; Voc:
0.91V; FF: 0.68) (Figure 3-2 (b)). To confirm that the magneto-PC is an intrinsic magneto-
optical phenomenon, we have measured the perovskite device without charge transporting
PEDOT:PSS and TiOx layers. We can see in Figure 3-2 (¢) that the perovskite-only device
(ITO/perovskite/Al) exhibits a clear magneto-PC at room temperature when the
photoexcitation intensity exceeds 72 mW/cm®. In addition, we should note that the
PEDOT:PSS and PCBM can possibly demonstrate magneto-current phenomena when
electron-hole pairs are generated [ 112 - 114 ]. We find that the control device
(ITO/PEDOT:PSS/PC7;:BM/TiOx/Al) without the perovskite layer does not show any
detectable magneto-PC in our measurements. Therefore, we can confirm that the observed
magneto-PC is an intrinsic phenomenon occurring in the OMHPs. Furthermore, we can see
in Figure 3-2 (d) that the photocurrent (Jsc) — excitation curve can be well described by
non-geminate charge recombination (Jsc = A + B-exp(C-P)), where the P is the
photoexcitation intensity, and A, B, and C are coefficients. Therefore, we can suggest that
the magneto-PC phenomena are essentially generated by the non-geminate recombined

electron-hole pairs in OMHPs.
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Figure 3-2. Magneto-photocurrents and current-voltage characteristics at different
excitation intensities from 532nm CW laser in the ITO/PEDOT:PSS/CH;NH;PbI;.
xCL/PC7BM/TiOx/Al solar cell. (a) Positive magneto-photocurrent signals at room
temperature. (b) Current-voltage characteristics. The dashed I-V curve is for 1 sun
condition under AM1.5G solar simulated sun light. (¢) Magneto-photocurrents for
perovskite-only device (ITO/CH3NH;Pbl;.(Cl,/Al) at different excitation intensities.
(d) Short-circuit current (Js.) as a function of excitation intensity (Squares:
experimental data. Curve fitting by using geminate and non-geminate
recombination).
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We should note that OMHPs can exhibit a strong spin-orbital coupling (SOC) due to
heavy elements. In general, a strong SOC can cause a significant spin mixing between
different spin states, leading to negligible magnetic field effects at low field and room
temperature [115,116]. Here, we should mention that our room-temperature magneto-
optical phenomena can be observed only if the photoexcitation intensity exceeds certain
value of 15 mW/cm? namely threshold intensity. Below this threshold intensity (15
mW/cm?) the magneto-PC becomes negligible even though the photocurrent still shows
appreciable values. This leads to a hypothesis that the spin-dependent recombination of
photogenerated free electrons and holes is still operative to generate magnetic field effects
under strong SOC. To further understand the origin of magneto-PC, we have studied the
magneto-PL from the OMHPs at room temperature. A negative magneto-PL can be
observed in the OMHPs (CH3;NH3Pbl; 4Cly) when the photoexcitation intensity is greater
than 120mW/cm® (Figure 3-3 (a)). This is the first experimental observation that
photoluminescence is a spin-dependent process at room temperature and low field (<
200mT) in OMHPs. The negative magneto-PL amplitude gradually increases and then
becomes saturated around 200mT with increasing magnetic field. We should also note that
this magneto-PL becomes negligible when the photoexcitation intensity is below
120mW/cm?, although a strong photoluminescence still exists (Figure 3-3 (b)). Based on
the fact that the photoluminescence results from charge carrier recombination, the observed
magneto-PL can show that an external magnetic field can change the spin states in electron-
hole pairs and consequently modifies the ratio of radiative singlet e-h pairs and non-
radiative triplet e-h pairs in OMHPs. Here, it is noted that the magneto-PC and magneto-
PL show opposite signs with a common Lorentzian line-shape characteristic
[AI(B)/IOC[BZ/(BerBoz)] (Figure 3-4 (a)). The opposite signs between magneto-PC and
magneto-PL can experimentally indicate that a magnetic field can decrease the antiparallel
spin states (singlet states) but increases the parallel spin states (triplet states) in electron-
hole pairs by suppressing the spin mixing through introducing in-phase spin precessions.
This essentially leads to a decrease on the singlet exciton formation required for

photoluminescence. However, decreasing the exciton formation rate can consequently lead
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to more the electron-hole pairs available for charge dissociation towards generating
photocurrent, as shown in Figure 3-4 (b). Clearly, the observed magneto-PL and magneto-
PC indicate that spin-dependent charge recombination and dissociation are operative under
spin mixing between different spin states in electron-hole pairs in OMHPs. The early
studies on magneto-electroluminescence (magneto-EL) in organic semiconductors have
demonstrated that hyperfine coupling [117,118] and Ag mechanism [84,86] can lead to a
spin mixing between antiparallel and parallel spin states. Changing spin mixing has been
shown as an important mechanism to generate magnetic field-dependent phenomena in
organic materials [119]. Here, our negative magneto-PL and positive magneto-PC do not
suggest that the Ag mechanism plays a dominant role in spin mixing processes in perovskite
poly-crystals. This leaves the internal interactions, such as hyperfine coupling, as a
dominant mechanism for spin mixing in our situation. Nevertheless, by disturbing the spin
mixing in electron-hole pairs and applying Pauli Exclusion Principle on excitonic states,
magneto-PL and magneto-PC can be generated through spin-dependent charge
recombination and dissociation in electron-hole pairs formed through non-geminate

recombination processes in OMHPs.

' (a) Magneto-photocurrent (b) Charge recf) mbination
v Decreasing App lyllng B Increasing
{Anti-parallel  Panallel }
-eeee- e-h pairs ------ > T.u¢
1 spin state spin state
More electron-hole pairs Less formation
for dissociation for singlet excitons
% f, V.
Magneto-photoluminescence Increasing Jsc Decreasing PL

0 300 600 _900
Magnetic field (mT)
Figure 3-4. (a) Line-shape characteristics for positive magneto-photocurrent and
negative magneto-photoluminescence. (b) Diagram to schematically show magnetic

field-dependent antiparallel/parallel ratio in electron-hole pairs to generate positive
magneto-photocurrent and negative magneto-photoluminescence in OMHPs.
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3.4 The modulation of spin-exchange energy in electron-hole pairs
under different photoexcitation intensities

The mutual interactions between electron-hole pairs can occur when the charge
density is increased upon increasing photoexcitation intensity. The mutual interactions
between electron-hole pairs are essentially dipole-dipole interactions. The early
experimental studies have shown that the interactions between charge-transfer states can
cause a line-shape narrowing phenomenon on the magneto-PL in organic semiconductors
as the photoexcitation intensity is increased [85]. This is because the interactions between
charge-transfer states can weaken the internal interactions, namely spin-exchange
interactions, within charge-transfer states, leading to a larger change on the ratio of
antiparallel/parallel spin pairs upon applying a magnetic field [120-122]. Here, we can see
a similar phenomenon in OMHPs: the line-shape narrowing phenomenon occurs on both
magneto-photocurrent and magneto-photoluminescence when the photoexcitation
intensity is increased (Figure 3-5). The saturation field for magneto-PC signal is decreased
from 480mT to 400mT when the photoexcitation intensity is increased from 17mW/cm? to
140mW/cm®. In addition, the saturation field for magneto-PL signal is reduced from
530mT to 435mT as the photoexcitation intensity is increased from 170mW/cm® to
850mW/cm?. Clearly, the line-shape narrowing phenomenon provides an evidence that the
mutual interactions between electron-hole pairs are indeed existed in OMHPs. Essentially,
the mutual interactions between electron-hole pairs can provide an additional mechanism
to control the electron-hole binding energies towards generating photocurrent in perovskite

solar cells.

3.5 Density dependent electron-hole binding energy in organo-metal
halide perovskite solar cells.

Now we use the observed magneto-PC and magneto-PL to discuss the dissociation
effects in electron-hole pairs in OMHPs. Because the captured electron-hole pairs can
generate two opposite outcomes: generating free carriers through charge dissociation or
emitting photoluminescence through radiative annihilation, controlling the recombination
and dissociation in e-h pairs is a critically important for the generation of photocurrent in

perovskite solar cells. Here, we study the charge recombination and dissociation at
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different carrier densities by using magneto-PC and magneto-PL in combination with an
external bias upon varying photoexcitation intensity. Combining magneto-PC and
magneto-PL with an external bias can provide a convenient experimental method to
explore the binding energy in electron-hole pairs based on the following two procedures
(as shown in Figure 3-6). Firstly, we use magneto-PC and magneto-PL to monitor the
recombination and dissociation in e-h pairs. Secondly, applying a reverse bias can lead to
a decrease on the magneto-PC and magneto-PL signal amplitudes. When an external bias
reaches a critical value, the magneto-PC and magneto-PL signals can be completely
quenched due to the thorough dissociation of electron-hole pairs. As a result, measuring
magneto-PC and magneto-PL under different biases can reveal how the charge dissociation
changes with charge density in electron-hole pairs upon changing excitation intensity.
Figure 3-7 shows the magneto-PC quenching caused by a reverse bias at different
excitation intensities in the ITO/PEDOT:PSS/CH;NH5Pbl;_(Cl, /PC,1BM/TiOx/Al device.
We can see that it requires a higher bias to completely quench the magneto-PC signal when
a stronger photoexcitation is applied. At the photoexcitation intensities of 140mW/cm?,
52mW/cm?, and 17mW/cm?, the critical biases required to eliminate the magneto-
photocurrent signal are determined to be 105 mV, 65 mV, and 37 mV. Clearly, it requires
a stronger field to complete the charge dissociation at higher carrier density towards
generating photocurrent in OMHPs. We should note that the electrical potential energies
from these critical biases are much lower than the electron-hole binding energies (37meV
to 98meV) reported for OMHPs. However, it should be pointed out that the perovskite
solar cells can exist both bulk and interfacial polarizations due to charged defects and
trapped carriers under photoexcitation [97-101]. A reverse bias can facilitate these internal
polarizations to dissociate the electron-hole pairs. Therefore, the internal polarizations can
play an important role in charge dissociation under a reverse bias. As a consequence, even
an external bias does not provide enough potential energies to overcome the electron-hole
binding energies, it can still increase the charge dissociation through internal polarizations
in perovskite solar cells. The similar phenomena have been also observed in organic solar

