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Abstract

Electroluminescent quantum dot light-emitting devices (QDLEDS) are a relatively new technology for
displays that have all of the benefits of emissive displays commonly associated with organic light-emitting
devices (OLEDs) such as low power draw, deeper black levels, and fast refresh rates. However, QD emitters
confer additional valuable characteristics for displays due to their high photoluminescence quantum yield
(PLQY) approaching 100%, narrow emission full-width at half maximum (FWHM < 20 nm), the tunability
of their peak luminescence wavelengths across the entire visible spectrum, and their solution-processability
which makes them compatible to low-cost and flexible fabrication techniques. Unfortunately, like their
organic counterpart, the long-term stability of QDLEDSs has been limited for many years. While high-
efficiency red and green QDLEDSs have recently been demonstrated with electroluminescence lifetimes of
over 1,000,000 hours, this may not be suitable for some applications given the luminance of the devices for
which these lifetimes are rated. Furthermore, like OLEDs, blue QDLEDSs are far less stable than red and
green with the record lifetime being orders of magnitude less. Therefore, it is important to understand the
mechanisms governing QDLED stability in order to improve device lifetimes. In general, the main
degradation mechanism affecting QDLEDs has been attributed to multi-charge carrier interactions referred
to as Auger recombination which uniquely affects QDs to a greater degree due to their nanoscale structure
but also the inherent charge imbalance within QDLEDs. However, there is little focus on the degradation
of devices outside of this process. Given the similarity in structure between QDLEDs and OLEDs, this
work aims to elucidate upon additional degradation mechanisms that may influence the long-term stability
of these devices by considering the degradation mechanisms that affect organic semiconductors.

This thesis investigates each interface present within the QDLED structure to identify its influence on
QDLED performance, with strategies to improve efficiency in addition to the main focus of device stability.
The primary interfaces of interest occur between the electron transport layer (ETL) and the QD emission
layer (EML) as well as between the QD EML and the hole transport layer (HTL). However, the interface
between the HTL and the hole injection layer (HIL) will also be shown to influence the electroluminscence
stability of QDLEDSs despite not interacting with the QD layer directly. This work utilizes the hybrid
inverted QDLED structure which consists of an inorganic ETL and an organic HTL as this structure has
proven to be far superior to devices with all-organic or all-inorganic transport layers. Therefore, it is the
HTL that will be of particular interest in this thesis. Red and green QDs were utilized as the EML over the
course of this work, but the primary focus will be on the red QDLEDs as they resulted in the most efficient
and long-lives devices allowing for a better environment in which the influence of the interfaces on QDLED
performance could be evaluated. However, the results should be applicable to a wide range of QD EMLs
of different colours and compositions.

The role of the ETL / EML interface in QDLED performance was investigated by introducing the wide
band gap work function modification layer between the two layers. While a 1.6x improvement in maximum
EQE was observed, this coincided with a worsening of the charge imbalance. Rather than a result of
improved charge balance, this efficiency enhancement was attributed to a reduction in QD exciton
guenching by the ZnO due to the passivation of surface states at this interface. While this resulted in a
negligible effect on the EL stability of these QDLEDs at the time, further experiments investigating the
effect of excitons at the EML / HTL interface would identify these excitons as an issue for long-term
QDLED stability. Ultimately, the main influence of the ETL / EML interface on QDLED performance lies
in the exciton quenching effect of ZnO surface states which limits the QD film PLQY'. The influence of the
ETL and EML layers on morphological stability was investigated by a systematic study on the processing
parameters of ZnO and the QDs for spherical and rod-shape QDs. The main factor determining the degree
of morphological degradation in the emissive area homogeneity was the roughness of each layer. This is



also a limitation in OLED morphological stability, as the organic semiconductors are prone to
crystallization when deposited on rough surfaces. Therefore, although rough layers are the catalyst of this
morphological instability, it is the organic HTL that is the limiting factor in long-term morphological
stability.

The role of degradation of the HTL on overall QDLED stability was further investigated through PL
measurements from QDLEDs over time while irradiated with UV light. By measuring changes in the QD
PL over time under constant UV illumination in devices with a variety of organic semiconductors, it became
clear that the HTL has a significant influence over the loss in QD PLQY during aging. While the QDs
individually are relatively stable during the measurement period, the PLQY loss in the QDLEDs correlated
to the individual PLQY loss of the organic layers. It was therefore found that the exciton-induced
degradation of the organic molecules at the QD / HTL interface that is particularly deleterious to QDLED
stability. A multi-layer HTL structure was investigated in order to improve charge balance and reduce hole
accumulation at the QD / HTL interface. With the optimized structure, a 25% enhancement in QDLED
lifetime was observed. This HTL structure allows for the use of alternate HILs which do not damage the
underlying organic layers during device fabrication, restricts the accumulation of holes at the QD / HTL
interface and reduces charging of the QD layer, and limits degradation of the HTL at the QD / HTL
interface. Ultimately, this work has identified and characterized a degradation mechanism affecting long-
term EL stability of QDLEDs and presents a device structure which utilizes a cascading HTL with small
gaps between each component’s HOMO energy level with an organic HIL minimizing the effects of this
mechanism on QDLED EL stability.



