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Abstract

With the progression towards lighter but larger-display self-sustainable mo-

bile devices, device efficiency becomes increasingly important, owing to the

higher power display consumption but at the same time more limitation on the

size and volume of energy storage. In this thesis, selected aspects regarding to

efficiency of three types of optoelectronic devices, indoor photovoltaics (IPVs),

perovskite thin-film transistors (TFTs) and organic light-emitting diodes (OLEDs)

have been investigated.

IPVs can make off-grid devices self-sustainable by harvesting ambient light

energy. Its weak irradiance necessitates high-efficiency IPVs to generate suffi-

cient power. Our work addresses the need of knowing the limit of the device

parameters for correct evaluation and understanding the efficiency loss for de-

veloping clinical tactics. We delivered a general scheme for evaluating the

limiting efficiency and the corresponding device parameters of IPVs under var-

ious lights, illuminance and material bandgap. In contrast to the AM1.5G

conditions, a maximum power conversion efficiency (PCE) of 51–57 % can be

achieved under the optimal bandgap of 1.82–1.96 eV. We also propose using

the second thickness peak of interference instead of the first as a better optimal

absorber thickness after identifying the finite absorption as the major source of

efficiency loss. The work provides insights for device evaluation and material

design for efficient IPV devices.

The novel hybrid organic–inorganic perovskites have gained enormous re-

search interest for its various excellent optoelectronic properties such as high

mobility. TFT as an alternative application to the majorly focused photo-

voltaics is realized in this work. There are few reports on perovskite TFTs due

to wetting issues. By employing polymethacrylates with ester groups and aro-

matic substituents which provide polar and cation–π interactions with the Pb
2+

ions, quality films could be fabricated with large crystals and high electron mo-
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bility in TFTs. We further improved the performance by resolving interfacial

mixing between the perovskite and the polymer using the crosslinkable SU-8,

achieving the highest mobility of 1.05 cm
2

V
−1

s
−1

. Subsequently, we cured the

grain boundaries using methylamine solvent vapor annealing, suppressing the

TFT subthreshold swing. The work provides a map for the improvement of

perovskite TFTs.

It has been revealed that molecular orientations of the emitters in OLEDs

with the transition dipole moment lying in plane enhances light outcoupling

efficiency. Multiple experimental techniques are needed to provide comple-

mentary orientation information and their physical origin. Here, we propose

using TFT to probe the orientation of the phosphorescent emitters. Homolep-

tic fac-Ir(ppy)3 and heteroleptic trans-Ir(ppy)2(acac) and trans-Ir(ppy)2(tmd)

were deposited on polystyrene (PS) and SiO2 substrates. Compared to the

PS surface inducing isotropic orientation as the control, trans-Ir(ppy)2(acac)

and trans-Ir(ppy)2(tmd) possessed decreased carrier mobilities on SiO2. With

the study of initial film growth, we infer that preferred orientation induced

by the polar SiO2 surface led to an increase in energetic disorder in the well-

stacked trans-Ir(ppy)2(acac) and hopping distance in the amorphous trans-

Ir(ppy)2(tmd). The highly symmetric fac-Ir(ppy)3 remained its isotropic ori-

entation despite the dipolar interaction. Surprisingly, the TFT technique gives

much higher sensitivity to surface-induced orientation, and thus may poten-

tially serve as a unique electrical probe for molecular orientation.
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Chapter 1 Introduction

This thesis deals with photovoltaic and transistor devices which employ organic

electronic materials. These materials are synthetic. They have generated im-

mense research interests owing to their advantageous material properties, such

as lightweight, flexibility for bending, twisting and scissoring.
[1.1–1.3]

Another

strength is their high capability of structural, optical and electronic tailoring

via rational design and synthesis of the molecular structures.
[1.4,1.5]

In particu-

lar, solution processability is the merit for low-temperature and low-cost fabri-

cation.
[1.6,1.7]

It also allows scalable production methods like screen-printing,
[1.8]

ink-jet printing,
[1.7]

and roll-to-roll printing.
[1.9]

In contrast, inorganic semicon-

ductor devices involve high processing temperature during fabrication, and are

therefore costly and incompatible to low melting point flexible plastics.
[1.10]

The features of organic materials give access to inexpensive, light, portable

and biodegradable electronics of highly customizable color, shape and opto-

electronic properties for various respective application purposes. Energy har-

vesting modules can also be incorporated into wearable and off-the-grid devices

to utilize ambient energy and reduce the use of batteries. Some daily life ap-

plications are given in Fig. 1.1. In the following, three major applications of

organic optoelectronic devices, namely indoor photovoltaics (IPVs), thin-film

transistors (TFTs) and organic light-emitting diodes (OLEDs), will be briefly

introduced, followed by their recent development and the challenges ahead,

leading to the motivation of this thesis.

Indoor photovoltaics (IPVs)

OPV cells are energy harvesting devices. Distinct from Si-based solar cells

which usually require glass substrates, OPVs are lightweight and flexible, and so
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Fig. 1.1. Some example daily life applications for organic optoelectronic de-

vices. (a) OLED lighting panel with artistic design from LG Display.
[1.11]

(b) A

wearable flexible active matrix organic light-emitting diode (AMOLED) dis-

play which is based on a low temperature process organic thin-film transistor

(OTFT) array, designed by Plastic Logic Ltd.
[1.12]

(c) A flexible organic radio

frequency identification card (RFID) tag from IMEC.
[1.13]

(d) A handrail ultra-

violet (UV) cleaner linked to flexible organic photovoltaics (OPVs) (by KIMS

& KOLON).
[1.14]
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have great potential in remote sensors and large-scale building integration.
[1.15]

They are also cost-efficient and promising candidates for wearable electron-

ics.
[1.16]

Since OPV cells are solution-processable, they can be customized into

desired shapes. Moreover, there is a wide variety of material choices so that

semitransparent organic solar cells of different colors are possible.
[1.17]

Such fea-

tures allow the incorporation of practical product design with aesthetics in the

OPV technology.

In recent years, IPV technology has received increasing attention due to

the advent of Internet of Things (IoT) objects which are capable of low power

consumption.
[1.14,1.18,1.19]

IPV technology is direct ambient-light harvesting for

indoor applications. It was not considered feasible as the irradiance of indoor

lights is usually in the range of ∼100 µW cm
−2

. This amount of energy flux is

about 1000 times weaker than the standard outdoor irradiance (AM1.5G) of

100 mW cm
−2

. However, the increasing demand for IoT for smart cities has

reawakened people’s concern of having self-sustainable smart grids. The smart

grid IoT comprises distributed wireless sensors and transmitters for broad area

coverage, expectedly working round the clock. Besides, it is considered to

be an energy source of the portable devices used indoor. An illustration is

shown in Fig. 1.2. A hard-wired power supply as the energy source leads to

complex and high-cost installation and upgrade. Using batteries is nothing

better as regular battery replacement implies huge maintenance costs. A self-

sustainable solution with indoor light harvesting stands out from the crowd.

Since the incident power intensity is small, high power conversion efficiency

(PCE) IPV devices are expected for commercialization. Devoted effort has

been made for PCE enhancement.
[1.20]

Encouragingly, devices with high PCEs

exceeding 20 % have been reported.
[1.21–1.26]

For example, a highly efficient IPV

device of PCE of 28 % has been achieved using the donor benzodithiophene

terthiophene rhodanine (BTR) blended with the fullerene acceptor under a

1000 lx fluorescent lamp.
[1.27]

Large-area devices of 1 cm
2

with PCE of 22 %
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using PBDB-TF:ITCC has also been reported under an light-emitting diode

(LED) illumination of 1000 lx.
[1.28]

Fig. 1.2. A schematic diagram for the utilization of IPVs. The black labels

donates the indoor IoT sensors and the blue donates portable devices.
[1.14,1.29]

The above reported efficiencies are actually much higher than the cur-

rent world records of single-junction OPV cells (25.2 % dated in November

2019).
[1.30]

Questions then arise: What is the maximum possible efficiency?

Were the reported PCEs accurate? Unlike the AM1.5G evaluation, there is no

such a standardized evaluation for IPVs to date because of the variety of choices

of light sources (e.g. compact fluorescent lamps (CFLs), LEDs and OLEDs),

color temperatures and illuminance. Therefore there is complication compared

to the AM1.5G illumination in which the source of incidence is well defined.

Even worse, significant laboratory-to-laboratory variation in measurement of

the same cell can occur.
[1.31]

Therefore, guidelines for acquired performance

parameters is essential. In addition, since the light source for IPV is different

from the AM1.5G conditions, the optimized material parameters should be re-

examined. However, there are only few reports on these with the variety of
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illumination conditions taken into account.

Thin-film transistors (TFTs)

TFT is a kind of field-effect transistors. They are used widely in controlling the

on-off state of electronic devices. Applications can be found in electronic pa-

pers, chemical sensors, RFIDs, memory cells, and switching circuits for active

matrix OLEDs.
[1.8,1.32,1.33]

In particular, for OTFTs, the semiconducting active

layer can be thin films of organic small molecules, polymers and hybrid ma-

terials. The biggest advantage of OTFTs is the capability of low-temperature

solution process, compared to the hydrogenated amorphous silicon (a-Si:H)

TFTs. It offers compatibility to a wide range of flexible and stretchable, usu-

ally polymeric or even textile substrates,
[1.34]

as well as low-cost manufacturing

via large-area roll-to-roll or inkjet printing.
[1.35,1.36]

This provides opportuni-

ties for wearable electronics. Its transparent capability also allows integration

into transparent electronics. The high tunability of molecular structures of

materials gives a stable paradigm of performance improvement via material al-

ternation instead of manufacturing facilities. Alternatively, devices of various

functions or properties can be integrated on the same substrate with similar

processes without the need for increasing device thickness or weight. Moreover,

biodegradable materials can be employed for OTFT applications.
[1.37]

Electrically speaking, a good TFT should have high carrier mobility, low op-

erating (threshold) voltage, sharp on-off characteristics and large current on-to-

off ratios. Among the four, the carrier mobility is usually regarded as the most

important device or material parameter. Usually, high-mobility OTFTs consist

of high-crystallinity or highly ordered materials. For example, a poly[2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (pBTTT) derivative has shown

high order structure upon annealing at 200
◦
C, contributing to a hole mobility

as high as 4.6 cm
2

V
−1

s
−1

.
[1.38]

To date, reliable hole and electron mobilities

as high as 17 and close to 10 cm
2

V
−1

s
−1

respectively have been achieved for
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solution-processed transistors with small-molecule/polymer blends.
[1.39,1.40]

On the other hand, solution processable organic–inorganic hybrid perovskite

films are emerging as probably the most hotly contended material within a short

span of a few years.
[1.41]

They have got vast attraction after Snaith et al. made

the perovskite photovoltaic (PV) solar cells with impressive PCE of 12.2 %

in 2013,
[1.42]

and the world record PCE of perovskite solar cells has go up to

certified 25.2 % in 2019 [Fig. 1.3].
[1.30]

Having a crystalline structure, several

properties possessed by perovskite materials contribute to the high PCE, such

as sharp optical band edge,
[1.43]

small exciton binding energy,
[1.44]

long carrier

lifetime,
[1.45]

and high charge carrier mobility,
[1.46]

and so on. The raw materials

of such hybrid perovskite are also readily available and inexpensive. Again, so-

lution processability is one focus consideration. As high quality polycrystalline

thin films of perovskites are essential for PV devices with stable and high

PCEs,
[1.47]

numerous studies have already been devoted to study the growth

of perovskite films in terms of processing conditions, composition and reaction

kinetics, interface dynamics, defect passivation, stability and so on.
[1.48–1.51]

It

is worth noting that the above properties of merit should also apply to other

optoelectronic applications such as TFTs and LEDs.
[1.52,1.53]

Nonetheless, the

research community of these alternative applications is much smaller than that

of the PVs.

Organic light-emitting diodes (OLEDs)

OLEDs have been applied to mobile and TV displays.
[1.54,1.55]

Compared to

other types of displays, OLEDs have superior contrast ratio (> 10, 000 ∶ 1),

fast response time (< 0.1 ms), thin total display thickness (< 1.5 mm), wider

viewing angle and wider operation temperature range. OLED displays have

simpler structures and therefore less manufacturing cost. They do not require

a backlight and so are more energy-efficient (< 50% of liquid crystal display

(LCD)). The high constant color gamut makes them look brighter, sharper
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Fig. 1.3. Solar cell efficiency record until November 2019. Perovskite solar

cells have a world record of 25.2 %.
[1.30]

7



and more visually pleasing. It is also compatible with transparent-featured

product design concepts. On the other hand, OLEDs can also be used as light

sources called white organic light-emitting diodes (WOLEDs). Unlike other

light sources which are mostly point sources, WOLEDs are planar diffuse (glare-

free) light emitters where the light source is a surface. This allows uniform light

emission and a variety of designs. Moreover, WOLEDs has various aspects of

advantages of lightweight, mercury-free, ultra-slim, flexible and transparent

features, capability of large-area roll-to-roll processing, high color rendering

index (CRI) and absence of UV and infra-red (IR) emissions as well as little

heat effect. There have been attempts to realize solution-processed OLEDs.
[1.34]

Good OLEDs have high performance (luminous efficacy or external quan-

tum efficiency (EQE)), long lifetime, high CRI, low thermal output and are

friendly to human eyes. A lot of attention has been paid to improve the device

efficiency. The EQE comes from two contributions: (1) the internal quantum

efficiency (IQE), which is the ratio of the number of the photons generated to

that of the electron–hole (e–h) pair injected into the device, and (2) the out-

coupling efficiency, which is the ratio of the number of photons escaped from

the device to that of the generated photons. In terms of choice of materials,

the use of phosphorescent materials instead of fluorescent materials increases

the IQE from 25 % to 100 % by utilizing the triplet excited states.
[1.56,1.57]

By doping phosphorescent organometallic complexes in the host molecules in

the emitting layer (EML), the “hidden” 75 % of energy can be extracted via

triplet-triplet annihilation. Since 2009, thermally activated delayed fluorescent

(TADF) materials, which allow not only 100 % IQE but also broader choice of

materials besides Ir and Pt complexes which are the only proved practical phos-

phorescent materials so far,
[1.58]

have also appeal strong research interest.
[1.59]

In

contrast, the outcoupling efficiency remains a bottleneck for high-performance

OLEDs. Without device engineering, the outcoupling efficiency is usually about

20 %–25 % only due to strong light trapping within the device as waveguide,
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substrate trapped, surface-plasmon polariton (SPP) modes and so on.
[1.60]

A

number of approaches have been attempted to improve the outcoupling effi-

ciency. They can be classified into the structural perspective (e.g. microlens

arrays, scattering layers and corrugated structures) and the material perspec-

tive (e.g. refractive indices in sequential layers and refractive index anisotropy).

Although the resolution could lead to high outcoupling efficiency and EQE up

to 78 %, there are also constraints and drawbacks. For example, higher leakage

current and image blurring may occur with the use of corrugation. On the

other hand, the optical properties, especially the anisotropy, are important to

device efficiency but reports related to such study are few.

In view of the aforementioned research gaps in the community, this thesis

examines the following:

1. The limiting and optimized device parameters for IPVs;

2. The realization of perovskite TFTs with the bottom-gate top-contact

(BGTC) configuration using polymeric gate dielectric materials;

3. The preferred molecular orientation of OLED phosphorescent materials

with electrical probes.

This thesis starts with a review of the research field, theories and experimental

techniques. Chapters 4–6 present the major research endeavors in this thesis,

in both experimental and numerical approaches. It is summarized as follows:

Chapter 2 reviews the concepts and theories related to organic semiconductors

and devices;

Chapter 3 describes the experimental techniques.

Chapter 4 offers a generalized scheme of estimating the limiting and optimized

device parameters for IPV devices, with typical values evaluated under various

illumination conditions and material properties.
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Chapter 5 discusses various aspects of MAPbI3 perovskite TFTs, from the

criteria of quality film growth to interfacial mixing and grain boundary passi-

vation.

Chapter 6 explores the use of TFTs as an electrical probe for molecular ori-

entation of OLED phosphorescent molecules.

Chapter 7 concludes the work of this thesis.
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Chapter 2 Basic theory and principles

This chapter reviews the concepts related to the thesis and is organized as

follows: In Section 2.1, indoor photovoltaic (IPV) is introduced with discus-

sions on the indoor light sources and limiting efficiency. Section 2.2 gives an

overview of charge transports in organic semiconductors, followed by Section 2.3

which describes the charge transport behavior in thin-film transistors (TFTs)

which are relevant to the investigations for perovskite and amorphous organic

light-emitting diode (OLED) materials. Finally, Section 2.4 briefly reviews the

concepts related to the molecular orientation of phosphorescent emitters.

2.1 Efficiency limit of indoor photovoltaics

Unlike the outdoor photovoltaics, the light sources for IPVs is not solely the

sunlight of a fixed power intensity (AM1.5G), but a variety of different artificial

light sources with a wide range of brightness. In this section, the properties

of the indoor light sources are first described, and then the theory of the IPV

limiting efficiency is outlined.

2.1.1 Classification and specification of indoor light sources
1

Since the realization of the first commercialized light bulb by Thomas Edison

in 1879, artificial lighting has brought drastic technological advancements, and

becomes a necessity in our daily lives. Various forms of lighting have been de-

1
Selected work in this section has been published in A. Venkateswararao, J. K. W. Ho,

S. K. So, S.-W. Liu & K.-T. Wong. Device characteristics and material developments of

indoor photovoltaic devices. Mater. Sci. Eng. R Rep. 139, 100517 (2020). doi:10.1016/j.

mser.2019.100517 .
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veloped. Domestic lighting nowadays includes incandescent lamps, halogen

lamps, fluorescent tubes, compact fluorescent lamps (CFLs), light-emitting

diodes (LEDs) and OLEDs. They possess distinct spectral features due to

their light production mechanisms and color rendered due to choice of materi-

als. These affects the spectral power distribution (SPD) produced. The details

of the two classifications would be given in Sections 2.1.1.1 and 2.1.1.2. In

addition, the brightness of the indoor light sources also varies, and is discussed

in Section 2.1.1.3.

2.1.1.1 Types of indoor light sources

Artificial light sources can be classified into hot and cold light sources in terms

of the light production mechanism. Hot light sources emit light by incandes-

cence and cold light sources by luminescence. Inside an incandescent lamp, a

resistively heated metal (usually tungsten) emits thermal radiation. The emit-

ted radiation resembles a blackbody with a characteristic SPD [Fig. 2.1(a)],

featured by a large proportion as high as 90 % of infra-red (IR) radiation.

Therefore, these light sources are “hot”. Traditional incandescent light bulbs

and halogen lamps emit light with this mechanism. Household has used incan-

descent light bulbs for more than 130 years. Halogen lamps give greater lumen

output, and are used with areas requiring quality light such as food preparation

and display of paintings, products and so on.

In contrast to incandescent lamps, luminescent lamps do not produce light

by heat and are often called cold light sources. Cold light sources may produce

light by gas discharge, which can be found in fluorescent tubes and CFLs, or

by electroluminescence, which can be found in LEDs. For fluorescent tubes

and CFLs, light is produced by emission from electronically excited Hg va-

por inside the gas discharge tube under an applied voltage, together with the

Hg-emission-induced fluorescence generated by phosphors coated on the inner

surface of the tube, producing SPDs of characteristic peaks of narrow bands
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[Fig. 2.1(a)]. Fluorescent phosphors are employed in fluorescent lamps for con-

verting the ultraviolet (UV) light to the visible. LEDs produce light through

electroluminescence. Electrons and holes flow into the semiconductor junction

from the electrodes. A photon is released when an electron and a hole recom-

bine. Light sources with LEDs are also called solid-state lighting. A single-

junction LED emits colored light characteristic to the semiconductor material

used, and the corresponding emission spectrum is usually narrow.
[2.2]

To make

white LEDs, two major approaches may be used. For the most widely used

phosphor LEDs, light is produced by emission from a combination of a GaN

blue LED and yellow phosphors, giving broad band spectra with peak in the

blue region [Fig. 2.1(a)]. The color temperature can be tuned by adjusting the

thickness of the phosphor coating. Alternatively, white light can be generated

by RGB LEDs. Here, three LEDs, red, green and blue, are made in one module,

producing white light by means of the additive color method. Usually three

distinct peaks can be observed in the SPD [Fig. 2.1(b)]. Other variations of

white LEDs are based on these two approaches of the use of phosphor materi-

als (wavelength converter) and color mixing of individual LEDs, ranging from

dichromatic to tetrachromatic sources. It should be noted that all these white

LED variants have distinct SPD features from one to another.

2.1.1.2 Color temperature

Light sources can be classified by their colors. The color of a light source can

be quantified in the CIE (x, y) space [Fig. 2.2(a)]. The values of x and y are

defined as follows:

x =
X

X + Y + Z
(2.1)

y =
Y

X + Y + Z
(2.2)

X = ∫
λ

Snorm (λ)x̄ (λ) dλ (2.3)

Y = ∫
λ

Snorm (λ)ȳ (λ) dλ (2.4)
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Fig. 2.1. (a) Relative spectral power distributions (SPDs) of incandescent

lamp, fluorescent lamp and phosphor light-emitting diode (LED). All light

sources have a color temperature of 3000 K.
[2.3]

(b) SPD of an RGB LED.
[2.4]
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Z = ∫
λ

Snorm (λ)z̄ (λ) dλ (2.5)

where X, Y and Z are the tristimulus values of the CIE XY Z color space, and

x̄ (λ), ȳ (λ) and z̄ (λ) are the CIE XY Z standard observer color matching func-

tions in wavelength λ (Fig. 2.3). Snorm (λ) is the SPD per unit irradiance of the

light source. The non-black region in Fig. 2.2(a) corresponds to the (x, y) values

at which human vision perceives colors. The curved boundary, known as the

spectral locus, gives the colors of monochromatic light at visible wavelengths.

Colored light sources are characterized by the chromaticity coordinates, also

known as the CCx and CCy values. There is a whitish region in the space,

defining the range of colors as “white”. The region covers most of the Planck-

ian locus, the colors of blackbodies at different temperatures. In light of this,

the correlated color temperature (CCT), also conventionally called color tem-

perature, is defined for characterizing white light sources [Fig. 2.2(b)]. Conven-

tionally, three kinds of color temperature can be seen in domestic light sources:

warm white (2700–3000 K), natural white (4000–4500 K) and cool white (5000–

6500 K). A higher color temperature gives cooler color tune, originated from

the relatively more emissions at the short wavelength region [Fig. 2.2(c)].

2.1.1.3 Quantification of brightness and power intensity

As indoor lighting is artificially designed for human vision, the concept of

brightness is subjective to the visual perception of human eyes. Photomet-

ric quantities which are weighed by the spectral sensitivity of human vision

instead of radiometric quantities are then used. Illuminance L (in the unit of

lx), also known as luminous flux intensity, is specified as the degree of bright-

ness. Naturally, the lux level becomes a specification of performance evaluation

conditions for IPV devices. Fig. 2.4 shows different applications at various il-

luminance.

When evaluating the power conversion efficiency (PCE) of IPVs, the ra-

diometric incident power intensity Pin (also called irradiance), in the unit of
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Fig. 2.2. (a) The CIE 1931 2° chromaticity diagram, with the curved perime-

ter representing the monochromatic light colors, and a black line in the region

depicting the color of blackbody at different temperatures (also known as cor-

related color temperatures (CCTs)). The diagram is divided into different

regions with labelled colors, and the oval-like region at the center is the region

of white light.
[2.5]

(b) Magnified region of (a) around the Planckian locus, with

drawn parallelograms representing regions of different CCTs according to the

American National Standards Institute (ANSI) standard (C78.377-2001).
[2.6]

(c) Spectral power distribution (SPD) of three LED sources with CCTs 3000 K

(warm white), 4000 K (natural white) and 6500 K (cool white).
[2.7]
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Fig. 2.3. The CIE XYZ standard observer color matching functions x̄ (λ),
ȳ (λ) and z̄ (λ).[2.8]
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to their applications. The Pin–L pairs are tabulated in Table 4.1. Fig. 4.1 gives

a complete set of light sources.
[2.9]
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W cm
−2

, but not the photometric illuminance, is used. The incident power

intensity under sunlight illumination is fixed at 100 mW cm
−2

. For IPVs,

the incident power intensity varies with the illuminance and the indoor light

source. Therefore, conversion from a measured L to Pin is needed for IPV PCE

calculations. The conversion can be defined by
[2.7]

L = KrPin ∫
830 nm

360 nm

Snorm (λ)V (λ)dλ (2.6)

where

Snorm (λ) = S (λ)

∫
∞

0

S (λ)dλ
(2.7)

is the relative SPD of the light source S (λ) (usually in arbitrary unit) under

the normalization condition ∫∞
0
Snorm (λ)dλ = 1. Kr = 683.002 lm W

−1
is the

maximum spectral luminous efficacy for human photopic vision, and V (λ) is

the spectral luminous efficiency function for human photopic vision (> 5 lx),

adapted from the color-matching function of the CIE 1931 2° standard col-

orimetric observer of 1°–4° field of view, characterizing the spectral sensitivity

of human eyes.
[2.10,2.11]

The range of the integral from 360 nm to 830 nm in

Eq. (2.6) is set according to the definition of V (λ). It is the standard for most

commercially available photometric instruments.
[2.12–2.15]

The denominator in

Eq. (2.7) is the normalization constant for S (λ), separating the magnitude of

the power intensity from the relative spectral features.

A scheme of Pin determination is given in Fig. 2.5 and described as follows.

S (λ) can be measured by a spectroradiometer. The area A under S (λ) from

360 to 830 nm is calculated. Then S (λ) is divided by A to get Snorm (λ). During

photovoltaic (PV) measurement, a calibrated lux meter is placed at the device

position. The target illuminance can be obtained by adjusting the distance

between the light source and the lux meter. After that, the device and the

light source are fixed for device performance evaluation. As the relative spectral

features are invariant to the irradiance under particular operating conditions,

Snorm (λ) remains unchanged for the same light source. Changing the source-
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device distance, i.e. L, only alters Pin. Then the incident power intensity can

be determined. The integral in Eq. (2.6), donated as φ, indicates the degree of

matching of the light source SPD to the spectral sensitivity of human vision.

The larger the value, the smaller the Pin for the same L due to the perception

of increased brightness. Therefore, the same illuminance generally corresponds

to different Pin according to the light source (Fig. 2.4). For light sources of

similar spectral features, spectra of higher color temperatures contributed by

blue emissions result in a decrease in φ, and a greater Pin at the same L

[Tables 4.1(a) and 4.1(b)].

In practice, accurate Pin determination from L and unambiguous specifica-

tion of the artificial light sources are required for scientific PCE evaluation of

IPVs. The two factors are discussed below.

2.1.1.4 Specification of light sources for IPV characterization

For the same type of light source and same color temperature, SPD variation

across manufacturers and batches can be significant.
[2.16]

It can be illustrated

by comparing the spectra of two distinct 4000 K fluorescent lamps provided by

previous reports.
[2.7,2.17]

Differences in spectral features can be observed, and

a Pin difference of 16 % for the same illuminance is obtained using Eq. (2.6).

An even more dramatic, greater than 57 % difference is found when compar-

ing the SPDs of another pair of fluorescence lamp sources with the same ap-

proach.
[2.7,2.18]

This shows that the value of Pin can have great variation owing

to its SPD features despite the same lamp type and color temperature.

Therefore, prior knowledge of the light source spectrum is highly recom-

mended in order to get a more accurate Pin from L. In addition, it is also

recommended that the model of the light source, its type, color temperature

and SPD as well as the illuminance level should be specified so that comparison

of device performance is sensible.
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Fig. 2.5. A calculation scheme of determining incident power intensity of a

light source Pin from the illuminance reading L of a calibrated lux meter. The

integral filled in yellow is the area under curve in the Snorm (λ) × V (λ) plot.
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2.1.1.5 Accurate illuminance measurement

Accurate indoor PCE calculation requires reliable incident power measurement.

For the same model of light sources, and with a particular PV device, large

variations in PCE have been reported across different laboratories. The varia-

tions can be traced to different reported incident power intensities even though

the same model of light source and illuminance was specified.
[2.19]

A crucial

factor of getting an accurate Pin is the determination of L in Eq. (2.6) which

is usually measured by a lux meter (also known as photometer, illuminometer

and light meter). A quality lux meter is essential for accurate illuminance.

One indicator of the quality of the lux meter is the general V (λ) mismatch

index f
′
1, which is usually stated in the specification.

[2.12,2.20]
The f

′
1 value clas-

sifies lux meters into Class L (< 1.5 %), A (< 3 %), B (< 6 %) and C (< 9 %)

according to the DIN 5032 Part 7 standard.
[2.21]

A high quality lux meters

usually have small f
′
1 values [Fig. 2.6(a)]. At least Class A lux meters are rec-

ommended when the spectral mismatch correction cannot be performed.
[2.22]

The error of illuminance reading of a Class A lux meter for a broad-band white

light source could go down to 2 %.
[2.23,2.24]

It should be noted that, however, f
′
1

serves only as an indicator of the suitability of the lux meter to an arbitrary

light source, since f
′
1 works in principle for tungsten lamp source only. It does

not guarantee a good mismatch descriptor for narrow-band sources with abrupt

spectral slopes as the V (λ)-mismatch can be large at the particular emission

peak even though the overall value is small.
[2.23,2.25]

Significant deviations could

be found particularly in the blue-end region.
[2.26,2.27]

Another important factor for the accuracy of the lux meter reading for a

particular light source is the instrumentation and its initial calibration during

manufacture. The key is to use a LED light meter with NIST traceable calibra-

tion. It can be understood with the working principle of a lux meter. As shown

in Fig. 2.6(b), before reaching the detector head, light first passes through an

optical filter with a spectral response srel (λ) to mimic V (λ). srel (λ) usually
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Fig. 2.6. (a) Relative spectral responsivities srel (λ) of four lux meters com-

pared to that of the Konica Minolta CL-500A illuminance spectrophotometer.

CL-500A possesses an internal computerized spectral responsivity function re-

sembling V (λ) with very good accuracy (f
′
1 = 1.5 %, Class L). Konica Minolta

T10 and Extech LT300 have the same f
′
1 value of 6 % (Class B). The f

′
1 val-

ues are unspecified for Extech 401025 and ISO Tech ILM 350. (b) Schematic

working principles of a lux meter and an illuminance spectrophotometer.
[2.28]
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differs from V (λ) and is therefore not perfect. So the lux meter is calibrated

to compensate the mismatch between srel (λ) and V (λ). For conventional lux

meters, illuminant A, which is a tungsten light source, is used as the calibration

source.
[2.23,2.29]

A reading difference of the lux meter from a reference reading

would be calibrated with a single scaling factor. However, the calibration factor

is only applicable to a particular light source.
[2.12,2.20]

In other words, deviated

reading is expected when the lux meter is used for measurements of light sources

other than tungsten lamps. The greater the difference of spectra between the

light source and the reference standard illuminant, the greater the expected

deviation.
[2.20,2.24,2.26]

An economic solution to such deviations is an LED light meter with NIST-

traceable calibration (e.g. Extech LT40-NIST, Fig. 2.7). LED light meters

possesses a white LED calibration and gives more accurate lux reading com-

pared to conventional lux meter.
[2.30]

NIST-traceable calibration can ensure the

consistency of the lux meter reading across the community, and the difference

in Pin can then be attributed to the difference in light source SPD and mea-

surement techniques. A smaller instrument error due to spectral diversity of

white LED light sources owing to, for instance, the difference in color tempera-

ture and design variations across manufacturers, would persist in measurements

using LED light meters.

To obtain highly reliable lux measurements with the instrumental error of

the lux meter removed, the following approaches could be considered. (1) An

illuminance spectrophotometers can be used.
[2.28]

They measure the light spec-

trum with the V (λ) calculated with the internal software to give the illumi-

nance level [Fig. 2.6(b)], and thus the accuracy is light source independent.

(2) This method can be applied on an LED light meter to remove the instru-

ment error. It can also be used to do measurement corrections when erroneous

readings from a conventional lux meter have been acquired. To begin with,

the spectral responsivity s (λ) of the lux meter is measured. Depending on the
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Fig. 2.7. (a) The Extech LT40-NIST LED light meter. (b) The NIST trace-

able calibration label for the light meter.

procedures, s (λ) may be expressed in different units. In lm W
−1

, s (λ) can be

expressed as
[2.31,2.32]

s (λ) = L (λ)
S (λ) (2.8)

assuming a linear response of the lux meter. s (λ) can be determined by a

lamp-monochromator set-up. Light from a test light source of stable, known

spectral irradiance [S (λ)] enters a monochromator and then the lux meter.