cells [102-105]. Nevertheless, from the fact that increasing photoexcitation intensity leads
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to an increase on the critical bias required to completely quench the magneto-PC signal,
we can see that the charge dissociation becomes a function of the density of electron-hole
pairs. A higher density of electron-hole pairs requires a stronger field to complete the
charge dissociation. Our photoluminescence results provide further evidence to support
this argument. Figure 3-8 shows electric field-induced photoluminescence quenching at
different excitation intensities for the ITO/PMMA/CH;NH;Pbl; Cl,/PMMA/AI device.
Here the perovskite film is sandwiched between two insulating PMMA layers to avoid
injection current in measuring electric field effects of magneto-PL. We can see a similar
phenomenon: a higher electric field is required to completely quench the
photoluminescence signal at a higher excitation intensity. Increasing excitation intensity
from 17mW/cm?® to 52mW/cm?” and 140mW/cm? causes an increase on the required bias
from 1.2V to 3.3V and 7.4V to quench the photoluminescence by 80%. It is noted that
quenching the photoluminescence in the ITO/PMMA/perovskite/PMMA/AI device needs
a much larger bias than quenching the photocurrent in the ITO/PEDOT:PSS/CH3;NH;3PblI;.
«Cl/PC7:BM/Ti0Ox/Al device. This is because the former and latter devices possess weaker
and stronger internal polarizations, respectively. Nevertheless, the electric field-induced
photoluminescence quenching at different excitation intensities confirms that the charge
dissociation is a function of carrier density in OMHPs. A higher density of electron-hole
pairs corresponds to a stronger e-h pairs binding energy, which lead to a requirement of
stronger electrical field to complete the charge dissociation towards the generation of

photocurrent in perovskite solar cells.

3.6 Conclusion

In summary, the positive magneto-PC and negative magneto-PL are observed at
room temperature and low field (< 200mT) in OMHPs when the photoexcitation exceeds
the threshold intensities. Our results indicate that the photogenerated charge carriers
undergo a spin-dependent recombination to form non-geminate electron-hole pairs,
functioning as intermediate states, to generate two opposite outcomes: radiative
annihilation towards light emission and charge dissociation towards photocurrent. The

negative magneto-PL and positive magneto-PC show that an external magnetic field can
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Figure 3-8. Electric field-induced photoluminescence quenching at different excitation
intensities (532nm laser). The excitation intensities of 17mW/cm2, 52mW/cm2, and
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suppress the spin mixing between antiparallel and parallel spin states by introducing in-
phase spin precessions, decreasing the branching ratio of antiparallel/parallel spin states
(singlet/triplet) in electron-hole pairs. Because of the Pauli Exclusion Principle applied
onto excitonic states, decreasing the branching ratio of antiparallel/parallel spin states in
electron-hole pairs can essentially decrease the photoluminescence by reducing the
formation of light-emitting excitons. However, this can lead to more electron-hole pairs
available for charge dissociation, generating an increase on the photocurrent. Clearly, the
charge recombination and dissociation in electron-hole pairs are a spin-dependent process,
leading to magnetic field effects at room temperature and low field (< 200mT) in OMHPs.
Furthermore, we find that increasing photoexcitation intensity can largely increase the
critical bias required to completely quench the magneto-PC and magneto-PL signals. This
indicates that a higher density of electron-hole pairs necessitates a stronger field to
complete charge dissociation towards generating photocurrent. In addition, we observe that
a line-shape narrowing phenomenon occurs on magneto-PC and magneto-PL signals upon
increasing photoexcitation intensity. This implies that the electron-hole pairs experience
mutual dipole-dipole interactions, which can weaken the spin-exchange energies within
electron-hole pairs, as the charge density increases. The mutual interactions can provide an
additional mechanism to manipulate the electron-hole binding energies for changing the
charge dissociation towards generating photocurrent. Therefore, our magneto-optical
studies provide a new understanding on spin-dependent charge recombination and

dissociation to further improve photovoltaic actions in OMHPs.
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Chapter 4 The Dipole Effect of Interfacial Layer on
Photovoltaic Responses in Organo-Metal Halide
Perovskite Photovoltaic Cells

4.1 Introduction
The fundamental opto-electronic properties of OMHPs, such as low binding energy,

long charge diffusion length, and high dielectric constant, made it uniquely suited for
photovoltaic application. Along with the growing interest in OMHP solar cells, materials
selection, device structure, and in-depth understanding of the physics associated with the
performance of a given design comes as a vital issue. Especially, the interfacial engineering
has been thought as an important approach to further improve the efficiency of OMHPs
[7,123,124]. Although the intrinsic properties, such as crystallinity and morphology, of
perovskite as the active layer are the most decisive parameters in the overall performance,
but other factors, such as the energy level matching with electron transport layer (ETL) or
hole transport layer (HTL), are also very crucial to further enhance the efficiency of OMHP
photovoltaic cells.

In general, an ideal ETL or HTL should have a matched charge mobility with active
layer along with the energy band structure and chemical compatibility with the
photovoltaic active layer. In addition, morphology and crystallinity of charge transport
layers play an important role. In this chapter two different organic HTLs will be used in
OMHP perovskite solar cells, one is PTB7 (Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo|[1,2-
b:4,5-b"|dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[ 3,4-
b]thiophenediyl]]), the other one is P3HT (Poly(3-hexylthiophene-2,5-diyl)). As shown in
chapter 2 that the PTB7 can generate an intra-molecular electrical dipole within molecular
structures under photoexcitation [69-71]. On the other hand, we choose P3HT (Poly(3-
hexylthiophene-2,5-diyl)) hole transport material as our reference experiment, which can
not generate an intra-molecular electrical dipole under photoexcitation. Therefore, we will
study the interfacial dipole effect on the device performance of OMHP solar cells by using
respective PTB7 and P3HT as HTL. Previous study has shown that the interfacial
polarizations can couple with the bulk-polarization, leading to a manipulation of

photovoltaic response through charge dissociation, recombination and charge transport
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[125]. An incorporation of a dipole interlayer not only enhances built-in field (Vy;), but
also exerts a strong electrical field cross the active layer/cathode interface that may strongly
influence charge transport and extraction. If the direction of this dipole moment from the
transport layer is aligned with the built-in potential originated due to the asymmetric
contact at the electrodes; the actual built-in potential across the device will be strengthened.
It’s known that the dipole aligned with built-in field can improve charge-transport
properties, eliminates the buildup of space charge, and reduces recombination loss due to
the increase in built-in field and charge carrier mobility [126].

In this chapter, we will systematically investigate the effect of interfacial dipole in
rational design of perovskite based solar cells by using these two different organic HTLs.
Furthermore, by using the observed magneto-PC combining with reversed biases, we
investigated the dissociation effects in electron—hole pair states at different photoexcitation
intensities to further understand charge recombination and dissociation at different

densities at device-operating condition.

4.2 Experimental section

The device making procedure has been introduced in the chapter 1. The
concentration of the spin-coated PTB7 and P3HT solution are both 15 mg/ml with a spin
speed of 300 rpm for 60 seconds. Here, the current-voltage (/-V) characteristics are
recorded by Keithley 2400 under a simulated sunlight (Thermal Oriel 96000 300 W from
Newport). The photoluminescence spectra are recorded by SPEX Fluorolog III
spectrometer with a photoexcitation of 532 nm monochromatic light. The impedance
measurements are performed by using a dielectric spectrometer (Agilent E4980A; 20 Hz ~
2M Hz) under different photoexcxitation intensities. The magneto-PC are measured by

measuring the short circuit current as a function of external magnetic field.

4.3 The comparison of intrinsic properties between PTB7 and P3HT
It has previously shown that PTB7 has a relatively high hole mobility which is

about 5.8%10 cm?V™'s™ measured from the space charge limited current (SCLC) and
shows a strong absorption from 550-750 nm with an absorption onset of 780 nm which is
also close to the absorption onset of the methyl ammonium lead iodide perovskite.