Acknowledgments

This PhD journey was incredibly rewarding, where every step along the way provided a new challenge to overcome.
In the moment — when nothing you try seems to work — it’s frustrating. But in hindsight they’re important character,
patience, and research skills building experiences that I wouldn’t trade for anything else. Throughout all of this |
couldn’t have asked for a better supervisor than Professor Hany Aziz, whose guidance, compassion, invaluable
knowledge, and insights have inspired me to become a better researcher and a better person.

I would like to acknowledge my advisory committee, Professor Siva Sivoththaman, Professor Irene Goldthorpe and
Professor Kevin Musselman for reviewing my work and their valuable comments and suggestions. | would also like
to thank Professor Ghassan Jabbour for accepting the role as my external PhD examiner and Professor Na Young Kim
for attending my PhD Seminar.

Special thanks go out to my colleagues, Hossein Zamani Siboni, Qi Wang, Graeme Williams, Yingjie Zhang, Uyxing
Vongsaysy, Yoshitaka Kajiyama, Bin Sun, Sibi Sutty, Elizabeth Salsberg, Amanda Victorious, Hyeonghwa Yu,
Yongjoo Cho, Edward Jin, Mozhgan Sadeghian-Lemraski, Ahmed Elbaroudy, Peng Wang, Dong Seob Chung,
Fatemeh Samaeifar, and Atefeh Ghorbani Koltapeh for all of their advice and discussions throughout my graduate

studies, academic or otherwise.

I would like to thank Richard Barber and Czang-Ho Lee for their technical assistance and for making the Giga-to-

Nano lab facilities a great working environment.

I would also like to thank my parents, Brenda Davidson and Jack Hall; my siblings, Dylan, Jackie, and Lee-Ann; and
all the rest of my extended family and friends for their love and support. | would not have been able to do it without
you all.

Most of all, I’d like to thank Natalie Hirano for her continual support, kindness, and understanding during those long
nights in the lab and accepting my erratic schedule. You kept me sane and grounded in the ensuing exhaustion. Without

question, the best and most important part of graduate school was all the time that we spent together.

Financial support for this work from the National Sciences and Engineering Research Council of Canada is gratefully
acknowledged. Further financial support from the Richard and Elizabeth Madter Graduate Award, the Queen Elizabeth

I Graduate Scholarship, the Ontario Graduate Scholarship, and the WIN Nanofellowship was greatly appreciated.



Table of Contents

AULNOT’S DIECIATALION. ...ttt bt bbbt b bbbt bbb e st e st e b e bt et sttt e e ii
AADSTIACT ...ttt R bt iii
F o TV =T o T =T ) S v
ST OF FIGUIES ...ttt bbb b e s et b e bt bbb et e e ne e iX
LSE OF TADIES ...t b ettt Xiv
List of Abbreviations & ChemiCal NAMES ...........ociiiiiiiiir e XV
Chapter 1: Introduction and BaCKgroUNQ.............cccciuiiiiioiiieiie ettt sre et eee 1
1.1 TRESIS OVEIVIEW ...tttk bbbttt bbbttt bbb b 4
1.2 The TransSition MOMENT ........couiiiitiiiiiee ettt 6
1.3 QuANtUM CONFINEBMENT.......oiiiiiicie ettt ettt e et ebe e s be e sbeesaeesatesabeeebeesbeesraesreeas 9
1.4 Colloidal QUANTUM DOLS .......ciiiieieiieieie ettt estesteestesreeseentesreenaeneeans 13
141 COIE MALETTAIS. ...ttt bbb 13
1.4.2 Shell Structure & MaLErTalS..........ccoiviiiiiii e 14
1.4.3 QUANTUM DOt SYNENESIS ...vecvviiieciece ettt e s be e sbesraerenre s 16

1.5  Electroluminescent QDLED Architecture & MeChaniCS.........ccvvvvevviviii i 18
151 Exciton Formation & ReCOMDINGLION .........cc.oviiiiiiiiiiciiciicse e 19
152 Charge INJection & TIANSPOIT ......ccveiviieieieirise e 22
153 Upright vs.Inverted ArChitECIUIE..........coviiiiiee e 25
154 Degradation MEChANISIMS..........ccciiiiie ettt sre st sre e e 26
Chapter 2: A Brief History of QDLED Performance...........c.cooeieieiiininisise e 30
2.1  1994-2005: Core-Only and Core / Shell QDs with Organic Transport Layers.............cccceeveanene 32
2.2 2006-2012: Red, Green and Blue QDLEDs with Inorganic and Organic / Inorganic Hybrid
LI LIS 0T o A - =T SO SRR 34
2.3 2013-2019: Gradient Composition QDs, Hybrid Transport Layers, and Interface Engineering 38
2.4  QDLED Stability and Electroluminescence LIfEtIMe........ccevvvevieiii i 41
2.5  MOtivation & ODJECTIVES. ......cciiiiiiieie bbb 46
Chapter 3: EXPerimental PrOCEAUIES.........c.uo ittt st seeere e e sneeneenee e 48
TS N @ 1 I =t N oo o L4 o] S OSSPSSSN 48
311 Material SEIECTION .........oiiiie s 48
3.1.2 DBVICE LAYOUL.....ecveeiiiietiitiie ettt bbbttt ettt 53