The detector are overfilled during the measurement and the values of L (λ)
are recorded. The spectral interval of 5 nm is recommended according to the

National Institute of Standards and Technology (NIST).
[2.33]

Relative value of

srel (λ) is adequate. More details are available in previous reports.
[2.31,2.34,2.35]

Then the true illuminance can be calculated by multiplying the lux meter

reading to the spectral mismatch correction factor (SMCF), given by
[2.12,2.20,2.31]

F
∗
=
scal

s =

∫
830 nm

360 nm

S (λ)V (λ)dλ∫
∞

0

Scal (λ) s (λ) dλ

∫
830 nm

360 nm

Scal (λ)V (λ)dλ∫
∞

0

S (λ)s (λ) dλ

(2.9)

where scal and s are the luminous responsivities of the lux meter under the
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calibration light source and the test light source respectively. Scal (λ) is the

SPD of the calibration light source for the lux meter. Similar to the protocol of

incident power intensity evaluation as in Eq. (2.6), SMCF is specific to a certain

combination of light source and lux meter. Note that the SMCF correction is

not applicable when F
∗
< 0.5 or F

∗
> 2,

[2.36]
so a sufficiently quality lux meter

is still essential. It should be regularly (usually annually) calibrated, and the

aging of optical filter which affects the V (λ) mismatch should be monitored.

Several conditions set by the Commission Internationale de l’Eclairage (CIE)

for standardizing LED lighting product testing reveal possible suggestions for

better incident power intensity measurement for PCE evaluation using LED

lamps.
[2.37]

Stable ambient temperature ((25.0 ± 1.2) ◦C) and little air move-

ment (< 0.25 m s
−1

) are stated for reducing irradiance uncertainty. Due to the

much more diffused light for indoor illumination compared to the sunlight, the

directional response index for illuminance f2 of the lux meter, which describes

the accuracy of the angular responsivity, should be smaller than 15 %. Class A

or L (f
′
1 < 3 %) lux meters are recommended. Moreover, it is known that cer-

tain fluorescent lamps require a warm-up period before the illuminance becomes

steady, and both LED and fluorescent lamps have decreased irradiance due to

the hotter junction or ambient temperature.
[2.19,2.38]

So the illuminance level

should be regularly checked for confirming stable irradiance during measure-

ment. The diffuse indoor lighting environment implies an appreciable portion

of light coming from reflection, and the illuminance level and spectral alter-

nation due to difference between the reflection spectrum and the light source

spectrum should be kept invariant. A difference in illuminance level of more

than 10 % could be observed depending on the reflection environment.
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2.1.2 Shockley-Queisser limit
2

The Shockley–Queisser (SQ) calculation scheme for indoor lights is shown in

Fig. 2.8. The SQ-limited efficiency ηSQ can be computed using
[2.39,2.40]

ηSQ = ηu × ηd × ηFF. (2.10)

The ultimate efficiency ηu, the detailed-balance efficiency ηd and the fill fac-

tor ηFF are the three sources of device energy loss which limit the maximum

efficiency.The calculation based on the following model of an ideal device:

1. A single p–n junction PV device;

2. Under unconcentrated illumination;

3. One incoming photon with energy above Eg excites one and only one

electron–hole (e–h) pair;

4. Any e–h pair energy in excess of Eg undergoes thermal relaxation, result-

ing in a population of e–h pairs of the same energy Eg; and

5. Radiative recombination in the form of blackbody radiation is regarded

as the only unavoidable recombination.

Each contribution of loss will be described below in detail.

2.1.2.1 Ultimate efficiency

The ultimate efficiency is defined as the ratio of the power intensity of all

generated e–h pairs Peh to the incident power intensity Pin (in unit of W cm
−2

).

A schematic diagram for the ultimate efficiency loss is given in Fig. 2.9. The

device is modeled as a perfect absorber, having complete absorption above the

2
Selected work in this section has been published in J. K. W. Ho, H. Yin & S. K. So.

From 33% to 57% – an elevated potential of efficiency limit for indoor photovoltaics. J.

Mater. Chem. A 8, 1717–1723 (2020). doi:10.1039/C9TA11894B .
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Fig. 2.8. Schematic calculation flow chart of Shockley–Queisser (SQ)-limited

efficiency for indoor light sources. The plot on the left shows the ultimate

efficiency (ηu) loss (green), the detailed-balance efficiency (ηd) loss (orange)

and the fill factor (ηFF) loss (blue). The remaining is the SQ efficiency. The

flow chart on the right depicts the process of the calculation. Variables in red

are those required to be specified in the calculation.
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bandgap and complete transmission otherwise. Every photo-generated e–h pair

undergoes thermal relaxation to possess an energy of only Eg. So the ultimate

efficiency loss originates from (1) the subgap absorption loss and (2) the energy

loss of high-energy e–h pairs relaxing to the band edges. Mathematically, ηSQ

is given by

ηu =
Peh

Pin
= Eg ∫

∞

Eg

Snorm (ε) ⋅ 1
εdε (2.11)

where

Snorm (ε) = S (ε)

∫
∞

0

S (ε)dε
, (2.12)

in unit of eV
−1

, is the emission SPD of the light source S (ε) under the nor-

malization of total power, i.e. ∫∞
0
Snorm (ε)dε = 1 and ∫∞

0
S (ε)dε = Pin, and ε

is the photon energy. The range of the integral is taken to be the energy range

above Eg. The integrand gives the spectral number density of incident pho-

tons per incident power. The integral then gives the total number of photons

prone to absorption per incident power. The term Eg outside the integral is

the energy of each e–h pair. Other losses leading to an effective energy loss of

the e–h pairs are not considered in the ultimate efficiency loss. Occasionally,

the emission SPD is acquired in the wavelength domain instead of the energy

domain. It can be inter-converted using the relation

S (ε = hc

λ
) = S (λ) ⋅ λ

2

hc
(2.13)

based on the invariance of the differential area of any distribution under change

of variables, i.e. ∣S (ε)dε∣ = ∣S (λ)dλ∣.

2.1.2.2 Detailed-balance efficiency

The detailed-balance treatment considers the thermal equilibrium with steady

rates of intake and outgoing radiations. In an SQ-idealized device, photo-

generated e–h pairs from absorbed photons are either converted to photocurrent

or recombined radiatively. The radiative recombination is unavoidable with
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Fig. 2.9. Schematic diagram of ultimate efficiency loss due to subgap absorp-

tion loss and thermal relaxation.
[2.41]

any object of temperatures above 0 K. Radiative loss as blackbody radiation is

modeled as the dark current, leading to a decrease in Voc. The detailed-balance

efficiency is defined as the ratio of the potential energy at the open-circuit

condition, i.e. no current, under the detailed-balance treatment to the bandgap

energy Eg. The derivation starts with Kirchhoff’s first law of the conservation

of charge inside the semiconducting PV absorber, i.e.

Φeh = Φ0,rad [exp (eVoc

kBT
) − 1] (2.14)

where Φeh and Φ0,rad are the e–h pair generation rate and the radiative re-

combination rate without voltage bias. T is the temperature of the device

under test, and e is the elementary charge constant. Φ0,rad [exp ( eVoc
kBT

) − 1]
then gives the radiative recombination rate under Voc using the Boltzmann ap-

proximation. Defining V
SQ

oc as the SQ-limited Voc under the detailed-balance

treatment, Eq. (2.14) can be written as

ηd =
eV

SQ
oc

Eg
=
kBT

Eg
ln ( Φeh

Φ0,rad
+ 1) . (2.15)
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Φeh can be expressed as the total photo-generated power divided by the energy

per e–h pair Eg, so using Eq. (2.11),

Φeh =
Peh

Eg
= Pin ∫

∞

Eg

Snorm (λ) ⋅ 1
εdε. (2.16)

Φ0,rad is modeled in the form of blackbody radiation:

Φ0,rad =
4π

h3c2
∫
∞

Eg

ε
2
dε

exp (ε�kBT
) − 1

(2.17)

where h is the Planck constant and c is speed of light. Eq. (2.17) assumes radi-

ation emitted on both the top and the bottom of the absorber surfaces. Note

that the absorber does not emit radiation of energy lower than Eg, indicated

by the range of the integral.

2.1.2.3 Fill factor

In the equivalent circuit model, a solar cell can be regarded as a current source

in parallel with a diode. The diode is responsible for the radiative recombina-

tion. The fill factor FF loss originates from the non-square, exponential diode

behavior of the current-voltage (I–V ) characteristics, as shown in Eq. (2.14).

In ideal devices, the shunt and the series resistances are neglected, and FF can

be written using the Green’s empirical form:
[2.42]

ηFF = 1 −
1 + ln (vSQ

oc + 0.72)
1 + v

SQ
oc

(2.18)

where v
SQ
oc =

eVoc
SQ

�kBT
=
ηdEg�kBT

is the normalized open-circuit voltage.

Using Eqs. (2.6), (2.10), (2.11) and (2.18), the SQ-limited efficiency at different

illuminances can be computed, with prior knowledge of S (ε) and T .

2.2 Charge transport mechanism

The charge transport behaviors in amorphous and polycrystalline films are

quite different. Their mechanisms are discussed below separately.
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2.2.1 Amorphous thin films

Amorphous films, e.g. the emitting layer (EML) in OLED devices, have no

long-range order, i.e. poor crystallinity. The lack of lattice periodicity results

in localized electronic states instead of band-like delocalized states. This in-

trinsic disorder gives rise to a spread of the energy level of the states, usually

assumed to be a Gaussian distribution of density of states (DOS) (Fig. 2.10).

The width of the Gaussian DOS is usually indicated by the energetic disorder σ.

Without delocalization, charge carriers transport from one local site to another

empty site via hopping. Electrons hop across the sites at the lowest unoccupied

molecular orbital (LUMO), and holes at the highest occupied molecular orbital

(HOMO). It is often useful to treat a chemical moiety as a charge hopping

site. Recalling each molecule has a characteristic electron distribution (wave-

function) in each energy level, a carrier hop may be more precisely understood

as a change in the electron distribution of the charge-carrying moiety and its

neighbor (Fig. 2.11). It is usually simplified as point sites of charges in the

energy diagram.

The transport is the best at the energy with the greatest DOS, i.e. the center

of the Gaussian distribution, where there are more accessible states allowing

for more efficient transport. However, charge carriers need certain energy to

hop to high energy states with higher DOS. Therefore, when charge carriers

contributing to transport with the search of the “fastest” pathway, a balance

is made between the number of available sites and the energy required to reach

the sites. In other words, a rise of temperature usually favors hopping and

the hopping transport is thermally activated. On the other hand, an electric

field F can also activate the charge transport. It is because the presence of

the electrostatic potential lowers the site energy level along the direction of the

electric field by r ⋅ F, reducing the hopping energy barrier (Fig. 2.12).
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Fig. 2.10. The Gaussian distribution of energy sites in an organic solid.
[2.43]

2.2.1.1 Gaussian disorder model (GDM)

The Gaussian disorder model (GDM) proposed by Bässler in 1993 is usually

used to describe carrier transport in amorphous thin films,
[2.46]

with the follow-

ing assumptions:

1. The DOS follows a Gaussian distribution.

2. The energies of hopping sites are independent of each other.

3. The hopping rate between two distinct sites is the Miller-Abrahams type.

Charge carriers will hop if the energy of the target site is lower. Otherwise,

the hopping rate of the charge carriers decreases exponentially with the

energy difference between the hopping sites.

Using Monte Carlo simulation, an empirical relation of carrier mobility

µ (F, T ) as a function of temperature T and applied electric field strength
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Fig. 2.11. An example of a hole hop between two identical molecule in a

back-to-back arrangement. Each molecule is regarded as a hopping site (black

horizontal line). The hopping of the hole changes the wavefunction (the blue–

red Kohn–Sham frontier orbitals) of the molecules.
[2.44]

F is given as follows:

µ (F, T ) = µ∞ exp [− ( 2σ

3kBT
)

2

] exp (β
√
F) (2.19)

where µ∞ is the high-temperature–limited mobility, kB is the Boltzmann con-

stant, σ is the energetic disorder, β = C [( σ

kBT
)2 − Σ

2] is the Poole-Frenkel

slope, C is a constant related to charge concentration, and Σ is the positional

disorder. The factor exp(β
√
F) follows the Poole-Frenkel model.

[2.47,2.48]
Under

small electric field, Eq. (2.19) is reduced to

µ0 = µ (0, T ) = µ∞ exp [− ( 2σ

3kBT
)

2

] . (2.20)

The larger the value of σ, the more energetically dispersed the electronic states,

and thus less dense the available sites at the energy level. Therefore, a larger

energetic disorder generally leads to relatively lower carrier mobility. Note that

the energetic disorder of HOMO and LUMO are generally different.

2.2.1.2 The general Einstein relation and hopping distance

Recalling at the beginning of Section 2.2.1 that the hopping transport can

either be thermally or electrically activated. The thermal activation could
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Fig. 2.12. Spatial distribution of site energy without (a) and with (b) an

electric field. There is a gradient in the energy landscape in the presence of the

electric field.
[2.45]

also be understood in terms of diffusion. Under low electric field, the carrier

mobility can be related to the diffusion coefficient D via the general Einstein

relation by
[2.49]

µ0 =
eD

n (φ)
∂n (φ)
∂φ

(2.21)

where n (φ) is the number of charge carrier states of occupation at the chem-

ical potential φ and e is the elementary charge constant. Using the definition

D = a
2
ν and ν = νph exp (− 2a

Lloc
),

[2.50]
where ν is the nearest-neighbor hopping

frequency, νph is the phonon attempt-to-hop frequency, a is the average hop-

ping distance, and Lloc is the localization length indicating the spatial spread

of the wavefunction of the hopping site, Eq. (2.21) can be rewritten as

µ0 =
eaνph

n (φ) exp (− 2a

Lloc
) ∂n (φ)

∂φ
. (2.22)

The number of charge carrier states of occupation is the product of the DOS

g (E) and the occupation probability governed by the Fermi–Dirac distribution

f (E, φ) summing over all energy E. In the dimensionless form, it can be

derived in the following:

n (φ) = n (φ′) = ∫
∞

−∞
g (ε) f (ε, φ′) dε (2.23)

g (ε) = g (E) ⋅ dE

dε
=

n

σ′
√

2π
exp [− (ε − ε0

2σ′
)

2

] (2.24)
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f (ε, φ) = f (ε, φ′) = 1

1 + exp (ε − φ′) (2.25)

where n is number of charge carriers, ε = E

kBT
, ε0 =

E0

kBT
is the normalized energy

for the center of g (E) (at E0), σ
′
=

σ

kBT
and φ

′
=

φ

kBT
. A fair measure of the

hopping distance should be evaluated at high temperatures where the charge

transfer rate is only limited by the wavefunction overlap between neighboring

sites.
[2.51]

Then g (ε) ≈ nδ (ε − ε0), where δ (x) is the Dirac delta function.

Then

n (φ′) = ∫
∞

−∞
nδ (ε − ε0) ⋅

1

1 + exp (ε − φ′)dε =
n

1 + exp (ε0 − φ′)
(2.26)

∂n (φ)
∂φ

=
1

kBT

∂n (φ′)
∂φ′

≈
1

kBT
∫
∞

−∞
nδ (ε − ε0) ⋅

exp (ε − φ′)
1 + exp (ε − φ′)dε

=

n exp (ε − φ′)
kBT [1 + exp (ε − φ′)]2

=
1

kBT

n (φ) exp (ε − φ′)
1 + exp [− (ε − φ′)]

≈
n (φ)
2kBT

. (2.27)

So Eq. (2.22) becomes

µ∞ =
ea

2
νph

2kBT
exp (− 2a

Lloc
) (2.28)

As a rough estimation, we relate the temperature to the energy scale of σ, i.e.

kBT ∼ σ.
3

Then a is given by

a = −LlocW−1 (−
√

2σµ∞
eνphLloc

2
) (2.29)

where W−1 (x) is the Lambert W function of the -1
th

branch which can be nu-

merically determined through, for example, Wolfram|Alpha and Origin.
[2.52,2.53]

3
The high-temperature limit is justified with this energy scale by assuming σ ∼ 0.1 eV,

which gives 1/T 2
∼ 0.8. In such case µ∞ may be used.
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2.2.2 Perovskite polycrystalline thin films

The charge transport in perovskite polycrystalline thin film is characterized by

the charge transport within the grain and across the grain boundaries. With a

lattice structure within the grain, the electron–phonon interactions give rise to

a band-like but polaronic nature of the charge transport. Across the grains, the

charge carriers need to hop from one grain to another at the grain boundaries.

The charge transport in these scenarios will be described below.

2.2.2.1 Intra-grain transport with large (Fröhlich) polarons

First proposed by Zhu et al.,
[2.54]

the Fröhlich interaction is accepted to date as

the dominating mechanism that describes (limits) the intrinsic charge trans-

port in perovskite.
[2.55]

Considering a defect-free ionic lattice, polarons are

formed when a charge carrier moves inside it. The lattice is locally distorted

(polarized) due to the charge of the charge carrier, forming a phonon cloud

with a polarization field. This leads to charge screening and slowing of the car-

rier, reducing the mobility and increasing the effective mass (generally known

as electron–phonon interactions).
[2.56]

Among the two types of polarons, large

(Fröhlich) polarons and small polarons, large polarons extend beyond the lat-

tice constant and exhibit band-like transport. One physical origin lies on its

highly polar nature attributed to the polar Pb–X bond and the polarizable

methylammonium (MA
+
) ion.

[2.56–2.59]
This leads to stronger Coulomb inter-

actions between a free charge carrier and the lattice ions. The stronger the

coupling, the stronger the polarization of the lattice, which finally results in an

increased effective mass of the charge carriers.

Such descriptions of polaronic characteristics agrees well with the excep-

tional transport properties in hybrid perovskite materials, such as long diffusion

lengths,
[2.60]

low electron–hole recombination rate,
[2.61]

high, apparently defect-

tolerant T
−3/2

mobility dependence indicating acoustic phonon scattering dom-

inated charge transport,
[2.54]

and low carrier scattering rate for hot carriers.
[2.62]

45



Numerous studies also point to the Fröhlich character. The coupling was found

to be greatly reduced below the characteristic temperature corresponding to

the energy of the relevant longitudinal optical (LO) phonon (11 meV),
[2.63]

in agreement with Fröhlich interactions dominating at room temperature.
[2.64]

Such low energy of relevant LO phonon modes causes the Fröhlich mechanism

to onset at a lower temperature, i.e. more dominant at room temperature.
[2.56]

Recent ab initio calculations with the Fröhlich coupling included confirm its

dominance at room temperature, yielding charge carrier mobility values near

100 cm
2

V
−1

s
−1

and correctly reproducing the experimentally observed tem-

perature dependence.
[2.57,2.65,2.66]

Moreover, Recent calculations have suggested

that the radii of the polarons in methylammonium lead iodide (CH3NH3PbI3)

(MAPbI3) ranges 40–50 Å, much larger than the lattice constant, compatible

with the band structure picture.
[2.65,2.67]

The effective masses of the large po-

larons were calculated of values only 20–36 % of the electron rest mass, agreeing

with the experimentally determined values.
[2.68–2.77]

With these investigations,

the polaronic properties of charge transport in MAPbI3 and how it sets a limit

on the carrier mobility can better be understood.

2.2.2.2 Transport at grain boundary

Despite the controversy of the effect of grain boundary on the charge transport

in perovskite polycrystalline thin films, it is generally believed to be one of

the predominant extrinsic factors.
[2.56,2.78]

Assuming two-dimensional charge

transport in a perovskite thin film, the grain boundary can be represented

by a back-to-back Schottky barrier, with space charge formed in the grain

boundary,
[2.79]

as shown in Fig. 2.13. In terms of the charge carrier pathway, the

grains and the grain boundaries are modelled as resistive components connected

in series.
[2.80]

Under the non-atomistic model descriptions, the barrier can be

understood by the existence of deep trap states at the grain boundaries due

to the broken chemical bonds at the boundaries, giving rise to point defect
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segregation. The defects would trap free carriers if there is no band bending

near grain boundaries. The trapped charges establish a potential energy barrier

and inhibit charge transport from one grain to another.
[2.78]

Developed theories

depict that the barrier height increases with the trap density at the grain

boundaries as the space charge accumulates. This results in charge scattering

at the grain boundaries, reducing conductivity and increasing grain boundary

recombination.
[2.56,2.81–2.86]

Fig. 2.13. A schematic one-dimensional energy profile in the lateral direction

along the carrier transport. The grain boundary is depicted as a potential

barrier. Grains and grain boundaries are connected in series, indicating the

pathway of charge carrier movement.
[2.87]

The detrimental effect of the grain boundaries is revealed in the lower carrier

mobility when comparing single crystals with thin films and from short-range to

long-range measurements.
[2.56]

Conversely, long- and short-range charge-carrier

mobilities and diffusion lengths can be significantly enhanced in MAPbClxI3−x

compared to MAPbI3,
[2.88,2.89]

because of the higher crystallinity and more be-

nign grain boundaries.
[2.90]

Thus, the grain boundary generally has predominant

resistance. The grain boundary quality is a crucial factor for the inter-grain
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transport.
[2.91]

For a film with smaller grains, there would be more grain bound-

aries, exhibiting lower carrier mobilities. It has been demonstrated by the mea-

surements of gigahertz carrier mobility in MAPbI3 and THz carrier mobility

in FA0.83Cs0.17Pb(Br0.2I0.8)3 revealing a systematic increase with the grain size

that plateaued once the size of the grains is large enough to make scattering off

boundaries became negligible.
[2.85,2.92]

This shows that grain size is still a factor

limiting charge carrier transport even in high-quality perovskite thin films.
[2.56]

Interestingly, there is a competition between carrier diffusion length and

the resistive grain boundary, which may compensate for the effect of the grain

boundary to some extent.
[2.78]

With a kinetic model of charge transport and re-

combination process based on the high-resolution confocal fluorescence lifetime

imaging microscopy experiments, Yang et al. stated that the weaker photolu-

minescence intensity does not necessarily imply a shorter carrier lifetime.
[2.93]

Device simulation modeling performed by Sherkar et al. suggests that grain

boundaries become relatively inert upon neutralization of the charged traps

after charge trapping.
[2.94]

Snaider et al. found that the long carrier lifetime

can compensate the higher resistivity at the grain boundary, to an extent of

charge transport over multiple small grains.
[2.86]

Note, however, that the car-

rier diffusion length depends on the film quality and processing conditions. The

solvent and processing conditions can lead to large variation in the diffusion

length.
[2.95]

Therefore, for perovskite thin films of which the carrier diffusion

length is small, grain boundary effects could be significant.

2.3 Principles of thin-film transistors (TFTs)

2.3.1 Structure and working principles

Fig. 2.14 shows the typical structures of a TFT. Each of them contains three

major components: (1) a organic semiconductor thin film responsible for charge

carrier transport, also called the active layer; (2) a dielectric layer called gate
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Fig. 2.14. Four principle structural configurations of TFTs: (A) bottom-gate

top-contact (BGTC), (B) bottom-gate bottom-contact (BGBC), (C) top-gate

bottom-contact (TGBC) and (D) top-gate top-contact (TGTC). Hole (red “+”)

transport in a p-type TFT is demonstrated, with the blue arrow indicating the

direction of charge flow. The location of the holes indicates where the charges

are induced.
[2.96]

dielectric for charge induction; and (3) three electrodes called gate (G), source

(S) and drain (D), which are analogous to the base, emitter and collector of

a conventional bipolar junction transistor respectively. The active layer is in

contact with the drain and the source electrodes but isolated from the gate

electrode by the gate dielectric. The bottom-(top-)gate arrangement has the

gate dielectric and the gate electrode below (above) the active layer. The

bottom-(top-)contact arrangement has the source and drain electrodes covered

(not covered) by the active layer. W and L are defined as the width of source

and drain electrodes (i.e. channel width) and the separation between the source

and the drain electrodes (i.e. the channel length), respectively (Fig. 2.15).

A TFT is turned on and off by controlling the gate voltage VG. Here dis-

cussions are focused on the enhancement mode (normally OFF at zero gate

voltage). To explain in a topological picture, the gate dielectric layer resembles

a capacitor and charge is induced at the semiconductor–dielectric interface in
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Fig. 2.15. Dimension definition of the TFT.

the semiconductor layer, known as the field effect. Negative (positive) charges

are induced with a positive (negative) VG. For a p-(n-)type semiconductor,

a negative (positive) VG sets the p-(n-)type TFT in the accumulation mode.

The positive (negative) charges form an accumulation layer (also known as

conduction channel) which is responsible for charge conduction upon applying

a negative (positive) source-to-drain voltage VDS. The VDS causes a charge

carrier concentration gradient along the conduction channel for them to drift

from the source to the drain electrode, and injects holes (electrons) into the

semiconductor from the source electrode so that the TFT conducts. The device

is now ON. Note that the context of “source” and “drain” refers to the charge

carriers, so conventionally electric current flows from source (drain) to drain

(source) for hole (electron) conduction in a p-(n-)type TFT.

2.3.2 Current–voltage (I–V ) characteristics and device parameters

Fig. 2.16 shows a typical output characteristics of a TFT. The source–drain

current IDS depends on both VDS and VG. Generally, the magnitude of IDS in-

creases with the magnitude of VG for a fixed VDS. When VG is kept constant, the

magnitude of IDS increases with VDS linearly for low VDS, flattens and eventually

becomes independent of VDS for large VDS. Accordingly, the output character-

istics can be divided into two regions: the triode and the saturation regimes.

The threshold (pinch-off point) divides the two regimes at VDS = VG − VT,

where VT is the threshold voltage indicating the minimum VG for free carrier

induction. In the conducting channel, the amount of charge induced at the in-
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plane position y from the source electrode is Q (y) = Ci (VG − VT −
y

L−∆L
VDS)

with Q (y) ⩾ 0 (or y ⩽ L−∆L

VDS
(VG − VT)). Pinch-off occurs at where the charge

carrier concentration becomes zero, i.e. VG−VT−
y

L
VDS = 0. A small depletion

layer of length ∆L ∼ (0.1 µmV
−1)VDS is formed between the pinch-off posi-

tion and the drain electrode in the saturation regime (∆L = 0 in the triode

regime).
[2.97]

The depletion layer has no induced charge and thus a very large

resistance, as given by the differential channel resistance dRch =
dy

WQ(y)µ , where

µ is the charge carrier mobility.
[2.98]

The voltage in excess of VG − VT entirely

drops in the small depletion region, and the charge carriers travelled through

the accumulation layer are swept to the drain electrode by the strong electric

field. As a result, further increasing VDS does not increase IDS, leading to a flat

IDS characteristics in the saturation regime.

Mathematically, the transfer characteristics in the triode region (Eq. (2.30))

and saturation region (Eq. (2.31)) are given respectively by

IDS,lin =
W

L
µlinCi [(VG − VT)VDS −

VDS
2

2
] (2.30)

IDS,sat =
W

2L
µsatCi (VG − VT)2

(2.31)

where Ci is the capacitance per unit area of the gate dielectric. For small

VDS ≪ VG − VT, the term VDS
2/2 can be neglected and a linear behavior with

VDS can be observed (Fig. 2.16).

Under a constant VDS, a plot of IDS vs VG can be created, known as the

transfer characteristics (Fig. 2.17). Two regions can be identified. The sub-

threshold region lies in the VG < VT range, and is usually regarded as the OFF

state. IDS increases exponentially in this region. After passing VT, the TFT

is ON and in the saturation region (note that this saturation has a different

meaning with the saturation regime in the output characteristics). In the large

VDS (output saturation) regime, a linear behavior can be observed with a plot

of
√
IDS vs VG, as depicted in Eq. (2.31). The x-intercept is defined as VT.
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Fig. 2.16. An example of the output characteristics of a p-type TFT. The

spatial carrier concentration profiles (hole in this case) in the conduction chan-

nel (the light grey region in between the source and the drain electrodes) at

different regimes are also shown. A depletion layer of length ∆L is formed be-

tween the pinch-off position and the drain electrode in the saturation regime.

Since p-type TFTs work with negative VG and VDS (the drain electrode has a

negative potential related to the source electrode), absolute values are used for

more direct illustration.
[2.87,2.99]
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Fig. 2.17. An example of the transfer characteristics of a p-type TFT. In

the semi-log scale, three transfer curves of different VDS are shown with the

subthreshold and the saturation regions indicated. The
√
∣IDS∣ vs VG plot is

also shown for demonstration of the linear behavior in the saturation regime

and the threshold voltage VT.
[2.99]
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In the following, the device parameters characterizing a TFT is briefly dis-

cussed, in the order of conventional importance.

Charge carrier mobility µ The charge carrier mobility is usually considered

the most important parameter to be extracted in the TFT measurement. It is

a measure of the speed of the charge carriers under the influence of an electric

field. In general, good charge carrier mobility indicates more effective charge

transport. The charge carrier mobility in a TFT generally has different values

in the triode and the saturation regimes. The latter is also called the field-

effect mobility. The linear mobility µlin in the triode regime and the saturation

mobility µsat in the saturation regime are defined in Eq. (2.30) and Eq. (2.31)

respectively.

Threshold voltage VT Threshold voltage VT is measure for the gate voltage

where the TFT is fully turned on. Usually a small VT is preferred. Generally,

a VG up to VT is required for:
[2.100,2.101]

1. A flat-band voltage mainly due to the mismatched work function of the

gate electrode and the energy level of the semiconductor;

2. A surface potential defined by the difference in energy of the semiconduc-

tor at the dielectric–semiconductor interface from the bulk as a result of

band bending; and

3. The charge induced for filling the deep and the shallow trap states, with

also few free charge carriers for the conduction in the subthreshold region.

In other words, VT could be a measure of traps. It should be noted that, how-

ever, there is ongoing debate for an accurate model for VG extraction.
[2.101,2.102]

In this thesis, the simplest definition of Eq. (2.31) is used,
[2.103]

which is the

x-intercept of the
√
IDS vs VG plot (Fig. 2.17). As a note, VT should not be
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confused with the turn-on voltage VON, which is the onset of IDS in the semi-log

transfer characteristics.
[2.104]

Subthreshold swing Sth The subthreshold swing Sth is defined as the in-

verse of the slope (subthreshold slope) in the linear portion of the subthreshold

region in the semi-log transfer characteristics (Fig. 2.17). Mathematically,

Sth = (∂ log IDS

∂VG
)
−1

. (2.32)

It indicates the increase in VG per unit decade of IDS increment in the sub-

threshold region (in the unit of V dec
−1

). A small Sth (or steep subthreshold

slope) reflects a narrow subthreshold region which is usually preferred. As-

suming a small deep bulk trap density compared to the deep interface traps

(as describes in Section 2.2.2.2, for example), Sth can be used to estimate the

maximum interfacial trap density:
[2.105]

N
itf
trap,max ≈ ( eSth

kBT ln 10
− 1) Ci

e2
(2.33)

On-to-off current ratio Ion/off The on-to-off current ratio Ion/off is defined

as the current ratio of the IDS at a particular operating conditions (VG, VDS,

etc.) to the off-current IOFF, the IDS at VG = 0 at the corresponding VDS.

A large Ion/off could indicate a small off-current (leakage current), and so a

large Ion/off is usually preferred. Note that Ion/off changes with the operating

conditions like VG and VDS, and so comparisons should be made within the

same operating conditions. Alternatively, the on-current may be set at the

maximum gate voltage conditions. Then a large Ion/off could also indicate more

gate control, which is also preferred.

2.4 Molecular orientation and outcoupling in OLEDs

This section gives the key concepts connecting between outcoupling and molec-

ular orientation, from luminescence to the orientation of the transition dipole
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moment (TDM) in an organic light-emitting thin film.

2.4.1 Electronic states for luminescence

Luminescence is the spontaneous emission of cold light, i.e. not by heating the

object. In LEDs and OLEDs, it is achieved by electronic excitation with an

electrical bias, known as electroluminescence. Depending on the route of tran-

sition, fluorescence, phosphorescence or thermally activated delayed fluorescent

(TADF) may occur.

2.4.1.1 Singlet and triplet states

In the molecular orbital theory, bonding atoms in a molecule form molecular

orbitals. Various filling of the electrons in the molecular orbitals represents

different electronic configurations called electronic states. Electronic transitions

are the change in the electronic states for a system (e.g. a molecule). An energy

level diagram for different states and transitions is shown in Fig. 2.18. An

electronic state can be singlet or triplet. A singlet state has a total electron

spin s = 0 (antiparallel spins) and triple s = 1 (parallel spins). Typically, for

an electron undergoing a transition of excitation, a singlet-to-singlet transition

involves no change in spin (spin-allowed transition), while a singlet-to-triplet

transition involves a flip of spin. An illustration is given in Fig. 2.18. Note that

the change in spin implies a change in spin angular momentum.

At an energy level of a particular set of quantum numbers, there is one

singlet state for s = 0 and three triplet states for s = 1, determined by the

multiplicity 2s + 1. The spin states can be described by the spin quantum

number ms = −s,−s + 1, . . . , s.
4

The 3 sublevels of the triplet state is often

labelled Tx, Ty and Tz.
[2.107]

.

4
A detailed mathematical description for the singlet and triplet states derived from a

two-electron system is given in Appendix A.
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Fig. 2.18. Jablonksi diagram of a molecule. Different electronic transition

processes are illustrated. Singlet and triplet states are donated in Sn and Tn

respectively. The box–arrow symbols next to electronic states are the schematic

spin representations of the valence or unpaired electrons. The conventional bra-

ket notations for singlet and triplet states are shown next to the box–arrow

symbols.
[2.106]

2.4.1.2 Transition routes and types of luminescence

The transitions across different states correspond to different emission mecha-

nisms, as shown in Fig. 2.19. Fluorescence results from singlet-singlet transi-

tion. Phosphorescence occurs when a triplet state de-excite to the singlet state.