Although charge carrier mobilities are comparable between PTB7 and P3HT, however,
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PTB7 has shown relatively low crystallinity and an analogously amorphous film.
Nevertheless, the OPV fabricated from this polymer and PCBM achieved the highest
efficiency of around 10% [127]. Importantly, the biggest difference between PTB7 and
P3Ht is the presence of intra-molecular dipole. As mentioned in the introduction section
that the PTB7 contains both the electron-donating Benzodith-iophene (BDT) and the
electron-withdrawing thienothiophene (TT) moieties (as shown in Figure 4-1). As a
consequence, a photoexcitation can generate local electric dipoles between electron-
donating and electron-withdrawing moieties, namely intra-molecular dipoles, in the PTB7
chains [69,87]. However, P3HT does not show this kind of characteristic under
photoexcitation. Evidently it is important to emphasize the parameters, such as crytallinity
and mobility, are important and influence on the performance, but the dipolar effect of
PTB7 seems to be the determined parameter to show higher device performance, as a HTL,

in OMHP solar cells than P3HT HTL.

(b)
CHy(CHy)4CH;

/ A\

s”
P3HT

PTB7

Figure 4-1. The molecular structure for (a) PTB7 and (b) P3HT. The red arrow in
PTB7 is to indicate the photoexcited dipole direction.
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4.4 Dipole effect of charge transport layer on interfacial and bulk
properties in organo-metal halide perovskite solar cells

To explore the effects of interfacial dipole layer on device performance, we
fabricated perovskite solar cells with a structure of ITO/TiOx/CH3sNH;Pbl; Cly/P3HT/Au.
Figure 4-2 (b) illustrates the device architecture of the planar perovskite solar cells and the
band energy structures of P3HT and PTB7 with respect to the other component of this
design. The current—voltage (/-V) characteristics of the devices under AM 1.5 G irradiation
with an irradiation intensity of 100 mW/cm® are shown in Figure 4-2 (a). As shown in
Figure 4-2 (a), the device with a PTB7 film exhibits a PCE of 15.9% with a short-circuit
current (Jsc) of 22.94 mA/ cm?, an open circuit voltage (Voc) of 0.98 V, and a fill factor
(FF) of 70%. The performances are comparable to those of perovskite solar cells using
Spiro-OMeTAD [128]. On one hand, the device with P3HT as HTL shows a lower device
performance (Voc: 0.94 V; Jsc: 20.5 mA/cmz; FF:56%; PCE: 10.8%). As mentioned above,
PTB7 showed to have a relatively large local internal dipole through BDT to TT moieties.
Previously Carsten et. al. has compared that the ground state and excite state dipole
moment (D) of PTB7 and P3HT are 3.76, 7.13 and 0.19 and 0.43 respectively [70,73]. We
observed an improvement in the performance of perovskite solar cells using PTB7 as the
HTL and we attribute the higher performance to the presence of aligned dipoles in this
layer. First we will demonstrate the existence of aligned dipoles in hole transport layer and
then the role and responsibility of this layer on the performance.

To investigate the role of optically generated dipoles in the hole transport layer and
its influence on the enhancement of charge dissociation in the perovskite layer we
performed a systematic study. In order to examine the possibility that the dynamics of
electrical dipole may contribute to the observed properties and behavior of perovskite solar
cells and to find out the dipole alignment in the HTL we have performed a
photoluminescence study on the CH3;NH;Pbl;Cly/PTB7 and CH;NH;Pbl;(Cly/P3HT
double layers’ samples under an illumination of a 532 nm continuous wavelength (CW)
laser beam with a light intensity of 500 mW/cm?. It is observed in Figure 4-3 (a) that the
PL intensity of the Perovskite/PTB7 films is quenched with the increase in the electric
field. This change is very negligible for Perovskite/P3HT film (shown in Figure 4-3 (b)).
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It is demonstrated that the dipoles will tend to align in the external electric field. One thing
need to mention that the external electrical fields we apply are all before the critical point
of injection current. The purpose of these low magnitude of external electrical fields is to
minimize the effect from injection current. Therefore, the PL quenching phenomenon we
observed is purely from the interfacial dipole effect without any disturbance of injection
current. After excluding the effect from injection current, a possible explanation for the PL
quenching with application of electric field is the enhancement of charge recombination in
devices using PTB7 due to a highly aligned dipoles in PTB7. The dipole alignment
provides an additional channel for dissociated charge carriers’ dissociation to be collected
and transported towards the respective electrode. More efficient charge collection would
be expected when dipoles are completely aligned under the built in potential. This
measurement demonstrated that PTB7 can form dipoles which can be generated under
photoexcitation in an operating situation and are aligned to some extent. Our results show
that the internal dipole in the HTL may be critical and responsible for the charge transfer

and enhanced performance of perovskite solar cells using PTB7.
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Figure 4-2. (a) I-V characteristics of mixed lead halide perovskite solar cell with
respective PTB7 (red line) and P3HT (blue line) as hole transport layer under one sun
illumination. (b) Energy level diagram and device structure of mixed halide
perovskite solar cells.
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biases. The insets show the I-V curve of the related structure and indicates that
applied electric filed are before the threshold point for current injection
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In order to study the effect of dipole layer in PTB7, we have deposited PTB7 and
P3HT on a sandwich layer between ITO and Au and measured the capacitance versus
frequency of these two different hole transport layers with increasing photoexcitation of
simulated sunlight with different intensities. As it can be seen in Figure 4-5 (a) for
ITO/P3HT/Au film only at low frequencies there is a small capacitance with respect to
different photoexcitation intensities. This is previously shown by us to be due to the effect
of interfacial charge accumulation with higher photoexcitation intensities [93,129]. For the
ITO/PTB7/Au film (as shown in Figure 4-5 (b)) our capacitance-frequency (C-f)
measurement shows two different behaviors at low and high frequencies, respectively. Low
frequency region can be attributed to the polarizations at the electrode interfaces. Light
illumination can increase the surface accumulation at electrode interfaces due to the higher
generation of free change carriers. Similarly, in P3HT sandwich layer at low frequencies
capacitance increases with higher photoexcitation intensities which is attributed to the
interfacial charge accumulations. This trends shows opposite direction at higher
frequencies which is capacitance reduction with increasing photoexcitation intensities.
Low frequencies show interfacial charge accumulation with high excitation intensities due
to higher density of charge carriers. In addition, light illumination will generate more
dipoles in PTB7 (optical generated dipoles). Furthermore, the more dipole-dipole
interaction in PTB7 with increasing light intensity help more charge dissociation within
the bulk OMHP crystals. This results indicate that the aligned interfacial dipole from
photoexcited PTB7 can provide an extra driving force to facilitate the charge dissociation
within OMHP poly-crystals, and resulting in reducing the capacitance at higher frequencies
with increasing photoexcitation. In general, C-f measurement shows that both devices
demonstrate interfacial charge accumulation when the photoexcitation intensity has been
increased at low frequencies. However, the bulk-polarization in OMHP active layer shows
no detectable change by using P3HT as HTL when the photoexcitation increased. On the
other hand, PTB7 shows the ability to manipulate the bulk-polarization within OMHP poly-
crystals, and showing a detectable change of capacitance at high frequency region under

photoexcitation.
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Figure 4-4. (a) The picture for the LCR meter (Agilent E4980A) and (b)
capacitance measurement setup
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For further investigation the dipole effect on the charge accumulation at interface,
capacitance-voltage (C-V) measurements have been applied for respective
Perovskite/P3HT and Perovskite/PTB7 films. This measurement usually used to reflect the
interface parameters and explains the role of charge accumulations with a low frequency
regime. Here, the device capacitance increases as the applied bias changed from negative
to positive under different photoexcitation intensities in this two samples. It can be seen in
Figure 4-5 (c) that perovskite/P3HT sample shows a larger peak shift (Ve shift) as
compare to the Perovskite/PTB7. One thing need to be mention here, the Vjeq value can
reflect the amount of charge accumulation at interfaces. The larger and smaller Vc. values
correspond to less and more interfacial accumulation of photogenerated charge carriers at
electrode interfaces, respectively [129]. As it is expected with higher density of
photoexcitation, there will be a higher density of charge carriers, and leading to a more
charge accumulation at the interfaces. Nevertheless, perovskite/PTB7 shows a clearly
smaller V)eq shift, relatively compared to perovskite/P3HTT sample, which is related to s
less charge accumulations and more charge dissociation at the interfaces due to dipole
alignment in Perovskite/PTB7 film facilitating charge transport. The peak shift in Figure
4-5 (¢) shows higher magnitude of charge accumulation at the interface between perovskite
and P3HT in agreement with C-f measurements (Figure 4-5 (a)). In contrast to the
perovskite/P3HT sample, this peak shift is negligible in perovskite/PTB7 which can be
accredited to the less charge accumulation at the interfaces and the interfacial dipoles
assisting more charge extraction in the perovskite films with PTB7. It is also observed a
higher capacitance in perovskite/PTB7 sample which indicates a higher surface
polarization in this sample. Therefore, the results suggest that the Ve shift shown in
Figure 4-5 indicates when increasing the surface polarization of a dielectric layer can lead
to a decrease on the surface accumulation of photogenerated carriers towards the effective
charge collection in perovskite solar cells.