Vi



3.1.3 DT ICALION PIOCESS ....vveeeeieeeie ettt et e ettt et e e e s e ettt e e e e e ses ettt teeeeesaanreaeeeeeesseansrrareeeees 54

3.2 QDLED CharaCteriZatiON.........ccveiiviiiriiireeireeiree it e eteesite et sre e sbeesreesvesbesbeesbeesbeesbeesbeesrreebeesree e 56
3.21 Current Density-Voltage-Luminance CharacteristiCs ..........c.ovvvrerinereieieieesese e 56
3.2.2 Electroluminescence Stability .......c.ccoiiiiiii i 57
3.2.3 ElectrolumineSCenCe SPECLIOSCOPY ......vivervirrerrereieiieiesie sttt 57
3.24 Time-Resolved Delayed Electroluminescence SPectroSCOPY ........ccevverveerererenereniennennas 58
3.25 PhotolumingsCenCe SPECIIOSCOPY .....veiveiveiieareeiesieeeesteseestesteetestessaesbesreesesteesesressaesresses 60
3.2.6 Time-Resolved Transient Photoluminescence SPeCtroSCOPY ........coerveveererereseneniennennas 60
3.2.7 (G AV o aT0] (1S Lo ] [ SR 61
3.2.8 Surface Morphology & ROUGNNESS..........ccuiiiiiiiiiieieiee e 61

Chapter 4: The Role of the Interface Between the Electron Transport Layer and the Emissive Layer on
(O] I B T o] 11 o= SO SS 63

O A {1 oo [0 oo SO 63

4.2 EXPErimental DELAIlS.........ccooiiiiiieieieis s 65
4.2.1 DEVICE FADIICALION ...ttt ettt 65
4.2.2 DeVice CharaCteriZatioN ..........cocviieieiieie et sre et sre e see e 66

4.3 RESUILS ANA DISCUSSION ...eviiiieiesiesietieiesie sttt sttt sttt b e besbe st e e eeneas 68

O O 4 Tod 11T (o] 4SS S PR 80

Chapter 5: The Influence of the Electron Transport and Emission Layers on Morphological Stability of

QDILEDS ..ottt ettt 81
5.1 INEFOTUCTION ...t b bbbt b bbb nb b 81
5.2 EXPerimental DELAilS.........ccoviiiiiiiiiice ettt st nreare s 83

521 DEVICE FADIICALION ...ttt 83
522 DeVvice CharaCteriZatiON ...........ccoueiiieirieiiieisieeie et 84
5.3 RESUILS @N0 DISCUSSTON .....vvviiiiiiiiieieieeiieiesie sttt ettt bttt bbb 85
5.4 CONCIUSIONS ...tttk bbb bbbt b et e et b ettt eb e 92

Chapter 6: The Role of Excitons Within the Hole Transporting Layer in QDLED Degradation................ 93
6.1 INEFOTUCTION ...ttt nnenen e 93
6.2 EXperimental DELailS.........c.cooiiiiiiiiiiie et ane s 95

6.2.1 DEVICE FADIICALION ...ttt 95
6.2.2 Device CharaCterizatioN ...........ccooveieiiiiesie s 96
6.3 RESUILS @N0 DISCUSSTON ...c.viviiiiiiieieieieeei sttt sttt bbb n e 97
6.4 CONCIUSTONS ...ttt b et n ettt r e nr e nen s 115

Chapter 7: Improving QDLED Stability via the Implementation of a Cascading Hole Transport Layer.116

Vil



7.1 L0 lo [U11 (o) IR 116

7.2 EXperimental DELAilS.........ccoviiiiie it re s 118
7.2.1 DEVICE FADITCALION ...t 118
7.2.2 DeVice CharaCteriZatiON ...........ccociiviiiieiiei e 118

7.3 RESUILS @N0 DISCUSSTON ...ttt bttt nn e nnen s 120

T4 CONCIUSTONS ...ttt bbbt bt b ettt b s ner e 140

Chapter 8: SumMmary and FULUIE WOTK ........cccuiiiiiiice ettt sn et sreene 141
8.1 SUMIMAEIY ...ttt et s R R s Rt s e R e Rt e r e e R e e nr e r e e r e nr e nn e ne e 141
8.2 FULUIE WOTK ...ttt bbbttt 145

RETEIENCES ... bbb bR R b ettt b b 147

viii



List of Figures

Figure 1.1 A simplified schematic breakdown of (a) QDLCD and (b) QDLED displays. .......c.c.ccccvervenne.n. 2
Figure 1.2 Comparison of the atomic-like orbitals of QD energy states to bulk energy states in k-space.
Adapted with permission.> Copyright 2016 American Chemical SOCIELY. .......cccevvvereriririririrerereseeeienn, 11

Figure 1.3Valence band splitting in (a) a bulk semiconductor, showing the heavy and light hole splitting
(Aag) and split-off hole band (Aso) and (b) for a QD, depicting the fine structure splitting of the band edge
energy states and allowable radiative transitions. Adapted with permission.> Copyright 2016 American