A singlet-singlet transition is said to be “allowed” and singlet–triplet/triplet–

singlet transition is said to be “forbidden”. It is because, in the zeroth-order

Born–Oppenheimer approximation, such transitions require a change in spin

angular momentum which violates the law of momentum conservation (forbid-

den in the selection rules). However, crudely speaking, the spin statistics reveals

that due to the 1 ∶ 3 singlet–triplet state ratio, the limiting internal quantum
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efficiency (IQE) of fluorescence is 25 % only.
[2.108]

To utilize the triplet states,

intersystem crossing (ISC) is needed. It can be achieved by spin–orbital (LS)

coupling.
[2.109]

Briefly speaking, it is an effect given in the first-order approxi-

mation originated from an orbital jump leading to a momentum transfer which

is achieved through the magnetic field generated by an “orbiting” electron,

interacting with the other “electron” (Fig. 2.20). With this, phosphorescence

can achieve 100 % IQE the highest. Similarly, with a small energy difference

between the S1 and T1 states, ISC and reverse intersystem crossing (RISC)

are utilized to thermally excite the T1 state to S1 for the delayed fluorescence,

which also allows the highest IQE of 100 %.
[2.110]

In the following discussion,

the focus will be put on phosphorescence using Ir complexes.

Fig. 2.19. Different OLED emission mechanisms.
[2.111]

2.4.2 Emission direction and transition dipole moment (TDM)

2.4.2.1 Concepts of transition dipole moment

Charges under the influence of electromagnetic waves behaves as an oscillating

dipole due to the oscillating electric field F.
[2.109]

Conversely, oscillating dipoles

emit light. The dipole oscillates along the direction of the electric field and the
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Fig. 2.20. A schematic model for the spin–orbit (LS) coupling. The spin

angular momentum changes with an orbital jump.
[2.112]
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light propagates in the direction perpendicular to the electric field. The dipole

arises because the electric field displaces the electron away from its equilibrium

position, leading to a different electron distribution in the molecule of a higher

energy. This is usually regarded as an excited state. The displaced electron

distribution can be described as an electric dipole moment. The induced dipole

moment originated from a transition is called transition dipole moment (TDM)

µTDM. The above simple physical picture reveals that the direction of the TDM

aligns with the electric field.

Formally, the TDM is a quantum expression related to the probability of

the transition between two states. The transition probability is given by the

oscillator strength f (a theoretical quantity), with a value of unity for “per-

fect” oscillating properties, according to the classical theory. By modeling the

oscillating electron (dipole) as a 1D oscillator, we can write
[2.109]

f ∝ ∣µTDM∣2
= ⟨e ∣rTDM∣⟩2

(2.34)

where rTDM is the dipole length vector. µTDM = ∫ r dq is the sum of all differ-

ential dipole moments over the entire charge distribution in the molecule.
[2.113]

Quantitatively,

f = (8πmeν̄

3he2
) ∣µTDM∣2

≊ 10
−5
ν̄ ∣erTDM∣2

(2.35)

given a particular transition, whereme is the electron mass, h is Planck constant

and ν̄ is the energy of transition. With the observable rTDM, we can interpret

the TDM operator µ̂TDM as the observable in quantum mechanics to describe

the transition probability:

µTDM = ⟨Ψi∣ µ̂TDM ∣Ψf⟩ (2.36)

where Ψi and Ψf are the wavefunction of the initial and final states respectively.

µ̂TDM is related to the Fermi’s Golden rule which describes the transition prob-
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ability by

2π

h̵
»»»»»⟨Ψi∣ µ̂TDM ∣Ψf⟩ ⋅ F̂

»»»»»
2
ρ (Ef) =

2π

h̵
»»»»»⟨Ψi∣ µ̂TDM ⋅ F̂ ∣Ψf⟩

»»»»»
2
ρ (Ef)

=
2π

h̵
»»»»»⟨Ψi∣ Ĥ ′ ∣Ψf⟩

»»»»»
2
ρ (Ef) (2.37)

where F̂ is the electric field operator of light, Ĥ
′
is the interaction Hamiltonian

in the Fermi’s golden rule and ρ (Ef) is the density of states at the final state

energy Ef . Eq. (2.36) is useful in computational physics to obtain the direction

and the magnitude of the TDM based on the molecular geometry. Its physical

meaning can be interpreted as follows. When we look at Eq. (2.36) with matrix

algebra, µTDM will give the diagonal elements for Ψi = Ψf . Then Eq. (2.36)

yields the permanent dipole moment at that state. Different electronic states

have different charge distributions within the molecules and hence different

permanent dipole moment. When Ψi ≠ Ψf , Eq. (2.36) yields off-diagonal terms

which describes the interaction between Ψi and Ψf . If we rewrite µ̂TDM as

∣µTDM⟩ ⟨µTDM∣, i.e. the outer product form, then Eq. (2.36) becomes

µTDM = (⟨Ψi∣µTDM⟩ ⟨µTDM∣Ψf⟩)2
. (2.38)

Here it can be seen that ⟨Ψi∣µTDM⟩ and ⟨µTDM∣Ψf⟩ represent the projection

of Ψi and Ψf on the same set of basis of µ̂TDM. The greater the alignment in

common of Ψi and Ψf with respect to µ̂TDM, the greater the value of µTDM.

This common direction is needed as the excitation is accomplished by the ex-

ternal electric field given by the incident light. The resulting oscillation in the

excited state ought to align with the direction of the electric field. Therefore,

if the electric field of the incident light aligns with the TDM, there is greater

absorption. Conversely, when the oscillating dipole emits light, the electric

field would have the same direction as the oscillating dipole so that the energy

generated F ⋅ µTDM would be the greatest.

For triplet states, there would be three TDMs, corresponding to the tran-

sitions between S0 and Tx, Ty and Tz.
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Experimentally, the absorption/emission intensity also related to f . Recall-

ing the oscillating electron (dipole) as a 1D oscillator, we can relate f to the

experimental quantity
[2.109]

f = 4.32 × 10
−9 ∫ α dν ∼ αmax∆ν̄ 1

2
(2.39)

where α is the absorption coefficient, αmax = max (α), ν is the photon energy

(in cm
−1

) of absorption and ∆ν̄ 1
2

is the width of the absorption band at 1

2
αmax.

Alternatively, α can be related to the radiative rate constant by

k
0
e = 3 × 10

−9
ν

2
0 ∫ α dν ≊ ν

2
0f (2.40)

where ν0 is the energy corresponding to the maximum wavelength of absorption.

However, occasionally the value of f may fall in some unreasonable range due

to the failure of the classical theory and the quantum description is needed to

simulate computationally the experimental results using the density function

theory (DFT).

2.4.2.2 Metal-to-ligand charge transfer (MLCT) in Ir complexes

Ir(III) metal–organic complexes with low-lying d orbitals in Ir
3+

are capable of

metal-to-ligand charge transfer (MLCT) due to the strong spin-orbit coupling.

Thus, fast ISC from the excited S1 singlet state to the lower T1 triplet state

so that phosphorescence can be achieved with the T1 → S0 transition, allowing

for a maximum of 100 % IQE.
[2.114]

In an Ir(III) octahedral complex, e.g. fac-

Ir(ppy)3, the low-lying d orbitals in the central heavy-metal atom couple with

the acceptor ligand π
∗

orbitals at a higher energy level (Fig. 2.21). The ex-

citation of the molecule implies the transition of the electron at the d orbital

of the metal ion to the π
∗

orbital in the ligand, thus called “metal-to-ligand”.

The triplet MLCT state can also be written as
3
MLCT.

[2.115]

Depending on the emission ligands attached to the Ir
3+

ion, the TDM di-

rection varies. Usually, there is a pyridyl group in the ligand connected with
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(a)

(b)

Fig. 2.21. (a) A ligand-field scheme of metal-to-ligand charge transfer

(MLCT). The metal ion and the ligand have different spatial wavefunction

distributions and the excitation of electrons from the ground state to the ex-

cited state is a charge transfer from the metal ion to the ligand. The Ir
3+

has

a d
6

electronic configuration. According to the crystal field theory, as the lig-

ands form an octahedral complex with the Ir
3+

ion, the spherically asymmetric

coordination splits the degenerate energy level (due to wavefunction overlap)

of the d orbitals to form the lower t2g (dxy, dyz & dxz) and the higher eg (dx2

& dy2) energy levels. Electrons at the t2g energy level can be excited to the

unoccupied π
∗

ligand energy level.
[2.116]

(b) Electron density distribution of the

highest occupied molecular orbital (HOMO) and lowest unoccupied molecu-

lar orbital (LUMO) of fac-Ir(ppy)3 as an example of MLCT. The electrons are

concentrated at the central Ir
3+

atom at HOMO (ground state) and distributed

over the (ppy) ligands in the MLCT excited states.
[2.117]
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an Ir–N bond. Conventionally, the direction of the TDM can be indicated by

the angle subtended by the Ir–N bond.
[2.114]

.

2.4.3 Molecular orientation and outcoupling

2.4.3.1 Relations between molecular orientation and optical losses

In an OLED device, not all the energy in an excited molecule can escape from

the device in terms of light. Instead, it can be coupled to optical loss channels

of substrate modes, waveguided modes and surface-plasmon polariton (SPP)

modes. The remaining energy is the useful, outcoupled light, or the direct emis-

sion.
[2.118–2.123]

These four modes are depicted in Fig. 2.22. The correlation be-

tween the loss channels and the orientation is summarized in Table 2.1.
[2.114,2.123]

It can be seen that different light polarizations generated by different compo-

nents of the TDM contribute to different loss channels. Therefore, the outcou-

pling efficiency depends on the orientation of the TDM, as shown in Fig. 2.23.

Given the loss of SPP modes of evanescent waves dominates in vertical-TDM

systems, horizontal TDMs are preferred for better outcoupling.
5

Since the di-

rection of the TDM depends on the chemical structure of the molecule and

the orientation of the molecule with respect to the substrate surface, preferred

molecular orientation can enhance the outcoupling efficiency. Note that for

emissions involving triplet states, all the Tx, Ty and Tz TDM contribute to the

outcoupling efficiency and so the directions of all of them should be considered.

When describing the molecular orientation, especially in the film deposition

process, it is often to make reference to the symmetry axis of the molecules. In

the octahedral organo-iridium phosphorescent complexes, homoleptic molecules

(e.g. fac-tris[2-(phenylpyridine)]iridium(III) (fac-Ir(ppy)3)) have three identi-

cal cyclometalated ligands attached to the central Ir(III) ion and hence a three-

5
Other methods for improving the outcoupling efficiency are available but not discussed

here.
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Table 2.1. Contributions of different light polarizations given by different

components of the TDM to various optical loss channels. 7 is negligible con-

tribution; 3 means contributing; and 33 means dominate contribution.

TDM component x y z

Emission

polarization

TM

(p-polarized)

TE

(s-polarized)

TM

(p-polarized)

Substrate modes 3 3 7

Waveguided modes 33 33 3

SPP modes 3 3 33

Fig. 2.22. Optical loss channels in OLED devices.
[2.124]

65



Fig. 2.23. Optical loss channels and outcoupling efficiency for different ratios

of dipole orientation. The yellow region accounts for absorption.
[2.125]

66



Fig. 2.24. The geometric configurations and the triplet TDMs in the ho-

moleptic fac-Ir(ppy)3 (C3 symmetric) and trans-Ir(ppy)2(tmd) (C2 symmetric)

molecules. Black, blue, red arrows indicate the triplet TDMs of the Tx, Ty

and Tz sublevels, respectively. The dominant TDM of trans-Ir(ppy)2(tmd) is

nearly perpendicular to the symmetry axis and parallel to the substrate.
[2.126]

fold rotational (C3) symmetry. For heteroleptic molecules which contain more

than one type of ligands (typically two), they usually have a two-fold rotational

(C2) symmetry. An example is illustrated in Fig. 2.24.

2.4.3.2 Experimental descriptions for molecular orientation

Different expressions are available to describe the TDM orientations, as shown

in Table 2.2.
[2.127]

Θv can be interpreted as the ensemble average of the square

of the TDM projection onto the perpendicular axis, i.e. Θv = ⟨cos
2
θ⟩. S is

related to Θv by S = 1

2
(3Θv − 1). Experimental techniques can usually probe
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Table 2.2. Different expressions for the TDM orientation.

Expression
a

Value indication

px = py, pz
[2.128]

Horizontal: px = py =
1

2
, pz = 0

Isotropic: px = py = pz =
1

3

Vertical: px = py = 0, pz = 1

Θv =
pz

px + py + pz
[2.129]

Horizontal: Θv = 0

Isotropic: Θv =
1

3

Vertical: Θv = 1

Θh =
px + py

px + py + pz
[2.130]

Horizontal: Θh = 1

Isotropic: Θh =
2

3

Vertical: Θh = 0

S =
p

2
z − p

2
x

p2
z + 2p2

x

[2.131] Horizontal: S = −0.5

Isotropic: S = 0

Vertical: S = 1S = 1 −
A

Aiso

[2.132]

a
px, py and pz are the existence probabilities of the x, y and z components of the TDM.

A and Aiso are the peak absorptions of the sample film and the film thermally annealed

to isotropic orientation respectively.

the proportions of the TDM components. Then, using these expressions, the

TDM direction and thus the molecular orientation can be estimated.
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Chapter 3 Experimental techniques

In this chapter, an overview of the experimental techniques for the sample and

device fabrication is given, followed by the details for the thin-film transistor

(TFT) characterization. A summary of the schematic procedure is given in

Fig. 3.1.

3.1 Sample preparation

3.1.1 Substrate cleaning

Silicon wafers and quartz were used as substrates. For the silicon wafers, heavily

p-doped silicon wafers (Semiconductor Wafer, Inc.) with both sides thermally

grown with 300 nm of SiO2 were used. The back side was etched by ∼5% HF as

the gate electrode and cut into approximately 1.5 cm × 2 cm. Each wafer was

washed in an ultrasonic cleaner (Bransonic Ultrasonic Cleaner Model 1210) us-

ing deionized water, analytical reagent (A.R.) grade acetone, methanol and iso-

propanol (IPA) in sequence, each for 20 min. Water and acetone were effective

solvents for cleaning inorganic and organic impurities respectively, methanol ef-

fectively dissolves acetone residues and its contaminants and isopropanol (IPA)

rinses methanol and acetone, as well as lifting and removing particles.

After that, the washed silicon wafers were dried under airflow and thermally

annealed at 120
◦
C for 30 min to evaporate any moisture and solvent, and then

put into the ultraviolet-ozone (UVO) cleaner (Jelight Company, Inc. UVO-

Cleaner Model 42-220) for 13 min to remove contamination, esp. hydrocarbons,

on the sample surface. The UVO treatment also induces hydrophilicity on the

SiO2 surface.
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Fig. 3.1. Schematic diagram showing the fabrication procedures of bottom-

gate top-contact (BGTC) organic and perovskite thin-film transistor (TFT)

devices.
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3.1.2 Material deposition

After cleaning the substrate, materials were deposited layer by layer onto the

substrate to form the desired device structure. The bottom-gate top-contact

(BGTC) device structure was used for the TFT fabrication. Thermal evap-

oration and spin coating as two common coating techniques were employed.

Spin coating is a solution process. The schematic fabrication procedures of

the deposition of each layer are shown in Fig. 3.1. The polymeric gate di-

electric layer was first spin-coated, and then the active layer was deposited by

either means depending on the experimental requirements. Post-treatment of

the film may be carried out. Finally, depending on the materials, the trans-

port layer (if any) was deposited by either technique, and the metal electrodes

were thermally evaporated onto the sample. The general principles of thermal

evaporation and spin-coating are given below.

3.1.2.1 Thermal evaporation

Thermal evaporation (Fig. 3.2) is carried out under high vacuum (< 4 × 10
−6

torr), achieved by a diffusion pump. The materials for coating were sublimed

through heating with a DC, depositing on the substrate placed upside down

at the top of the evaporator with thermodynamical energy minimization. The

Denton vacuum evaporator (DV-502V) was used to deposit the organic organic

light-emitting diode (OLED) emitter molecules as the active layers and the

MoO3 hole transport layer. The Edwards evaporator (AUTO 306) was used

to deposit the source and drain electrodes through a shadow mask, defining a

channel length (L) of 50 µm and a channel width (W ) of 6 mm.

The adjustable processing parameters for thermal evaporation include the

coating rate (or coating current), film thickness and substrate temperature.

The film thickness and the coating rate were monitored by the thickness meter

connected to the quartz crystal microbalance as the sensor, calibrated through

the tooling factor with proper input material parameters. The deposited elec-
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Fig. 3.2. Schematic of a typical thermal evaporation system.
[3.1]

trodes were 100 nm thick, with a deposition rate of 0.05 nm/s for the first 10 nm

and then 0.5 nm/s to achieve better packing. The DC controls the deposition

rate. Both the deposition rate and the substrate temperature could affect the

kinetics of deposition, and therefore should be kept unchanged if there are not

the parameters for comparison.

3.1.2.2 Spin coating

Spin-coating spreads the dripped solution on the substrate throughout the sur-

face. For electron transport, materials with high lowest unoccupied molecular

orbital (LUMO) such as perovskites should be spin-coated in a N2 filled glove-

box or ambient water molecules of lower LUMO (∼ 3.6 eV) can easily dope
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into the film and act as traps.
[3.2]

The glovebox was equipped with spin-coaters

(Chemat Technology, Inc., Model KW-4A or KW-4B). For hole transport, spin-

coating (of polystyrene (PS) in Chapter 6, for example) may be done in ambient

(with a spin-coater VTC 100). In the following, general concepts are first in-

troduced in the context of perovskite deposition, followed by the discussion of

anti-solvent dripping, a special technique for perovskite deposition.

The adjustable processing parameters for spin-coating include the solution

concentration, solvent chosen (polar/non-polar, pure/mixed solvent), dispense

method, substrate temperature for coating and (a sequence of) spin speeds, spin

acceleration and duration. In perovskite, the choice of the solvent has predom-

inant effects on the resulting film quality, including crystallization properties

and resulting film thickness due to their solubility, volatility and wettability on

the substrate.
[3.3]

Chemical interactions between the solvent and solute could

also lead to different crystallization routes and give rise to distinct crystal fea-

tures. Spin acceleration and spin speed also affect the film quality. Large spin

acceleration should be used with volatile solvents. Spin speed ω and solution

concentration c are two major factors determining the film thickness t, given

by the classic formula
[3.4]

t∝
c√
ω
. (3.1)

The spin speed also affects the rate of solvent evaporation and thus the crystal-

lization process. Static dispense and dynamic dispense are two major dispense

methods. For static dispense, the solution was dripped on the substrate first,

and the substrate starts to spin after a duration called the loading time. The

loading time could affect the wettability and the resulting film quality. For

dynamic dispense, the solution is dripped with the substrate spinning. The

effect of the dispense method depends on the wettability of the materials and

viscosity of the solution. For PS dissolved in 1,1,2-trichloroethane, dynamic

dispense gave a smoother film. However, dynamic dispense is not desirable for

solution–substrate combinations of poor wettability (such as hydrophilic per-
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ovskite precursor solution on hydrophobic polymer surface). High spin speeds

do not favor such combination either due to the large relative speed between

the dispensed liquid and the spinning substrate. Together with the substrate

temperature, complex kinetics occur in the precursor solution and determine

the final film properties. During the spin-coating process, a sequence of the

spin speed, spin duration and spin acceleration may be applied to optimize the

spin-coating process. Usually, the nucleation process happens within the first

10–20 s. The spinning thereafter is to dry the solvent. After spin-coating, the

film may be further dried under either room or elevated temperature, or via

a vacuum. The crystallization process may be affected by the rate of solvent

evaporation.

One-step and two-step deposition The perovskite layer could be fabri-

cated by either the one-step or the two-step deposition method (Fig. 3.1).
[3.5]

Generally, for the two-step sequential deposition, the precursor solution con-

taining Pb
2+

, e.g. PbI2, is first deposited on the substrate, followed by the

precursor solution containing the cation species, e.g. methylammonium iodide

(MAI). MAI diffuses into the PbI2 layer, reacting with it, forming perovskite

crystals. Usually, thermal annealing is needed for the perovskite conversion.

The size of the crystallites increases with decreasing concentration of the MAI

solution, but the mobility reached a maximum at medium size crystals of about

200 nm.
[3.6]

. The two-step deposition technique gains better benefits under rel-

atively high humidity conditions. It is also reported to have better morphology

control.
[3.7]

On the other hand, the one-step deposition method simply mixes all pre-

cursor components into a single solution using dimethylformamide (DMF),

dimethyl sulfoxide (DMSO) or γ-butyrolactone (GBL) as the typical solvent.

It enjoys simpler processing procedures. Morphology control is crucial for the

one-step deposition. Anti-solvent engineering, as described in the following

section, is usually used to control the kinetics of the crystal growth.
[3.8]

The
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incorporation of Lewis acid–base adduct is also commonly employed for high-

quality perovskite film.
[3.9]

By adding DMSO into the precursor solution, an

intermediate transparent adduct MAI⋅PbI2⋅DMSO forms by the interaction

between DMSO and PbI2. This adduct is converted to perovskite by removing

DMSO with mild heating. In other words, the adduct formation and removal

can assist the control of the crystallization kinetics, leading to high-quality

perovskite films with improved carrier mobility.

Anti-solvent engineering This technique is widely used during spin-coating

of perovskite precursor solution using the one-step deposition method.
[3.10–3.13]

Short after the dispense of the solution and the spinning of the substrate, an

anti-solvent in which perovskite is sparingly soluble is dripped onto the sub-

strate to force supersaturation and rapid precipitation of from the precursor

solution. This allows precise control of the nucleation and crystallization of

perovskite, resulting in large grains as well as homogeneous and flat perovskite

films. The actual procedures involve the volume of the anti-solvent, the tim-

ing of dispense and the manner of dispense, which depend on the nature of

the anti-solvent, the volume ratio between the solvent and anti-solvent (or the

sample size), the duration of the anti-solvent to diffuse into the solvent, etc.

Too-quick dispense may damage the sample, but a too-slow dispense may limit

the diffusion. Dispensing too early may wash away the perovskite, while too

late may result in unoptimized crystallization and rough surface.
[3.14]

Toluene,

chlorobenzene and diethyl ether are common choices of anti-solvent for per-

ovskites.
[3.11]

3.1.3 Post-processing of perovskite films

After spin-coating, several post-processing techniques were employed. The

principles of each of them will be briefly discussed as follows.
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Fig. 3.3. A schematic illustration of anti-solvent engineering procedure using

toluene as the anti-solvent.
[3.8]

3.1.3.1 Delayed post-annealing

It was found that after the spin-coating of the perovskite film using the one-

step deposition, the film quality was better if the sample was left idle at room

temperature for a while, covered by a petri dish. The film appeared brown

When the substrate stopped spinning. After covered by the petri dish for some

time, the film turned colorless again. When it was transferred for thermal

annealing, it turns dark brown rapidly. A possible explanation is the delayed

post-annealing provided additionally slower removal of solvent as well as the

MAI⋅PbI2⋅DMSO adduct. The covering of the petri dish promoted a solvent

vapor annealing (SVA)-like process (described below) by trapping the evap-

orated solvent. Both further retarded the crystallization process, leading to

improved perovskite film quality.
[3.15]

Thermal annealing is usually needed to vaporize the solvent to complete the

perovskite conversion and crystallization. The temperature would influence the

solvent vaporization rate and thus the speed of crystallization. Thermodynami-

cally, the annealing temperature also affects the conversion of perovskite in the

two-step deposition. Note, however, that prolonged annealing of perovskite

film leads to its degradation. The film quality appears also sensitive to the

annealing temperature and therefore it should be carefully controlled.
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Fig. 3.4. Schematic configuration for solvent vapor annealing (SVA).
[3.17]

3.1.3.2 Solvent vapor annealing (SVA)

Solvent vapor annealing (SVA) is the annealing of the perovskite films in the

vapor atmosphere of a certain solvent (Fig. 3.4). The sample is put on the hot

plate and covered by a petri dish with a volume of the solvent in the covered

region. The solvent vaporizes inside the petri dish which is filled by the solvent

vapor. The vapor then diffuses into the perovskite film through the grain

boundaries. The vapor may redissolve and merge the crystals, passivating the

defects on the grain boundaries and curing them.
[3.16]

The boiling point, nature and volume of the solvent, where the drips of the

solvent are distributed, the temperature environment, size of the petri dish,

duration of the SVA process, etc. are all factors that could influence how vig-

orous the solvent vapor interacts with the film. It should be noted that the

vapor concentration inside the petri dish is not homogenous, especially before

the solvent is completed vaporized. Too vigorous interaction could decompose

the film. With a high temperature but low boiling point solvent (e.g. methy-

lamine (MAM) in ethanol), the rate of vaporization could be too strong too.

Instead of dripping on the hot plate, it can be dripped inside the petri dish

with or without pre-heat depending on the conditions. For a small petri dish,
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less amount of solvent should be used.

3.1.3.3 Toluene post-dripping

In the two-step deposition process, after completion of the perovskite conver-

sion, toluene was dripped on the spinning perovskite surface similar to anti-

solvent dripping. The film appeared shinier after the process, indicating a

smoother film with reduced roughness. A possible reason is the removal of the

unreacted halide and methylammonium ions on the surface.
[3.18]

The surface

passivation promotes better surface morphology and interface quality.

3.2 Characterization of thin-film transistors

After the fabrication of TFTs, they were mounted to a cryogenic system for elec-

trical measurement. The cryogenic system comprised a temperature-controllable

vacuum system and an electrical construction. A schematic hardware configu-

ration is depicted in Fig. 3.5. Their working principles will be briefly described.

After that, the procedures of device parameter extraction will be introduced.

3.2.1 Cryogenic configuration

Samples were mounted into a cryostat (Oxford Instruments, Optistat DN-V)

under high vacuum (10
−5

torr) and dark conditions. After mounting the sample

into the cryostat, a rotary pump evacuated the cryostat to a low vacuum below

10
−3

torr, followed by a secondary pump-down with a diffusion pump. A high

vacuum was used to allow better thermal insulation, a wider working range

of temperature and less temperature fluctuation from the environment. The

size of the pipes connecting to the vacuum system should be of at least KF25

(1”) for efficient pumping. A temperature controller (Oxford Instruments, ITC

601) was used to regulate the temperature of the samples for temperature-

dependent measurements, ranging between 120–330 K with liquid nitrogen and

96



an electronic heater inside the cryostat. The temperature of the sample inside

the cryostat was calibrated with a thermocouple.

3.2.2 Electrical measurement

The source and drain electrodes were connected to a source measure unit (SMU)

(Keithley 236) to supply the source-to-drain voltage VDS and measure the

source–drain current IDS simultaneously. Another independent voltage source

(Xantrex XT 120-0.5 DC supply) together with a polarity switch box was used

to provide the gate voltage VG at the gate electrode. The workstation feeds

a signal of the value of VG to Xantrex, and Xantrex gave an output of the

magnitude and the sign of VG which were then fed into the switch box. The

switch box flipped the polarity of the terminal if a negative VG signal was de-

tected using a relay triggered by the J7 polarity signal from the Xantrex which

gives a current with negative input voltages. The circuit diagram of the switch

box is given in Fig. 3.6. During the measurement, different VG and VDS were

applied to the samples. For the transfer characteristics acquisition, VDS was

fixed and IDS was measured with varying VG with a forward scan. As for the

output characteristics, the measurement was taken from the smallest VDS to

the largest for a fixed VG, and varied from the smallest VG to the largest. The

sweeping delay could affect the measurement result. 2 s measurement delay

was used. A long delay allows the charge carriers to reach equilibrium before

the measurement so that the acquired reading is more accurate.

3.2.3 Parameter extraction

The output and transfer characteristics could be acquired from the electrical

measurement described in Section 3.2.2. By extracting the transfer character-

istics in the saturation (high VDS) regime, the saturation mobility µsat and the

threshold voltage VT can be evaluated with the linear regression of the
√
IDS
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vs VG plot using Eq. (2.31):

µsat =
2L

WCi
(∂

√
IDS

∂VG
)

2

(3.2)

VT = −

√
ˆIDS

»»»»»»VG=0

∂
√
IDS

∂VG

= V̂G
»»»»»√IDS=0

(3.3)

where L is the TFT channel length, W is the TFT channel width and Ci is the

capacitance per unit area of the gate dielectric (Fig. 2.15).
∂
√
IDS

∂VG
,
√

ˆIDS

»»»»»»VG=0

and V̂G
»»»»»√IDS=0

are the slope, y-intercept and x-intercept of the linear regression

respectively. Similarly, the linear mobility µlin can be evaluated from the linear

regression of the IDS–VG plot using Eq. (2.30):

µlin =
L

WCiVDS

∂IDS

∂VG
(3.4)

where ∂IDS

∂VG
is the slope of the linear regression. Note that VT is found with

Eq. (2.31) but not Eq. (2.30). µlin can be used to calculate the energetic

disorder σ and the high-temperature–limited mobility µ∞ in Eq. (2.20). In

practice, µ0 ≈ µlin. Therefore, from the linear regression of the plot of lnµlin vs

1/T 2
,

σ =
3kB

2

√
−
∂ lnµlin

∂ (1/T 2) (3.5)

µ∞ = exp [(ln µ̂lin)∣ 1

T2 =0] (3.6)

where ∂ lnµlin
∂(1/T 2) and (ln µ̂lin)∣ 1

T2 =0 are the slope and y-intercept of the linear re-

gression respectively. The subthreshold swing Sth is found from the linear

regression of the log IDS–VG plot with Eq. (2.32) and the on-to-off current ratio

Ion/off is evaluated with the description in Section 2.3.2.
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Fig. 3.5. Schematic hardware set-up of the cryogenic system and the con-

nections of the electrical measurement. The black, green and orange wires

represent digital signal, electrical and heating element connections respectively.
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Fig. 3.6. Circuit diagram of the switch box connected to the Xantrex XT

120-0.5 DC supply.
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Chapter 4 Indoor photovoltaic device

parameter guidelines
1

4.1 Introduction

Indoor light has an illuminance of 100–1000 lx, which corresponds roughly to

an incident power intensity of ∼100 µW cm
−2

. This amount of energy flux is

about 1000 times weaker than the standard outdoor irradiance (AM1.5G) of

100 mW cm
−2

. Because of the low energy flux, indoor photovoltaic (IPV) has

not been seriously considered to have practical and broad applications. How-

ever, with the advent of Internet of Things (IoT) objects which are expected to

have low power consumption, this situation is now under re-examination.
[4.2–4.4]

Among different materials for IPV, organic photovoltaic (OPV) materials are

playing increasingly important roles.
[4.2]

Devices with high power conversion

efficiencies (PCEs) exceeding 20 % have been reported.
[4.5–4.10]

For example, a

highly efficient IPV device of PCE of 28 % has been achieved using the donor

benzodithiophene terthiophene rhodanine (BTR) blended with the fullerene ac-

ceptor under a 1000 lx fluorescent lamp.
[4.11]

Large-area devices of 1 cm
2

with

PCE of 22 % using PBDB-TF:ITCC has also been reported under an light-

emitting diode (LED) illumination of 1000 lx.
[4.12]

A comprehensive report on

the latest, state-of-the-art IPV materials has been provided by Venkateswararao

et al.
[4.13]

Despite the impressive progress, there is no detailed knowledge on

the limiting device parameters that can be achieved under indoor lighting con-

ditions. These parameters are expected to depend on the optical and electronic

1
Selected results in this chapter have been published in J. K. W. Ho, H. Yin & S. K.

So. From 33% to 57% – an elevated potential of efficiency limit for indoor photovoltaics. J.

Mater. Chem. A 8, 1717–1723 (2020). doi:10.1039/C9TA11894B
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properties of the IPV light absorbers as well as the kind of incident light source

and the illumination level. From an experimental point of view, knowledge of

these parameters should provide very useful guidance for device design, assess-

ment, and optimization.

In this contribution, we address this knowledge gap by presenting compre-

hensive IPV device limiting parameters under different kinds of indoor light

sources. They include fluorescent lamps, LED light tubes, white organic light-

emitting diodes (WOLEDs) with different color temperatures. Because uni-

versal indoor light sources do not exist, we will present a general scheme for

computing Pin for any given indoor light source, using its emission spectrum and

the illuminance level. From the well-known Shockley–Queisser (SQ) method

and knowledge of Pin, we derive the SQ-limited PCEs, open-circuit voltages

Voc, and short-circuit current densities Jsc. We show that for ideal light ab-

sorbers, a bandgap of 1.82–1.96 eV would allow a theoretical PCE between

51–57 %. The SQ-analysis further predicts an SQ-limited Voc = (1.4 ± 0.1) V

at the optimized effective bandgap, and a Jsc between 12–143 µA cm
−2

for an

illuminance level between 100–1000 lx. The limiting PCE and Voc are only

weakly dependent on the kind of indoor light source and the illumination level.

In contrast, the limiting Jsc has approximately a linear dependence on the il-

luminance, with a maximum value of coefficient ∼ 11–13 µA cm
−2

per 100 lx.

For OPV indoor light absorbers, a common film thickness of 100 nm is often

used for IPV cell fabrication and performance assessment, but such a thick-

ness is far from ideal. For example, for a typical bulk heterojunction (BHJ)

of PTB7:PC71BM, the maximum achievable PCE is merely ∼ 28 % which is

far below the ideal PCE of ≈ 50 %. On the other hand, if this thickness is

increased to 200–250 nm, which corresponds to the second thickness peak for

constructive interference for the incident photons, the PCE can be enhanced to

> 40 % (assuming charge extraction is not sensitive to such a thickness change).