In addition to the reduced charge accumulation by interfacial dipole. Here,
dynamics coupling between the interfacial dipole (from PTB7) and photogenerated e-h
pairs (in OMHP active layer) will be discussed. Under the influence of intrinsic electric

polarization within OMHPs, the e-h pairs can be effectively dissociated into free carriers
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due to their strong ionic properties and low binding energies. Previous study has shown
that binding energy can be modified by local polarizations induced by built-in fields [130].
Experimental study has demonstrated that the deposition of an interfacial dipole layer can
reduce the binding energies in bulk-heterojunction photovoltaic interface in OPVs [125].
In addition, it has been discussed in chapter 2 that increasing photoexcitation intensity leads
to an increase on the critical bias required to completely quench the magneto-photocurrent
signal in OMHP solar cells. A higher density of e-h pairs, which requires a stronger
electrical field to complete the charge dissociation. Figure 4-6 shows magneto-PC under
different photoexcitation intensities of 532 nm CW laser beam in a perovskite solar cells
with PTB7 and P3HT films as the HTLs, respectively. In all cases with different
photoexcitation intensities, the device using PTB7 as HTL has been shown to require a
smaller electric field to complete the charge dissociation than the device with P3HT as
HTL (as shown in Figure 4-6 (a) to (c)). Considering the fact that at higher photoexcitation
intensities of laser 532 nm more e-h pairs will be generated in the OMHP active layer,
therefore, a higher electric field needed to dissociate charge carriers. However, it is
important to mention that under higher photoexcitation intensity that the PTB7 can
generate stronger interfacial dipole as well. As a result, the required electric field observed
to have a larger difference with increasing light intensities and large density of e-h pairs
for the OMHP solar cells with respective PTB7 and P3HT as HTLs. Interestingly, at lower
photoexcitation intensities as can be seen in Figure 4-6 (d) a negligible difference in electric
field is required to dissociate charge carriers for both PTB7 and P3HT and also the overall
electric field is reduced. Nevertheless, the electric field induced dipole alignment at
different excitation intensities confirms that the charge dissociation is a function of carrier
density in perovskites. A higher density of e-h pairs corresponds to a stronger field to
complete the charge dissociation towards the generation of photocurrent in perovskite solar
cells. However, in devices with perovskite/PTB7 structure this electric field reduces
significantly due to the partially aligned photogenerated electrical dipoles in the hole
transport layer facilitating charge dissociation and transport. Our results indicate that the
interfacial dipole can reduce the electrical field required to completely initiate the signal of

magneto-PC, which implies that the interfacial photogenerated dipole from PTB7 HTL can
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not only reduce the charge accumulation at interface, but also reduce the binding energy of
e-h pairs within OMHP solar cells. We should also note that the mutual interactions
between e-h pairs as well as dipole-dipole interactions from OMHP active layer can occur
when the charge density is increased upon increasing photoexcitation intensity. The mutual
interactions between e-h pairs are essentially dipole—dipole interactions [120]. These
mutual interactions can provide an additional mechanism to decrease the e-h binding
energies for charge dissociation improvement towards generating photocurrent. Here, it
could be seen that the perovskite/P3HT based solar cells shows a narrower curve of
magneto-PC than the perovskite/PTB7 solar cell (shown in the inset of Figure 4-6 (a)). This
is due to the interfacial dipole provided from PTB7 HTL, which can reduce the binding
energy of e-h pairs, and leading to a few density of e-h pairs within perovskite active layer
under device operating condition. Under this situation, the strength of the mutual
interaction between e-h pairs in perovskite/PTB7 can be weaker than in perovskite/P3HT
solar cell. However, at low photoexcitation intensities when the optically induced dipole
in PTB7 is not sufficient, the densities of e-h pairs in respective Perovskites/PTB7 and
Perovskites/P3HT solar cells are comparable (as shown in the inset of Figure 4-6 (d)). It
should be noted that a photoexcitation can generate both free carriers and also partially
align intermolecular dipoles in PTB7. At this point, the interaction is purely within
perovskites and the role of PTB7 is to reduce the density of e-h pairs in the perovskites.
Therefore, it is concluded that magneto-PC is from perovskites, not PTB7 nor P3HT. In
addition, Perovskite/PTB7 solar cells show lower e-h binding energy than
Perovskites/P3HT solar cell at high photoexcitaion intensities which is due to the partially
aligned dipoles within PTB7. At low photoexcitation intensity, both materials needed
similar reversed biases to quench the magneto-PC signal. This mean that the
photogenerated interfacial dipole within PTB7 us not sufficient to undergo the coupling
between interfacial dipole and e-h pairs. Moreover, the reduction in the critical bias
required to quench the magneto-PC indicates that perovskite/PTB7 interface leads to a
stronger built in electric field to dissociate e-h pairs compare to the perovskite/P3HT
interface. This measurement provides an approach to use the optically generated dipoles in

HTL to enhance charge dissociation and transport in bulk perovskite solar cells.

61



—~ @) —~ |b)
& 0.8 P3HT S
© 0.6 PTB7 X pTR7 P3HT
g 1 1.0 - c 02' 1.0] o g
2047 yz 85| 8 3 4
Sz [ RS, L FF
_JwO.O‘ | - I\{Iagr%gt(i)c ﬁelg?(r)nT) . - 0.0- . : Nl'ag’%gt(')cre'é‘?l'% .
0 300 600 900 0 300 600 900
Magnetic field (mT) Magnetic field (mT)
’50.2 © < |@ —p3HT
= o = —— PTBY
S 4 PTB7 Q01
cC 01 1.0 3 S c
& os 33| S 5
_JWO.O_ | OAOOMIagneticfieId?n?% . ﬂwoo | . Magnemﬁelld ™ ,
0 300 600 900 0 300 600 900
Magnetic field (mT) Magnetic field (mT)

Figure 4-6. Magnetic field effect on photocurrent and electric field measurement
under different photoexcitation intensities of 532nm laser beam based on mixed
lead halide perovskite solar cells with respective PTB7 (red line) and P3HT (blue
line) as the hole transport layer. (a) IOOmW/cmz, (b) 80mW/cm2, (c) 30mW/cm2,
and (d) 2mW/cm’. The insets are the normalized MFE- Photocurrent curves.
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4.5 Conclusion

In this chapter, the effects of optically generated dipoles on photovoltaic actions in
perovskite solar cells has been experimentally studied by using two different HTLs, PTB7
and P3HT, where optically generated dipoles are appreciable and negligible under device-
operating condition. The PL quenching studies confirm that the photo-induced dipoles exist
and are partly aligned in PTB7 in the direction of built-in field. The partially aligned dipoles
in the transport layer can facilitate the charge dissociation and transport in OMHP solar
cells and consequently enhances the performance. Meanwhile, by combining magneto-PC
measurement with an external bias under different photoexcitation intensities we found
that optically generated dipoles in the PTB7 transport layer can decrease the e-h binding
energies in bulk perovskite layer under device operating condition. Reduced e-h binding
energy can enhance the charge dissociation toward to generate higher photocurrent in
perovskite solar cells. Furthermore, our capacitance measurement shows that optically
generated dipoles can decrease the charge accumulation at interfaces. Therefore, our
studies provide a new understanding on the effects of optically generated dipoles in
transport layer on the photovoltaic processes in bulk perovskite layer, and suggest a new
approach towards using optically induced dipoles for further improvement in the

performance in OMHP solar cells.
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Chapter 5 Revealing Free Charge Recombination
Mechanism in Organo-Metal Halide Perovskite

5.1 Introduction

In 1990’s the experimental studies have shown that halide perovskite compounds can
exhibit EL actions in heterojunction devices at low temperatures [131,132]. The recent
studies have found that OMHPs, as solution processable multifunctional materials, can
demonstrate remarkable EL actions with large spectral tuning properties towards the
developments of unique thin-film light-emitting devices [15,16,17133,134]. Here, we use
magneto-EL as an experimental tool to explore the mono-molecular and bimolecular
recombination processes in low and high-efficiency EL regimes based on the perovskite
light-emitting devices with inverted structure of Ag/MoOs;/CH;NH3Pbl;/TiO/ITO.
Furthermore, we discuss how spin-mixing affects EL efficiency in perovskite light-
emitting devices. In general, OMHPs can exhibit low and high-efficiency EL at low and
high injection currents [15,16 ,135]. The PL studies have shown that the low and high-
efficiency light emission are generated by geminate and non-geminate recombination of
the photogenerated carriers through monomolecular and bimolecular processes in OMHPs
[109,110,136-138]. Obviously, increasing injection current can shift the EL from low to
high-efficiency regime in OMHPs. On the other hand, field-dependent PL and EL have
been observed, leading to magneto-PL and magneto-EL at room temperature and low field
(< 200 mT) [40,41]. Essentially, magneto-PL and magneto-EL provide an experimental
tool to probe whether spin-mixing is operative during the generation of light emission.
Specifically, the observed magnetic field effects indicate that spin-mixing occurs between
different spin states. In particular, an applied magnetic field can modify spin-mixing
process and consequently shifts spin populations between different states, leading to a
field-dependent light emission. Therefore, magnetic field effects can also elucidate spin-
mixing between different spin states during light emission.