CREMICAI SOCIBLY. ...t b bbb ettt eb e 12
Figure 1.4Size-dependent emission spectra of CdSe-based QDS. ........cccoviiriiireneneieiees e 14
Figure 1.5 A structural and energy level schematic depiction of the three dominant structures of QDs
commonly used in QDLEDs: core / shell, core / thick shell, and core@gradient shell...........c...c.cccoe..... 15
Figure 1.6 Bottom-emitting QDLEDSs with (a) an upright and (b) an inverted architecture...................... 18

Figure 1.7 (a) The basis for the formation of conduction and valence bands in periodic crystals as opposed
to molecules. The energy of the highest state occupied by bound electrons is split and shared by each atom
without a potential energy barrier. (b) The difference in LUMO (conduction) and HOMO (valence) state
energy and distribution for single molecule, ordered crystal, and amorphous films. (c) A pictorial
representation of what a Gaussian distribution of amorphous energy bands would look like in an arbitrary
direction with respect t0 Charge tranSPOIT. .......cc.oviiiiiiire s 25

Figure 2.1(a) EQE and (b) LT50 (for an initial luminance of 100 cd m) metrics reported in literature since
2011 for red (triangle) 22,23,115,116,123-130,24,131-140,25,141,26-28,78,81,82 green (CirCIE) 22,23,126,129,131,132,134—

136,139,141,142,24,143-152,25,26,28,70,81,121,125 and blue (Square)22,23,122,125,126,129,131,132,134,136,139,141,24,149,153—

156,26,28,51,52.545581 glectroluminescent QDLEDs. References for devices with record EQE and LT50 values
are included beside the data point. Where LT50 values are unavailable for a 100 cd m initial luminance,
the LT50 values at the provided initial luminance have been converted to an equivalent value using the
lifetime relation of Lo,"LT50 = L1"LT50 where n is the acceleration factor of 1.8 frequently calculated for
(0 I I LTSRS 31
Figure 2.2(a) Operation time-dependent traces of the internal quantum efficiency (IQE) of QDLEDs under
a current density of 30 mA cm2 (solid line), and the QD emissive layer PLQY in the same device (circle).
Reproduced with permission.’®” Copyright 2018, American Chemical Society. Capacitance-voltage
characteristics of (b) Red and (c) Blue QDLEDs in their initial state (LT100, solid line), after 10%
degradation of their initial luminance (LT90, dotted line), and after 50% degradation of their initial
luminance (LT50, dashed line). Reproduced with permission.*® Copyright 2019, Nature Publishing Group.
(d) Normalized QD PL intensity vs. time for QDLEDs with HTLs of N,N’-bis(naphthalen-1-yl)-N,N'-
bis(phenyl)benzidine (NPB, diamond), CBP (square), 2,6-bis[3-(9H-carbazol-9-yl)phenyl]pyridine (2,6-
DCzPPy, circle), 2,2',7,7'-tetrakis(carbazol-9-yl)-9,9-spirobifluorene (Spiro-CBP, triangle), or 1,3-

iX



bis(carbazol-9-yl)benzene (mCP, cross) under continuous UV irradiation. Reproduced with permission.1%

Copyright 2019, The Royal Society 0of ChemiStry.........ccoiiiiiiiii s 45
Figure 3.1 llustrations of the core/shell structure of the (a) spherical and (b) rod-shape QDs used in this
LT ] TSP SRR P 53
Figure 3.2Schematic of the QDLED substrate layout used in this WOrk. ............ccoceovveiiiiiciniiice, 54

Figure 3.3 (a) Schematic representation of the delayed EL experimental setup. (b) An outline of time-
resolved QDLED driving scheme, prompt and delayed EL, chopper position, and data acquisition
throughout the delayed EL MEaSUIEMENL...........c.couiiiiiiieie et ste st e et s e et sr e re e e e sresteenaenae s 59
Figure 3.4Normalized spectra for prompt (solid black) and delayed (dotted red) EL components.......... 60
Figure 4.1QDLED (a) structure and (b) energy level diagram where the values of each component layer
have been derived from literature 109117/ 172.182.214-217.223.227 | | oo 66
Figure 4.2(a) Absorption spectrum of QD rods in solution and photoluminescence spectra of QD rods in
solution (solid black) and film (dotted red). (b) Transient photoluminescence lifetime of QD rods in solution
(solid black) and film (O FEA). ......cviiieiririeie et 67
Figure 4.3 (a) EQE vs. current density and (b) Current density and luminance vs. voltage
characteristics for devices with various PEI interlayer thiCknesses. ..........ccccoeveininiinininencneenn 69
Figure 4.4EL spectra of devices with a Flrpic marking layer and PEI thickness increasing from 0
nm to 15 nm, normalized to the QD emission peak at 550 nm. The inset figure is the same EL
spectra zoomed in to accentuate the FIrpic CONtribULION. ........ccccoiviiiiiiiiiieee s 71
Figure 4.5(a) Delayed electroluminescence of QDLEDs with PEI thickness from 0 nm to 15 nm. The inset
figure is normalized to the maximum delayed electroluminescence signal. (b) Prompt and delayed
electroluminescence as a function of PEI thickness. (c) Normalized delayed electroluminescence of
QDLEDs with PEI thickness from 0 nm to 15 nm where a 2.5 V reverse bias is applied from 100 ps to 250
ps. The 0 nm PEI unbiased curve from (a) is included for reference. ..o 72
Figure 4.6 (a) Steady-state photoluminescence spectra from an excitation wavelength of 365 nm
and (b) transient photoluminescence decay measurements at an emission wavelength of 560 nm for
the A (red diamond), B (green triangle), C (blue cross), and D (purple circle) film structures. ..... 76
Figure 4.7 AFM images of ZnO film surface (a) before and (b) after coating with an 8 nm PEI film. The
measurements are taken over a 5 um square area with a height range of 10 NM. ..., 77
Figure 4.8 The change in luminance normalized to initial values (a) and absolute change in driving voltage
(b) for control (black square) and 8 nm PEI EIL (green triangle) devices driven with constant 20 mA cm
current density. Initial luminance and driving VOIAQE. ...........ooov i 79
Figure 5.1(a) Current density-voltage and (b) Current efficiency-current density curves for QDLEDSs with
varying thickness of QDs (20 nm, 35 nm, 50 nm) and QD Rods (15 nm, 30 nm, 45 nm). (c) Initial EL
images of the emissive area for QDLEDs with a 20 nm QD layer and a 15 nm QD Rod layer. (d) Emissive
area EL images of QDLEDs with varying thickness of QD (20 nm, 35 nm, 50 nm) and QD Rod (15 nm, 30