Our results offer a straightforward strategy to maximize the PCE of a practical
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organic IPV device.

4.2 Calculation details and parameters

A full set of light sources for Pin and PCE evaluations including warm, natural

and cool white fluorescent lamps (FLs), LED lamps and WOLEDs are shown in

Table 4.1. These are cold light sources which have no infra-red (IR) emission.

They were acquired with an OceanOptics USB4000 spectrophotometer. The

correlated color temperatures (CCTs) of the light sources are calculated using

Eqs. (2.1)–(2.5). We also include the AM1.5G illumination and the halogen

lamp which emit blackbody-like radiation as the control light sources. The

illumination level varies from 100 to 1000 lx corresponding to different domestic

indoor lighting conditions as shown in Fig. 4.1, while that of AM1.5G is fixed

at 100 mW cm
−2

. The values of Pin for the artificial light sources for difference

illuminances are calculated with Eq. (2.6). The device temperature is assumed

as 300 K. The calculation is done by OriginPro 2018 (64-bit) SR1 (b9.5.1.195).

The codes for computation are given in Appendix B.
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Fig. 4.1. The incident power intensity Pin vs illuminance of the light sources.

The values are tabulated in Table 4.1.
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Table 4.1. Computed values of incident power intensity (irradiance) Pin, Shockley–Queisser limited open-circuit voltage at the

optimal bandgap V
SQ,opt

oc , incidence-limited short-circuit current density JPin
and SQ-limited efficiency ηSQ at various illuminance

levels for different light sources of different color temperatures. The model number (after the “#” symbol), color temperature and
normalized emission spectrum of each light source are shown. The color temperatures are depicted in the format of “nominal/cal-
culated form emission spectrum”. The photopic matching index of emission spectrum φ for the light sources is included, defined

as φ = ∫ 830 nm

360 nm
Snorm (λ)V (λ)dλ. The values serve as an example; they may vary according to the light source model and thus are

for reference only.

(a) Fluorescent lamps, in conjunction with electronic ballasts (PAK, PAK300408).

Warm white (2700/2928 K) Natural white (4000/4265 K) Cool white (6500/6400 K)
#PAK090481 #PAK090491 #PAK-PAK090501

φ = 0.5478, Eg,opt = 1.95 eV φ = 0.5090, Eg,opt = 1.95 eV φ = 0.4781, Eg,opt = 1.96 eV

Illuminance Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ
(lx) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%)

100 26.8 1.45 12.4 54.52 28.8 1.45 12.8 53.69 30.7 1.46 13.2 53.27
200 53.5 1.47 24.8 55.20 57.6 1.47 25.7 54.35 61.3 1.47 26.5 53.93
300 80.3 1.48 37.3 55.59 86.4 1.48 38.5 54.74 92.0 1.48 39.7 54.31
400 107.1 1.48 49.7 55.87 115.2 1.49 51.4 55.01 122.7 1.49 52.9 54.58
500 133.8 1.49 62.1 56.09 144.0 1.49 64.2 55.23 153.3 1.50 66.2 54.79
600 160.6 1.49 74.5 56.27 172.8 1.50 77.1 55.40 184.0 1.50 79.4 54.97
700 187.4 1.50 86.9 56.42 201.6 1.50 89.9 55.55 214.7 1.51 92.7 55.11
800 214.1 1.50 99.4 56.55 230.4 1.51 102.8 55.68 245.4 1.51 105.9 55.24
900 240.9 1.50 111.8 56.66 259.2 1.51 115.6 55.79 276.0 1.51 119.1 55.35
1000 267.7 1.51 124.2 56.76 288.0 1.51 128.5 55.89 306.7 1.52 132.4 55.45
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(b) LED lamps.

Warm white (3000/3328 K) Natural white (4000/4624 K) Cool white (6500/6994 K)
#PAK-LED-T5-4WF-830 #PAK-LED-T5-4WF-840 #PAK-LED-T5-4WF-865
φ = 0.4920, Eg,opt = 1.83 eV φ = 0.4883, Eg,opt = 1.85 eV φ = 0.4618, Eg,opt = 1.90 eV

Illuminance Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ
(lx) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%)

100 29.8 1.33 13.8 52.53 30.0 1.36 13.5 51.62 31.8 1.40 13.8 50.78
200 59.6 1.35 27.6 53.24 60.1 1.37 27.0 52.30 63.5 1.42 27.6 51.44
300 89.4 1.36 41.4 53.65 90.1 1.38 40.5 52.70 95.3 1.43 41.4 51.82
400 119.2 1.37 55.3 53.95 120.1 1.39 54.0 52.99 127.0 1.43 55.1 52.09
500 149.0 1.37 69.1 54.17 150.1 1.40 67.5 53.21 158.8 1.44 68.9 52.30
600 178.8 1.38 82.9 54.36 180.2 1.40 81.0 53.39 190.5 1.44 82.7 52.47
700 208.6 1.38 96.7 54.52 210.2 1.41 94.5 53.54 222.3 1.45 96.5 52.61
800 238.4 1.38 110.5 54.65 240.2 1.41 108.0 53.67 254.0 1.45 110.3 52.74
900 268.2 1.39 124.3 54.77 270.2 1.41 121.5 53.79 285.8 1.45 124.1 52.85
1000 298.0 1.39 138.2 54.88 300.3 1.41 135.0 53.89 317.5 1.46 137.8 52.95
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(c) White organic light-emitting diodes (WOLEDs) and halogen lamp. Only calculated color temperatures is available. The values of JPin
for the

halogen lamp take into account of photons of energies greater than 1.1 eV.

Warm white (3363 K) Natural white (4237 K) Halogen lamp (3100 K)
#WOW OLT-HANDY-WH #Inlion I1C #Oriel 63358
φ = 0.4778, Eg,opt = 1.82 eV φ = 0.4883, Eg,opt = 1.85 eV φ = 0.0389, Eg,opt = 0.87 eV

Illuminance Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ Pin V
SQ,opt
oc JPin

ηSQ
(lx) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%) (µW cm

−2
) (V) (µA cm

−2
) (%)

100 30.7 1.32 14.3 52.28 29.7 1.35 13.5 51.72 376.6 0.49 122.1 27.52
200 61.4 1.34 28.6 52.99 59.4 1.37 27.0 52.41 753.3 0.50 244.1 28.07
300 92.1 1.35 43.0 53.40 89.1 1.38 40.5 52.81 1129.9 0.51 366.2 28.39
400 122.7 1.36 57.3 53.70 118.8 1.39 54.0 53.09 1506.6 0.52 488.2 28.62
500 153.4 1.36 71.6 53.93 148.6 1.39 67.5 53.31 1883.2 0.53 610.3 28.79
600 184.1 1.37 85.9 54.12 178.3 1.40 81.0 53.49 2259.9 0.53 732.3 28.93
700 214.8 1.37 100.3 54.27 208.0 1.40 94.5 53.65 2636.5 0.54 854.4 29.06
800 245.5 1.37 114.6 54.41 237.7 1.41 108.0 53.78 3013.1 0.54 976.4 29.16
900 276.2 1.38 128.9 54.53 267.4 1.41 121.5 53.90 3389.8 0.54 1098.5 29.25
1000 306.9 1.38 143.2 54.64 297.1 1.41 135.0 54.00 3766.4 0.54 1220.5 29.34
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4.3 Results and discussions

4.3.1 SQ-limited device parameters

In the calculation, ηu, ηd and ηFF are evaluated, and then the limiting/optimal

device parameters are derived and discussed in the below distinct sections.

4.3.1.1 Limiting efficiency and optimal bandgap

Fig. 4.2(a) shows the SQ limited efficiencies ηSQ for various indoor light sources

under 300 lx. It is clearly seen that ηSQ reaches a maximum value of ∼57 % at

the bandgap energies Eg between 1.82–1.96 eV (681–632 nm). The ηSQ value

for cold light sources are, therefore, significantly higher than that of AM1.5G

(∼33 % at 1.1 eV or ∼1130 nm). The blueshift of the optimal bandgap arises

because of the absence of the IR emission for the cold light sources (Table 4.1).

Furthermore, ηSQ ought to increase because of the narrower emission spectra. It

reduces the dispersion of the incident photon energy. Both subgap absorption

loss and relaxation loss are suppressed. In other words, cold light sources

allow greater ηu. Therefore the value of ηSQ and the corresponding optimal

Eg have only a weak dependence on the type of the cold light source and the

color temperature as long as the emission band is similar (Table 4.1). Spectral

features of the light sources affect little the efficiency and the optimal Eg. This

implies the universality of the optimal conditions for IPV.

Fig. 4.2(b) shows the effect of illuminance on ηSQ. The value of ηSQ only in-

creases marginally with Pin between 100 and 1000 lx. This shows that IPVs are

very tolerant of the indoor lighting conditions. The little difference across vari-

ous light sources is explained as follows. Fluorescent lamps have slightly higher

ηSQ because of the sharper emission peaks compared to LEDs and WOLEDs.

The almost unchanged optimal Eg observed only in fluorescent lamps [Ta-

ble 4.1(a)] is due to the unshifted emission peak at ≈ 610 nm. For LEDs and

WOLEDs with broader-peak spectra, higher color temperatures give lower ηSQ
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Fig. 4.2. (a) The Shockley–Queisser (SQ)–limited power conversion efficiency

(PCE) vs bandgap energy Eg at 300 lx (except AM1.5G) and (b) the SQ-limited

PCE at the optimal bandgap energy vs illuminance for different white light

sources: sunlight (AM1.5G), fluorescent lamps (FLs), phosphor light-emitting

diode (LED) light tubes and white organic light-emitting diodes (WOLEDs).

The inset shows its linear relation in a semi-logarithmic plot. These values are

tabulated in Table 4.1.
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due to the decreased proportion of the red region emission which is near to Eg,

resulting in more energy loss from thermal relaxation. The optimal efficiency

is therefore achieved by increasing Eg.

4.3.1.2 Optimal open-circuit voltage

The V
SQ

oc , defined by the Voc with radiative recombination as the only recom-

bination loss, can be predicted by

V
SQ

oc =
ηdEg

e . (4.1)

The values of V
SQ

oc at the optimal bandgap for different light sources are given

in Fig. 4.3. A plot of V
SQ

oc of the 3000 K LED as a function of L and Eg is shown

in Fig. 4.4(c) as an example. If a material matching the optimal Eg of the cold

light sources is chosen, the theoretical optimal Voc can reach (1.4 ± 0.1) V.

Substituting the optimal Voc = 1.4 V, the maximum Jsc of 130 µA cm
−2

and

the dark current density of 3.66 × 10
−23 µA cm

−2
obtained from the detailed-

balance treatment with the bandgap of 1.9 eV into the one-diode model,
[4.14]

the

voltage at the maximum power point can go up to ∼ 90 % of Voc. That means an

operating voltage of ∼1.2 V is possible. The difference, i.e. Eg/e−V SQ
oc , due to

radiative recombination in the consideration of detailed-balance is also depicted

as numbers in the columns in Fig. 4.3. It increases from ∼0.3 V at the AM1.5G

condition to 0.45–0.50 V under the room light illumination. The values of the

Voc loss under room light depends barely on the light source. In Fig. 4.3,

the error bar for each column indicates the range of V
SQ

oc for the illuminance

(L) range of 100–1000 lx. The increase of Voc in each case is less than 0.1 V

as L increases because Voc increases logarithmically with the irradiance (or

illuminance) [Fig. 4.4(a), Eqs. (2.15) and (2.16)]. The logarithmic dependence

suggests a relation of Voc reduction as compared to the Voc under the AM1.5G

condition:
[4.5]

∆V
L

oc ≈
nkBT
e ln (P

sun
in θ

P room
in

) (4.2)
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where ∆V
L

oc is the , P
sun
in = 100 mW cm

−2
and P

room
in are the incident power in-

tensities of the AM1.5G condition and the room light illumination respectively,

n is the ideality factor and θ ≈ 61.8 % is the fraction of solar power of energy

in the visible region and above (< 830 nm). P
sun
in θ gives the effective incident

power intensity on the photovoltaic (PV) device, excluding the IR radiation

which does not contribute to photo-generation (and hence Voc). Under an illu-

minance of 100–1000 lx, there is an additional Voc loss of 0.20−0.14 V compared

to the AM1.5G measurement (Fig. 4.3).
[4.15]

For the same kind of systems, the

reduction of Voc is barely dependent on the materials chosen [Fig. 4.4(b)]. Over-

all speaking, Voc is very stable under various lighting conditions and material

systems.

4.3.1.3 Limiting short-circuit current density

A common concern of accurate IPV PCE evaluation is the overestimation of

Jsc.
[4.16]

It is obvious that the measured Jsc should not exceed the incidence-

limited current density JPin
, which is defined by the current generated under

the assumption that every photon emitted from the light source is converted

to one charge carrier. JPin
can be computed using the emission spectra of the

light sources with

JPin
= ePin ∫

∞

0

Snorm (ε) ⋅ 1
ε dε. (4.3)

Fig. 4.5 and Table 4.1 summarize the values of JPin
(the limiting Jsc) of the

cold light sources. It reaches 124–143 µA cm
−2

at 1000 lx. If the measured Jsc

exceeds or is too close to the limiting values, there may be some experimental

errors. From Fig. 4.5, the current increases linearly with the illuminance, with a

coefficient of 11.0–13.4 µA cm
−2

per 100 lx (Table 4.1). Different light sources

generate different limiting currents at the same illuminance because of their

different Pin and emission spectra.

From an empirical point of view, material absorbers for IPV possess a

bandgap and not all incident photons are absorbed. Thus the resulting mea-
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Fig. 4.3. The optimal bandgap energy (Eg,opt) (light overlaid columns) and

the Shockley-Queisser limited open-circuit voltage at Eg,opt (V
SQ,opt

oc ) (dark

columns) at for various light sources. The error bars indicate the range of

V
SQ,opt

oc in the illuminance range of 100–1000 lx. The numbers in the columns

are the Voc losses due to radiative recombination in the detailed-balance treat-

ment. The values of Eg,opt and V
SQ,opt

oc are tabulated in Table 4.1.
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Fig. 4.4. Shockley-Queisser limited open-circuit voltage V
SQ

oc vs (a) illumi-

nance at bandgap energy of Eg = 1.9 eV and (b) Eg at 300 lx. V
SQ

oc shows

little variation with illuminance and light sources. (c) Contour plot of V
SQ

oc vs

incident power intensity (left axis) with the corresponding illuminance (right

axis) and bandgap energy Eg (bottom axis) with the corresponding wavelength

(top axis) for the 3000 K LED lamp as a typical example of the dependence on

illuminance and bandgap. The little gradient across illuminance suggests Eg

as the dominant factor for the limiting value of Voc.
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sured Jsc is well expected to be less than JPin
. To investigate the effect of Eg

on Jsc, we also computed the Jsc of perfect absorbers with different bandgaps

by

J
SQ
sc = ePin ∫

∞

Eg

Snorm (ε) ⋅ 1
ε dε (4.4)

which is related to the ultimate efficiency ηu [Eq. (2.11)] by

J
SQ
sc =

eηuPin

Eg
. (4.5)

Fig. 4.6 summarizes the results for different light sources. The value of J
SQ
sc

saturates at Eg < 1.5 eV (> 830 nm), the red-end tail of the cold light source.

At a fixed illuminance, J
SQ
sc decreases with the effective bandgap. It should

be noted that the value of J
SQ
sc at the optimal bandgap (≈ 1.9 eV) is very

close to JPin
. So materials of large Eg near the optimal can still give large

Jsc. A material bandgap lower than the optimal does not give distinct Jsc

improvement. However, an effective bandgap greater the optimal significantly

decreases Jsc and PCE [Fig. 4.2(a)].

The above numbers are a good reference to the measured parameters to

justify how far the device is from the limiting performance. If the numbers are

greater than the limiting values, it can be often traced to incorrect experimental

designs or measurements.

4.3.1.4 Fill factor

FF varies under different illumination conditions. However, FF behavior is dif-

ficult to study because it has a complex dependence on the material and device

design, illumination conditions and so on. When isolating the current leakage

due to pinholes and edge effects, and assuming a uniform film of perfect inter-

face, a general convex shape of FF curve vs irradiance can be observed.
[4.17–4.22]

When decreasing the irradiance from 1 sun, the FF rises gradually and reaches

a maximum in the range of 0.01–0.4 sun (1,000–40,000 lx). The enhanced FF

can be attributed to the reduced bimolecular recombination.
[4.21,4.23–4.25]

De-
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creasing the irradiance further from the FF maximum point, a fall-off may be

observed. This is dominated by the trap-assisted recombination.
[4.24]

A trap-

free IPV device would give a plateau of the FF curve in this region.
[4.20,4.26]

The

enhanced FF is an additional merit for IPV devices.

In real devices, the device behavior under indoor illuminance could differ

from that under the AM1.5G conditions. One distinction is the higher domi-

nance of the shunt resistance which contributes to the leakage current. Since the

irradiance is 100–1000 times lower than the AM1.5G conditions, the reduced

photocurrent makes the contribution of the leakage current more dominant.

Then, a small shunt resistance would lead to a significantly steeper gradient

near the short-circuit conditions and reduced FF. Ma et al. has demonstrated

that a poor hole-blocking layer can lead to electron-hole recombination at the

cathode, decreasing the shunt resistance and raising the leakage current, lead-

ing to a significant loss in Voc and FF under indoor illumination. The use of a

deep highest occupied molecular orbital (HOMO) hole-blocking layer allowed

the IPV device to reach a PCE of 31 %. Such effect was not observed under

the AM1.5G conditions.
[4.27]

Moreover, the higher dominance of trap-assisted

recombination may indicate higher sensitivity of the device to Urbach energy

(tail states) or energetic disorder.
[4.28]

Given the reduced illuminance, a large

Urbach energy would give more tail state recombination and decrease Voc. With

the bimolecular recombination effectively suppressed by the small irradiance,

the device would approach trap-free, resulting in a possibly high FF that is

superior to that under the AM1.5G illumination.

4.3.2 Absorber thickness considerations

In the previous discussion, we assume the IPV absorbers are perfect and it

absorbs 100 % of the incident photons with energies larger than their Eg’s.

In reality, real IPV devices are fabricated with materials with finite thick-

nesses. For example, for IPV cells with OPV materials, the common thickness
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of the absorbers is ∼100 nm.
[4.29,4.30]

Such a thickness facilitates charge extrac-

tion.
[4.31,4.32]

But at the same time, it could reduce the amount of absorbed

photon flux, leading to smaller PCEs.
[4.33]

To correct the effect of the film

thickness, we can re-consider ηu in Eq. (2.10) and rewrite it as

ηu (t) = Eg ∫
∞

0

Υ (λ)Snorm (λ) ⋅ hc
λ

dλ. (4.6)

where Υ (λ) = 1 − 10
−A(λ)

is the optical absorptance in wavelength of the

absorber, which is the percentage of the light absorbed at the particular wave-

length. A (λ) is the absorbance of the absorber film measured by a UV-visible

spectrometer (HP 8453). If we assume that the absorber follows the Beer–

Lambert law, it can be written as A (λ) = ln 10α (λ)t, where α (λ) and t are

the absorption coefficient and the thickness of the film respectively. Eq. (4.6)

states that in estimating the limiting efficiency of real devices, the absorption

spectrum and the film thickness t should be considered in addition to the light

source specifications. Fig. 4.7(a) shows, as an example, the absorbance spectra

of the PTB7:PC71BM film of different thicknesses. The corresponding optical

absorptance Υ (λ) is given in Fig. 4.7(b). Thin films possessing poor optical ab-

sorptance (small Υ (λ)) result in lower spectra absorbed by the blend, as shown

in Fig. 4.7(c), which is the product of Fig. 4.7(b) and the emission spectrum

of the 3000 K LED (Table 4.1). Fig. 4.7(d) shows the effect of film thickness

on the maximum PCE. With a 100 nm film, only ∼55 % of the incident pho-

tons are absorbed.
2

The limited absorption results in a maximum PCE of only

about 28 %, which is far below the limiting 51 % PCE for the perfect absorber.

In contrast, when t = 250 nm, ∼86 % of the incident photons can be absorbed.

The maximum PCE becomes 44 %, approaching the SQ limit. A thickness of

t ∼ 500 nm can even give the necessarily SQ-limited maximum PCE of ≈ 50 %.

2
The value of the photon absorptance is for brief reference only since the calculation does

not consider the interference effect, which should give a higher photon absorptance. As an

example for reference, a P3HT:PCBM cell exhibits a photon absorption rate of ∼ 6 m
−2

s
−1

at

the thickness of the first interference peak (∼ 100 nm) under the Beer–Lambert consideration,

but ∼ 8 m
−2

s
−1

under the optical transfer matrix consideration.
[4.34]
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Fig. 4.7. The (a) absorbance A (λ) and (b) absorptance Υ (λ) of the

PTB7:PC71BM bulk heterojunction (BHJ) blend of various thickness, with

the (c) light spectra absorbed by the BHJ and (d) maximum device efficiency

ηmax and percentage difference in absorptance between 683 nm and 533 nm

(∆relΥ) vs film thickness from a 3000 K LED light tube.
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In practice, the film thickness can be optimized at the second optical inter-

ference peak, which is usually between 200–250 nm.
[4.34]

Fig. 4.7(d) also shows

the relative absorptance difference of the film at 683 nm and 533 nm (∆relΥ).

The difference decreases with thickness, from 11 % at 100 nm to only 5–7 % at

200–250 nm. This reveals that the thick-film strategy is the most direct method

to enhance PCE of an IPV cell that employs organic semiconductor absorbers.

It should be noted that, thick-film IPV devices are less likely to suffer from

the high recombination rate which occurs under the AM1.5G conditions due

to the reduced illuminance, where bimolecular recombination is suppressed.

Trap-assisted recombination is more dominant. When using a thick film for

solar cell applications, a high carrier mobility material should be considered as

trap-assisted recombination increases at low mobility.
[4.35]

Recently, Shin et al.

has reported a successful thick-film IPV devices without a significant drop in

Jsc and FF with active layer up to 870 nm thick.
[4.36]

4.4 Summary

The fundamental PCE limits for photovoltaic cells under the illumination of

indoor white light were investigated. These sources include fluorescent lamps,

phosphor LED light tubes, halogen lamps and WOLEDs with different color

temperatures and illuminance. Using the classic Shockley–Queisser (SQ) ap-

proach, a maximum PCE of about 51–57 % is predicted with cold light sources

when the effective energy gap of the IPV material is between 1.82–1.96 eV.

The result is weakly dependent on the type of cold light source and the illumi-

nance levels. Such an optimal gap matches well the bandgaps of various organic

semiconducting polymers designed for OPV applications under sunlight. If only

radiative losses are included, the SQ calculation predicts devices of large Voc up

to (1.4± 0.1) V. The little variation of Voc confirmed an encouraging tolerance

for IPV at various illumination conditions. The incidence-limited Jsc lies in

the range of 12–143 µA cm
−2

under 100–1000 lx. It follows a rate of increase
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of ∼ 12–14 µA cm
−2

per 100 lx. In addition, we analyze how the PV layer

thickness affects the maximum PCE. For IPV devices with OPV absorbers,

the common thickness ∼100 nm only allows a maximum PCE ∼ 28 %. When

the thickness increases to 200–250 nm, the maximum PCE rises to > 40 %.

Our analysis suggests OPV cells for indoor applications should adopt a thick

film strategy.
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Chapter 5 Perovskite thin films on insulators

and in thin-film transistors applications

5.1 Introduction

Solution-processable organic–inorganic hybrid perovskite films have become the

most hotly contended material in photovoltaics (PVs) within a short span of a

few years.
[5.1–5.3]

Power conversion efficiencies (PCEs) of perovskite-based solar

cells have surged from 3.8 to 25.2 % and more.
[5.4]

As high quality polycrys-

talline thin films of perovskites are essential for PV devices with stable and high

PCEs,
[5.5]

numerous studies have already been devoted to study the growth of

perovskite films on conducting or semiconducting surfaces.
[5.6]

Besides PV applications, perovskites should be identified as a multi-functional

electronic material.
[5.7–5.10]

Several properties make the multi-functionality ap-

pealing. These include sharp optical bandedge,
[5.7]

small exciton binding en-

ergy,
[5.8]

long carrier lifetime,
[5.9]

and high charge carrier mobility
[5.10]

to name

a few. These outstanding optoelectronic properties should position perovskite

compounds in a wide range of devices beyond solar cells. Conceivable exam-

ples are photodetectors, lasers, light-emitting diodes, and thin-film transistors

(TFTs). The key advantages of perovskite TFTs are its potential to achieve

high mobility and processability. Most high performance organic thin-film tran-

sistors (OTFTs) are of semi-crystalline structures or favorable intermolecular

packing which enables effective charge hopping,
[5.11]

and these require carefully

designed molecular structures and specific processing conditions.
[5.12,5.13]

Hole

mobility of > 100 cm
2

V
−1

s
−1

and electron mobility of > 20 cm
2

V
−1

s
−1

have

been revealed in MAPbI3 perovskite single crystals,
[5.9]

and the intrinsic mo-
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bility limited by the acoustic phonon scattering can go up to a few thousands

of cm
2

V
−1

s
−1

.
[5.14]

Perovskite materials can also be solution-processed, which

is particular suitable for printed electronics.
[5.15]

Despite the appealingly potential breakthrough offered by perovskite ma-

terials, the applications in TFT are still quite limited.
[5.16–5.20]

One of the key

hurdles for the fabrication of TFTs is the identification of suitable dielectric

layer for the growth of perovskite crystals.
[5.21,5.22]

The hurdle is especially chal-

lenging for solution-processable perovskite films for TFTs. Broadly speaking,

the gate dielectric layers can either be hydrophilic or hydrophobic. For the hy-

drophilic gate dielectric layer, perovskites are known to adhere favorably.
[5.23]

However, the strong interactions between the gate layer and perovskite prevent

the growth of large crystals at the interface. The presence of small crystallite

hinders charge carrier transport along the conducting channel, and results in

poor TFT performances. For the hydrophobic dielectric, the wetting of the

perovskite from a solution precursor is poor, and thus forbids the growth of

any continuous films, which is essential for TFTs. Thus, a compromise must

be made in terms of the hydrophobicity of the underlying gate dielectric layer.

Another challenge for solution-processed perovskite TFTs is interfacial mixing.

The solvents for the perovskite precursor solution are usually strong organic

solvents such as dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)

which could dissolve the bottom organic layers. Since the quality of the inter-

face in the TFT conducting channel is crucial to the charge transport, interfacial

mixing may create additional traps and give detrimental effects to the TFT per-

formance. Moreover, solution-processed perovskites are usually polycrystalline

because of multiple and simultaneous nucleation and crystallization during so-

lution deposition. The grain boundaries containing abrupt lattice termination

with irregular species and change in crystal plane orientation are believed one

of the dominant bottlenecks of the charge transport. Clinical engineering has

to be carried out in order to realize a quality TFT.
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In this contribution, we first identified several commercially available methacry-

late polymers, and characterized their thin-film hydrophobicities. We then

grew methylammonium lead iodide (CH3NH3PbI3) (MAPbI3) perovskite films

on these polymers using solution processing techniques. The TFT performance

is correlated to their hydrophobicities and possessing substituents. It was found

that polar ester groups and the electron-rich phenyl groups are essential to the

quality and the size of crystals and good TFT performance. Bottom-gate top-

contact (BGTC) TFTs are then fabricated with the highest electron mobility

of about 0.40 cm
2

V
−1

s
−1

. Next, the effect of interfacial mixing is investigated.

While perovskite TFTs can be achieved by the methacrylate-based polymeric

gate dielectrics, interfacial mixing was found. SU-8, a commercially available

epoxy-based negative photoresist which has similar functional groups to those

in the methacrylate polymers, are employed. With the clear interface observed,

the electron mobility goes up to ∼ 1 cm
2

V
−1

s
−1

. Finally, to cure the defects

at the grain boundaries, methylamine (MAM) solvent vapor annealing (SVA)

was proven effective to reduce Sth of the TFT, implying a suppression of the

interfacial traps.

5.2 Experimental details

5.2.1 Investigation on the use of polymeric gate dielectric materials

Materials Table 5.1 lists the materials used. The chemical structures of the

polymers are given in Fig. 5.1. The polymer layer and the perovskite layer were

deposited through solution processes in a N2-filled glovebox.

Polymer deposition

1. The polymer solutions were prepared at 20 mg/mL by dissolving the

polymers in anhydrous cholorobenzene (CB) at 70° for > 30 min when

the solution turns clear.

132



Table 5.1. Materials used in investigations of polymeric materials for deposi-

tion of MAPbI3 thin films.

Material Manufacturer

Lead(II) iodide (PbI2) 99 %

Sigma Aldrich

Poly(methyl methacrylate) (PMMA)

(Mw ∼ 35, 000)

Poly(ethyl methacrylate) (PEMA)

(Mw ∼ 340, 000)

Poly(isobutyl methacrylate) (PiBMA)

(Mw ∼ 3, 000, 000)

Poly(phenyl methacrylate) (PPhMA)

(Mw ∼ 70, 000)

Polystyrene (PS) (Mw ∼ 280, 000)

Poly(isopropyl methacrylate) (PiPMA) Polysciences, Inc.

Methylammonium iodide (MAI)
Tokyo Chemical Industry

Co., Ltd (TCI)
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Fig. 5.1. Polymers used to study the growth of perovskite on different hy-

drophobic surfaces.
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2. The cooled solution was then spin-coated on the cleaned Si substrates

(procedures described in Section 3.1) at 2000 rpm for 40 s through static

dispense without loading time.

3. The film underwent thermal annealing at 100
◦
C for 30 min.

The resulting polymer layers were 60–70 nm thick.

Two-step deposition of the MAPbI3 perovskite layer

1. Precursor solution preparation:

(a) PbI2 was dissolved in dimethylformamide (DMF) in a concentration

of 450 mg/mL and was stirred at 70
◦
C overnight.

(b) Methylammonium iodide (MAI) was dissolved in isopropanol (IPA)

at a concentration of 45 mg/mL and was stirred at 70
◦
C overnight.

2. PbI2 deposition:

(a) The hot PbI2 solution was spin-coated on top of the hot poly-

mer layer using the static dispense method without loading time

at 1200 rpm for 60 s.

(b) The film was then thermally annealed at 70
◦
C for 30 min.

(c) After thermal annealing, SVA of the PbI2 layer was carried out by

dropping 60 µL DMF at the side of the samples on the hot plates

and then covering them with a 15 cm diameter petri dish. It was

done twice every 15 min (30 min in total).

3. MAI deposition:

(a) MAI solution was deposited onto the cooled PbI2 layer using the

static dispense method with no loading time at 1200 rpm for 60 s.

(b) Thermal annealing was carried out at 100
◦
C for 1 h for complete

conversion of perovskite
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(c) The SVA process of similar procedures described above except the

temperature for annealing was 100
◦
C was performed.

4. Toluene dropping to improve the surface roughness and accelerate the

nucleation of crystallization:

(a) Toluene was dripped quickly onto the spinning perovskite film at

2000 rpm for 60 s in the manner of dynamic dispense at the start of

the spinning.

(b) The film was then annealed at 100
◦
C for 10 min to evaporate the

solvent.

The resulting perovskite layer is around 350 nm thick.

Film and device characterization

• The morphologies of the perovskite films were investigated using scan-

ning electron microscopy (SEM) (LEO Gemini 1530) using the InLens

secondary electron detector with 10 kV EHT, having a minimal working

distance of 1–2 mm to minimize both the perovskite crystal damage and

the noise.

• The average crystal size of perovskite crystals on different polymers was

calculated using the software ImageJ using the SEM images of the per-

ovskite crystal grains captured at 10000X magnification.

• The crystallinity of the films was evaluated using grazing incidence X-ray

diffraction (GIXRD) with Bruker AXS D8 Advance X-Ray Diffractome-

ter.

• Perovskite films with satisfactory crystal qualities were furthered used for

TFT fabrication. The TFTs were of BGTC configuration as indicated in

Fig. 5.2.
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1. The perovskite films were immersed in the prepared BDT solution

for 30 min.

2. It is then spin-rinsed by dripping n-hexane onto the spinning sample

at 2000 rpm for 60 s in the manner of dynamic dispense at the start

of the spinning.

3. The film was then annealed at 80
◦
C for 5 min to evaporate the

solvent.

4. Gold (100 nm) source (S) and drain (D) electrodes were deposited

via thermal evaporation as described in Section 3.1.2.1.

5. TFT characterization was carried out as outlined in Section 3.2.

Fig. 5.2. Schematic diagram showing the fabrication procedure of BGTC

perovskite TFT devices.
[5.24]

5.2.2 Curing interfacial mixing via crosslinked polymeric gate di-

electric materials and investigation on trap passivation

Materials Table 5.2 lists the materials used. Fig. 5.3 shows the chemical

structures of the crosslinkable polymers used in this study. Materials not shown

in this section are referred to Section 5.2.1.
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Table 5.2. Materials used in investigations of crosslinkable polymers for de-

position of MAPbI3 thin films.