The PL studies have shown that the recombination between electrons and holes
undergoes monomolecular and bimolecular processes at low and high intensities [136-
138]. In particular, monomolecular and bimolecular recombination are often associated

with low and high emission efficiencies, leading to a non-linear relationship between light
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emission and excitation intensities [19,109,110]. Essentially, monomolecular and
bimolecular recombination at low and high excitation intensities occur with un-balanced
and balanced electron and hole densities, respectively. With un-balanced electron and hole
densities, monomolecular recombination is driven by minority carriers through Coulomb
capture. On contrast, with balanced electron and hole densities, bimolecular recombination
is governed by both electron and hole densities when they meet within Coulomb capture
radius. Based on spin statistics the electron-hole recombination yields 25% antiparallel spin
pairs and 75% parallel spin pairs, leading to the 1:3 branching ratio of antiparallel/parallel
spin pairs in both monomolecular and bimolecular processes. This branching ratio forms
theoretical limit for quantum efficiencies in EL when only antiparallel spin pairs are
allowed to generate an EL due to Pauli Exclusion Principle. It should be noted that spin-
mixing can function as a useful mechanism to vary the 1:3 branching ratio of
antiparallel/parallel spin pairs, generating a possibility to enhance EL efficiencies. In this
chapter, we combine EL with magneto-EL to elucidate the free charge recombination
processes within OMHP, and meanwhile to revealing the spin-mixing in low and high-
efficiency regimes associated with monomolecular and bimolecular recombination in

perovskite light-emitting devices.

5.2 Experimental section
The detail for the OMHP light emitting diode making procedure has been in

traduced in chapter 1. The surface topography is measured by Veeco Instruments atomic
force scanning probe microscope (AFM). The AFM tips are standard Veeco 0.01-0.025
Qcm Antimony (n) doped Si tip. The current-voltage (/-V) characteristics were measured
by using Keithley 2400 source meter. The EL and PL were recorded by SPEX Fluorolog 3
spectrometer. The EL brightness was estimated by comparing with calibrated inorganic
light-emitting diodes. The photoexcitation source for PL is 532nm continuous wave laser.
Magnetic field effects (MFE) refer to the phenomena in which electrical or optical signal

changes as a function of an external magnetic field. The amplitude for magneto-EL and

magneto-PL is given by the relative change in percentage: MFE = IBI;IO , where /3 and [
0

are the signal intensities with and without an applied magnetic field. All materials
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processing and experimental measurements were performed under nitrogen atmosphere at

room temperature.

5.3 High and low electroluminescence regimes from respective
bimolecular recombination and mono-molecular recombination
processes

Figure 5-1 (a) shows the EL characteristics in the inverted
Ag/MoO;/CH3NH;PbIs/TiOL/ITO device at forward bias (Ag-positive and ITO-negative)
while no detectable EL actions can be observed at reverse bias. The EL spectrum is
consistent with photoluminescence (PL) spectrum, indicating an intrinsic EL action from
OMHP (CH;NH;Pbl;) (Figure 5-1 (b)). The EL brightness was estimated to be 700 cd/m*
at the forward current density of 450 mA/cm®. Figure 5-1 (c) and (d) show the experimental
results from x-ray diffraction (XRD) and the atomic force microscope (AFM)
measurements. The XRD result shows high crystallinity in the polycrystalline domains in
our perovskite samples. The AFM image indicates high-quality perovskite films.

Figure 5-2 (a) shows EL intensity as a function of injection current. The EL is
nonlinearly increasing with injection current, leading to low and high-efficiency EL
regimes below and above the critical current of 220 mA/cm®. It should be noted that a
nonlinear relationship between PL and excitation intensities can be also observed in OMHP
(CH3;NHs;Pbl;) (as shown in Figure 5-2 (b)). Similarly, the PL can be divided into low and
high-efficiency regimes below and above the critical photoexcitation of 210 mW/cm®. The
PL studies have shown that a photoexcitation generates a large amount free electrons and
holes within the time scale of picoseconds due to low electron-hole binding energies [19].
Consequently, the PL is essentially generated by the recombination of photogenerated
electrons and holes in OMHP. This leads to a scenario that the EL and PL share the same
underlying mechanism to generate electron-hole recombination towards light emission.
The early publications have shown that the recombination of photogenerated electrons and
holes undergoes monomolecular and bimolecular processes at low and high-efficiency
regimes [109,110]. Based on the fact that the EL and PL exhibit similar nonlinear

relationship with excitation intensity, we can suggest that the respective low and high-

66



D

S
—~
\=J

)

N§ 500/@) g 5 =10 1.0 3
g 400, I300 ¢ ©0.8] p. 0.8 4
> 200, 150 & 0.6 e 106 £
2 9 0 £ 38 3
o r 3 202! 0.2
2400 13000 2 E
s — 00———————— 0.0 5
29 6 3 0 3 6 400 500 600 700 800 900
Bias (V) Wavelength (nm)
~ 1:5-(0) i (6) 6 sonins
S 13.748nm
c 0.8 ;
> 06 € 10 &5
% 04_ 0.619nm
0.0f - , A 20
10 20 30 40 50 60 um

20 (degree)

Figure 5-1. Forward bias: Ag-positive and ITO-negative. Reverse bias: Ag-negative
and ITO-positive. (a) Current-voltage-EL characteristics at both forward and reverse
biases in Ag/MoO3/CH3NH;PbI;/TiO/ITO device. (b) Absorption,
photoluminescence, and electroluminescence spectra for organo-metal halide halide
perovskite thin film. (¢) X-ray diffraction (XRD) spectra for organo-metal halide
perovskite thin film. (d) Atomic force microscope (AFM) image to show the
morphology for organo-metal halide halide perovskite thin film.
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Figure 5-2. (a) EL intensity is shown as a function of current density in

Ag/MoO;3/CH3NH;PbI3/TiO/ITO device at forward bias (Ag-positive and ITO-

negative). (b) PL intensity is shown as a function of photoexcitation intensity in
CH;NH;PbI; thin film under 532 nm CW laser illumination.
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efficiency EL regimes are from monomolecular and bimolecular recombination in the
perovskite light-emitting devices [Ag/MoO3;/CH3NH;Pbls/TiO,/ITO].

In general, the monomolecular and bimolecular recombination can be related to un-
balanced and balanced electron and hole densities in carrier capture, respectively.
Specifically, when the electron and hole densities are un-balanced, the recombination
probability is governed by the capture of minority carriers, leading to a monomolecular
process. When the electron and hole densities are balanced, the recombination probability
is dominated both electrons and holes through bimolecular capture, generating a
bimolecular behavior. In general, polycrystalline perovskites possess ions and defects
which form traps for electrons and holes. The experimental measurements on Seebeck
effect indicate that the OMHP: CH;3;NH3Pbl; is a p-type semiconductor [139]. The PL
studies have suggested that at low photoexcitation intensity the photogenerated carriers can
gradually occupy traps and consequently leads to a low-efficiency light emission
[109,110]. This low-efficiency PL regime essentially results from monomolecular
recombination. On contrast, at high photoexcitation intensity the traps become fully
occupied, the photogenerated electrons and holes undergo a bimolecular recombination
with high-efficiency PL [109,110]. In EL, we can expect a similar situation,
monomolecular and bimolecular recombination at low and high injection, respectively.

This gives rise to low and high-efficiency EL regimes as injection current is increased.

5.4 Exploring spin mixing at low and high-efficiency EL regimes by
using magneto-EL measurements.

Previous studies have shown that an external magnetic field can change the
branching ratio between antiparallel and parallel spins by disturbing the spin mixing
generated by spin-orbital coupling, leading to magneto-PL and magneto-EL. This has been
found to be primary mechanisms to generate magnetic field effects on light emission in
organic semiconductors [140,141]. Therefore, magneto-EL can be used as an experimental
tool to explore spin mixing in monomolecular and bimolecular recombination in OMHP
light-emitting devices. We can see in Figure 5-3 (a) that the EL measured below and above
forward injection current of 190 mA/cm? yield negligible and appreciable magneto-EL

signals. Interestingly, the low and high-efficiency EL regimes show negligible and
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appreciable magneto-EL, respectively. Because the low and high efficiency EL occur in
monomolecular and bimolecular recombination, we can see that the monomolecular and
bimolecular recombination give rise to negligible and appreciable magneto-EL.
Essentially, the negligible and appreciable magneto-EL suggest that the spin mixing
becomes in-operative and operative in monomolecular and bimolecular recombination.
The monomolecular recombination occurs through the charge capture in traps. The in-
operative spin mixing means that the monomolecular recombination is a short-distance
capture within traps. A short-distance capture forms a strong exchange interaction, dis-
allowing the spin mixing between antiparallel and parallel spin pairs. In statistics the charge
capture yields 25 % antiparallel spin pairs and 75 % parallel spin pairs. In this situation,
the light-emitting states are essentially formed with the upper limit of 25% branching ratio
at monomolecular recombination through charge capture occurring in traps due to in-
operative spin mixing. This gives rise to a low-efficiency EL in monomolecular
recombination. On contrast, the operative spin mixing suggests that the bimolecular
recombination is a long-distance capture at high injection current after the traps are filled.
A long-distance capture corresponds to a weaker exchange interaction, allowing spin
mixing between antiparallel and parallel spin pairs. In this situation, the light-emitting
states can be formed with more than 25 % branching ratio due to operative spin mixing,
leading to a high-efficiency EL in bimolecular recombination. Therefore, spin mixing
forms a useful mechanism to enhance the EL in OMHP light-emitting devices by switching
the charge capture from monomolecular to bimolecular recombination.