nm, 45 nm) EMLs after 120 hours of storage in a N2> atmosphere and AFM images of each QD and QD Rod

Figure 5.2 Current density-voltage curves for QDLEDs with varying thickness of the ZnO ETL (15 nm,
24 nm, 32 nm, 41 nm, 50 nm) and: (a) a 50 nm QD EML or (b) a 15 nm QD Rod EML. Current efficiency-
current density curves for QDLEDs with varying thickness of the ZnO ETL (15 nm, 24 nm, 32 nm, 41 nm,
50 nm) and: (c) a 50 nm QD EML or (d) a 15 nm QD Rod EML. (e) Emissive area EL images of QDLEDs
with varying ZnO ETL thickness (15 nm, 24 nm, 32 nm, 41 nm, 50 nm) and a 50 nm QD EML after 250
hours of storage in a N, atmosphere, or with a 15 nm QD Rod EML after 120 hours of storage in a N2
atmosphere and AFM images of the ZnO surface for a given thiCKNess. ..........ccccveveiiieni v s, 88
Figure 5.3 Current density-voltage curves for QDLEDs with a 32 nm ZnO ETL annealed at varying
temperature (120 °C, 150 °C, 180 °C) and: (a) a 50 nm QD EML or (b) a 15 nm QD Rod EML. Current
efficiency-current density curves for QDLEDs with a 32 nm ZnO ETL annealed at varying temperature
(120 °C, 150 °C, 180 °C) and: (c) a 50 nm QD EML or (d) a 15 nm QD Rod EML. (e) Emissive area EL
images of QDLEDs with a 32 nm ZnO ETL annealed at varying temperature (120 °C, 150 °C, 180 °C) and
a 50 nm QD EML, or a 15 nm QD Rod EML, after 120 hours of storage in a N> atmosphere and AFM
images of the ZnO surface for a given anneal teMPErature. ..........ocooeieiiiiiinine e 90
Figure 6.1(a) Current density vs.voltage, (b) Luminance vs.current density, (¢) EQE vs.current density,
(d) Luminance (solid) and change in driving voltage (AV=V(t)-Vo) (dashed) EL lifetime curves for
QDLEDs with CBP (red square), Spiro-CBP (green diamond), 2,6-DCzPPy (blue triangle), and NPB
(PUIPIE CIFCIE) HTLS. .ottt bbb b bbbt 101
Figure 6.2 (a) EQE vs. current density, (b) Luminance (dashed) and current density (solid) vs. voltage
characteristics for QDLEDs designed for matching performance with CBP (red square) and Spiro-CBP
(DIUE CIFCIE) HTIMIS. ...ttt ettt et s b e e be e be e he et esbeeaeesbeeteebesaeensesteaneesreaees 101
Figure 6.3 EL stability test results from the CBP (red square) and Spiro-CBP (blue square) QDLEDs
optimized for matching performance, showing the changes in luminance (solid) and driving voltage (AV =
V(t) — V0) (dashed) over time at 20 mA cm2 driving current densSity...........ccceevevvveeeeeeeeeeeeeseeeereevenns 102
Figure 6.4(a) PL spectra of a CBP QDLED over 80 hours of constant UV irradiation with insets indicating
the device structure and source of measured PL emission (top), the change in measured CBP PL intensity
(bottom), and QD PL intensity (right). (b) QD peak PL intensity vs.time and (c) HTM peak PL intensity
vs.time for CBP (red square), NPB (green diamond), Spiro-CBP (blue triangle), 2,6-DCzPPy (black circle),
and mCP (gold cross) QDLEDs subjected to constant UV irradiation. The 370 nm band corresponds to the
UV excitation peak. 2,6-DCzPPy and mCP HTM bands could not be detected.............cccoooviiiivieinnes 103
Figure 6.5PL spectra for a QDLED with a Spiro-CBP HTL over 80 hours of constant UV irradiation. 104
Figure 6.6PL spectra for a QDLED with a NPB HTL over 80 hours of constant UV irradiation. ......... 105
Figure 6.7 PL spectra for a QDLED with a 2,6-DCzPPy HTL over 80 hours of constant UV irradiation.