Material Manufacturer

Lead(II) iodide (PbI2) 99 % Xi’an Polymer Light

Technology Corp.Methylammonium iodide (MAI)

Poly[co-cresy(glycidyl ether)-co-formaldehyde]

(PCGE) (Mw ∼ 1, 270)

Sigma Aldrich
Triethylene tetramine (TETA)

Polyethylenimine (branched) (PEI)

Methylamine (MAM) solution (33 % wt. in

absolute ethanol)

SU-8 2000.5 photoresist
MicroChem Corp.

SU-8 thinner

Cyclopentanone
Tokyo Chemical Industry

Co., Ltd (TCI)

O

O

O

O

O

O

n

PCGE

O

O

O

O

O

O

O

O
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Fig. 5.3. Crosslinkable polymers for perovskite TFT fabrication.
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Polymer deposition The Si substrates and PPhMA were prepared accord-

ing to Section 5.2.1.

Crosslinking of SU-8 was achieved by ultraviolet (UV) curing, processed in

dark conditions, as described below:

1. The SU-8 2000.5 photoresist was diluted with the SU-8 thinner, or cy-

clopentanone, to a volume ratio of 20 %.

2. The solution was then spin-coated through static dispense without load-

ing at 5000 rpm for 60 s.

3. The substrate was annealed at 110
◦
C for 1 min (soft baking).

4. After cooling down, it was illuminated with a 365 nm UV lamp (Spec-

troline ENF-260C/FBE) for 6 min (60 mJ cm
−2

)

5. The substrate is transferred immediately to thermal annealing at 180
◦
C

for 30 min (hard/post baking).

The resulting SU-8 layer is about 50 nm. The value of Ci of the SiO2–PCGE

layer is 9.6 ± 0.1 nF cm
−2

.

Crosslinking of PCGE is achieved by thermal curing as described below:

1. PCGE solution is first prepared at a concentration of 20 mg/mL by

dissolving it in CB with stirring for 30 min until the solution turned

clear.

2. 5 % wt. (or otherwise specified) triethylene tetramine (TETA) was added

to the PCGE solution. Wait for 15–30 min for initial curing.

3. After filtering with a PTFE filter, the solution was spin-coated on the Si

wafer by static dispense without loading at 2000 rpm for 40 s.

4. The film was annealed at 100
◦
C for 1 hr.
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The resulting PCGE layer is about 60–70 nm. The value of Ci of the SiO2–

PCGE layer is 9.85 ± 0.07 nF cm
−2

.

One-step deposition of the MAPbI3 perovskite layer

1. 461 mg/mL PbI2 and 242.2 mg/mL MAI were dissolved in anhydrous

DMF (mol ratio of 1:1.02). 78 µL anhydrous DMSO was added into

the precursor solution as an additive per 1 mL DMF. It was stirred at

70
◦
C overnight to form 1 M methylammonium lead iodide (CH3NH3PbI3)

(MAPbI3) solution.

2. The precursor solution was statically dispensed without loading on the

substrate with PPhMA at a spin speed of 2500 rpm for 40 s. At the 8
th

second, 500 µL of anhydrous CB as an anti-solvent was dripped on the

substrate.

3. The sample is transferred to a covered petri dish for a room-temperature

SVA for 10 min.

4. If the sample was to undergo MAM SVA, the substrate was put on a hot

plate preheated at 110
◦
C, covered with a 2 cm diameter petri dish with

2 µL MAM dispensed on the inner top surface of the petri dish for 10 min.

5. The sample was thermally annealed at 110
◦
C without the petri dish for

10 min.

6. For device fabrication, 0.5 mg/mL polyethylenimine (branched) (PEI)

dissolved in IPA was spin-coated on the perovskite layer at 2000 rpm via

static dispense without loading, followed by gold electrode deposition as

described in Section 5.2.1.
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5.3 Results
1

5.3.1 Contact angle analysis of the polymeric insulators

The investigation starts with probing the properties of the polymers. The

methacrylate polymers were chosen: PMMA, PEMA, PiPMA, PiBMA

and PPhMA. PS is selected as the control without the methacrylate func-

tional group. PMMA, PEMA, PiPMA, PiBMA are methacrylate polymers

with aliphatic substituents of increasing sizes while PPhMA has aromatic sub-

stituents.

The surface hydrophobicity of the polymers was assessed by contact angle

measurements. The contact angle and thus the hydrophobicity of the polymers

increases in the following order: PMMA < PEMA < PiPMA ≈ PPhMA

< PiBMA < PS (Table 5.3). Among the methacrylate series of polymers,

PMMA is the least while PiBMA the most hydrophobic. Replacing the

methyl group in PMMA with bulkier alkyl or aromatic groups enhances the

hydrophobicity. Given the polar features of the ester group in the methacry-

late, the exposure of the O atoms in the methacrylate groups affects the hy-

drophobicity of the polymer films. Shielding these O atoms with hydropho-

bic alkyl or phenyl groups (as in PEMA, PiPMA, PiBMA, and PPhMA)

would suppress the hydrophilicity (and enhances the hydrophobicity). Thus

for the methacrylate polymers with aliphatic substituents, PMMA, PEMA,

PiPMA and PiBMA show a gradual increase of surface hydrophobicity. In

summary, those polymers clearly offer a means to evaluate the relationship be-

tween substrate hydrophobicity and perovskite crystal growth using solution

processing.

1
Selected results in Sections 5.3.1, 5.3.2 and 5.3.4 have been published in J. H. L. Ngai,

J. K. W. Ho, R. K. H. Chan, S. H. Cheung, L. M. Leung & S. K. So. Growth, characterization,

and thin film transistor application of CH3NH3PbI3 perovskite on polymeric gate dielectric

layers. RSC Adv. 7, 49353–49360 (2017). doi:10.1039/C7RA08699G . Contributions by other

authors are acknowledged with a citation of the publication.
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Table 5.3. Contact angles of water droplet on different polymer substrates.

Polymer Contact angle (°)

PMMA 64

PEMA 78

PiPMA 80

PiBMA 85

PPhMA 80

PS 86

5.3.2 Crystal quality of perovskite films

The crystal quality is evaluated by GIXRD, SEM and photothermal deflection

spectroscopy (PDS). GIXRD confirms the formation of the crystals. SEM

assesses the crystal size and the film morphology. PDS is used for comparing

the electronic properties and defect density.

Crystal formation GIXRD measurements were carried out in order to inves-

tigate the crystallinity and microstructure of the perovskite thin films. Fig. 5.4

shows the X-ray diffraction pattern of the MAPbI3 film on different polymers.

Strong peaks were observed at 2θ = 14.1°, 28.4° and 31.9°, associated to the

(110), (220) and (310) diffraction planes of MAPbI3 respectively. The peaks in-

dicated that the organo-lead halide perovskite films possessed high crystallinity.

The absence of the diffraction peak at 12.7° showed that the samples were free

from the starting material PbI2, which in other words indicated the reactions

were driven to completeness during the formation of perovskite crystals.

Crystal morphologies Methylammonium lead iodide (CH3NH3PbI3) was

deposited on different polymers via the 2-step deposition outlined in Sec-

tion 5.2.1. Fig. 5.5 shows the SEM images of these perovskite films. For

the polymethacrylates [Figs. 5.5(a)–(e)], compact polycrystalline films can be
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Fig. 5.4. GIXRD pattern of MAPbI3 perovskite films grown on different

polymer substrate surfaces.
[5.24]
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clearly observed on all polymer layers, with the exceptions of PiPMA and

PiBMA surfaces [Figs. 5.5(c)–(d)]. Close-up SEM images in the insets of

Fig. 5.5 further reveal the shapes and contacts between the crystals. For

those polymer surfaces with larger crystals, the grains develop straight edges

[e.g. Fig. 5.5(e)]. Furthermore, grain boundaries between the crystallites appear

to be tighter.

Fig. 5.6(a) presents a summary of the average crystal sizes (area) on differ-

ent polymers. Of all the polymer layers, perovskite crystals grown on the least

hydrophobic PMMA have the smallest crystallites, with an average dimen-

sion of about 0.15 µm
2
, and an inland geometry [Fig. 5.5(a)]. In contrast,

the more hydrophobic PEMA and PPhMA surfaces support larger crys-

tal growth [Figs. 5.5(b) & (e)]. For PPhMA, the average crystal dimension

is about 1.15 µm
2
, which is about 8 times larger than crystals on PMMA.

Figs. 5.6(b)–(d) compare the detailed size distribution of the crystals on the

polymethacrylates.

It can be seen that there is a correlation between the hydrophobicity and

the size of the perovskite crystals. More hydrophobic polymethacrylates fa-

vor the growth of larger crystals, but for the very hydrophobic PiPMA and

PiBMA surfaces, the adhesion is poor [Figs. 5.5(c) & 3(d)]. In addition, de-

spite the similar hydrophobicity of PiPMA and PPhMA, PPhMA gives a

well-wetted perovskite film but PiPMA gives a poor-wetting surface. These

essentially promote motivations for understanding of crystal growth beyond

surface hydrophobicity.

Electronic properties and defects
[5.24]

To access the electronic properties

of the perovskite films on different polymer insulators, we measured the subgap

optical absorptions of these films with PDS.
[5.25]

PDS is based on the mirage

effect. The sample film under investigation is irradiated with a modulated

monochromatic light source. Optical absorption by the sample creates a peri-
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Fig. 5.5. SEM images of perovskite crystals on polymer substrates

(a) PMMA; (b) PEMA; (c) PiPMA (poor wetting, non-uniform film);

(d) PiBMA (non-wetting); (e) PPhMA and (f) PS (poor adhesion with

physical pinholes).
[5.24]
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Fig. 5.6. (a) Relations between contact angle and average perovskite crys-

tal size on different polymer substrates, with the corresponding distribution

histograms of (b) PMMA, (c) PEMA, (d) PPhMA and (e) PS substrates.
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odic temperature rise in the surrounding medium, and in turn induces a change

in the refractive index. A laser beam directed just above the sample will be

deflected as a result of the changes in the refractive index. For a small tem-

perature rise, the amount of deflection can be shown to scale with the optical

absorption of the film.
[5.26]

With the PDS method, the optical absorption of

a semiconductor below the bandgap can be obtained by scanning the photon

energy of the incident light source. Details of our experimental setup are given

elsewhere.
[5.27]

Fig. 5.7 shows the subgap optical absorption of the perovskite films on

different polymers. For each absorption spectrum, a sharp drop in absorption

occurs at above 1.6 eV, which matches very well with the known energy gap of

MAPbI3.
[5.28]

The ”steepness” of the absorption just below the bandgap energy

can be evaluated by the Urbach model:

α = α0 exp [
hν − Eg

Eu
] (5.1)

where α0 is the absorption coefficient at the bandgap energy Eg, hν is the pho-

ton energy, and Eu is the Urbach energy. The Urbach energy is a measure of

the width of the tail of the localized states. A smaller Eu implies a better semi-

conductor and reduced localized states. The inset table in Fig. 5.7 compares

the Urbach energies of the perovskite films. It can be seen that the Urbach

energies are 24.9, 23.0 and 22.7 meV for perovskite films on PMMA, PEMA

and PPhMA, respectively. The magnitude of Eu suggests that the perovskite

film grown on PPhMA has the least localized states and the smallest amount

of defects. The PDS results are, therefore, generally consistent with SEM ob-

servations which show perovskite on PPhMA has the largest crystals. The

defects observed in PDS can be associated with reduced grain boundaries of

perovskite on the PPhMA surface.

5.3.3 Effect of microscopic interactions on crystal quality

2
The subgap absorption profile has a characteristic shape of PbI2, indicating incomplete
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Fig. 5.7. Photothermal deflection spectroscopy spectra of perovskite on dif-

ferent polymer gate dielectric surfaces.
2
The corresponding values of bandgap

Eg and Urbach energy Eu are shown in the inset table.
[5.24]

Below, we briefly discuss the molecular origin of crystal growth on the poly-

methacrylates based on the criterion of adhesion in relation to hydrophobicity

and how it influences perovskite crystal growth. The methacrylate groups

∖
∕

C(CH3)COOR in the polymethacrylates contain (1) electron-withdrawing es-

ter groups –COOR in which the electronegative O atoms take up partial neg-

ative charge and (2) alkyl units R as substituents attached to the esters. The

electron-withdrawing property makes the ester group polar and hydrophilic.

These hydrophilic groups may act as nucleation centers, and crystallization

follows after the initial nucleation.
[5.29]

The crystal quality is a balance be-

tween the density of nucleation sites. Excess nucleation usually results in tiny

conversion. This would be further discussed in Section 5.3.5.1.
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poor-quality crystals,
[5.30]

but too little nucleation would lead to dewetting and

coverage issues.

An adhesion contribution by the polar ester groups can be revealed from a

control experiment of the growth of perovskite crystals on PS in which ester

groups are missing. Comparing PPhMA and PS, perovskite crystals with an

average size of 0.57 µm
2

can be observed on PS surface with numerous pin-

holes, as revealed by the SEM image [Fig. 5.5(f)], indicating that the crystals

might not adhere well on the hydrophobic PS surface. From this, we postulate

that the O atoms in the ester groups of the methacrylate are responsible for

providing initial nucleation sites to the polymer and give better adhesion.
[5.29]

The form of interaction could be chelating bidentate, bridging, monodentate

and so on.
[5.31]

A similar observation was reported by Grätzel et. al who sug-

gested that the methacrylate moiety can act as a support and scaffold to induce

nucleation of perovskite crystal growth.
[5.1]

The correlation between crystal size and the difference in hydrophobicity

can be attributed to the substituent effect of the methacrylate polymer, in

a way of methyl < ethyl < phenyl [Fig. 5.6(a)]. Similar to many common

inorganic materials, the size and quality of perovskite crystals are controlled

by the number of nucleation events on the growth surface and the time allowed

for crystal growth.
[5.32–5.34]

The number of nucleation events on the polymers

is regulated by the relative amount of nucleation sites. The more hydrophobic

the surface, the less the accessible nucleation sites (ester groups), and thus the

larger the crystals.

On the other hand, PiPMA contains the isopropyl substituent and gives

a poorly-wetting surface where perovskite crystals can hardly form on it, re-

sulting in a poorly developed and non-uniform film [Fig. 5.5(c)]. Even worse,

the isobutyl containing PiBMA simply gives a non-wetting surfaces for PbI2

solution [Fig. 5.5(d)]. On the PiPMA and PiBMA surfaces, the alkyl groups

are so bulky that they may hinder the interactions between the ester groups

149



Fig. 5.8. Different interactions between the moieties in the polymers and the

Pb
2+

ion during the spin-coating process of PbI2 solution onto them.

on the methacrylate layer and Pb
2+

ions during the spin-coating process of

PbI2. The longer the alkyl substituent, the greater the steric hindrance for

the ester nucleation sites. Moreover, the electropositive hydrogen atoms in the

alkyl groups could appear repulsive to the Pb
2+

ions. Thus, the electrostatic

interactions between the ester groups and the Pb
2+

ions would be weakened

[Fig. 5.8]. In other words, the bulky alkyl groups act as a barrier to the ad-

hesion of Pb
2+

on the surfaces for crystal nucleation at the early stage of PbI2

deposition, leading to poor crystal growth on such surfaces. In contrast, when

the substituents are small (e.g. methyl and ethyl), the inductive effect from

these electron-donating groups can enhance the interaction between the ester

moieties and the Pb
2+

ions, giving rise to larger crystal sizes (Fig. 5.8).

Here, it can be hypothesized from the SEM and crystal size statistical data

(1) that the side groups in methacrylates can regulate the size and quality

of the crystals during the crystal growth process [Figs. 5.5(a)–(b), 5.6(a)], and

(2) that the SEM results of poorly developed films on PiPMA and non-wetting

surface on PiBMA support the role of the ester groups in the Pb
2+

adhesion

on the polymer surfaces by demonstrating the masking effect of the O atoms

due to the bulky aliphatic isopropyl and isobutyl groups. It is also important

to note that the correlation between the crystal size and surface hydrophobicity

should only be valid in the same polymer series.
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It is worth noting that, despite the similar hydrophobicity of PiPMA and

PPhMA as observed via the contact angle measurements, PPhMA gave

a well-wetted perovskite film but PiPMA a poorly-wetting surface for per-

ovskite growth. Therefore, compared to aliphatic substituents (e.g. methyl and

ethyl), aromatic substituents (e.g. phenyl) provided better benefits of obtain-

ing large and high-quality perovskite crystals as shown in the case of PPhMA

[Fig. 5.6(e)]. The beneficial effect of PPhMA on perovskite growth may pos-

sibly be due to the additional weak cation–π interaction between the Pb
2+

ions

and the phenyl groups,
[5.35,5.36]

as shown in Fig. 5.8. Such interaction may as-

sist the perovskite growth during the annealing process, and thus provide extra

support to the coordinational crystal growth besides the polar interaction be-

tween the ester nucleation sites and the Pb
2+

ions. Therefore, the presence of

both the ester and the phenyl groups functioned synergistically to the crystal

growth, resulting in the highest crystal quality and the greatest crystal size.

On the other hand, the study of perovskite growth on the hydrophobic PS

surface demonstrated the effect of the sole cation–π interaction between the

phenyl groups and Pb
2+

ions without any ester nucleation sites. The perovskite

crystals on PS could still be grown owing to the cation–π interaction which

helped nucleation. However, the cation–π interaction is much weaker than the

interaction between polar electronegative atoms and the Pb
2+

ions once the

perovskite crystal growth was completed. Thus, without the electronegative

oxygen atoms in PS, crystal adhesion is significantly weakened and numerous

pinholes evenly distributed on the PS surface were found. As for PiPMA

and PiBMA, with both absence of the phenyl groups and the weakened polar

interaction from the ester moieties due to the bulky and electropositive aliphatic

alkyl side groups, Pb
2+

adhesion on these surfaces on which perovskite crystals

can hardly form is found difficult.

The interaction can also explain the distinct Urbach energies of perovskite

crystals on different polymers. A smaller Urbach energy indicates less localized
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Table 5.4. Summary of the interactions available in the polymethacrylates

and their effects on crystal growth.

3 polar interaction 7 polar interaction

3 cation-π

interaction

PPhMA PS

Good adhesion, largest crystals Poor adhesion, pin holes found

7 cation-π

interaction

PMMA, PEMA PiPMA, PiBMA

Good adhesion, small crystals Poor adhesion, no crystals

states and defects as signs of better crystals.
[5.37]

It has been shown that the

ester group can reduce crystal misorientation and thus defects.
[5.38]

Then the

trap states and the Urbach energy could be effectively reduced. Postulating

the grain boundaries as the major sources of defects,
[5.39]

the increase in grain

size contributed especially by the cation–π interaction in PPhMA offers the

smallest Urbach energy.

In summary, our study found out the following in relation to obtain large

and quality MAPbI3 perovskite polycrystalline films on polymethacrylates:

(1) electronegative O atoms containing electron-withdrawing ester groups are

beneficial to perovskite nucleation events and adhesion of perovskite on the

surface; (2) appropriate choices of aliphatic alkyl substituents in the methacry-

lates balancing the counteracting inductive effect and steric effect together

with repulsively electronic interactions give well-adhered and regulated large

perovskite crystal surfaces; and (3) aromatic (phenyl) substituents offer cation–

π interaction and help develop large perovskite crystals. Table 5.4 recaps the

findings.

5.3.4 TFT characterization and temperature-dependent mobility

Encouraged by the film growth from Section 5.3.2, we used these films for TFT

characterization. The BGTC perovskite TFTs were fabricated as described in

Section 5.2.1. PMMA, PEMA and PPhMA on which compact perovskite
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films could be formed were chosen as the polymeric gate dielectric layers. Spe-

cial care has to be taken for the choice of source and drain electrodes due

to their direct contact with the perovskite layer. Unlike traditional organic

TFTs, Al and Ag metals cannot be used in the n-type organo-lead perovskite

as they react with the perovskites.
[5.40]

Au was used instead for its more posi-

tive reduction potential than Pb in the standard electrode potential series
[5.41]

.

Therefore, utilization of Au as the electrodes prevented any unwanted redox

reaction between the metal electrodes and the MAPbI3 perovskite films.

5.3.4.1 Cyclic electrical poling for pre-conditioning

The TFTs were tested for both p- and n-type characteristics between 120–

290 K, starting from room temperature. Only n-type behavior could be ob-

served. It was achieved by a cyclic electrical poling on VG from 0 V to +70 V at

VDS = +40 V. As shown in Fig. 5.9, the device could not be turned on initially,

but after applying successive poling cycles. The drain-source current increases

in successive cycles, and saturates after a series of cyclic poling. It was also

found that cyclic electrical poling results in a higher steady IDS than the static

electrical stressing, where the TFT device was biased under VG = +70 V and

VDS = +40 V until IDS becomes steady.

5.3.4.2 Current-voltage characteristics

Fig. 5.10 shows a typical output characteristics at room temperature. The

output current is very small. A diode-like current-voltage characteristics was

observed. However, as shown in Figs. 5.11(a)–(c) a representative set of per-

ovskite TFT output characteristics on the three different polymer gate dielec-

tric materials at 202 K, much larger output current with well-behaved output

characteristics can be observed for all devices with clear linear and satura-

tion regions at lower sample temperatures, which is consistent to the work of

Lamram et al.
[5.42]

.
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Fig. 5.9. A typical transfer characteristics of perovskite TFT upon cyclic

electrical poling. The device with the PPhMA polymer was biased at VDS =

+40 V. The 1
st

cycle, and the cycle sequences of multiples of 5 are shown.
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Fig. 5.11(d) compares their transfer characteristics. The saturation mobil-

ities and threshold voltages at 202 K were evaluated by

µsat =
2L

WCi
(∂

√
IDS

∂VG
)

2

(Eq. (3.2))

VT = −

√
ˆIDS

»»»»»»VG=0

∂
√
IDS

∂VG

= V̂G
»»»»»√IDS=0

, (Eq. (3.3))

from the
√
IDS vs VG plot, and the results are summarized in Table 5.5. The

electron mobilities of perovskite devices are ranked PEMA<PMMA<PPhMA.

The champion PPhMA-dielectric TFT electron mobility can be observed for

the device grown on PPhMA, with has a significantly steeper transfer char-

acteristics and a saturation electron mobility µe,sat = 0.40 cm
2

V
−1

s
−1

. On

the other hand, the values of µe,sat for perovskites on PMMA and PEMA

are one order less, with the values of 0.030–0.050 cm
2

V
−1

s
−1

, possibly due to

their smaller crystal sizes. For the PPhMA device, the substantially larger

crystallites [Fig. 5.6(a)] implies less grain boundary density. Grain boundaries

are suspicious as the defect sites, as well as the dominating energy barrier for

the charge carrier transport. When the charge carriers travel from the grain

within to the grain boundary, the transport switches from the intra-grain band

transport to the inter-grain hopping transport. A large hopping energy barrier

reduces the rate of inter-grain transport. Instead, the defect states scatter the

charge carriers.

5.3.4.3 Temperature-dependent mobility and threshold voltage

The temperature-dependent electron mobility and threshold voltage are shown

in Fig. 5.12. The higher VT value indicated that a higher voltage was required

to induce sufficient local surface charges at the interface between the dielec-

tric and active layers for charge carriers to transport. Some earlier reports of

perovskite TFT suggested lowering the temperature gives a distinct increase

3
The value of Ci accounts for the stacked SiO2–polymer dielectric layer.
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Table 5.5. TFT performance including capacitance per unit area of the gate

dielectric Ci, electron saturation mobility µe,sat, threshold voltage VT and on-to-

off current ratio Ion/off of MAPbI3 perovskite using different polymer dielectric

materials at 202 K.

Dielectric Ci (nF cm
−2

) µe,sat (cm
2

V
−1

s
−1

) VT (V) Ion/off

PMMA 9.06
3

0.056 31.6 5.0 × 10
4

PEMA 8.89
3

0.030 45.7 1.3 × 10
5

PPhMA 9.19
3

0.40 34.3 5.1 × 10
5

in the carrier mobility of single crystal perovskite
[5.42]

. Similarly, the polycrys-

talline perovskite films in our study showed similar behavior when comparing

the mobilities above and below 220 K. Throughout the temperature decrement

from 290 K down to 220 K, the electron mobility for all TFT devices increased

sharply. The sharp increase of electron mobility is also accompanied by a dis-

tinct increase in the threshold voltage. The same trend indicates that the

origin of the change in threshold voltage. Note that the threshold voltage at

low temperatures is very high, but unusually negative at room temperature.

The lower threshold voltage at temperature > 230 K can be explained by the

strong ion migration.
[5.43]

It was found that a peak of the high-frequency relax-

ation corresponding to the ion migration can be found at higher temperatures

using dielectric spectroscopy. This implies that ion migration is so strong that

the gate bias could not pull the anions very effectively at higher temperatures.

Then the gate field is less screened and the threshold voltage is less. However,

such mobile ions are detrimental to charge carrier transport. Therefore, the

electron mobility at higher temperatures is also low.

When the temperature decreases from room temperature to 220 K, ion mi-

gration is significantly suppressed.
[5.44]

The large threshold voltage is attributed

to the reduction of ion migration. Upon applying a voltage at the electrodes,

mobile cations could migrate to the cathodes and anions to the anodes. Since
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current conduction in TFT devices occurs at the dielectric–semiconductor in-

terface, the mobility and threshold voltage behavior should be related to the

ion migration at that interface. A double-layer interfacial structure is proposed

to describe the phenomenon (Fig. 5.13).
[5.43,5.45]

When a positive gate voltage is

applied, anions tend to be attracted to the gate dielectric and cations repelled

from it. A Helmholtz layer (or Stern layer) of only around one stack thickness

forms at the interface, followed by a diffuse layer (Gouy–Chapman layer) with a

gradient of ion concentration.
[5.46]

Then a parallel conduction channel is formed,

one at the dielectric–perovskite interface and the other in the diffuse layer, the

bulk of perovskite. It is intuitive to see that a push-and-pull process is more

effective for facilitating ion migration than a static pull. This can be verified

by the cyclic electrical stressing illustrated in Section 5.3.4.1. Compared to a

static poling, we found that cyclic poling is more effective in stabilizing the

TFT characteristics. At steady states, where a prolonged bias is applied, the

dielectric interface would be sufficiently screened, and the actual conduction

channel is in the bulk. As a result, the gate field is effectively screened. It

can also be understood using the Gauss law analogy, where VG,eff = VG − Vion,

where Vion is the effective voltage screened by the anions near the gate dielec-

tric. Therefore, the threshold voltage appeared to be very high. Ion migration

suppression leads to more efficient charge transport, but at the same time the

passivation of the dielectric–perovskite conducting channel. Charge transport

takes place primarily in the bulk diffuse layer, with a strong gate screening

effect and high threshold voltage.

Freezing the ion migration at temperatures below 220 K, a gradual increase

of electron mobility was observed when decreasing the temperature, attributed

to the reduction of lattice scattering or phonon vibrations of the crystals. The

mobility of typical crystalline films shows an increase with decreasing tempera-

ture due to the reduction of lattice scattering, but a decrease again at very low

temperature due to impurity scattering as observed in PMMA and PPhMA.
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Fig. 5.13. A schematic ion distribution near the pervoskite–dielectric layer at

low temperature. The I
−

ions are pulled to the interface during electrical poling

at room temperature, and then fixed at the low temperatures. A double-layer

structure forms. The Stern layer screens the gate field at the interface, leading

to little mobile charge carriers conducting there. Instead, free charges move in

the diffuse layer.

The negative threshold voltage at room temperature can be interpreted

as the ionic current contributed by ion migration. The negative threshold

voltage implies a “normal on” condition and electric current can be observed

without charge induction by the field effect. The existence of the non-induced

charges could largely come from the ions in the perovskite layer.
[5.47]

With an

applied VDS, the mobile ions move across the conducting channel towards the

source/drain electrodes, probably via the vacancies.
[5.48]

Given the positive ions

tend to migrate towards the negative electrode (cathode) and vice versa, the

close proximity between the oppositely charged ions and electrodes induces

additional charges on the electrodes to maintain the potential difference. In

this regard, ion migration initiated by VDS gives rise to electric current even
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without any VG. Upon a negative VG, positive charges are induced on the

perovskite–dielectric interface and screen the electric field across the source–

drain electrodes. So the migration current could be suppressed, leading to an

apparent shift of VT to the negative.

5.3.4.4 Operational stability

The TFT device using PPhMA as the champion gate dielectric material was

also given an operational stability test. The device was kept at 202 K under a

high vacuum (10
−5

Torr) for an extended period of time and the variation of

the electron mobility was recorded as shown in Fig. 5.14. After an initial slight

drop, the electron mobility retained little decrease even after 400 hours despite

the electrical stress given during the repeated measurements. The half-life of

the device is estimated as 300 hours. The finite lifetime of the perovskite TFT

is due to the chemical decomposition upon bias.
[5.49]

MAPbI3 decomposes at

the electrodes, forming PbI2 at the cathode and CH3NH2 at the anode.

5.3.5 Prevention of interfacial mixing via the use of crosslinkable

gate dielectric

5.3.5.1 Effects of interfacial mixing on perovskite devices

While the polymethacrylates are demonstrated to facilitate the crystal growth

and TFT performance, they are prone to solvent corrosion. Polymethacrylates

can readily dissolved in DMF, DMSO, CB and toluene which are common

solvents for processing perovskites. Fig. 5.15 shows the SEM cross-sectional

images of MAPbI3 on PPhMA and crosslinked SU-8. SU-8 is a commercially

available negative photoresist. Crosslinked polymer usually shows enhanced

chemical resistance. While the 60 nm polymer layer cannot be well identified in

the SiO2/PPhMA/MAPbI3 configuration, a clear SU-8 layer (around 50 nm

in dark) could be seen. Furthermore, a solvent rinse test was conducted on
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Fig. 5.14. Operational stability of the TFT device at 202 K using PPhMA

as the gate dielectric material. µ/
gls ∗mobility0 is the normalized mobility.

the substrates coated with these two polymers which appeared green in color.

They were immersed into DMF and DMSO respectively and rinsed gently for

a few seconds, and then dried with mild airflow. The substrates coated with

PPhMA turned navy blue, which is the color of the SiO2 substrates, but no

observable change was found with the substrates coated with crosslinked SU-

8. The results of these two experiments suggest that upon the spin-coating of

the perovskite precursor solution using DMF and DMSO, or the anti-solvent

treatment using toluene and CB, the polymethacrylate layer undergoes certain

extent of dissolution, leading to interfacial mixing.

In general, for completely solution-processed devices, in which one layer is

deposited from solution onto another, swelling or dissolution effects should be

avoided when depositing the upper layers. It is critical to the device perfor-

mance as the otherwise resulting corrosion of interface of interfacial mixing
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Fig. 5.15. SEM cross-sectional images of MAPbI3 spin-coated on

(a) PPhMA and (b) SU-8. In (a), no clear polymer/perovskite interface

can be seen but (b).

would increase the interface roughness.
[5.50]

A rough interface is more effective

in charge trapping, leading to decreased carrier mobility.
[5.51]

. The threshold

of roughness can be a few nm only. Therefore, the significant interfacial mix-

ing when depositing perovskite precursor solution on the PPhMA layer may

result in interfacial mixing of a length scale comparable to the thickness of

the polymer layer (tens of nm), which could be sufficient to even affect the

backchannel transport as mentioned in Section 5.3.4.3. On the other hand,

with a clear interface, it is easier to conduct a cleaner study of the perovskite

charge transport properties.

Interfacial mixing can be reduced by the use of orthogonal solvents or

crosslinking the bottom layers. This study focuses on the latter approach. In-

spired by Sections 5.3.3 and 5.3.4.3, the crosslinkable polymers should also pos-

sess polar functional groups and electron-rich aromatic moieties. Here, PCGE

and SU-8 were chosen. They are both commercially available. PCGE has a

surprisingly small contact angle of 64° and allows large and quality perovskite

crystal growth. SU-8 has good dielectric properties as well as a smooth and

hydrophobic surface,
[5.52,5.53]

and has been put into TFT application as the gate
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dielectric.
[5.54–5.56]

Both of them contain the alkyl phenyl ether group. With the

electron-donating ether group, the electron density of the phenyl ring increases

and could enhance the crystal growth. Crosslinking is achieved by breaking

the epoxy groups. The rinse test on these crosslinked polymers was performed

again and both of them showed no observable changes after immersing them

into DMF and DMSO, indicating their high chemical resistance.

The effect of interfacial mixing on perovskite conversion is illustrated by the

X-ray diffraction (XRD) pattern in Fig. 5.16.
4

Different spin speeds were used

to tune the thickness of the PbI2 layer. Lower spin speeds resulted in thicker

layers. For low spin speeds (e.g. 1200 rpm), the PbI2 (001) peak at 12.7° was

observed, indicating incomplete conversion of MAPbI3. It can be attributed to

the thick PbI2 layer to which MAI could not completely infiltrate into the entire

PbI2 layer, leaving possibly the bottom of the PbI2 layer unconverted. Com-

paring the case of 2000 rpm, there is a PbI2 peak for the PPhMA-deposited

perovskite but not in the SU-8 layer. The ratio of the PbI2 (001) to MAPbI3

(110) peak height with PPhMA is much greater than that of SU-8. This

indicates a better perovskite conversion with SU-8 than PPhMA. The differ-

ence may come from the interfacial mixing of the PPhMA. During dissolution,

PPhMA mixed with PbI2 and acted as a shield of PbI2, preventing MAI from

accessing PbI2, resulting in poorer perovskite conversion. This illustrates that

interfacial mixing can be detrimental to the quality of the perovskite layer.