Here, we use magneto-PL as an effective tool to further confirm the in-operative and
operative spin mixing at monomolecular and bimolecular recombination. The PL consists
of two subsequent processes: (i) a photoexcitation generates a large amount of free
electrons and holes in OMHPs due to low binding energies and fast dissociation [19,36
,142] and (ii) the photogenerated free electrons and holes recombine into light-emitting
states. Therefore, magneto-PL provides an analogous opportunity to explore spin mixing
in different recombination regimes in the OMHPs as photoexcitation intensity is increased.
We can see in Figure 5-3 (b) that the PL shows negligible and appreciable magnetic field

effects below and above the critical excitation intensity of 150 mW/cm?, very similar to
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the phenomena observed in magneto-EL. Above this critical excitation intensity a negative
magneto-PL can be observed. Below this critical intensity no magneto-PL can be detected
although a strong PL still exists. By comparing with PL-excitation dependence in Figure
5-2 (b), we can see that the low and high-efficiency PL correspond to negligible and
appreciable magneto-PL through monomolecular and bimolecular recombination of
photogenerated carriers, an analogue phenomenon to EL. In addition, the magneto-PL and
magneto-EL (Figure 5-3 (b)) and (Figure 5-3 (a)) have common Lorentzian line-shape
characteristics (AI(B)/IOC[BZ/(BerBoz)]). As a result, the magneto-PL results can confirm
the conclusion made from magneto-EL: the monomolecular and bimolecular
recombination show in-operative and operative spin mixing, respectively, in the OMHPs.
For further confirm the relationship between spin exchange interaction and spin mixing
under a high injection density, we verify the free charge recombination process after the
dismissed shallow trap states and, especially, under a high injection current. It could be
seen in Figure 5-4 that the magnitude of magneto-EL demonstrates an initial increasing
before the critical injection current density of 750 mA/cm?. However, when the injection
current density is keeping increased that we can see a decrement of magneto-EL response
from OMHP light emitting diode. Based on the fact that the higher density of free charge
carriers can lead to form a e-h pair with strong spin exchange interaction. Under this
situation, the e-h pair with strong spin exchange interaction will lead to a weak operative
spin-mixing under external magnetic field.

In general, the spin mixing can lead to a change of the ratio of spin states, which can
be caused by hyperfine coupling [117,118] and Ag mechanism [84,86]. From our negative
magneto-EL and magneto-PL, it suggests that the spin mixing direction within our OMHP
light emitting diode is from spin parallel state to spin anti-parallel state. Therefore, under
an external magnetic field that the spin mixing processes will be suppressed, and leading
to a more population of spin-parallel state, which is the origin of negative magneto-PL and
magneto-EL. Therefore, under the device operation condition without external magnetic
filed that the spin mixing is expeted to be happened, which can convert more parallel spin
pairs to antiparallel spin pairs, leading to a higher population of spin-parallel e-h pairs to

break spin-parallel states:spin-antiparallel states=25%:75% branching ratio.
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Figure 5-3. (a) Magneto-EL measured at different injection currents from

Ag/MoO;/CH3NH;PbI:/TiO/ITO device at forward bias (Ag-positive and ITO-
negative). (b) Magneto-PL measured at different excitation intensities.
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Figure 5-4. Magneto-ELL measured under high injection current (above 750
Ma/cmz) from Ag/MoO;/CH3NH;PbI3/TiO/ITO device at forward bias (Ag-
positive and I'TO-negative).
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Under high luminescence regime, a magnetic field can change the populations of different
spin states in electron-hole pairs by suppressing the internal spin mixing through inducing
coherent spin precessions. Specifically, the spin mixing can shift the population between
spin-antiparallel and spin-parallel states with the direction from high energy to low energy.
Essentially, spin mixing requires both spin and energy conservations between different spin
states. The spin conservation can be satisfied by spin-orbital coupling (SOC) in OMHPs.
On one hand, the energy conservation can be conveniently realized by thermal energy. In
particular, the spin conservation determines whether the spin-mixing can occur while the
energy conservation controls the spin-mixing direction. When the spin-parallel pairs are
higher than spin-antiparallel pairs in the situation of negative exchange energy, the spin
mixing shifts the electron-hole pairs from spin-parallel states to spin-antiparallel states,
namely parallel-to-antiparallel spin mixing. However, when the spin-antiparallel pairs are
higher than spin-parallel pairs in the situation of positive exchange energy, the spin mixing
shifts the electron-hole pairs from spin-antiparallel states to spin-parallel states, namely
antiparallel-to-parallel spin mixing. These two situations can lead to negative and positive
magnetic field effects when an applied magnetic field suppresses the spin-mixing behavior
by introducing coherent spin precessions. The early studies have shown that the spin-
parallel states normally have higher energies than spin-antiparallel states in electron-hole
pairs due to negative exchange energy [143,144]. Therefore, suppressing spin-mixing can
generate a negative magneto-EL under charge injection. On the other hand, we should note
that an applied magnetic field can also introduce in-coherent spin precessions through Ag
and field-gradient effects where the electron and hole experience different field strengths
at different locations within an e-h pair [145]. In this situation, we can expect magnetic
field effects generated by enhancing spin-mixing behavior between different spin states.
Considering the fact that spin-parallel states can normally have higher energy than the spin-
antiparallel states in electron-hole pairs with the parallel-to-antiparallel spin mixing,
enhancing spin-mixing can then lead to a positive magneto-EL. Our results indicate that
suppressing spin-mixing is a dominant mechanism to generate magneto-EL in the OMHP

light emitting Ag/MoO3;/CH3NH;3Pbls/TiOx/ITO device (as shown in Figure 5-3).
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However, under low luminescence regime that no detectable magnetic field effects
can be observed. Here arises an open question: Does the negligible magnetic field effects
in OMHP come from either strong exchange energy or extremely strong spin-mixing
between e-h pairs? In general, both mechanisms can theoretically contribute to negligible
magnetic field effects. Figure 5-2 shows both EL and PL intensities as a function of current
density and photoexcitation intensity. We can see that both EL and PL shows a non-linearly
increasing behavior. Clearly, the EL and PL actions can be divided into low and high
efficiency zones below and above the injection current of 217 mA/cm? and photoexcitation
of 210 mW/cm?, respectively. The EL-current and PL-photoexcitation characteristics can
essentially reflect the quantum efficiencies: smaller and larger slopes give rise to low and
high carrier recombination efficiencies. On the other hand, it should be noted from
magneto-EL and magneto-PL results that the EL and PL can be divided into
monomolecular and bimolecular recombination regimes below and above the critical
excitation intensity of 190 mA/cm? for magneto-EL and 150 mW/cm? for magneto-PL. As
discussed above, due to the existence of trap states in low luminescence regimes that the
monomolecular recombined e-h pairs can show a strong binding energy and short
separation distance. Under this situation, the spin exchange energy between e-h pairs can
be very strong, and leading to a scenario of strong spin-conserving between spin anti-
parallel state (singlet) and spin parallel state (triplet). As a result, the ratio between singlet
e-h pairs and triplet e-h pairs is limited to 25%:75% in OMHP crystals. As a consequence,
based on the experimental results we suggest that the origin of the negligible magnetic field
effects demonstrated in low luminescence regime is due to the absence of spin-mixing,

which is caused by the strong spin exchange energy of e-h pairs (ash shown in Figure 5-5).

5.5 Conclusion
In this chapter, perovskite LEDs have been fabricated based on the inverted design:

Ag/MoO;/CH3NH;PbI3/TiO4/ITO. The results have shown that the EL shows magnetic
field-independent and magnetic field-dependent recombination regimes at low and high
charge densities below and above 190 mA/cm?’, respectively. In the field-independent

recombination regime at low charge densities, the charge recombination happens through
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Figure 5-5. The in-operative spin-mixing does not provide a mechanism to operate the
parallel-to-antiparallel transition in short distance light emitting states formed through
field-independent pairing process (a). The operative spin-mixing facilitates the parallel-
to-antiparallel transition in electron-hole pairs formed through field-dependent pairing
process and consequently increases light-emitting states: higher EL efficiency (b).
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monomolecular recombination process due to the existence of shallow trap states within
OMHP crystals. Consequently, the monomolecular recombined e-h pairs show a strong
spin exchange energy, leading to an absence of spin-mixing. In this situation, an external
magnetic field can not change the spin antiparallel to spin parallel ratio due to negligible
spin-mixing of monomolecular recombined e-h pairs. On the other hand, in the field-
dependent recombination regime at high charge densities, due to the filled shallow trap
state by high density of free charge carriers within OMHP crystals that the dominant charge
recombination process can be transferred from monomolecular recombination regime to
bimolecular recombination regime. In this situation, the bimolecular recombined e-h pairs
show a weak spin exchange interaction, leading to an appreciable spin-mixing from
bimolecular recombined e-h pairs. Consequently, an external magnetic field can change
the spin antiparallel to spin parallel ratio by disturbing the spin-mixing process of
bimolecular recombined e-h pairs. Our results indicate that an applied magnetic field can
suppress the parallel-to-antiparallel spin-mixing generated by SOC, leading to a negative
magneto-EL. Nevertheless, our studies show that the carrier recombination can be divided
into field-independent and field-dependent regimes in EL operation with negligible and
appreciable magneto-EL. Furthermore, we observe that the EL shows low and high
increasing rates with increasing injection current below and above 217 mA/cm’ in the
Ag/MoO;/CH3NH;PbIs/TiOL/ITO device. This indicates that the light-emitting e-h pairs
are formed with low and high rates in monomolecular recombination paring and

bimolecular recombination paring regimes to generate EL actions in OMHPs.
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Chapter 6 Spectral Narrowing Phenomenon in
Perovskite Light Emitting Devices Induced by Linearly
Polarized Photoexcitation