Xi



Figure 6.8PL spectra for a QDLED with a mCP HTL over 80 hours of constant UV irradiation. ......... 105
Figure 6.9 QD peak PL intensity vs.time for devices with Spiro-CBP (blue triangle), TPBi (dark blue
cross), and Spiro-CBP / TPBi (purple circle) layers subjected to constant UV irradiation. ..................... 106
Figure 6.10PL spectra for a QDLED with a TPBi spacer layer over 80 hours of constant UV irradiation.

Figure 6.11PL spectra for a QDLED with a Spiro-CBP / TPBi HTL over 80 hours of constant UV
1= To =LA o] OO PRSPPI 106
Figure 6.12Peak PL intensity vs.time for the following films subjected to constant UV irradiation with
370 nm peak wavelength: (a) QD PL of a QD film deposited on ZnO (dark red square) and the QDLED
structure with TPBi (dark blue cross); (b) HTM PL of CBP (red square), NPB (green diamond), Spiro-CBP
(blue triangle), and Spiro-CBP / TPBi (purple circle) films deposited on glass. ........cccccevvvveveveiviiierenne 109
Figure 6.13PL spectra for a QD film deposited on ZnO over 80 hours of constant UV irradiation. ...... 110
Figure 6.14PL spectra for films of (a) CBP, (b) NPB, (c) Spiro-CBP, and (d) Spiro-CBP / TPBi over 80
hours of CoNStaNt UV IrTA0IALION. ........ccoiiiiiie ettt et e e sreeeesreenes 111
Figure 6.15TrPL measurements for 10 nm (red square) and 20 nm (blue circle) films of (a) CBP, (b) Spiro-
CBP, and (c) NPB deposited on glass with (dark, filled) and without (light, dashed) a QD layer in between.
(d) TrPL measurements for green QDs deposited on ZnO with a subsequent CBP (dark red square) and
CBP:DCJTB (dark bIUg CIrCIE) TAYEL. ...ccveeriiriieie ittt sttt s re et ene 112
Figure 6.16EL spectra of QDLEDs (normalized to the QD peak emission) with a TBADN marking layer
inserted at 0 nm (red square), 10 nm (green diamond), 20 nm (blue triangle), and 30 nm (purple circle)
within the CBP and compared to a control device without a TBADN marking layer (black).................. 114
Figure 7.1(a) Energy level diagram of the materials utilized in the QDLEDs in this work with energy levels
taken from literature, 2183200251 (h) Current density (solid) and luminance (dotted) vs. voltage
characteristics, (c) EQE vs. current density characteristics, and (d) Normalized EL spectra of the CBP /
MoQ; (triangle), CHTL / MoOs; (circle), and CHTL / HATCN (square) QDLEDs. The EL spectra are
measured while driving the QDLEDs at 20 mA c¢cm current density which corresponds to driving voltages
0f 3.68 V, 5.22 V, and 5.28 V, rESPECLIVEIY.....c.eeiiiiiicic ettt st 122
Figure 7.2(a) Current density (solid) and luminance (dashed) vs voltage and (b) EQE vs current density
characteristics of the CBP / MoOs (triangle), CHTL / HATCN (square), CBP / HATCN (diamond), and
TCTA / NPB / HATCN (Cross) QDLEDS. ......cccoiiiiiiieiiiisie sttt 122
Figure 7.3Zoomed-in EL spectra of HTL emission from (a) CHTL / HATCN (black) and (b) CBP / MoO3
(red) and CHTL / MoOs (blue) QDLEDs, compared to the PL emission of TCTA (orange), NPB (green),
and CBP (purple). The EL spectrum has been normalized to the maximum emission value of the QD peak
WAVEIBNGLN. ... bbb bt bt ettt bt 123

xii



Figure 7.4EL Spectra of HTL emission from (a) CHTL / HATCN and (b) CBP / MoO3; QDLEDs, driven
at 4 V (red), 5V (green), 6 V (blue), and 7 V (purple) bias. The EL spectrum has been normalized to the
maximum emission value of the QD peak Wavelength...........cccooveiiii i 123
Figure 7.5 Normalized luminance vs. time (solid) and change in driving voltage vs. time (dotted)
characteristics of the CBP / MoOs (triangle), CHTL / MoOs (circle), and CHTL / HATCN (square)
QDLEDs under constant electrical driving at 20 mA cm current density. .......cccocovvveeeesnnrsreesnnns 124
Figure 7.6 Normalized luminance vs. time characteristics of the CBP / MoQOs (triangle), CHTL / HATCN
(square), and TCTA / NPB / HATCN (cross) QDLEDs. The EL stability measurements were carried out

under constant electrical driving at 20 MA cm2 cUrrent denSity. ........ccceevvveeervrieeeeesee e, 126
Figure 7.7 Charge accumulation schematic of CBP / MoOs, CHTL / HATCN, and TCTA/NPB / HATCN
QDLEDS UNAEr TOrWAIT DIAS. .....civveeeieiieeiiiisi et ettt ste st e e ste e s e ntesneenaesreeneenreanen 127