5.3.5.2 Characterization of perovskite TFT with crosslinked gate

dielectric layers

Effect of triethylene tetramine (TETA) on perovskite TFT trans-

port With the understanding of the crosslinked polymers, they were put

into TFT applications as gate dielectrics. Crosslinking PCGE requires the

photoinitiator TETA. Fig. 5.17 shows the perovskite TFT performance with

4
Two-step deposition as described in Section 5.2.1 was used in this study.
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Fig. 5.16. XRD patterns of MAPbI3 on (a) PPhMA and (b) SU-8.

PCGE crosslinked with different concentrations of TETA (1 %–5 %).
4

The

uncrosslinked PCGE (0 %) is regarded as the control. Without a observable

improvement in VT, while all concentrations of TETA allow fully crosslinked

PCGE, the mobility with TETA is less than that without it. It could be

attributed to the addition of the polar TETA.
[5.57–5.59]

It has been shown that

polar molecules can act as electron traps.
[5.60,5.61]

This reveals that the crosslink-

ing process is also important for the quality of charge transport. An improper

choice of photoinitiator (as dopant) could be detrimental to the TFT perfor-

mance. The photoinitiator should also be free of electron traps.

TFT performance using SU-8 The TFT performance using another crosslink-

able gate dielectric material SU-8 was compared to that using PPhMA.

Fig. 5.18 shows the output and transfer characteristics at 126 K as an ex-
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ample. The TFT device with crosslinked SU-8 had very well behaved output

characteristics. In contrast, a negative slope was found in the saturation re-

gion for the device with PPhMA, indicating the presence of slow traps.
[5.62]

The maximum output IDS of the SU-8–dielectric TFT was also considerably

greater than that of the PPhMA-dielectric one. Comparing the transfer char-

acteristics [Fig. 5.18(c)], the SU-8–dielectric device had a lower leakage current

and higher maximum IDS. The temperature-dependent electron mobility and

threshold voltage is given in Fig. 5.19. Despite the absence of VT improvement,

the room temperature electron mobility of the SU-8–dielectric perovskite TFT

was significantly greater (6.2 × 10
−3

cm
2

V
−1

s
−1

) than the PPhMA-dielectric

device (µe,sat = 6.8 × 10
−4

cm
2

V
−1

s
−1

). Furthermore, the SU-8–dielectric

device could achieve the highest mobility of µe,sat = 1.01 cm
2

V
−1

s
−1

, much

greater than the PPhMA-dielectric device (µe,sat = 0.33 cm
2

V
−1

s
−1

). Sur-

prisingly, instead of a falling trend of mobility as predicted by impurity scatter-

ing with decreasing temperature at the low temperature regime, as observed in

the PPhMA-dielectric device, a rapid rise was observed in the SU-8–dielectric

device.

Perovskite TFT with gate dielectric layer of combined soluble and

insoluble polymers The impact of interfacial mixing on TFT performance

is further demonstrated with a set of comparisons of different interfacial mix-

ing. In Fig. 5.20, besides the device with crosslinked (CL) SU-8 as the control,

three other devices with gate dielectric layer of interfacial mixing, (1) partially

crosslinked (PCL) SU-8 achieved by reducing the UV exposure time to 1 min,

(2) crosslinked SU-8 covered by a layer of PPhMA (5 nm), and (3) crosslinked

SU-8 covered by a layer of PCGE (5 nm), were fabricated for TFT mea-

surements. While the threshold voltage behaviors were similar, it was the

crosslinked SU-8 achieving the highest mobility of µe,sat = 1.05 cm
2

V
−1

s
−1

.

The other three, though having similar mobility trends with temperature, had

smaller mobilities. This suggests that a clear interface without interfacial mix-
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Fig. 5.18. The output characteristics of MAPbI3 TFT with (a) PPhMA and

(b) crosslinked SU-8 as the gate dielectric layer. The gate voltage was swept

from 0 V to +70 V at a step of +5 V. (c) The transfer characteristics of the

TFT devices at VDS = +40 V. The above device data were taken at 126 K.
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ing is important for electron transport in perovskite TFTs.

A remark is given here about the unique temperature-dependent mobility

behavior observed in crosslinked SU-8–dielectric TFT devices. Contrary to a

mobility drop or flatten mobility increase with decreasing temperature at low

temperatures, the mobility of all crosslinked SU-8–dielectric devices shows a

significant increase at 157 K [Figs. 5.19 and 5.20]. This is consistent with

the observation of the abrupt rise in the mobility under the phase change from

tetragonal to orthorhombic at around 160 K.
[5.63,5.64]

The mobility also increases

more rapidly with decreasing temperature in the orthorhombic phase.
[5.63]

The

reason of the absence of such behavior using other gate dielectrics at which

interfacial mixing was observed may result from the presence of polymer in the

corroded interface which acts as impurities, providing random fluctuations and

suppressing the phase transition.
[5.65,5.66]

In the case of crosslinked PCGE, it

may be revealed that using the experimental procedures in Section 5.2.1 may

result in incomplete conversion of perovskite, according to Fig. 5.16, where the

unconverted portion should be at the bottom of the perovskite layer which is

relatively near to the dielectric interface responsible for the charge transport.

The unreacted PbI2 may also alter the kinetics of and therefore suppress the

phase transition.

5.3.6 Deep trap suppression via solvent vapor annealing of methy-

lamine

Identifying and curing the defects and traps in the perovskite TFT is essential

for device improvement. In polycrystalline perovskite, it has been shown that

defects can be largely found at the grain boundaries.
[5.67–5.69]

Therefore, heal-

ing the grain boundaries may be one of the strategies in improving the device

performance. It is particularly crucial in TFT devices of in-plane charge trans-

port along the interface, where charge carriers have to pass through a number

of grain boundaries. In contrast, solar cells of out-of-plane charge transport
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are less affected by the grain boundaries.
[5.70]

. The impact of grain boundaries

can be described in terms of the density (number of grain boundaries per unit

length),
[5.71]

the grain boundary width (fused or not),
[5.72]

and the physical prop-

erties of the grain boundary such as the degree of lattice mismatch, diffusivity

and defects properties such as type of defect and defect density.
[5.48,5.67,5.72,5.73]

.

In this section, attempts were made to fuse the grain boundaries as a way

of its curing. Methylamine (MAM) solvent vapor annealing (SVA) was used

after the perovskite deposition. The performance of the TFT device with and

without MAM SVA were compared. Three sets of devices were fabricated and

tested on different dates to check if the results are reproducible.

A typical output characteristics of the TFT devices with and without MAM

SVA at a higher (204 K) and a lower (126 K) temperatures are given in Fig. 5.21.

The device without MAM SVA at 204 K had a negative slope of output IDS

in the saturation region, indicating the presence of slow traps, but it was not

observed in the device with MAM SVA. In addition, in both temperatures,

the device with MAM SVA exhibited higher IDS. A typical set of transfer

characteristics at different temperatures of the TFT devices is given in Fig. 5.22.

The device with MAM SVA had greater slopes in the subthreshold region than

the one without it. The temperature-dependent electron mobility and threshold

voltage from the three sets of devices are given in Fig. 5.23. While the mobilities

and the threshold voltages did not show significant improvement with MAM

SVA, it was surprising to observe a consistently small subthreshold swing for

the MAM SVA-treated devices, extracted from the log IDS–VG plot by

Sth = (∂ log IDS

∂VG
)
−1

, (Eq. (2.32))

with the results shown in Fig. 5.24(a). Only the temperature range with well-

behaved transistor output characteristics (< 230 K) was plotted. The maximum

interfacial trap density N
itf
trap,max can be calculated using

N
itf
trap,max ≈ ( eSth

kBT ln 10
− 1) Ci

e2
(Eq. (2.33))
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and the results are plotted in Fig. 5.24(b). The values of N
itf
trap,max with MAM

SVA were smaller than those without it at all temperatures.

To further confirm the smaller subthreshold swing with MAM SVA treat-

ment, a set of hypothesis tests of multiple comparisons was performed. For

the MAM SVA-treated and untreated samples, we assume a certain value of S

and its corresponding variance for each of them at every temperature. Each

of them has a normal distribution. The three MAM SVA-treated devices are

grouped as one, and so are the untreated ones. Two-sample one-tail t-tests

were performed at each temperature (a total of 7 tests), with the null hypoth-

esis of equal population mean of the subthreshold swings, and the alternative

hypothesis that the one with MAM SVA treatment is less than that without it.

Then, the multiple comparisons were carried out with the Benjamini–Hochberg

(BH) procedure with a false discovery rate of Q = 0.1. The p value for each test

was assigned with a rank i, starting with the smallest p value. Each of them

was compared to the corresponding BH critical value iQ�7. The tests with the

ranks smaller than or equal to the greatest one in which the p value is smaller

than the corresponding iQ�7 are regarded as statistically significant, i.e. the

null hypothesis is rejected and we accept the new discovery: MAM SVA treat-

ment results in perovskite TFT devices of reduced subthreshold swing. The

test results are summarized in Table 5.6. It is found that at all temperatures

in the range of discussion the tests are significant. Thus it can be concluded

that MAM SVA-treated TFT devices have smaller subthreshold swings.

To understand the mechanism of the performance improvement, the per-

ovskite films underwent SEM (Fig. 5.25) and XRD (Fig. 5.26) measurements.

The film with MAM SVA had slightly larger crystals and slightly a higher peak

at the (110) plane. It is consistent with the findings that MAM is effective in

merging the crystals and fusing the grain boundaries in MAPbI3 polycrystalline

films.
[5.74,5.75]

This made the crystals larger and tighter. The larger crystals may

contribute to a higher XRD peak. The tighter boundaries suppress interfacial
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Table 5.6. Summary of the multiple comparisons of the two-sample one-tail

t-tests on the TFT devices with and without MAM SVA. The Benjamini–

Hochberg (BH) procedure of a false discovery rate of 0.1 is applied. The bold

row corresponds to the highest rank of which the p value is smaller than the

BH critical value.

Rank

i

Temperature

(K)

p value of

t-test

BH critical value

iQ�7

Statistical

significance

1 188 0.0045 0.0143 Significant

2 173 0.0080 0.0286 Significant

3 220 0.0145 0.0429 Significant

4 141 0.0275 0.0571 Significant

5 204 0.0333 0.0714 Significant

6 157 0.0349 0.0857 Significant

7 126 0.0993 0.1000 Significant

traps, leading to reduced subthreshold swing and interfacial trap density. It

should be noted that, both the larger crystals and the tighter grain boundaries

are results of healing grain boundaries.

5.4 Summary

The aim of the study in this chapter is to accomplish high-performance per-

ovskite TFTs, realizing the appealing optoelectronic properties, especially high

mobility. The findings are summarized as follows:

1. The criteria and hence a class of polymers that allow good adhesion of per-

ovskite and quality crystal growth are identified. Polymethacrylates with

aromatic substituents were found to be good candidates with the polar

interactions contributed by the ester group and the cation–π interaction

contributed by the aromatic groups, but at the same time hydrophobic
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Fig. 5.25. SEM images of MAPbI3 films on SU-8 without (a) and with (b)

MAM SVA.

so as to limit the density of nucleation sites and repel water molecules.

2. Polymethacrylates with suitable substituents were proven to be suitable

gate dielectric materials for high-performance MAPbI3 TFT. PPhMA

possessing both polar and cation-π interactions leads to the best TFT

with a saturation electron mobility µe,sat = 0.40 cm
2

V
−1

s
−1

.

3. By realizing the issues of interfacial mixing in the polymethacrylates,

crosslinkable polymers with similar functional groups were brought into

the fabrication of perovskite TFTs. As UV crosslinking usually requires

photoinitiators, a good crosslinkable gate dielectric material should also

be free of polar molecules which may be found in the photoinitiators.

SU-8 was found to be the best gate dielectric material for MAPbI3

TFTs. The clean interface allows an improvement of mobility up to

µe,sat = 1.05 cm
2

V
−1

s
−1

and a sharp low-temperature mobility rise which

coincides with the observation of phase transition from the tetragonal to

the orthorhombic.

4. To further improve the device performance, attempts were made to heal

the grain boundaries. It was shown that by using MAM SVA, the grains
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Fig. 5.26. XRD patterns of MAPbI3 films on SU-8 without (a) and with (b)

MAM SVA.

could merge and the grain boundaries could be tightened. This results in

a suppressed subthreshold swing and interfacial trap density.

To conclude, we have successfully fabricated BGTC perovskite TFT with

high mobility. There is a clear and strong potential of perovskite TFTs. Further

improvement could allow them for promising industrial applications.
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Chapter 6 Probing molecular orientation of

organic molecules for organic light-emitting

diode applications

6.1 Introduction

In organic light-emitting diodes (OLEDs), the outcoupling efficiency largely

limits the external quantum efficiency (EQE) of the devices. Without device

engineering, the outcoupling efficiency is usually about 20 %–25 % only due

to strong light trapping within the device as waveguide, substrate trapped,

surface plasmon polariton modes and so on.
[6.1]

Because most of the energy loss

occurs at the interfaces in the OLEDs, a lot of work has been done to address

the optimization of device structure to improve outcoupling. A number of

approaches have been attempted to improve the outcoupling efficiency.
[6.2–6.6]

Recently, there has been increasing attention for the effect of the molecular

orientation of the emitters on the OLED performance.
[6.7]

While light emission

had been known to be isotropic, some work has shown that the outcoupling

efficiency of phosphorescent organic light-emitting diodes (PhOLEDs) can be

enhanced with the preferred horizontal orientation of transition dipole moment

(TDM) of the phosphorescent molecules, making light emit preferably in the

outcoming direction, reducing total internal reflection originated from large

emission angles,
[6.8–6.11]

as shown in Fig. 6.1. Reduction of vertically oriented

molecules can also suppress surface plasmon polariton mode of loss.
[6.12]

In the following paragraphs, a brief but critical review of the experimental

probes followed by the investigation of principles of preferential molecular ori-

entation will be given. The last paragraph highlights the purpose of the study
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Organic layer

Organic molecules 
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specific directions
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⇒ total internal reflection 
⇒ light not seen

Cathode (mirror)

Light emitted

Fig. 6.1. Schematic illustration of improved outcoupling of OLED with proper

molecular orientation.

in this chapter.

6.1.1 Experimental techniques for molecular orientation

The study of molecular orientation requires probes for it. Given the amorphous

structure of the emitting layer (EML) to which long-range order spectroscopy

is not applicable (e.g. X-ray diffraction (XRD)), there are a few techniques

available:

1. Variable angle spectroscopic ellipsometry (VASE) is one of the most widely

used techniques.
[6.7,6.13,6.14]

Plane-polarized incident light is reflected by

the sample surface. By acquiring the reflected light polarization at differ-

ent wavelengths and incident angles, the spectral refractive index and the

extinction coefficient of the sample thin film in both the horizontal and the

vertical directions can be simulated. The simulation fits provide an initial

guess of the profiles of the optical parameters at the particular sample

thickness, including the spectral refractive index and the extinction coef-

ficient to match the provided absorption spectrum. The peak-amplitude

ratio of the extinction coefficients between the horizontal and the vertical

directions is related to the orientation order parameter S defined in Ta-

ble 2.2. The value is −0.5 if it is completely horizontally oriented, 0 if it
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is randomly oriented, and 1 if it is completely vertically oriented.
[6.7,6.14]

VASE is a well-established, quantitative technique, but one weakness is

that it is an indirect method. The accuracy largely depends on the initial

guesses of the fitted parameters, which usually relies on existing material

models. The fitted results should also be counter-checked by other exper-

iments such as the absorption profile. Moreover, the error of S could be

large for thin films of several tens of nm, which is the typical thickness of

EML. Furthermore, the high cost of such equipment may lead to limited

accessibility.

2. Angle-resolved photoluminescence (PL)/electroluminescence (EL) is an-

other major technique.
[6.9,6.11,6.15–6.17]

Similar to VASE, it requires optical

simulations and fitting from initial guesses of the optical constants and

thickness for the determination of molecular orientation. The accuracy of

this technique depends heavily on the optical alignment as well. Due to

the requirement of PL emission, it is limited to efficient PL/EL systems

only (e.g. host-guest systems which show no concentration quenching or

special OLED cavity design). An alternative paradigm was later pro-

posed without the need for full simulation.
[6.18]

They developed a fitting

model for calculating S based on pre-simulated sets of values of fitting

parameters determined by the sample thickness and the refractive in-

dices of the substrate and the sample. This method provides a simplified

paradigm by summarizing the pre-calculation results of full simulation.

However, since the fitting model is only numerical, without repeating the

simulations, analysis can only be applied to systems within the scope

of the discussion. Moreover, the refractive index of the EML has to be

pre-determined. For highly optically anisotropic materials, the range of

the refractive index could be large. In contrast to VASE, the film must

be thin (< 20 nm), implying the requirement of very good luminance

efficiency for strong signals.
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3. The method of excited-state lifetime near metal layers makes use of the

fact that the molecular orientation or the TDM influences the cavity

strength at the EML and hence the radiative rate from the excited state

of the emitter molecules dictated by the Purcell effect.
[6.19,6.20]

. By varying

the electron-transporting layer (ETL) thickness in the OLED stack, the

orientation of the TDM can be determined.
[6.12,6.15,6.21–6.23]

However, de-

vices of different thicknesses have to be fabricated for optical simulations

which are capable of dealing with coupling to surface-plasmon polaritons

(SPPs) and lossy surface waves. In other words, this method is prone to

considerable inaccuracies.
[6.24]

4. The EQE measurements using macroextractors determine the molecular

orientation by varying the ETL thickness and hence the cavity length

which affects the coupling to the optical mode. Different molecular ori-

entations would results in different ETL-thickness–dependent EQEs.
[6.25]

This method can offer high accuracy regardless of the dependence on cur-

rent densities and internal quantum efficiency (IQE) given an accurate

EQE measurement. However, it also requires simulation from a series of

devices of different ETL thickness with exact knowledge of the OLED

device such as the optical constants and the thicknesses of all layers. The

experimental complication is also high in the sense that an integrating

sphere and a macroextractor is required. As a result, this method is not

popular.

5. The quantitative comparison of absorption with an isotropically oriented

standard by thermal annealing introduced by Sakai et al. is a novel tech-

nique which requires no optical simulation.
[6.26]

. The absorbance spec-

trum of the film is compared with that thermally annealed above its glass

transition temperature which is assumed isotropic. The difference in peak

absorbance is then converted to S. While simulation-free and the simple

experimental procedures are strong advantages, it is only applicable to
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systems with a glass transition temperature Tg. The assumption of the

universality of isotropic molecular orientation upon above-Tg annealing

may also require justifications.

To sum up, each of the current experimental techniques has its limitations.

Very few of them do not need optical simulation and prior knowledge of material

parameters. Moreover, all of them are optical probes that deliver information

about TDM only. Therefore, other experimental tools that could extend the

power of the probe would be encouraged.

6.1.2 Principles of molecular orientation

The physical origins of the preferred molecular orientation are still not un-

derstood. For vacuum-deposited films, a preferred orientation comes from a

variety of interactions among the host materials and the emitter dopants. In

the beginning, the TDM vector direction was reported to align with the long

axis of linear molecules which are more common in fluorescent host and guest

molecules,
[6.8]

whereas the molecular orientation are more horizontally aligned,

i.e. parallel to the substrate plane, with increasing aspect ratio and bulkiness

of the end groups [Fig. 6.2(a)],
[6.14,6.27]

and decreasing deposition temperature

under 0.9Tg.
[6.28–6.30]

These criteria prevent them from self-aggregation via van

der Waals interactions, resulting in non-isotropic orientations. The deposited-

molecule–vacuum interface was found to be where determination of the molec-

ular orientation occurs.
[6.31–6.37]

However, the situation of the phosphorescent emitters which are usually Ir

complexes is more complicated as they are not linear in shape but possess 3D

conformations [Fig. 6.2(b)]. Even worse, dependence on a single established pa-

rameter such as permanent dipole moment (PDM) or geometric conformation

seems to serve only limited scopes to explain the general results of reported

orientations. For example, a mechanism based on the PDM of the molecules is

proposed by Graf et al., explaining the origin of isotropy of fac-tris[2-(phenyl-
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Fig. 6.2. (a) Schematic illustration for the orientation of the rod-like

molecules with small and bulky end groups on the substrates.
[6.14]

(b) Three-

dimensional structures of two examples of Ir complexes: the homoleptic fac-

Ir(ppy)3 (left) and the heteroleptic trans-Ir(ppy)2(acac) (right).
[6.38]
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pyridine)]iridium(III) (fac-Ir(ppy)3) as the alignment of anti-parallel dipoles

and deducing preferred orientations for molecules with less PDM.
[6.38]

However,

it fails to explain the case of fac-Ir(piq)3, which has a strong PDM but at the

same time strong preferred horizontal orientation. On the other hand, another

model of host-induced orientation based on the electrostatic interaction be-

tween the emitting and the host materials was proposed.
[6.39,6.40]

The formation

of supramolecules of the host and the emitting molecules makes the orientation

of the latter conform to the former. The emissive ligands in the heterolep-

tic phosphorescent molecules are responsible for the supramolecule formation,

and the preferential orientation may be lost due to steric hindrance. How-

ever, it does not agree with the experimental results conducted by Mayr and

Brütting which did not show significant dependence.
[6.41]

Surprisingly, contrary

to the predictions of the previous two models, Jorow et. al found that among

Ir(bppo)2(acac), Ir(bppo)2(ppy) and Ir(ppy)2(bppo) in which the (bppo) ligand

was responsible for emission, Ir(bppo)2(acac) was the only emitter which exhib-

ited preferential orientation.
[6.42]

They proposed the distinct role of the aliphatic

ancillary ligand with the absence of aromatic groups that facilitated the interac-

tions between the emissive ligand and the deposited-material–vacuum interface.

However, even though this theory can explain the situation in the heteroleptic

molecules, the case of homoleptic complexes do not have the ancillary ligands

and thus require other models. The work of Schmidt et. al tried to explain this

with the angle of the TDM vector relative to the Ir–N bond in the complex de-

termined by the aromatic substituent positions in the emissive ligand.
[6.24]

Yet,

there is an ongoing debate about the molecular orientation of the homoleptic

complexes.
[6.43]

.

While these efforts progressively improve the understanding of the molec-

ular orientation in Ir complexes, the Pt complexes as another phosphorescent

emitter found to effectively enhance EQE and preferential horizontal orien-

tation,
[6.44]

which have square-planar coordination instead of octahedron in
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Ir complexes, possess metal-metal–to-ligand charge-transfer instead of metal-

ligand charge-transfer character, and dimer formation upon crystalline growth.

They require other models to explain their molecular orientation.
[6.24]

Moreover,

it was common to see that solution-processed OLEDs do not show preferen-

tial molecular orientation due to the absence of the deposited-material–vacuum

free surface for their orientation reorganization,
[6.45]

but recent work has shown

possible preferential orientation in solution-processed OLEDs,
[6.46–6.50]

and the

mechanism is to be explored.

The above review reveals how the current understanding of molecular ori-

entation is achieved, but there is a lack of understanding in the scenario of

the initial deposition conditions. It could determine the orientation of the

first and then the subsequent layers. Investigation of this could serve a better

understanding of the whole picture of preferential molecular orientation.

In this section, we attempt to demonstrate how molecular orientation in

an amorphous film can be revealed using thin-film transistor (TFT) devices.

Ir compounds, fac-Ir(ppy)3, fac-Ir(piq)3, trans-Ir(ppy)2(acac), trans-

Ir(piq)2(acac) and trans-Ir(ppy)2(tmd), were chosen to grow thin films

with modulated orientations for p-type TFT characterization. Their chemical

structures are shown in Fig. 6.3. They differ by one ancillary ligand. Fac-

Ir(ppy)3 and fac-Ir(piq)3 are homoleptic (in the form of Ir(CˆN)3, where

(CˆN) stands for a bidentate cyclometalating ligand with a C and a N atoms

bonded with the Ir metal center), possessing a high, C3 symmetry, and the

others are heteroleptic (in the form of Ir(CˆN)2(LX), where LX represents an-

cillary ligand),
1

with C2 symmetry. The acetylacetone (acac) ligand and the

(tmd) ligand are aliphatic ancillary ligands, with trans-Ir(ppy)2(tmd) con-

taining two bulky t-butyl groups. The 2-phenylpyridine (ppy) emissive ligand

is aromatic. We used the non-polar gate dielectric polystyrene (PS) which does

not induce any preferred orientation of the small molecules as a control, and

1
L and X are the L-type and X-type ligands in the LXZ notation (the CBC method).

[6.51]
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a polar gate dielectric SiO2 which could induce molecular orientation. As a

first attempt, we conducted an experiment with thermally evaporated samples.

A distinctly lower temperature-dependent mobility was observed in the het-

eroleptic complexes when deposited on the SiO2 substrate. Fac-Ir(ppy)3 had

similar mobilities on both surfaces, so does fac-Ir(piq)3 but slightly smaller.

The hopping distance and the energetic disorder were extracted for compari-

son. By studying the initial film growth of molecules using the atomic force mi-

croscopy (AFM) images, we identify that a change in energetic disorder occurs

in trans-Ir(ppy)2(acac) in which molecular stacking is present. A change in

the hopping distance occurs in trans-Ir(ppy)2(tmd) in which van der Waals

interaction is the dominant intermolecular force and no molecular stacking was

found. The conjugating 2-phenylpridine emissive ligand is responsible for the

change in mobility. The TFT probe was compared to existing optical tech-

niques and revealed the potential unique advantage of high sensitivity to the

surface dipoles on the SiO2 substrate surface. The investigation depicts a new,

electrical potential probe for molecular orientation.

6.2 Experimental details

Materials Table 6.1 lists the materials used. Note that the three cyclomet-

alated complexes Ir(CˆN)3 and Ir(CˆN)2(LX) with 3 bidentate ligands possess

optical stereoisomerism (∆ and Λ isomers). The materials are assumed race-

mates (1 ∶ 1 enantiomer ratio).

Sample and device fabrications

1. Cleaned Si substrates were prepared as described in Section 3.1.

2. For TFT devices with a SiO2/PS dielectric, the polymer solution was

prepared at 6.5 mg/mL by dissolving PS in 1,1,2-trichloroethane at room

temperature to give a clear solution. The solution was then spin-coated
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Fig. 6.3. Chemical structures of fac-Ir(ppy)3, fac-Ir(piq)3, trans-

Ir(ppy)2(acac), trans-Ir(piq)2(acac) and trans-Ir(ppy)2(tmd).
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Table 6.1. Materials used in the molecular orientation investigation.

Material Manufacturer

Fac-tris[2-(phenylpyridine)]iridium(III)

[fac-Ir(ppy)3]

Luminescence Technology

Corp. (Lumtec)

Trans-bis(1-phenylisoquinoline)(acetyl-

acetonate)iridium(III) [trans-

Ir(ppy)2(acac)]

Fac-tris(1-phenylisoquinoline)iridium(III) [fac-

Ir(piq)3]

Trans-bis(1-phenylisoquinoline)(acetyl-

acetonate)iridium(III) [trans-

Ir(piq)2(acac)]

Trans-bis(2-phenylpyridine)iridium(III)-

(2,2,6,6-tetramethylheptane-3,5-diketonate)

[trans-Ir(ppy)2(tmd)]

Nichem Fine Technology

Co. Ltd

Polystyrene (PS) (Mw ∼ 280, 000) Sigma Aldrich

MoO3 Strem Chemicals

through dynamic dispense at 2000 rpm for 60 s. The PS layer was 25–

30 nm thick.

3. The 50–70 nm Ir complex layer was deposited using the Denton vacuum

evaporator (DV-502V). It was coated at a deposition rate of 0.2–0.5 Å/s.

Such a small rate ensures a free-energy–minimized conformation.

4. For device fabrication, a 20 nm MoO3 hole transport layer was then

deposited in the same Denton vacuum. It was coated at a deposition rate

of 0.2 Å/s.

5. As the end of device fabrication, Au source (S) and drain (D) electrodes

(100 nm) were deposited via thermal evaporation using the Edwards evap-
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orator (AUTO 306) as described in Section 3.1.2.1.

Film and device characterization

• The temperature-dependent TFT characterization was carried out as out-

lined in Section 3.2. The hole transport is probed. The difference in the

transport properties of the devices with the SiO2 and the SiO2/PS gate

dielectrics for the three Ir complexes was compared.

• AFM was employed to investigate the molecular interaction at the stage

of initial deposition.

• Ultraviolet (UV)-visible spectra of the Ir complexes deposited on quartz

and quartz/PS substrates were acquired to compare the orientation re-

sponse with the TFT probe.

6.3 Results

6.3.1 Effects of molecular orientation on TFT mobility

The output characteristics of the three Ir complexes grown on PS and SiO2

at room temperature are shown in Fig. 6.4.
2

All of them showed well-defined

TFT behavior.
3

The saturation carrier mobilities were calculated using

µsat =
2L

WCi
(∂

√
IDS

∂VG
)

2

(Eq. (3.2))

with a plot of
√
IDS vs VG as described in Section 3.2.3. The results are summa-

rized in Fig. 6.5. While there is little difference in between for fac-Ir(ppy)3

and fac-Ir(piq)3 with different gate dielectric layers, the mobilities on SiO2

for trans-Ir(ppy)2(acac), trans-Ir(piq)2(acac) and trans-Ir(ppy)2(tmd)

2
Acknowledgement is given to my previous colleague W. Y. Sit for the measurement of

fac-Ir(piq)3.
3
All results of Ir(ppy) series TFTs have been tested reproducible.
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are only about one-third to one-fifth of the corresponding mobilities with PS

as the gate dielectric. Note that (1) the conduction channel is concentrated

at a few monolayers in the active layer (Ir complexes) above the gate dielec-

tric material; and (2) the only difference between the pairwise devices is the

gate dielectric material. Therefore, we attribute the difference in mobility in

trans-Ir(ppy)2(acac), trans-Ir(piq)2(acac) and trans-Ir(ppy)2(tmd) on

PS and SiO2 to the difference in the intrinsic conformation of the active layer

material influenced by the gate dielectric layer.

The temperature-dependent linear mobility was calculated using

µlin =
L

WCiVDS

∂IDS

∂VG
(Eq. (3.4))

with a plot of IDS vs VG as described in Section 3.2.3. The results are shown

in Fig. 6.6. A plot of linear mobility ratio µSi/µPS at different temperatures

is given in Fig. 6.7. Consistent with the observation at room temperature, a

clear near-to-unity ratio was obtained for fac-Ir(ppy)3. Fac-Ir(piq)3, as an-

other homoleptic compound, also has high ratios. The ratios for the heterolep-

tic complexes lie on a distinctly lower ratio regime: trans-Ir(ppy)2(acac)

and trans-Ir(piq)2(acac) behave similarly with ratios below 0.5, and trans-

Ir(ppy)2(tmd) with values below 0.12. Using the Gaussian disorder model

(GDM) introduced in Section 2.2.1.1, the energetic disorder σ and the high-

temperature–limited mobility µ∞ were extracted using

σ =
3kB

2

√
−
∂ lnµlin

∂ (1/T 2) (Eq. (3.5))

µ∞ = exp (ln µ̂lin∣1/T 2
=0) (Eq. (3.6))

with a plot of lnµlin vs 1/T 2
. The evaluated values of σ are summarized

in Fig. 6.8(a), and µ∞ in Table 6.2. Fac-Ir(ppy)3 and fac-Ir(piq)3 show

little difference in σ and µ∞ on the two gate dielectric materials. For trans-

Ir(ppy)2(acac) and trans-Ir(piq)2(acac), the energetic disorder increased

with the use of the SiO2 gate dielectric layer, while µ∞ showed little difference.
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Fig. 6.4. Output characteristics at room temperature of the Ir complexes

TFT with PS and SiO2 as the gate dielectric layers. The magnitude of the gate

voltage VG increases in steps of −5 V, except trans-Ir(ppy)2(tmd) which is

−7.5 V.
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Fig. 6.5. Room temperature saturation mobilities of the Ir complexes TFT

with PS and SiO2 as the gate dielectric layers.

Note the increased µSi/µPS at higher temperatures. On the other hand, trans-

Ir(ppy)2(tmd) on SiO2 shows a declined µ∞ but little change in σ.

The hopping distance a can be determined from µ∞ as described previously:

a = −LlocW−1 (−
√

2σµ∞
eνphLloc

2
) . (Eq. (2.29))

Since there was a lack in the exact information about the phonon attempt-to-

hop frequency νph and the localization length Lloc, we offered a range of values

to them (νph = 10
13

–10
14

Hz, Lloc = 2–4 Å) and observe the general trend

(Fig. 6.9).
[6.52–6.54]

It should be noted that the factor σ in Eq. (2.29) originates

from kBT (see Section 2.2.1.2), and the comparison of the hopping distance

should be done at the same temperature, so in each pair of comparisons, the

larger σ is taken instead of their individual values. The typical values are given

in Fig. 6.8(b). Fig. 6.9 shows the hopping distance with various νph and Lloc.