6.1 Introduction
Recently, the light emitting property from OMHPs has attracted a lot of attention

due to its color tunable and high efficiency characteristics [134]. Especially, lasing action
from OMHP materials is an important discovery to broader the application of OMHP
materials. First lasing action from OMHP has been discovered by F. Deschler ef al. from
Cavendish Laboratory. They found that the OMHP materials can generate a strong lasing
under a strong photoexcitation intensity and with a cavity structure [19]. Recently, the
phonon bottle effect has been found in OMHPs, which may be the primary mechanism
leads to the lasing action in OMHPs [146]. Up to date, the lasing action from OMHPs can
only be generated from an extremely high power of photoexcitation. No experimental result
shows the lasing action from electrical excitation. The key reason for the difficulty of
generating the lasing action by pure electrical excitation is due to that a significant heat
produced from high current injection, which can cause a device decay in OMHPs light
emitting devices. In general, the EL actions result from three consecutive processes, (i)
electrically injecting electrons and holes with balanced densities, (ii) spatially confining
electrons and holes for forming light-emitting excitons, and (iii) radiative emission of light-
emitting excitons in perovskite light-emitting diodes. Recently, the EL efficiency has been
largely increased by simultaneously improving the charge injection and confinement [ 138].
The remarkable EL actions not only provide the promising potential for developing highly-
efficient thin-film light-emitting devices, but also present the possible platform to explore
the underlying mechanism for amplifying EL actions. An interesting PL phenomenon is
noted: the quantum efficiency shows low values at low fluences but very high values at
high fluences. The PL quantum yield can be as high as 70 % in the perovskite films at room
temperature [138]. This rapidly increasing quantum efficiency with excitation intensity
provides the precondition to realize lasing actions in OMHPs. As an exemplified progress,
the optically pumped lasing actions have been successfully demonstrated with wavelength-

tuning ability through amplified spontaneous emission (ASE) or stimulated emission (SE).
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The optically pumped lasing actions together with remarkable EL actions presents high
promises for developing electrically pumped lasing actions in perovskite thin-film devices.
In this chapter, a possible mechanism has been explored to optically amplify the EL in
perovskite light-emitting diodes [Ag/MoOs/CH3;NH3PbBr3/PEIE/TiO4/ITO] by combining
electrical and optical excitations. We observe that the light emission from the
Ag/MoO;/CH3NH;PbBr3/PEIE/TiO4/ITO device shows a large spectral narrowing
phenomenon induced by a linearly polarized incident light. The experimental studies
suggest that optically induced amplification and alignment of electrically generated light-
emitting excitons function as the underlying mechanism responsible for spectral narrowing

phenomenon with linear polarization characteristics in the perovskite light-emitting diodes.

6.2 Experimental Section
The detail for the OMHP light emitting diode making procedure has been in

traduced in chapter 1. First, a electron transport layer, PEIE (polyethylenimine), has been
spin casted on top of ITO/TiOx layer. Secondly, the bromine OMHP active layer was
prepared by mixing Methylammonium bromide (MABr) and lead bromide (PbBr;) in
anhydrous dimethylformamide (DMF, Aldrich) with a mole ration of 1:1. The overall
solution concentration was 30 wt%. The bromine perovskite precursor was then stirred for
2 hours at 60°C and followed by filtration with a 0.45um PVDF filter. The bromine OMHP
(CH3NH3PbBr3) solution was spin-cast with the film thickness of 50 nm on the
ITO/TiOx/PEIE substrates, followed by thermal annealing at 90°C for 10 minutes. The
current-voltage (/-V) characteristics were measured by using Keithley. The photoexcitation
source for PL is linearly polarized 405 nm continuous wave (CW) laser. The impedance
measurements (C-f) are performed by using a dielectric spectrometer (Agilent E4980A; 20
Hz ~ 2M Hz) under different magnitudes of excitation intensity to measure the polarization
within our bromide perovskite light emitting diode under different regimes (low frequency
regime: interfacial polarization; high frequency regime: bulk polarization regime).
Polarization emission measurement set up by putting a polarizer after the bromine

perovskite sample under a photoexcitation of linear polarized 405 nm CW laser (as shown

in Figure 6-1 (a)).
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Figure 6-1. (a) Experimental setup and (b) device structure for the linear polarized
light detection for bromine based light emitting diode.
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6.3 Results and discussion

Figure 6-2 (a) and Figure 6-2 (b) shows the luminescence spectra and magnitudes
of CH3;NH;PbBr; samples from different photoexcitation intensities under a
simultaneously applied electrical excitation and photoexcitation. It worth to note that the
narrowest full width and half maximum (FWHM) of the luminescence spectrum is around
only 9.5 nm under a high current density of 1375 mA/cm?. More importantly, the FWHM
of light emission is reduced from 36 nm to 9.5 nm, by a factor of 3.8, operated at the
constant bias of 9 V concurrently when the power of the linearly polarized 405 nm CW
beam changes from 450 mW/cm?® to 950 mW/cm”. In order to clarify the effect from the
density of excited states in the spectrum narrowing phenomenon, here we measure the
magnitude change of linear polarization of emissive light from CH;NH;PbBr; samples
under the simultaneously applied electrical excitation and photoexcitation with different
excitation intensities (the experimental setup is shown in Figure 6-1 (a)). It could be seen
in Figure 6-2 (c) that when the excitation intensity of simultaneously applied electrical
excitation and photoexcitation is increased from 279 mA/cm’® to 1081 mA/cm’, the
magnitude change of polarized light emission is also changed from 5% (red curve) to 20%
(dark yellow curve). Here, the results shown in Figure 1 hint that the high density of excited
states generated by excitation plays an important role in the demonstration of luminescence
spectrum narrowing phenomenon.

In order to study the role of simultaneously applied electrical excitation and
photoexcitation in the luminescence spectrum narrowing phenomenon, here we measure
the current density-bias (J-V) curve. Figure 6-3 (a) shows J-V curves from respective pure
electrical injection under dark condition, pure photo-current under illumination intensity
of 950 mW/cm? from a 405 nm CW laser, and simultaneously applied electrical injection
and photoexcitation. Here, it could be seen clearly that the simultaneously applied electrical
injection and photoexcitation shows a higher magnitude of current density (~1350 mA/cm?)
than the dark injection current (~275 mA/cm®) and photocurrent (~65 mA/cm?).
Furthermore, even the sum-up of dark injection current and photocurrent (~340 mA/cm?)

which is still much smaller than the current density from simultaneously applied electrical
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(c) The detection of the linearly electrical polarization from emission light of bromine
perovskite LEDs.
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injection and photoexcitation. On the other hand, Figure 6-3 (b) shows the change of
luminescence magnitudes as a function of excitation intensity under electrical excitation,
photoexcitation, and the simultaneously applied electrical excitation and photoexcitation,
respectively. It is worthy to note that under high excitation intensities the luminescence of
PL+EL shows a higher magnitude than the sum-up of single PL and single EL. Similar to
current amplification phenomenon, this result indicates that the simultaneously applied
electrical excitation and photoexcitation can also provide a pathway to produce higher
quantum yield of light emission in CH;NH3;PbBr; samples. Clearly, these experimental
results indicate that the excited states amplification phenomenon can be demonstrated
under the simultaneously applied electrical injection and photoexcitation. As discussed, the
high density of excited states is a crucial prerequisite to generate luminescence spectrum
narrowing phenomenon. As a consequence, here the excited states amplification
phenomenon generated from the simultaneously applied electrical excitation and
photoexcitation could provide an important channel to generate high density of excited
states, leading to satisfy the prerequisite for generating the luminescence spectrum
narrowing phenomenon.

Now, we measure the single EL and single PL with a high intensity of electrical excitation
and photoexcitation, respectively. Figure 6-4 (a) shows that luminescence spectrum of
respective single EL and single PL exhibits no luminescence spectrum narrowing
phenomenon even under a high intensity of electrical excitation or photoexcitation. In
contrast to the single EL and single PL spectra, it could be seen clearly in Figure 6-4 (a)
that the luminescence spectrum from simultaneously applied electrical excitation and
photoexcitation (EL+PL) shows a detectable luminescence spectrum narrowing
phenomenon with a similar magnitude of luminescence intensity as compared to single EL
and single PL. Based on the experimental results, here we propose the second prerequisite,
in addition to high density of excited state, for generating luminescence spectrum
narrowing phenomenon: excited states induced alignment of electrical bulk-polarizations
in CH3NH;3PbBr; poly-crystals. In order to clarify the effect from the polarization of
photoexcitation, here we apply a linear polarized photoexcitation and circular polarized

photoexcitation into the CH3;NH;3;PbBr; samples, in which the linearly polarized 405 nm
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laser beam with 2 mm dimeter was combined with a 4 wave plate to generate switchable
linearly and circularly polarized photoexcitations with identical intensity when the "4 wave
plate was rotated with 0° and 45° relative to the polarization direction of linearly polarized
laser beam. Figure 6-4 (b) shows that the linear polarized photoexcitation can generate
higher magnitude of polarization in high frequency regime than the circular polarized light
in capacitance-frequency (C-f) measurement. Previous study has shown that the high
frequency regime in the C-f measurement can be used to reflect the electrical bulk-
polarization in organo-metal halide perovskite (OMHP) poly-crystals, and on the other
hand, the low-frequency regime is corresponding to the interfacial polarization (interfacial
charge accumulation) regime. Previous study has shown that the fluorescence polarization
induced by polarized photoexcitation could be described by a relationship between