Figure 7.8(a) Current density vs.voltage and (b) Change in driving voltage vs.time characteristics for the
MoOs / QD / CBP / MoOs (triangle), MoOs / QD / CHTL / MoOs (circle), and MoOs / QD / CHTL /
HATCN (square) hole-only devices under constant electrical driving at 20 mA cm current density. ... 129
Figure 7.9 Energy level diagram schematic of the QDLEDs utilizing a 5 nm Flrpic marking layer, with
distances of x = 15 nm and x = 30 nm away from the QD / HTL interface...........ccccoovvvininninenenenns 131
Figure 7.10Normalized EL spectra of CHTL / HATCN (solid) and CBP / MoOs (dotted) QDLEDSs with a
5 nm CBP:Flrpic [10%] marking layer inserted x = 15 nm (circle) and x = 30 nm (square) away from the
QD / CBP interface and compared to the EL spectra of QDLEDs without a marking layer (triangle). ... 131
Figure 7.11(a) Current density vs voltage and (b) EQE vs current density characteristics of the CHTL-10
(triangle), CHTL-20 (circle), CHTL-40 (square), and CBP / MoO; (diamond) QDLEDs........................ 133
Figure 7.12 Normalized luminance vs. time (solid) and change in driving voltage vs. time (dotted)
characteristics of the CHTL-10 (triangle), CHTL-20 (circle), and CHTL-40 (square) QDLEDs under
constant electrical driving at 20 MA cmM™2 CUMTENt AENSILY. .....c.evevrurrerereereeiie e 135
Figure 7.13(a) Delayed EL of QDLEDs with HTLs consisting of CBP / MoOs (triangle), CHTL-20 /
HATCN (circle), or TCTA / NPB / HATCN (square). (b) Normalized delayed EL of the same QDLEDs
with a 2.5 V reverse bias applied from 650 S 10 850 LS. .....ccceivveriiiiiiieiecierie e se et 137
Figure 7.14 Schematic of CBP / MoOs;, CHTL / HATCN, and TCTA / NPB / HATCN QDLEDs under
reverse bias, where arrows indicate the direction of flow for accumulated / trapped charges. The dashed
areas indicate likely exciton formation spots which may lead to delayed EL. ..........cccccooviininiiincnennns 139

Xiii



List of Tables

Table 3.1Chemical name, molecular structure, HOMO and LUMO energy levels, band gap energy, and
carrier mobility of the organic semiconductors studied in thiS WOrK. ............c.cooviiiiiiiiiie 51
Table 4.1QD Film Structure and Exciton Lifetime Fitting Parameters...........c.ccoovereieiniiniinienencscnenns 75
Table 6.1Notable performance characteristics of QDLEDs with CBP, Spiro-CBP, 2,6-DCzPPy, and NPB
hole transporting layers, their molecular structure, glass transition temperature, HOMO and band gap
T 1=] () 2 OSSP 99

Xiv



List of Abbreviations & Chemical Names

2,6-DCzPPy
AFM
Alg3
CBP
CHTL
DCJTB
EL
EML
EQE
ETL
Flrpic
FRET
FWHM
HATCN
HOMO
HTL
HTM
IPA
IQE
ITO
JVL

LCD

2,6-bis[3-(9H-carbazol-9-yl)phenyl]pyridine

Atomic force microscope
tris-(8-hydroxyquinoline)aluminium
4,4’-N,N’-dicarbazole-biphenyl

A hole transport layer consisting of several materials with cascading energy levels
4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran
Electroluminescence

Emission layer

External quantum efficiency

Electron transport layer
bis(4,6-difluorophenylpyridinato-N,C2)picolinatoiridium
Forster resonance energy transfer

Full-width at half-maximum
1,4,5,8,9,11-hexaazatriphenylene-hexanitrile

Highest occupied molecular orbital

Hole transport layer

Hole transport material

Isopropanol

Internal quantum efficiency

Indium tin oxide

Current density-voltage-luminance

Liquid crystal display

XV



LED
LT50
LUMO
mCP
MEA
MoO3
NiO
NPB
OLED
OPV
osC
PEDOT:PSS
PEI
PEIE
PFI

PL
PMMA
Poly-TPD
PPV
PVK
QD
QDLCD

QDLED

QY

Light-emitting device

Time for a LED to reach 50% of its initial luminance under constant electrical driving
Lowest unoccupied molecular orbital

1,3-bis(carbazol-9-yl)benzene

Monoethanolamine

Molybdenum trioxide

Nickel oxide

N,N'-bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine

Organic light-emitting device

Organic photovoltaics

Organic semiconductor

poly(ethylenedioxythiophene):polystyrene sulfonate

polyethylenimine

polyethylenimine ethoxylated
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-sulfonic acid
Photoluminescence

poly(methyl methacrylate)

poly(N,N'-bis(4-butylphenyl)- N,N'-bis(phenyl)benzidine)
poly(p-phenylenevinylene)

poly(vinylcarbazole)

Quantum dot

Liquid crystal display incorporating a quantum dot colour conversion layer
Quantum dot light-emitting device

Quantum yield

XVi



RMS Root-mean square

Spiro-2NPB 2,2',7,7"-tetrakis[N-naphthalenyl(phenyl)-amino]-9,9-spirobifluorene
Spirot-CBP 2,2',7,7'-tetrakis(carbazol-9-yl)-9,9-spirobifluorene