206



10-7
10-6
10-5
10-4
10-3
10-2

10-7
10-6
10-5
10-4
10-3
10-2

10-7
10-6
10-5
10-4
10-3

5 10 15
10-6

10-5

10-4

10-3

0 5 10 15
10-8
10-7
10-6
10-5
10-4
10-3

Ir(ppy)2(acac)Ir(ppy)2(acac)

(a) (b)

 On PS
 On SiO2

(b)

Ir(piq)3

m l
in

 (c
m

2  V
-1

 s
-1

)

Ir(piq)2(acac) m l
in

 (c
m

2  V
-1

 s
-1

)

T -2 (10-6 K-2)
(e)

Ir(ppy)2(tmd)

Ir(ppy)3

T-2 (10-6 K-2)

(c) (d)

Fig. 6.6. Temperature-dependent linear mobility of the Ir complexes TFT

with PS and SiO2 as the gate dielectric.
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roughnesses of the Ir complexes on the PS and SiO2 gate dielectric layers.

The hopping distances are illustrated as the average over the range of phonon

attempt-to-hop frequency νph = 10
13
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Hz and localization length = 2–4 Å
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209



Table 6.2. Values of high-temperature–limited mobility µ∞ and difference

in hopping distance ∆a for fac-Ir(ppy)3, trans-Ir(ppy)2(acac) and trans-

Ir(ppy)2(tmd) TFTs using the PS and SiO2 gate dielectrics.

µ∞ (cm
2

V
−1

s
−1

) ∆a = aSi−aPS

(Å)PS SiO2

fac-Ir(ppy)3 7.0 × 10
−3

6.3 × 10
−3

0.4 ± 0.3

fac-Ir(piq)3 2.6 × 10
−3

2.7 × 10
−3 −0.03 ± 0.01

trans-Ir(ppy)2(acac) 2.6 × 10
−3

2.7 × 10
−3 −0.08 ± 0.02

trans-Ir(piq)2(acac) 6.6 × 10
−3

6.4 × 10
−3

0.2 ± 0.1

trans-Ir(ppy)2(tmd) 9.8 × 10
−4

7.5 × 10
−5

5 ± 2

It can be seen that the hopping distance varies approximately linearly with

ln νph and Lloc in a considerable range. Moreover, its difference on the two gate

dielectric layers varies little with the chosen values of νph and Lloc. Thus, a

difference in hopping distance can be concluded with an error bar. The values

are summarized in Table 6.2. Trans-Ir(ppy)2(tmd) shows a significantly

greater hopping distance on SiO2 than that on PS. On the other hand, the

others do not show significance difference.

6.3.2 Initial thin growth study by atomic force microscopy (AFM)

To further investigate the cause of preferred molecular orientation, atomic force

microscopy (AFM)) images were obtained for the initial film growth of the

fac-Ir(ppy)3, trans-Ir(ppy)2(acac) and trans-Ir(ppy)2(tmd). Fig. 6.10

shows the films on the non-polar PS and the polar SiO2 surfaces with about 1.3

monolayers. For fac-Ir(ppy)3 and trans-Ir(ppy)2(acac), discrete islands

formed on the PS surface, giving a surface roughness of 1.13 and 2.03 nm

respectively. The islands were oval in shape and homogeneous. On the other

hand, with the same volume of molecules deposited, the films on SiO2 surfaces

were much smoother than those on PS surfaces, giving a surface roughness of
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Fig. 6.10. Height mode AFM images of Ir complexes on PS and SiO2 surfaces.

The films are of about 1.3 monolayer thick. The nominal thickness is 1.5 nm.

The size of image is 1 µm × 1 µm. The roughnesses of the films are summarized

in Fig. 6.7(c). The morphology of these very thin film revealed by the AFM

images contains information of the initial growth of the Ir complexes on the PS

and SiO2 surfaces.
4

0.239 and 1.63 nm for fac-Ir(ppy)3 and trans-Ir(ppy)2(acac) respectively.

The islands observed were more irregular in shape.

The growth mechanism of fac-Ir(ppy)3 and trans-Ir(ppy)2(acac) could

be described by the Volmer–Weber growth theory
[6.55,6.56]

. A non-polar PS sur-

face implies a small island interaction energy, so the intermolecular interaction

in between fac-Ir(ppy)3 molecules and in between trans-Ir(ppy)2(acac)

molecules dominates in their respective films. When the molecules landed on

the substrate surface, the system attempted to minimize its energy. Such a

“non-disturbing” surface allowed the molecules to minimize their energy within
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themselves. Given that there is literature reporting a (220) crystal plane in neat

films of fac-Ir(ppy)3 and trans-Ir(ppy)2(acac),
[6.57]

and aggregation implies

a short-range order,
[6.58]

crystallographic information is introduced to help un-

derstand the molecular arrangement. It has been shown that fac-Ir(ppy)3

forms the tetragonal crystal structure (space group P -42(1)c (#114)) of racemic

tetramers,
[6.59,6.60]

and trans-Ir(ppy)2(acac) the orthorhombic crystal struc-

ture (space group Pbcn (#60)) of racemic dimers.
[6.61]

Despite their green lu-

minescence when they act as dopants in OLED devices, yellow crystals were

observed due to the red-shifted featureless luminescence arising from the π–

π interactions between the 2-phenylpyridine ligands (Fig. 6.11). Our films

also appeared yellow instead of green. So the aggregation observed in these

films is attributed to the offset π–π stacking (J-aggregates). This is consistent

with the observed (220) crystal plane from the tetragonal structure using X-ray

diffraction.
[6.57]

The aggregation affects the molecular orientation. Morgenstern

et al. reported no preferential PDM alignment for fac-Ir(ppy)3 neat films,

with several possible arrangement proposed.
[6.43]

They also observed in the

CBP:trans-Ir(ppy)2(acac) host-guest system a decrease in the degree of the

vertical alignment of the C2 symmetry axis with increase doping concentration

correlated to aggregation. So both fac-Ir(ppy)3 and trans-Ir(ppy)2(acac)

are said isotropic orientation.

On the surface of our UV-ozone–treated SiO2 substrates, there are a lot

of Si–OH and Si–O
−

moieties and thus random surface dipoles.
[6.62–6.64]

. These

dipoles interact with the deposited molecules and make the film migrating from

the Volmer–Weber to a more Stranki–Krastonov growth.
[6.55,6.56]

This indicates

a perturbation of the ordinary undisturbed structures. Two scenarios may

occur. For sites of relatively smaller dielectric–molecule interactions, the crystal

packing which is held by van der Waals was perturbed by the interactions

originated from the surface dipoles. If the dielectric–molecule interactions are

4
Acknowledgement is given to Dr. Stephen S. W. Tsang for the AFM measurement.
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Fig. 6.11. The π–π stacking in fac-Ir(ppy)3 and trans-

Ir(ppy)2(acac).
[6.59,6.61]

large enough, the π⋯π and the C–H⋯π contacts within the oligomers may also

be distorted. Both lead to suppressed aggregation of more irregular islands as

illustrated in Fig. 6.10. The decreased surface roughness indicates that the

fresh incoming molecules prefer landing on the SiO2 surface to aggregating

with its species molecules.

Trans-Ir(ppy)2(tmd) produces a very smooth film on the PS surface (a

roughness of 0.34 nm) without observable aggregation. Without any report

on the crystal packing for this compound to the best of our knowledge, we

attribute the smooth film to the absence of π–π interactions and C–H⋯π type

hydrogen bridges. Van der Waals interaction is the only dominant intermolec-

ular force. This can be explained by the steric effect of the t-butyl group in the

(tmd) ligand. The t-butyl group is a bulky functional group, so steric hindrance

results when molecules try to pack together, preventing the formation of poly-

214



meric structures or aggregations
[6.65]

, but a very smooth surface forms on PS

surface. The consequence is the absence of long-range order and the molecules

would be simply randomly oriented (Fig. 6.12(b)). It is also supported by the

greener film as observed by the bare eye. On the SiO2 surface, however, an

increased roughness (0.486 nm) with some little aggregation is observed. In-

deed, trans-Ir(ppy)2(tmd) was observed to aggregate easily, faster on the

SiO2 surface than on the PS, especially at a slightly elevated temperature of

30
◦
C. We attribute it to a change in the molecular stacking originated from

the preferential molecular orientation due to the interaction with the surface

dipoles of the SiO2 substrate. It will be discussed further in Section 6.3.3.

6.3.3 Analysis of effects of molecular orientation on charge trans-

port in TFT devices

The discussions of the AFM images in Section 6.3.2 provides a basis for the

interpretation of the TFT transport properties in Section 6.3.1. The hori-

zontal dipole ratio ΘH of fac-Ir(ppy)3, trans-Ir(ppy)2(acac) and trans-

Ir(ppy)2(tmd) were reported to be 0.67, 0.76 and 0.78 respectively,
[6.66]

with

2/3 as isotropic orientation, and values greater than 2/3 as preferred horizontal

orientation. Previous work showed that molecular orientation could affect the

TFT transport.
[6.67]

From our results, we propose that for thin films of a higher

degree of crystallinity, as in the case for trans-Ir(ppy)2(acac), anisotropic

orientation would lead to a change in energetic disorder. For thin films lack-

ing intermolecular stacking or poorly packed, a more significant effect on the

hopping distance is observed.

6.3.3.1 Effects on hopping distance

First, the molecular orientation induced by the SiO2 surface dipoles is discussed.

Although most investigations from previous reports are based on host-guest

systems and might not be applicable for direct comparison, the insights about
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electrostatic interactions are assumed general and could still offer a reasonable

physical picture. In the Ir complexes, the 2-phenylpyridine ligand is believed

to be responsible for the interaction with the SiO2 surface dipoles due to its

aromatic and highly conjugated nature.
[6.24,6.67]

The oligomer (in the cases of

fac-Ir(ppy)3 and trans-Ir(ppy)2(acac)) and the monomer (in the case of

trans-Ir(ppy)2(tmd)) would orient themselves to maximize the interaction

(may also be interpreted as the surface of contact). On the other hand, the non-

polar PS has no specific interaction with the Ir complexes at the initial stage of

deposition, so intermolecular interactions between the Ir complexes become the

dominant interaction. From the discussions in Section 6.3.2, we may conclude

that the molecular orientation on the PS surface for any molecules may be

treated as isotropic.

For trans-Ir(ppy)2(tmd) with high amorphous nature and lack of inter-

molecular stacking, when the molecules approach the substrate during thermal

evaporation, the 2-phenylpyridine ligands would tend to interact with the sur-

face dipoles and land on the SiO2 surface of close proximity, and the aliphatic

(tmd) ligand would be exposed to the vacuum, i.e. with the C2 symmetry axis

perpendicular to the substrate (Fig. 6.12(c)).
[6.24,6.67]

The dominant TDM of

trans-Ir(ppy)2(tmd) is along the Ir–N bond axis.
[6.39,6.68]

So, in this case,

the first monolayer of horizontal TDM orientation results. However, since the

dominant intermolecular force is the van der Waals force, it is believed that

the conformation of minimized energy in the undistributed situation, i.e. on

the PS surface, is the one of the shortest intermolecular distance (Fig. 6.12(b)).

Then, that externally disturbed by the SiO2 surface dipoles should have a rel-

atively longer intermolecular distance from its originated optimized separation

(Fig. 6.12(c)). Then the hopping distance would increase, leading to smaller

carrier mobility. This can be reflected in the significantly greater hopping dis-

tance on the SiO2 than that on the PS in the TFT transport. The subsequent

depositing molecules orient themselves based on the former deposited layer of
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anisotropically oriented molecules. Then some local order and thus aggrega-

tions may form on the SiO2 surface. Because of the increased intermolecular

distance, the molecules had more freedom for various motion, leading to easier

aggregation as described in Section 6.3.2.

6.3.3.2 Effects on energetic disorder

For heteroleptic complexes with small ancillary ligands such as trans-Ir(ppy)2(acac),

we propose that the SiO2 surface dipoles induce distortion to the primitive

stacking and hence the structural disorder, leading to an increase in energetic

disorder, whereas a dramatic conformational change may be restricted by the

persistent stacking as a molecular lock against the orientation change. Sim-

ilar to trans-Ir(ppy)2(tmd), the two 2-phenylpyridine ligands tend to lie

on the SiO2 surface. Given the TDMs of trans-Ir(ppy)2(acac) is along the

Ir–N bond direction,
[6.71]

the TDMs would tend to lie in the in-plane direc-

tion and has a preferred horizontal orientation. Such tendency perturbs the

original intermolecular packing, decreasing its crystallinity [Fig. 6.13(b)]. Re-

calling that the randomly oriented dipoles in disorder materials as an intrinsic

property leads to spatially correlated energetic disorder,
[6.72]

it can serve as

a measure of structural disorder such as conformational disorder of molecu-

lar packing.
[6.73]

Larger fluctuation in conformation would increase σ. When

trans-Ir(ppy)2(acac) molecules are deposited on the SiO2 surface, the surface

dipoles induce local electric fields and perturb the crystalline conformation.
[6.72]

This results in larger conformational and thus dipole orientation fluctuation,

carrying a tendency of having the (ppy) ligands brought into contact with the

SiO2 surface. This tendency induced by the structural fluctuation leads to a

higher energetic disorder and thus decrease in carrier mobility.
[6.74,6.75]

However, different from trans-Ir(ppy)2(tmd), the intermolecular interac-

tions in trans-Ir(ppy)2(acac) possibly act as a molecular interlock which hin-

ders a large conformational change when deposited on the SiO2 surface. Given
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Fig. 6.12. (a) The three-dimensional structure (left),
[6.69]

electrostatic po-

tential (ESP) surface of the trans-Ir(ppy)2(tmd) molecule (middle),
[6.70]

and

a simplied oval shape (right). The color contour represents isosurface values

from the negative (orange) to the positive (blue). The orange region situates

the acetylacetonyl (acac) ligand. The two green rods in the oval represents

the aromtaic 2-phenylpyridine (ppy) ligands. (b) The molecular orientation of

trans-Ir(ppy)2(tmd) on the PS surface. They are in isotropic orientation

with a minimization of the intermolecular distance brought by van der Waals

force. The hopping distance is roughly interpreted as the Ir–Ir distance between

adjacent molecules. (c) The molecular orientation on the SiO2 surface. The

surface dipoles (donated in green δ+ induce a preferrential orientation with an

attraction between the (ppy) ligand and the surface. The resulting arrange-

ment gives a stronger intermolecular repulsion and thus greater intermolecular

separation and hopping distance.
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Fig. 6.13. (a) The π–π interaction which hinders the molecule from arbitrary

conformational change. (b) A schematic diagram for the conformation of the

trans-Ir(ppy)2(acac) molecules deposited on the PS and the SiO2 surfaces.

For simplicity, the 2-phenylpyridine (ppy) ligand that is effective for the inter-

molecular interaction is shown. With the absence of surface dipoles, they tend

to form dimers that are depicted as pairs in the diagram. On the SiO2 surface,

the surface dipoles perturb the intermolecular stacking, with some of the dimer

formation destructed. This results in additional irregularity in the solid, and

hence energetic disorder.
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a (220) crystal plane was observed when trans-Ir(ppy)2(acac) is deposited

on the polar glass substrate,
[6.57]

together with the reduced but persistent ag-

gregation on the SiO2 surface as shown in Fig. 6.10, we infer that certain degree

of molecular stacking (π⋯π and C–H⋯π) exists when deposited on SiO2 as

on the PS surface. That means the molecules are of quite close proximity.

This is supported by the hopping distance of trans-Ir(ppy)2(acac) which

has a close value to the Ir–Ir distance between the dimers (8.3 Å).
[6.61]

Since

the Kohn–Sham calculations showed that the highest occupied molecular or-

bital (HOMO) of trans-Ir(ppy)2(acac) is highly concentrated at the Ir(III)

ion,
[6.76]

the hopping distance for a hole to hop from one molecule to another

could be roughly interpreted as the Ir–Ir distance. The intermolecular inter-

actions between neighboring molecules close to each other hinder them from

simply abiding the induced orientation from the surface dipoles, behaving as

a molecular lock [Fig. 6.13(a)]. The restricted conformational change implies

little change in the intermolecular (and thus hopping) distance. In contrast,

trans-Ir(ppy)2(tmd) is very amorphous in nature, so the SiO2 surface dipoles

are unlikely to induce extra energetic disorder, having little impact on the value

of σ.

We suspect that trans-Ir(piq)2(acac) follows the same principles, given

the similar behavior of the energetic disorder and the hopping distance. How-

ever, with the absence of further characterization, we could yet give a solid

conclusion.

It should be noted that although the above discussion states that trans-

Ir(ppy)2(acac) has restricted orientation change on the SiO2 substrate, the

molecular orientation is still probed from the change in energetic disorder which

originates from the surface dipoles’ perturbation on the molecular packing. It is

likely to be a feature of heteroleptic complexes where the ancillary ligands have

a different response to the dipoles from the aromatic emissive ligands. Com-

pared to fac-Ir(ppy)3 and fac-Ir(piq)3, its C3 symmetry and geometrically
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isotropic structure are likely to allow an effectively interaction-invariant orien-

tation regardless of the presence of the SiO2 surface dipoles.
[6.24]

The report

from Morgenstern et al. also observed the isotropy of fac-Ir(ppy)3 appeared

in various conditions.
[6.43]

That means the configurations on PS and SiO2 are

effectively the same as fac-Ir(ppy)3, and thus their mobilities behave similarly

too.

An increase in the mobility ratio µSi/µPS with temperature was observed

in trans-Ir(ppy)2(acac) (Fig. 6.7). At higher temperatures, the thermal

fluctuation would dominate over the energy associated with the electrostatic

interactions. With a similar hopping distance, their charge transport proper-

ties would become increasingly indifferent at higher temperatures, leading to a

higher mobility ratio.

6.3.4 Technique comparisons with variable angle spectroscopic el-

lipsometry (VASE) and absorption comparison with isotropi-

cally oriented standard

Here the TFT probe is compared to two optical techniques: variable angle spec-

troscopic ellipsometry (VASE) and the quantitative comparison of absorption

with an isotropically oriented standard. Two film thicknesses, 50 and 100 nm,

were used. In the VASE measurement, a preferred horizontal TDM alignment

would lead to a greater extinction coefficient and stronger absorbance. The pro-

files of the optical parameters were fit to an independent UV-visible absorption

measurement through simulation. As shown in Fig. 6.14, they have good agree-

ment. On the other hand, the orientation parameter S can be evaluated from

the ratio of absorption maximum using the last equation in Table 2.2. The

emitters deposited on the PS surface are regarded as the standard of isotropic

orientation, and those on the SiO2 surface as possessing dipole-induced orien-

tation, if any. The results are given in Table 6.3.

Despite the very distinct response observed in the TFT transport, little
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Table 6.3. Values of the S parameter obtained from the difference in maximum

absorption of the films. The last equation in Table 2.2 is used for the calcula-

tion. The corresponding values of the horizontal dipole ratio ΘH =
2

3
(1 − S) is

also given for instant comparisons.

S ΘH

50 nm 100 nm 50 nm 100 nm

Fac-Ir(ppy)3 (383–386 nm) -0.14 -0.07 0.76 0.71

Trans-Ir(piq)2(acac) (263–265 nm) -0.12 -0.08 0.75 0.72

Trans-Ir(ppy)2(tmd) (262–264 nm) -0.16 -0.08 0.77 0.72

absorption difference was revealed in the 100 nm films. The values obtained

for the 50 nm films are more consistent with the literature values, while a

relatively large deviation occurs for fac-Ir(ppy)3. The obtained values seem

to be thickness-dependent, and thicker films are more likely to have isotropic

absorption. Such dependence may arise from a height-dependent orientation.

As every deposited molecule would have certain disorder and not have identical

orientation induced by the previously deposited layer and these Ir complexes

have more complicated 3D structures, the substrate-induced orientation may

gradually fade for layers farther away from the substrate. As VASE and UV-

visible absorption techniques probe the ensemble average of the TDMs, the

substrate-induced orientation weighs less in thicker films. In contrast, TFT

transport occurs at a few monolayers above the gate-dielectric–semiconductor

interface, resulting in very high sensitivity to the substrate-induced molecular

orientation. It is a potential merit of using the TFT probe. This probe is

also capable of characterizing thin films down to 10 nm.
[6.67]

It should be noted

that a lot of investigations on molecular orientation are based on host–guest

doping system. These systems are less likely to suffer from this issue as the

orientation with small dopant concentration are more likely to be intrinsic or

host-induced.
[6.39,6.42]

Given the ongoing debate of the molecular orientation
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of fac-Ir(ppy)3,
[6.43]

the value of the horizontal orientation is to be further

investigated.

6.4 Summary

In this chapter, we investigated TFT devices as a probe of the molecular ori-

entation of neat films of several thermally evaporated cyclometalated Ir phos-

phorescent complexes. By comparing the temperature-dependent mobility of

isotropically oriented molecules deposited on the non-polar PS surface with

that on the polar SiO2 surface which could induce a preferred orientation, we

found that a substrate-induced orientation could lead to a difference in mobil-

ity. The mobility difference may originate from an increase in hopping distance

for complexes without molecular stacking (as in trans-Ir(ppy)2(tmd)), or

from an increase in energetic disorder for species with appreciable molecular

stacking (as in fac-Ir(ppy)3). Both factors would lead to declined carrier mo-

bility. It is important to note that although amorphous films of horizontally

preferred orientation show worse TFT performance than their isotropic orien-

tation counterpart, they are the better films for outcoupling. The AFM images

lead us to a better understanding of the initial growth of the thin film as an

interplay between the substrate surface dipole and the intermolecular interac-

tions. We identify the 2-phenylpyridine ligand is dominantly responsible for

the substrate-induced orientation. It has the tendency to align with the sur-

face dipoles on the SiO2 surfaces. The geometrically isotropic fac-Ir(ppy)3

has little change in the intermolecular stacking despite the presence of surface

dipoles, resulting in a near-to-unity mobility ratio µSi/µPS. With the knowledge

of the TDM directions relative to the symmetry axis, the TDM orientation can

be estimated.

The TFT probe is compared to VASE and absorption peak comparison

with the isotropic standard techniques. TFT has shown potential advantages
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on probing surface/substrate-induced effect with very high sensitivity and com-

patibility of very thin films down to 10 nm. The tool was found potentially

appropriate to study the orientation of heteroleptic molecules because the dif-

ference in transport can reflect the orientation. To sum up, the TFT probe

provides the possibility of an alternative electrical means for studying the

molecular orientation of the OLED emitting molecules with unique advantages.

Further investigation could be done for its sophisticated utilization.
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 Measured 50 nm on Quartz/PS
 Simulated 50 nm on Quartz/PS

(a) Ir(ppy)3

(b) Ir(ppy)2(acac)
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Fig. 6.14. Variable angle spectroscopic ellipsometry (VASE) measurements of

the 50 and 100 nm Ir complex layers on quartz and PS surfaces. The simulation

of the measurement provides a fitting of good agreement with the UV-visible

absorption measurement (dots). The absorbance from the substrate has been

removed.
5

5
Acknowledgement is given to Dr. C.-K. Moon for the VASE measurement.
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B. Lüssem, C.-C. Wu, K. Leo & M. C. Gather. Nano-particle based

scattering layers for optical efficiency enhancement of organic light-

emitting diodes and organic solar cells. J. Appl. Phys. 113, 204502

(2013). doi:10.1063/1.4807000.

[6.7] D. Yokoyama. Molecular orientation in small-molecule organic light-

emitting diodes. J. Mater. Chem. 21, 19187–19202 (2011). doi:10.

1039/C1JM13417E.

226

http://dx.doi.org/10.1002/adfm.201808803
http://dx.doi.org/10.1002/adfm.201808803
http://dx.doi.org/10.1063/1.3251409
http://dx.doi.org/10.1038/nphoton.2010.7
http://dx.doi.org/10.1038/nphoton.2008.132
http://dx.doi.org/10.1038/nphoton.2011.259
http://dx.doi.org/10.1063/1.4807000
http://dx.doi.org/10.1039/C1JM13417E
http://dx.doi.org/10.1039/C1JM13417E


[6.8] J. Frischeisen, D. Yokoyama, A. Endo, C. Adachi & W. Brütting.

Increased light outcoupling efficiency in dye-doped small molecule or-

ganic light-emitting diodes with horizontally oriented emitters. Org.

Electron. 12, 809–817 (2011). doi:10.1016/j.orgel.2011.02.005.
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E. Raphaël & J. A. Forrest. A direct quantitative measure of surface

mobility in a glassy polymer. Science 343, 994–999 (2014). doi:10.

1126/science.1244845.

230

http://dx.doi.org/10.1039/C6SM00262E
http://dx.doi.org/10.1016/j.cplett.2013.01.056
http://dx.doi.org/10.1016/j.cplett.2013.01.056
http://dx.doi.org/10.1063/1.3511721
http://dx.doi.org/10.1021/jp302158k
http://dx.doi.org/10.1103/PhysRevLett.106.256103
http://dx.doi.org/10.1021/jp404944s
http://dx.doi.org/10.1063/1.4823769
http://dx.doi.org/10.1126/science.1244845
http://dx.doi.org/10.1126/science.1244845


[6.38] A. Graf, P. Liehm, C. Murawski, S. Hofmann, K. Leo & M. C. Gather.

Correlating the transition dipole moment orientation of phosphores-

cent emitter molecules in OLEDs with basic material properties. J.

Mater. Chem. C 2, 10298–10304 (2014). doi:10.1039/C4TC00997E.

[6.39] C.-K. Moon, K.-H. Kim, J. W. Lee & J.-J. Kim. Influence of host

molecules on emitting dipole orientation of phosphorescent iridium

complexes. Chem. Mater. 27, 2767–2769 (2015). doi:10.1021/acs.

chemmater.5b00469.

[6.40] K.-H. Kim, S. Lee, C.-K. Moon, S.-Y. Kim, Y.-S. Park, J.-H. Lee,

J. Woo Lee, J. Huh, Y. You & J.-J. Kim. Phosphorescent dye-based

supramolecules for high-efficiency organic light-emitting diodes. Nat.

Commun. 5, 4769 (2014). doi:10.1038/ncomms5769.

[6.41] C. Mayr & W. Brütting. Control of molecular dye orientation in or-

ganic luminescent films by the glass transition temperature of the host

material. Chem. Mater. 27, 2759–2762 (2015). doi:10 . 1021 / acs .

chemmater.5b00062.

[6.42] M. J. Jurow, C. Mayr, T. D. Schmidt, T. Lampe, P. I. Djurovich, W.

Brütting & M. E. Thompson. Understanding and predicting the ori-

entation of heteroleptic phosphors in organic light-emitting materials.

Nat. Mater. 15, 85–91 (2016). doi:10.1038/nmat4428.

[6.43] T. Morgenstern, M. Schmid, A. Hofmann, M. Bierling, L. Jäger & W.
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Chapter 7 Conclusions and Outlook

In this thesis, the limiting indoor photovoltaic (IPV) performance was eval-

uated. A study of perovskite thin-film transistor (TFT) realization was con-

ducted. Finally, the TFT probe for the molecular orientation of Ir phospho-

rescent complexes was investigated. In the following, each of the work is high-

lighted with a perspective. A concluding remark is given at the end of the

chapter.

Indoor photovoltaic device parameter guidelines

IPV technology is generating vast research interest in off-grid smart technology.

The demand for self-sustained devices leads to the concept of IPV incorpora-

tion. The distinct spectral features of the contemporary indoor light sources

from the outdoor sunlight illumination in terms of both emission character-

istics and illuminance lead to the urge to knowledge for the limiting device

performance and the corresponding material properties. In view of this, a

comprehensive device parameter study was conducted in Chapter 4 for vari-

ous light sources and illuminance with a general scheme for Shockley–Queisser

(SQ)-limited performance calculation given the illumination conditions. The

limiting/optimal device parameters for a diversity of illumination conditions

were computed. Some important findings are listed below:

1. In contrast to the AM1.5G conditions which allow only ∼ 33% maximum

power conversion efficiency (PCE), > 51% can be achieved with the indoor

lights with a large material bandgap of 1.82–1.96 eV.

2. The highest open-circuit voltage Voc attained from the optimal conditions

would be ∼ 1.4 V.
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3. The PCE and Voc vary little with illuminance in the range of 100–1000 lx,

revealing appealing stability in terms of operating conditions.

4. The limiting Jsc increases linearly with the illuminance, with a maximum

value of coefficient ∼11–13 µA cm
−2

per 100 lx.

5. We observed the limiting factor for the IPV device performance is the

thickness of the photoactive absorber. With an illustration using the bulk

heterojunction (BHJ) of PTB7:PC71BM, the highest possible PCE can be

boosted from ∼ 28% to > 40% by increasing the absorber thickness from

the usual optimal for the AM1.5G illumination to the second thickness

peak for constructive interference for the incident photons (200–250 nm).

The results of this study not only provide the numerical references for IPV

performance evaluation, but also reveal an important message that the opti-

mal conditions for AM1.5G may not be applicable for IPV. According to our

analysis, the optimal bandgap and the thickness of the IPV device are different

from those under sunlight, due to the characteristics of the emission spectrum

and the irradiance. It infers that the design strategies for IPV may be very dif-

ferent from conventional solar cells. Another distinction is the recombination

mechanism. Under reduced illuminance, bimolecular recombination should be

less and the trap-assisted recombination would become more dominated.
[7.1–7.4]

Then defect study for IPV materials will gain higher importance for perfor-

mance enhancement. Effects of energetic disorder and Urbach energy on the

charge transport properties as well as the photovoltaic performance under in-

door lighting conditions would be of particular research significance.
[7.5]

While

there are recent literature reporting materials for high-performance IPV de-

vices, fundamental research in a mechanistic perspective on IPV optoelectronic

properties is needed for better understanding and rational design strategies for

performance enhancement.
[7.6]
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Perovskite thin films on insulators and in thin-film transistors appli-

cations

Hybrid organometallic perovskites have been identified with excellent optoelec-

tronic properties which can potentially be employed to solar cells, light-emitting

diodes (LEDs), photodetectors and TFTs. However, the realization of solution-

processed perovskite TFT has not been very successful. One major challenge is

the requirement of a hydrophobic surface for large crystallites but at the same

time good wettability for the hydrophilic precursor solution. Regarding this, an

investigation for suitable polymeric materials which are commercially available

for perovskite TFT applications was conducted. The following highlights the

important findings:

1. We identified the polar interactions from the bidentate ester moiety which

can be found in polymethacrylates is responsible for initial nucleation of

the Pb
2+

ion as the adhesion of the crystallite. The exposure of the

ester group is crucial to the strength of adhesion. A bulky substituent

prevents the Pb
2+

ion from approaching the ester group, resulting in poor

nucleation and hence wettability.

2. The cation–π interaction provided by aromatic substituents can enhance

the crystal growth even on a hydrophobic surface. Therefore, MAPbI3

perovskite crystals could be grown on PPhMA with the largest crystal

size.

3. We identify the occurrence of grain boundaries as one of the limiting

factors for in-plane carrier transport in perovskite TFTs. The larger the

crystals, the less the grain boundary density, and thus the better carrier

mobility.

4. Interfacial mixing was observed in the gate-dielectric–perovskite interface.

By eliminating it with a crosslinked polymer SU-8, the carrier mobility

can be improved, reaching the value of 1.05 cm
2

V
−1

s
−1

.
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5. Besides the grain boundary density, the quality of the grain boundaries

also affects the inter-grain transport. Methylamine (MAM) solvent vapor

annealing (SVA) was shown to be capable of suppressing the subthreshold

swing and interfacial trap density.

While the community uses the macroscopic quantity hydrophobicity to ad-

dress the wettability,
[7.7]

our work offers a microscopic point of view in terms

of intermolecular interactions. In addition, an effort has been given to improve

the interfaces for better carrier transport (grain boundary density and quality

as well as the dielectric–perovskite interface). The resolutions address different

eras of the transport in the perovskite TFT (Fig. 7.1). On the other hand,

during the investigation, we discovered several issues that are also detrimental

to TFT performance:

a. One alarming problem is the unusually high threshold voltages which

hinder industrial applications. In fact, it was found that the threshold

voltage was quite irreproducible and highly depended on the electrical

poling process. Longer poling is more likely to boost the device to higher

mobilities but at the same time higher threshold voltages. Our inves-

tigation attempted to explain the phenomena by the ion migration, in

either the bulk or at the grain boundaries (Section 5.3.4.3). Since ion

migration is facilitated by voltage bias, the resulting VT of the TFT de-

vice should largely depends on the measurement process. That might

offer a hint to why VT was irreproducible. Despite the tactics proposed

in different works,
[7.8,7.9]

not all of them is applicable to perovskite TFT

with polymeric gate dielectric.

b. Perovskite TFTs are generally affected by strong hysteresis (Fig. 7.1).
[7.10]

Ion migration in organometallic halide perovskites is believed to be one

of the dominant factors.
[7.11]

Hysteresis is more severe at higher temper-

atures. Eliminating hysteresis in perovskite TFT remains a challenging

task in the community.
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Fig. 7.1. A summary of the investigation of the perovskite TFT. The red

labels represent the issues resolved in this thesis, and the green are the issues

to be further researched.
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c. Perovskite materials are known to be ambipolar.
[7.12,7.13]

However, the

study in this thesis could not observe meaningful hole transport in per-

ovskite TFTs. The reason is still a myth.

d. More interestingly, the use of Au electrode should be of mismatched en-

ergy level (work function of −5.3 eV) with the lowest unoccupied molecu-

lar orbital (LUMO) of MAPbI3 (−3.9 eV),
[7.14]

but high electron mobility

can be observed. The mechanism of such conduction may not be conven-

tional and needs to be investigated. Given the mismatch of energy level

alignment, the contact may not be satisfactory and need improvement.

e. Perovskite has been shown to decompose at high voltages.
[7.15]

This un-

doubtedly limits its applications. Further study on this is essential.

f. Pb-based perovskites are so far the mainstream perovskite materials, but

the use of the toxic Pb is always a concern.
[7.16]

Although Pb-free per-

ovskites, such as the Sn-based ones, are also available, their mobility and

stability are generally inferior.
[7.17]

While the research of Pb-based per-

ovskites allows us to have a deeper understanding of the fundamental

transport properties of them, it has to move on to the Pb-free ones for

commercialization.

g. Currently, high mobility can only be achieved at low temperatures (Fig. 7.1).