excitation probability Py (?) and polarization direction of photoexcitation:

gt 2 2
P. (1) =F‘M E‘ W, —w) x ‘/,t E‘ = u’E*cos’ 0 (1)

where u is the electrical dipole moment within light absorber, E is the electric field vector
of photoexcitation, and @ is the angle between the polarization direction of photoexcitation
and bulk-polarization direction of the light absorber domain. According to the equation (1),
the polarized photoexcitation can induce a bulk-polarization in the domain of light absorber
with a certain polarization direction. As a result, we can make an argument that the linear
polarized photoexciation can induce a higher magnitude of electrical bulk-polarization
within CH3;NH;3;PbBr; poly-crystals than the situation of illuminating under circular
polarized photoexcitation. At the mean time, we can see in low frequency regime
(interfacial regime) that the circular polarized photoexcitation can lead to a higher
magnitude of interfacial charge accumulation than the device under the illumination of
linearly polarized photoexcitation. This result clearly indicates that the linearly polarized
light illumination can reduce the free charge accumulation at the interface between
perovskite poly-crystals and electrode due to an existence of aligned electrical dipole
induced by linear polarized photoexcitation. Here, the C-f measurement has shown that the
excited states amplification phenomenon could be attributed to the strong electrical bulk-

polarization induced by linear polarized photoexcitation in CH3NH3;PbBr; poly-crystals.
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Under the existence of strong electrical bulk-polarization that the injected free charge
carriers would experience a strong confinement filed in crystals domain of CH;NH3;PbBr;
poly-crystals, and therefore, leading to a significant free charge recombination.

Now, we verify the effect of electrical bulk-polarization in CH;NH;PbBr; poly-
crystals on luminescence narrowing phenomenon. Here, we have directly measured the PL
spectra under different magnitudes of external electrical field. The purpose of external
electrical field is to provide a driving force to induce the electrical bulk-polarization in
CH;3;NH;3PbBr; poly-crystals. For excluding the effect from injected free charge carriers
that the CH3NH;PbBr3 layer is sandwiched by two insulating PMMA layers. Figure 6-5 (a)
demonstrates the results of luminescence spectrum narrowing phenomenon of PL. It could
be seen that the PL spectrum with a 35 V external electrical bias shows a narrower
luminescence spectrum (20 nm) than that of the PL spectra under the external electrical
biases of 5 V (31 nm) and 15 V (27 nm), respectively. Analogously, this PL spectrum
narrowing phenomenon is similar to the luminescence spectrum narrowing phenomenon
demonstrated in Figure 6-2 (a), which confirms that the mechanism of current amplification
and enhanced light emission quantum yield effects are originated from the external field
induced strong electrical bulk-polarization in CH3NH3PbBr; poly-crystals. On the other
hand, it could be observed in Figure 6-5 (b) that the PL under a 35 V external electrical
field shows a magnitude change of about 10.4% when we rotate the linear polarizer behind
the CH3NH;PbBr; samples, which is higher than the measurements under the external
electrical fields of respective 5 V (2.1%) and 15 V (2.2%). It is worthy to note that the trend
of experimental result shown in Figure 6-5 (b) is also similar to Figure 6-2 (c) which is
under the simultaneously applied electrical excitation and photoexcitation. These results
suggest that under a presence of strong directionally external field, the emissive light of
CH3NH;3PbBr; samples can be more linearly polarized. Here, the linearly polarized
emissive light from CH;NH;PbBr; samples could be attributed to a strong coherent
interaction between field induced electrical bulk-polarization and excited states in
CH;3NH;3PbBr; poly-crystals. In general, the light emission in semiconductors at room
temperature is usually an in-homogeneous processes from different energy levels due to

the presence of shallow trap states and phonon effect in semiconductors, which usually
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leads to a broad FWHM in luminescence spectrum. However, we have found that with a
strong electrical bulk-polarization in OMHP poly-crystals induced by an external field, the
recombination processes could be transferred from in-homogeneous recombination to
homogeneous recombination due to the strong coherent interaction between electrical bulk-
polarization and excited states. Under this situation, the recombination of charge carriers
could be confined within few specific energy levels. As a result, this homogeneous
recombination processes can provide a pathway for a significant single band to band
recombination, and leading to a purer color of light emission (luminescence spectrum
narrowing phenomenon). Here, our study in the coherent interaction between electrical
bulk-polarization and excited states in OMHP poly-crystals provides a deep understanding
in the mechanism of homogeneous charge recombination processes, leading to benefit the

development of electrical pumping laser by using OMHPs.

6.4 Conclusion

In this chapter, we have investigated the luminescence spectral narrowing
phenomenon by introducing a simultaneously applied electrical excitation and
photoexcitation. Here, it has been found that the optically induced amplification and
alignment of electrically generated light-emitting excitons generate a co-operative
interaction between light-emitting excitons, functioning as the underlying mechanism
responsible for the spectral narrowing phenomenon with linear polarization characteristics
in perovskite light-emitting diodes. The optically induced amplification of electrical
generated light-emitting quantum yield is verified by the significant enhancement of
electrical injection current caused by the linearly polarized incident light. Specifically, the
injection current is increased from 340 mA/cm? to 1350 mA/cm?” at the constant voltage
mode (9 V) under the 405 nm CW laser beam of 950 mW/cm?, leading to an optical
amplification of injection current. The alignment of light-emitting excitons is confirmed
by similar spectral narrowing phenomenon with linear polarization on photoluminescence
(PL) induced by an external electrical field without electrical injection in the perovskite
[CH3NH3PbBr3] film. In particular, the PL spectral width is decreased from 31 nm to 20
nm with linear polarization characteristics when an external electrical field is applied on
the perovskite [CH;NH;PbBr;] without injecting electrical current. As a result, optically
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induced amplification and alignment of electrically generated light-emitting excitons
presents as an important methodology to develop co-operative interaction in EL actions in

perovskite light-emitting didoes.
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Figure 6-5. (a) Photoluminescence spectra narrowing phenomenon under different
magnitudes of external electrical field without any injection current. (b) the detection
of the linearly polarized photoluminescence under different magnitudes of external
electrical field.
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Chapter 7 Conclusion

The magnetic, optical, and electrical properties of the e-h pairs in polymer and
organo-metal halide perovskite materials have been studies in this research. The overall

research can be separated into three primary parts.

First, the e-h pairs within OMHP materials show a spin-dependent
recombination/dissociation processes. We have found that the interaction between e-h pairs
can cause a modulation of spin-exchange energy, leading to a different charge
recombination and dissociation rates under different photoexcitation intensities.
Furthermore, the e-h binding energy in OPV/OMHP solar cells can be estimate under
device operating condition by using magneto-electrical measurement. We found that the
intra-molecular dipole within polymer chain (PTB7) can provide an extra driving force, in
addition to the built-in field, to benefit the charge dissociation, leading to a lower interfacial
charge dissociation and lower e-h binding energy. As a result, the device efficiency with
PTB7 as interfacial layer or active layer shows a higher device performance than the device
using P3HT (without intra-molecular dipole) as interfacial layer or active layer. This
concept provides a new direction for the device fabricator and material synthesizer to make
higher efficiency photovoltaic devices and materials.

Second, the charge recombination mechanism within OMHP poly-crystals could
be separated into two regimes: monomolecular recombination (trap assisted recombination)
and bimolecular recombination. The monomolecular recombination occurs under low
excitation intensity, which is due to the presence of shallow trap states. Under this situation,
the trap assisted recombination will show a low efficiency of luminescence from OMHP
thin film. However, under high excitation intensity that most of the shallow trap states are
filled, and therefore, the recombination mechanism could be transferred from
monomolecular recombination into bimolecular recombination. Under the situation of
bimolecular recombination, the free mobile electrons and free mobile holes can undergo a
strong recombination, leading to a higher luminescence efficiency. Moreover, we found
that the monomolecular recombination regime shows an undetectable MFE response,

which is contrast to the bimolecular regime. This result indicates that the spin-exchange
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interaction under monomolecular recombination process is really strong, which is due to
the short distance capture e-h pairs from shallow trap states. Nevertheless, the bimolecular
recombined e-h pairs can show a detectable MFE response, which is due to the long
distance capture radius for e-h pairs that can show lower spin-exchange interaction.

Third, the polarization enhanced e-h pairs interaction has been introduced. We
found that a Iluminescence spectral narrowing phenomenon happens under a
simultaneously applied electrical excitation and photoexcitation. Here, the purpose of two
excitation sources is to provide sufficient population of excited states within OMHP active
layer, and on the other hand, the linear polarized CW laser can induce a strong electrical
polarization within OMHP poly-crystals. Under a strong electrical polarization in OMHP
poly-crystals that a strong coherent interaction between photoexcited electron-hole pairs
could be happened. Under this strong coherent interaction between electron-hole pairs that
the charge recombination would be confined in specific energy levels, lead to a purer light
emission (spectral narrowing phenomenon) than scenario of in-homogeneous
recombination. This result has revealed the role of polarization effect on the recombination
of light emitting action in OMHP light emitting diodes, leading to benefit the development
of electrical pumping laser by using OMHPs.
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