Ultimately, the high mobility region can hopefully be pushed to room

temperature for practical high-performance perovskite TFTs. The charge

transport of perovskite at room temperature are primarily limited by ion

migration.
[7.18]

Among all types of ions, I
−

is believed to be the most

probable origin of ion migration due to its lowest activation energy.
[7.19]

Ion migration leads to partial screening of the applied gate field, reducing

the amount of induced charges and thus the carrier mobility. Very re-

cently, Senanayak et al. demonstrated that multiple cation incorporation

using strain-relieving cations such as Cs
+

and other cations such as Rb
+

242



is effective for reducing ion migration in perovskite TFTs.
[7.20]

Together

with solvent treatments based on Lewis base and acid azeotropes, they

achieve perovskite TFT of electron mobility > 1 cm
2

V
−1

s
−1

at room

temperature. However, the strategy is subject to further justification

with different device structures.

Apart from these, there is a wide range of choices of the perovskite. While

MAPbI3 is the classic, there could be better alternatives. Despite the numerous

reports on solar cell investigations, we found that the knowledge is not generally

applicable to TFTs. A possible reason is the difference in the substrate surface

may lead to a different nucleation mechanism, and hence a deviation of the

optimum composition from that of the solar cell. The potential of perovskite

TFTs is still high, but effort should be paid to tacklle the current limitations.

A competing candidate of perovskite TFTs is the high-performance or-

ganic thin-film transistors (OTFTs). To date, solution-processed OTFTs have

achieved mobilities over 10 cm
2

V
−1

s
−1

for both p- and n-type devices.
[7.21–7.23]

For perovskite TFTs, reliable electron mobility can reach an electron mobil-

ity ∼ 2 cm
2

V
−1

s
−1

at room temperature nowadays, with slightly lower values

for holes.
[7.24]

While perovskite is lagging behind, there is a reported theoret-

ical calculation predicting a large mobility value with good control of trap

density. It has also been shown that carrier transport in perovskites are rel-

atively defect-tolerant.
[7.25]

The further suppression of ion migration and thus

hysteresis is one of the key challenges. On the other hand, the bottleneck

of the performance of conjugated polymer TFTs lies in the proper design of

molecules for intermolecular interactions for efficient charge transport. How-

ever, the intermolecular nature may set a limit for the mobility. In terms of

industrialization, a major challenge for perovskites is the use of non-toxic, lead-

free perovskites, by replacing Pb with, for example, Sn. However, the stability

issues for Sn-based perovskites have yet been well-resolved. However, there has

been research effort for green-solvent–processed OTFTs. In sum, the emerging
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perovskite TFTs have great potential as a superior TFT candidate in terms

of performance, but polymer TFTs have generally gained better progress for

industrialization. Polymer TFTs may come to the market first, but could be

overridden by perovskite as a new generation of TFTs.

Probing molecular orientation of organic molecules for organic light-

emitting diode applications

The molecular orientation of the emitter molecules in the organic light-emitting

diode (OLED) devices is crucial to the outcoupling efficiency and hence and

the external quantum efficiency (EQE). However, there has been a limitation

in the correct characterization and mechanistic understanding of the molecular

orientation of phosphorescent emitters due to their complex topology, electro-

static interactions with the host materials and the existence of multiple transi-

tion dipole moments (TDMs). While the existing experimental techniques for

molecular orientation are mostly optical probes that detect the direction of the

TDMs, it is encouraging to have a new dimension of probes that could provide

other information about the molecular orientation.

In light of the motivation, our work in Chapter 6 attempted to propose

an electrical characterization technique for molecular orientation using TFT,

and provided a perspective of the molecular orientation based on the initial

film growth. The carrier mobility of three phosphorescent Ir complexes, fac-

Ir(ppy)3, trans-Ir(ppy)2(acac) and trans-Ir(ppy)2(tmd) were deposited

on two gate dielectric surfaces, the non-polar polystyrene (PS) that led to

isotropic orientation and the polar SiO2 which was capable of inducing prefer-

ential molecular orientation. The major findings are listed below:

1. Heteroleptic molecules trans-Ir(ppy)2(acac) and trans-Ir(ppy)2(tmd)

showed a generally lower carrier mobility when deposited on the SiO2 sur-

face compared to that on the PS surface. The homoleptic fac-Ir(ppy)3

showed indifferent carrier mobility.
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2. Comparing to the transport on the PS surface, trans-Ir(ppy)2(acac)

depicted an increased energetic disorder when deposited on the SiO2 sur-

face. On the other hand, trans-Ir(ppy)2(tmd) showed an increase in

the hopping distance.

3. The initial film growth was studied with atomic force microscopy (AFM)

imaging on layers of about 1.3 monolayers. The neat films of fac-

Ir(ppy)3 and trans-Ir(ppy)2(acac) revealed a reduced aggregation when

deposited on the SiO2 surface, compared to the morphology on the PS

surface. This infers significant intermolecular interactions within them.

The surface dipoles on the SiO2 surface counteracted the interaction and

perturbed the original film growth. On the other hand, a very smooth

film was obtained for trans-Ir(ppy)2(tmd) even on the PS surface. The

absence of intermolecular interactions was attributed to the presence of

the steric t-butyl group in the (tmd) ligand.

4. The surface dipoles led to a re-orientation of the trans-Ir(ppy)2(tmd)

molecules, with the aromatic 2-phenylpyridine (ppy) ligand facing to-

wards the SiO2 surface. This deviated its original energy-minimized in-

termolecular arrangement, leading to an increase in the intermolecular

and thus the hopping distance. On the other hand, the intermolecu-

lar interactions in the closely packed trans-Ir(ppy)2(acac) hindered its

re-orientation under the influence of the surface dipoles. Instead, the

ordered molecular stacking was perturbed, increasing the energetic dis-

order. Fac-Ir(ppy)3 has an isotropic geometric structure and so had

invariant orientation under the influence of the surface dipoles.

5. The technique was compared to selected existing optical probes. The

TFT probe was found to have potential advantages of high sensitivity to

substrate-induced orientation and compatibility of very thin films.

The investigation provided a mechanistic perspective for the molecular ori-
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entation. Various factors affecting the molecular orientation, from the dipoles

on the formerly deposited layer and intermolecular interaction to the molecular

structure, were illustrated. Further work may be done to establish a more com-

prehensive understanding of the molecular orientation. More phosphorescent

emitters may be studied to compare the results using this technique to the lit-

erature. Besides the dopant molecules, the host molecules such as the carbazole

family, in which many of them are asymmetric and should possess preferred

orientation, can be another class of compounds for systematic investigation.

After understanding the separate host and guest systems, the doped films as in

real OLED systems may be tested. The doped system could reveal the influ-

ence of host molecules together with the substrate on the molecular orientation

of the emitting molecules.
[7.26]

In this aspect, the accumulated knowledge may

help identify the aforementioned effects of the complex behavior inside the film.

When developing a new probe, it is important to have an independent mea-

surement that can confirm the results from the probe. Our results may suggest

that the TFT probe may characterize the surface effect more than the optical

probes which give an average TDM of the entire film. Thus searching for an

appropriate experimental technique for crosschecking is still required. More-

over, based on our current understanding, the TFT probe may also be difficult

to be applied to homoleptic molecules because some asymmetry is not reflected

in its molecular geometry. For example, we studied fac-Ir(piq)3 which has

C3 symmetry as that for fac-Ir(ppy)3, and found it also bearing TFT trans-

port properties of similar carrier mobilities using PS and SiO2 substrates. In

terms of charge transport characteristics, it is very similar to fac-Ir(ppy)3.

However, it has a large anisotropy factor, unlike fac-Ir(ppy)3 which has been

reported with isotropic orientation.
[7.27]

Further investigation on this would be

needed. Last but not least, after validating the technique, it would be crucial

to establish a scheme to quantitatively determine the molecular orientation.

Possible control of molecular orientation of emitting molecules with a TFT
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device structure may be applied to organic light-emitting transistors (OLETs),

a novel and attractive category of organic electronic devices which integrate the

functions of electrical switching in TFTs and light generation in OLEDs.
[7.28]

Such technology carries promising potential to reduce the complicated processes

of next-generation pixel circuitry. To date, most work focus on the material or

device architecture aspect for high and balanced carrier mobility meanwhile

maintaining high luminescence efficiency. Proper design of combination to

give an oriented film under certain device structures could serve as a route

to efficient OLET. In addition, there has been demonstration for perovskite

OLET.
[7.29]

The realization of perovskite TFTs could allow perovskite as a

promising material candidate of OLETs.

Epilog

Everything is consumed with a cost. Technology advances our living standard,

but the energy comes with a drain of the available resources. We know it is

limited, and becoming critical. We also see climate change, and how it affects

us, due to global warming as we overwhelm the ecological balance. Technology

does not necessarily go against the environment, but should be utilized smartly

and wisely — that ought to be cardinal for efficient material designs and devices

— it is not only about the economy, but also every living thing on Earth. They

are all lives. We are sent to keep it in good condition. Something that I should

always keep in mind.

‘Then God blessed them, and God said to them, “... have dominion over the

fish of the sea, over the birds of the air, and over every living thing that moves

on the earth”’ (Genesis 1:28)

To protect the earth, and the lives on it, including us; it is what I as a scientist

should carry on. It is part of the Truth.
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Appendix A Triplet states of OLEDs

A system of two non-interacting electrons is used as an example. The total

electron spin s follows the rule of angular momentum addition, i.e. Ŝ = Ŝ1+ Ŝ2

and s = ∣s1 − s2∣ , . . . , s1+s2 where si =
1

2
(i = 1,2) is the spin of the electron.

The formation of the singlet and triplet states can be shown by construction

of the states of the composite spin system.
[A.1–A.3]

Considering the spin part of

the wavefunctions of the electrons as isolated particles ∣χ⟩i
1

given by

∣χ⟩i =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

( 1
0 ) =↑ for ms = +

1

2

( 0
1 ) =↓ for ms = −

1

2

, (A.1)

the states of the composite system can be expressed as the tensor product
2

of

the two electrons which gives all the combinations of the spins, i.e.
3

∣χ⟩1 ⊗ ∣χ⟩2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1 0 0 0)T
= ∣↑↑⟩

(0 1 0 0)T
= ∣↑↓⟩

(0 0 1 0)T
= ∣↓↑⟩

(0 0 0 1)T
= ∣↓↓⟩

. (A.2)

We then write down a set of basis of the composite spin states with linear

combinations of Eq. (A.2) as the eigenbasis of the composite spin operators

which allow us to identify the total spin and the spin quantum number of the

1
An one-electron wavefunction can be written as ψα = ψα(r) ∣χ⟩ where ψα(r) and ∣χ⟩

are the spatial and spin parts respectively (α is the label of the quantum numbers, e.g. n, l,

ml, of the electron).
2
Also known as Kronecker product and direct product.

[A.4]

3
Note ∣α⟩⊗ ∣β⟩ = (α1 ∣β⟩T α2 ∣β⟩)

T
= (α1β1 α1β2 α2β1 α2β2)T.
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system:

∣χ1⟩ = ∣↑↑⟩ (A.3a)

∣χ2⟩ =
1√
2
(∣↑↓⟩ + ∣↓↑⟩) (A.3b)

∣χ3⟩ = ∣↓↓⟩ (A.3c)

∣χ4⟩ =
1√
2
(∣↑↓⟩ − ∣↓↑⟩) . (A.3d)

The composite spin operator is defined as

Ŝj = Ŝ
(1)
j ⊗ 1(2)

+ 1(1)
⊗ Ŝ

(2)
j (A.4)

where Ŝ
(i)
j = Ŝj is the electron spin operator at the j direction (j = x, y, z)

acting on the i
th

electron and 1(i)
= 1 is the identity matrix of rank of the mul-

tiplicity of an electron (2). ⊗ represents the tensor product. The superscripts

are given to indicate which electron the operator acts. It is such constructed

so that
4

Ŝj ∣χ⟩ = (Ŝ(1)
j ⊗ 1(2)) (∣χ⟩1 ⊗ ∣χ⟩2) + (1(1)

⊗ Ŝ
(2)
j ) (∣χ⟩1 ⊗ ∣χ⟩2)

= Ŝ
(1)
j ∣χ⟩1 ⊗ 1(2) ∣χ⟩2 + 1(1) ∣χ⟩1 ⊗ Ŝ

(2)
j ∣χ⟩2

= Ŝ
(1)
j ∣χ⟩1 ⊗ ∣χ⟩2 + ∣χ⟩1 ⊗ Ŝ

(2)
j ∣χ⟩2 . (A.5)

Note that a tensor product between two (vector) spaces is interpreted as the

conjoin of two spaces without interaction, while interactions can occur in a

multiplication operation. So it can be seen in Eq. (A.6) that the first (second)

term of the composite spin operator in Eq. (A.5) operates only on the first

(second) and ignores the second (first) electron spin state as if they are non-

interacting. In other words, the first (second) term is essentially the effect of

Ŝ
(1)
j (Ŝ

(2)
j ). Taking the z direction, Eq. (A.5) becomes

Ŝz ∣χ⟩ = m(1)
s h̵ ∣χ⟩1 ⊗ ∣χ⟩2 + ∣χ⟩1 ⊗m

(2)
s h̵ ∣χ⟩2

= (m(1)
s +m

(2)
s ) h̵ ∣χ⟩ (A.6)

4
Note (A +B)C = AC +BC and (A⊗B) (C ⊗D) = (AC ⊗BD).
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which is essentially the rule of angular momentum addition. To obtain the

magnitude of the total spin of the system, we construct with Eq. (A.5)

Ŝ
2
= Ŝ ⋅ Ŝ = ∑

j=x,y,z

(Ŝ(1)
j ⊗ 1(2)

+ 1(1)
⊗ Ŝ

(2)
j )

2

= ∑
j=x,y,z

[(Ŝ(1)
j ⊗ 1(2))

2
+ (1(1)

⊗ Ŝ
(2)
j )

2
+ 2Ŝ

(1)
j ⊗ Ŝ

(2)
j ] , (A.7)

and use Eq. (A.3), Ŝ
2
= Ŝ

2
x + Ŝ

2
y + Ŝ

2
z = s (s + 1) h̵2

and the Pauli matrices

Ŝj =
h̵

2
σ̂j to obtain

Ŝ
2
= h̵

2 [s1 (s1 + 1) + s2 (s2 + 1) + 1

2
∑

j=x,y,z

σ̂
(1)
j ⊗ σ̂

(2)
j ]

=
1

2
h̵

2 [3 (1⊗ 1) + ∑
j=x,y,z

σ̂
(1)
j ⊗ σ̂

(2)
j ] . (A.8)

By evaluating σ̂
(i)
j ∣χ⟩i using Eqs. (A.3) and (A.8), we get the magnitude of the

total spin

Ŝ
2 ∣χ1⟩ =

1

2
h̵

2 [3 (1⊗ 1) + ∑
j=x,y,z

σ̂
(1)
j ⊗ σ̂

(2)
j ] (∣↑⟩⊗ ∣↑⟩)

= 1 (1 + 1) h̵2 ∣χ1⟩ (A.9a)

Ŝ
2 ∣χ2⟩ = 1 (1 + 1) h̵2 ∣χ2⟩ (A.9b)

Ŝ
2 ∣χ3⟩ = 1 (1 + 1) h̵2 ∣χ3⟩ (A.9c)

Ŝ
2 ∣χ4⟩ = 0 (0 + 1) h̵2 ∣χ4⟩ (A.9d)

and their corresponding spin quantum numbers are found using Eq. (A.6):

Ŝz ∣χ1⟩ = (1

2
+

1

2
) h̵ ∣χ1⟩ = +1 ⋅ h̵ ∣χ1⟩ (A.10a)

Ŝz ∣χ2⟩ = 0 ⋅ h̵ ∣χ2⟩ (A.10b)

Ŝz ∣χ3⟩ = −1 ⋅ h̵ ∣χ3⟩ (A.10c)

Ŝz ∣χ4⟩ = 0 ⋅ h̵ ∣χ4⟩ . (A.10d)

So if we write ∣χk⟩ = ∣s,ms⟩ (k = 1, 2, 3, 4), it can readily be seen that ∣χ1⟩ =
∣1, 1⟩, ∣χ2⟩ = ∣1, 0⟩ and ∣χ3⟩ = ∣1,−1⟩ are the three triplet states, and ∣χ4⟩ =
∣0, 0⟩ is the singlet state (Fig. A.1).
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Fig. A.1. Eigenstates of a system of two non-interacting electrons. One is

singlet and three are triplet. The values of s and ms are also indicated.
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Appendix B LabTalk code in OriginPro for

Shockley-Queisser limited efficiency

calculations

A minimum working example is given for generating a Shockley–Queisser (SQ)

calculation from a blank project file. The codes have been tested in OriginPro

2018 (64-bit) SR1 (b9.5.1.195). Older versions may not work. The LabTalk

codes can be entered in the Script Window (Shift+Alt+3). If one tries to

copy and paste the below codes into the script window, the line breaks of the

wrapped long lines should be removed. To execute, select (highlight) the script

to be run and press Enter. Though tested, the scripts may be specific to the

described usage and bugs may be found otherwise.

B.1 Basic calculation

The following codes create a workbook of the following worksheets:

Table B.1. Workbook structure of the Shockley–Queisser (SQ) calculation

Order Worksheet name Meaning

1 Sheet1 Core calculations

2 S-lambda Calculating area of input SPD for normalization

3 Snorm Checking proper normalization

Upon execution, a dialog pops up and asks for the path of the spectrum data

file. A two-column tab-delimited ASCII file containing the spectrum data

(without header, but customizable in the code) is needed for the calculation.
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A relative emission spectrum is sufficient. Areas of 1 should be obtained in

worksheet Snorm if proper spectrum normalization is performed.

The core calculation worksheet Sheet1 has the following columns:

Table B.2. Structure of worksheet Sheet1

Order Column short name Column description Unit

1 A λ nm

2 B S (λ) a.u.

3 C Snorm (λ) nm
−1

4 D Eg eV

5 E Snorm (ε) eV
−1

6 F ηu

7 G Φeh s
−1

m
−2

8 H Φ0,rad s
−1

m
−2

9 I ηd

10 J ηFF

11 K ηu × ηd

12 L ηSQ

1 // User specific parameters - enter here

2 double Pin = 0.8030403; // irradiance in W/m^2, 1 W/m^2 = 100 uW/cm^2

3 double Tcell = 300; // device temperature in K

4 double dVoc = 0; // Voc loss in V

5 string WBname$ = "RawA"; // Name of workbook

6

7 // Workbook initialization

8 del -sw %(WBname$)*;

9 win -cw *;

10 newbook name:=WBname$ option:=lsname;
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11 page.xlcolname = 0;

12 wks.name$ = "Sheet1";

13

14

15 // Column initialization

16 wks.ncols = 12;

17 wks.col4.type = 4;

18 wks.userParam1 = 1;

19 wks.userParam1$ = "Pin";

20 wks.userParam2 = 1;

21 wks.userParam2$ = "Tcell";

22 wks.userParam3 = 1;

23 wks.userParam3$ = "dVoc";

24

25 1!wcol(1)[L]$ = "Wavelength \i(\g(l))";

26 1!wcol(1)[U]$ = "nm";

27 1!wcol(1)[Pin]$ = $(Pin);

28 1!wcol(1)[Tcell]$ = $(Tcell);

29 1!wcol(1)[dVoc]$ = $(dVoc);

30

31 1!wcol(2)[L]$ = "\i(S)(\i(\g(l)))";

32 1!wcol(2)[U]$ = "nm\+(-1)";

33

34 1!wcol(3)[L]$ = "\i(S)\-(norm)(\i(\g(l)))";

35 1!wcol(3)[U]$ = "nm\+(-1)";

36

37 1!wcol(4)[L]$ = "Bandgap energy \i(E)\-(g)";

38 1!wcol(4)[U]$ = "eV";

39

40 1!wcol(5)[L]$ = "\i(S)\-(norm)(\i(\g(e)))";

41 1!wcol(5)[U]$ = "eV\+(-1)";

259



42

43 1!wcol(6)[L]$ = "\i(\g(h))\-(u)";

44 1!wcol(6)[U]$ = "";

45

46 1!wcol(7)[L]$ = "\g(F)\-(s)";

47 1!wcol(7)[U]$ = "s\+(-1) m\+(-2)";

48

49 1!wcol(8)[L]$ = "\g(F)\-(0,rad)";

50 1!wcol(8)[U]$ = "s\+(-1) m\+(-2)";

51

52 1!wcol(9)[L]$ = "\i(\g(h))\-(d)";

53 1!wcol(9)[U]$ = "";

54

55 1!wcol(10)[L]$ = "\i(\g(h))\-(FF)";

56 1!wcol(10)[U]$ = "";

57

58 1!wcol(11)[L]$ = "\i(\g(h))\-(u) x \i(\g(h))\-(d)";

59 1!wcol(11)[U]$ = "";

60

61 1!wcol(12)[L]$ = "\i(\g(h))\-(SQ)";

62 1!wcol(12)[U]$ = "";

63

64

65 // Import spectral data

66 impASC orng:=1 options.sparklines:=0 options.names.FNameToSht:=0

options.names.FNameToBk:=0;

67

68

69 // Spectrum normalization and change of variables

70 integ1 -recalculate 1 iy:=(1,2) type:=abs rd:=<new>! oy:=<none>;

71 [WBname$]2!wks.name$ = "S-lambda";
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72 page.active = 1;

73

74 csetvalue f:="abs(wcol(2))/total" c:=3 r:=1 s:="range total = S-

lambda!Col(H)[1:1];";

75 csetvalue f:="1239.841984/wcol(1)" c:=4 r:=1;

76 csetvalue f:="wcol(3)*wcol(1)^2/1239.841984" c:=5 r:=1;

77

78

79 // Check if normalization is proper

80 integ1 -recalculate 1 iy:=((1,3),(4,5)) type:=abs rd:=<new>! oy:=<

none>;

81 [WBname$]3!wks.name$ = "Snorm";

82 page.active = 1;

83

84

85 // Efficiency calculation

86 csetvalue f:="i==1?NA():-wcol(4)*IntegrateXY(wcol(4),wcol(5)/wcol(4))

" c:=6 r:=1;

87

88 %Z = "double Pin = %%(wcol(1)[Pin]$);%(CRLF)";

89 %Z = "%Zdouble e = 1.602176634E-19;";

90 csetvalue f:="wcol(6)/(wcol(4)*e)*Pin" c:=7 r:=1 s:=%Z;

91

92 %Z = "double C = 1.97665807110222E27;%(CRLF)";

93 %Z = "%Zdouble k_Boltz = 8.6173303E-5;%(CRLF)";

94 %Z = "%Zdouble T = %%(wcol(1)[Tcell]$);%(CRLF)";

95 %Z = "%Zfunction double BB(double engy, double T, double k_Boltz) {%(

CRLF)";

96 %Z = "%Z return engy^2/(Exp(engy/k_Boltz/T)-1);%(CRLF)";

97 %Z = "%Z}";

98 csetvalue f:="C*Integral(BB, wcol(4), +inf, T, k_Boltz)" c:=8 r:=1 s

261



:=%Z;

99

100 %Z = "double k = 8.6173303E-5;%(CRLF)";

101 %Z = "%Zdouble T = %%(wcol(1)[Tcell]$);";

102 csetvalue f:="k*T/wcol(4)*ln(wcol(7)/wcol(8)+1)" c:=9 r:=1 s:=%Z;

103

104 %Z = "double k = 8.6173303E-5;%(CRLF)";

105 %Z = "%Zdouble T = %%(wcol(1)[Tcell]$);%(CRLF)";

106 %Z = "%Zdouble dVoc = %%(wcol(1)[dVoc]$);";

107 csetvalue f:="dVoc>=wcol(9)*wcol(4)?:((wcol(9)*wcol(4)-dVoc)/(k*T)-ln

((wcol(9)*col(4)-dVoc)/(k*T)+0.72))/((wcol(9)*wcol(4)-dVoc)/(k*T)

+1)" c:=10 r:=1 s:=%Z;

108

109 csetvalue f:="wcol(6)*wcol(9)" c:=11 r:=1;

110 csetvalue f:="wcol(6)*wcol(9)*wcol(10)" c:=12 r:=1;

B.2 Illuminance-dependent Shockley-Queisser calculation

The following code generates a workbook of limiting/optimal device parameters

at different illuminances and bandgap energy based on the workbook generated

by the code in Appendix B.1. In each worksheet, each column (except the first)

gives the values of the device parameter at the specified illuminance. Each

worksheet can be plotted into a contour plot (e.g. Fig. 4.4(c)) by specifying the

bandgap (first) column as X and the illuminance row (user defined parameter)

as Y. The worksheets generated are listed below:
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Table B.3. Workbook structure of the illuminance-dependent SQ calculation

Order Worksheet name Parameter

1 Eff d ηd

2 Eff ud ηu × ηd

3 Eff udFF ηSQ

4 Voc V
SQ

oc

5 Jsc J
SQ
sc

Before executing the code, the illuminance corresponding to the Pin in Ap-

pendix B.1 is required. The worksheet created in Appendix B.1 is also needed

in order to execute this code.

This code can also update a particular worksheet by specifying Option$.

This will force the execution to process only the specified worksheet.

1 // User parameters initialization

2 string sWBname$ = "RawA";

3 string dWBname$ = "PowerVar"+sWBname.right(sWBname.Len()-3)$;

4

5 int nPin = 10;

6 double Lref = 300; // in lx

7 double Lmin = 100; // in lx

8 double Lmax = 1000; // in lx

9

10 //// For specific worksheet update ////

11 //// Values (CASE SENSITIVE): "", "GenEff_d", "GenEff_ud", "

GenEff_udFF", "GenVoc", "GenJsc"

12 //// "" means update all

13 string Option$ = "";

14
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15 StringArray dWSname;

16 dWSname.add("Eff_d");

17 dWSname.add("Eff_ud");

18 dWSname.add("Eff_udFF");

19 dWSname.add("Voc");

20 dWSname.add("Jsc");

21

22

23 // initialize workbook

24 if (exist(dWBname$,2)!=0)

25 {

26 if ([dWBname$]!page.nlayers==dWSname.GetSize())

27 {

28 loop (j, 1, dWSname.GetSize())

29 if ([dWBname$]$(j)!wks.name$ != dWSname.GetAt($(j))$)

30 {

31 win -cw %(dWBname$);

32 del -sw %(dWBname$)*;

33 break;

34 }

35 }

36 else

37 {

38 win -cw %(dWBname$);

39 del -sw %(dWBname$)*;

40 }

41 }

42

43 newbook chkname:=1 name:=dWBname$ sheet:=dWSname.GetSize() option:=

lsname;

44 win -a %(dWBname$);
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45 page.xlcolname = 0;

46

47

48 // Worksheet initialization

49 double Lstep = (Lmax-Lmin)/(nPin-1);

50 double PperL = $(%([sWBname$]1!col(A)[Pin]$)/Lref);

51 double Pmin = PperL * Lmin;

52 double Pmax = PperL * Lmax;

53 double Pstep = (Pmax-Pmin)/(nPin-1);

54

55 loop (j, 1, dWSname.GetSize())

56 {

57 [dWBname$]$(j)!wks.name$ = dWSname.GetAt($(j))$;

58 [dWBname$]$(j)!wks.nCols = nPin + 1;

59 [dWBname$]$(j)!wks.userParam1 = 1;

60 [dWBname$]$(j)!wks.userParam1$ = "Illuminance";

61 [dWBname$]$(j)!wks.userParam2 = 1;

62 [dWBname$]$(j)!wks.userParam2$ = "Pin";

63 }

64

65 loop (j, 1, dWSname.GetSize())

66 {

67 $(j)!wcol(1)[L]$ = [sWBname$]1!wcol(4)[L]$;

68 $(j)!wcol(1)[U]$ = [sWBname$]1!wcol(4)[U]$;

69 page.active = j;

70 csetvalue f:="r1" c:=1 r:=1 s:="range r1 = [%(sWBname$)]1!wcol(4)

;";

71

72 switch(%([$(j)]!wks.name$))

73 {

74 case "Eff_d":
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75 loop (i, 0, nPin-1)

76 { [$(j)]!wcol(i+2)[L]$ = "\i(\g(h))\-(d)";}

77 break;

78 case "Eff_ud":

79 loop (i, 0, nPin-1)

80 { $(j)!wcol(i+2)[L]$ = "\i(\g(h))\-(u) x \i(\g(h))\-(d)";}

81 break;

82 case "Eff_udFF":

83 loop (i, 0, nPin-1)

84 { $(j)!wcol(i+2)[L]$ = "\i(\g(h))\-(SQ)";}

85 break;

86 case "Voc":

87 loop (i, 0, nPin-1)

88 {

89 $(j)!wcol(i+2)[L]$ = "\i(V)\=(oc, SQ,opt)";

90 wcol(i+2)[U]$ = "V";

91 }

92 break;

93 case "Jsc":

94 loop (i, 0, nPin-1)

95 {

96 $(j)!wcol(i+2)[L]$ = "\i(J)\=(sc, SQ)";

97 wcol(i+2)[U]$ = "\g(m)W cm\+(-2)";

98 }

99 break;

100 }

101 }

102

103

104 // Calculation

105 int SelectAll = Option$=="" ? 1 : 0;
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106 loop (j, 1, dWSname.GetSize())

107 {

108 if (Option$ != "")

109 j = dWSname.Find(Option.right(Option.Len()-3)$));

110 if (j!=0)

111 page.active = j;

112 else break;

113 loop (i, 0, nPin-1)

114 {

115 $(j)!wcol(i+2)[Illuminance]$ = $(Lmin + i*Lstep);

116 $(j)!wcol(i+2)[Pin]$ = $(Pmin + i*Pstep, *3);

117

118 if (j==1 && (Option$ == "GenEff_d" || SelectAll))

119 {

120 %Z = "double Pin = %%(wcol($(i+2))[Illuminance]$)*$(PperL);%(

CRLF)";

121 %Z = "%Zrange Eg = [%(sWBname$)]1!wcol(4);%(CRLF)";

122 %Z = "%Zrange eff_u = [%(sWBname$)]1!wcol(6);%(CRLF)";

123 %Z = "%Zdouble k = 8.6173303E-5;%(CRLF)";

124 %Z = "%Zdouble T = %%([%(sWBname$)]1!wcol(1)[Tcell]$);%(CRLF)";

125 %Z = "%Zdouble e = 1.602176634E-19;%(CRLF)";

126 %Z = "%Zrange Fc0 = [%(sWBname$)]1!wcol(8);";

127 csetvalue f:="k*T/Eg*ln((eff_u/(Eg*e)*Pin)/Fc0+1)" c:=$(i+2) r

:=1 s:=%Z;

128 }

129

130 if (j==2 && (Option$ == "GenEff_ud" || SelectAll))

131 {

132 string sThisWSname$ = "Eff_d";

133 %Z = "range Eff_u = [%(sWBname$)]1!wcol(6);%(CRLF)";

134 %Z = "%Zrange Eff_d = %(sThisWSname$)!wcol($(i+2));";
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135 csetvalue f:="Eff_u*Eff_d" c:=$(i+2) r:=1 s:=%Z;

136 }

137

138 if (j==3 && (Option$ == "GenEff_udFF" || SelectAll))

139 {

140 string sThisWSname$ = "Eff_ud";

141 %Z = "range Eff_FF = [%(sWBname$)]1!wcol(10);%(CRLF)";

142 %Z = "%Zrange Eff_ud = %(sThisWSname$)!wcol($(i+2));";

143 csetvalue f:="Eff_ud*Eff_FF" c:=$(i+2) r:=1 s:=%Z;

144 }

145

146 if (j==4 && (Option$ == "GenVoc" || SelectAll))

147 {

148 %Z = "range Eff_d = Eff_d!wcol($(i+2));";

149 csetvalue f:="wcol(1)*Eff_d" c:=$(i+2) r:=1 s:=%Z;

150 }

151 if (j==5 && (Option$ == "GenJsc" || SelectAll))

152 {

153 %Z = "range Eff_u = [sWBname$]1!wcol(6);%(CRLF)";

154 %Z = "%Zdouble Pin = %%(wcol($(i+2))[Illuminance]$)*$(PperL);";

155 csetvalue f:="Eff_u*Pin*100/wcol(1)" c:=$(i+2) r:=1 s:=%Z;

156 }

157 }

158 if (Option$ != "") break;

159 }
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