Spiro-TPD spiro-N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4'-diamine
TAZ 3-(4-biphenylyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole

TBADN 3-tert-butyl-9,10-di(naphth-2-yl)anthracene

t-Bu-PBD 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole

TCTA 4,4' 4"-tris- (carbazol-9-yl)triphenylamine

TFB poly(9,9-dioctylfluorene-co-N-(4-(3-methylpropyl))diphenylamine

™ Transition moment

TOP Trioctylphosphine

TOPO Trioctylphosphine oxide

TPBI 1,3,5-tris(2-N-phenylbenzimidazolyl)-benzene

TPD N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine
TrPL Transient photoluminescence

TTA Triplet-triplet annihilation

ZnAc Zinc acetate

ZnO Zinc oxide

ZT0O Zinc tin oxide

XVii



Chapter 1: Introduction and Background

The emergence of colloidal quantum dots (QDs) nearly 4 decades ago has spurred significant efforts
to utilize their unique characteristics and optimize their luminescence for many optical applications such as
light-emitting devices (QDLEDs) for displays and solid-state lighting, photovoltaics, and biological
labeling. CdSe-based QDs dominate in the visible spectrum due to their high photoluminescence (PL)
guantum yield (PLQY) approaching 100%, narrow emission full-width at half maximum (FWHM < 20
nm), the tunability of their peak luminescence wavelengths across the entire visible spectrum, and their

solution-processability which makes them amenable to low-cost processing.*®

Recently, commercial liquid crystal displays (LCDs) became available with QDs used as colour
conversion films (in what has been deemed QLED commercially, but will be referred to here as QDLCD
for clarity) reaping the benefits of the good PL stability and emissive properties of QDs. Although LCDs
rose to prominence due to their own superiority to the previous generation of display technology, organic
light-emitting diode (OLED) displays have begun to challenge LCDs as the dominant technology.® In an
LCD, polarized light from a white backlight transmits through a film of liquid crystal molecules which can
further polarize the light. The polarization factor is controlled by the orientation of the liquid crystal
molecules which is controlled by an applied electric field. Finally, a fixed polarizer only allows a specific
polarization of the incident photons which are then passed through red, green, and blue colour filters to
produce RGB sub-pixels in a display. The main drawbacks of this technology are: the large power draw of
the always-on backlight, poor contrast from the minimum black level which arises from the baseline light
level transmitted through the OFF liquid crystal state, and poor colour saturation as the RGB subpixel colour
is defined by overlap of the broad white backlight emission spectrum with the allowable transmission by
each colour filter. While LCDs can be considered a transmissive display technology, OLEDs are an
emissive technology so only the sub-pixels that are used to display the image are turned on, resulting in low

power draw, deeper black levels, and fast refresh rates.>** Although the light emitted by OLEDs is still



often transmitted through polarizers and colour filters which can reduce their brightness, this has less of an
effect compared to LCDs as each sub-pixel of the OLED display can be fabricated to selectively emit red,
green, and blue photons. Perhaps one of the most unique properties of OLEDs arises from the low
temperature fabrication process as this allows for the use of flexible plastic substrates and low-cost, large
scale processing although this feature is seldom realized in current commercial applications.!* The
drawbacks of OLED displays generally lie in their molecular instability — particularly blue OLEDs — since
the organic semiconductors (OSCs) used in this technology degrade over time due to environmental,
chemical, and physical mechanisms and thus are not as robust as the inorganic semiconductors traditionally
used in displays.>192012-1% The different degradation rates of the RGB sub-pixels manifests as the image
burn-in commonly associated with OLED displays. The development of QDLCDs has improved colour
saturation since they can be used as colour filters themselves and their narrow emission spectra can achieve
much larger colour spaces required for ultra-high-definition displays. However, the prospect of utilizing
QDs as the emitter in an emissive display technology is tantalizing for the same reasons that they are utilized
in LCDs, allowing for much more narrow emitters compared to OLEDs (~50 nm FWHM). A simplified

schematic breakdown of the components in QDLCDs and QDLED:s is illustrated below in Figure 1.1.

(a)

Colour Filter

(b)

Polarizer

ﬁﬁ ﬂﬂ Linear Polarizer
\/’ Glass with Transparent Conductive Electrode

Liquid Crystal
q Glass with Transparent Conductive Electrode
\/ Linear Polarizer
@ Colour Conversion Film [%

Figure 1.1 A simplified schematic breakdown of (a) QDLCD and (b) QDLED displays.
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Recently, red and green QDLEDs have demonstrated comparable efficiencies and lifetimes to OLEDs,
which will be discussed in later sections. Due to their generally inorganic composition, QDs may be able
to achieve highly efficient and stable blue emission by avoiding the degradation mechanisms that plague
organic semiconductors, but this has not yet been realized. The discrete nature of QDs in a cast film as well
as strong carrier confinement and exciton confinement results in properties akin to disordered amorphous
molecular semiconductors such as OSCs.?! As such, much of the early work on electroluminescent (EL)
QDLEDs operation mechanics and device structures have built upon the groundwork laid by OLED
research. For the most part, QDLEDs are very similar to OLEDs, with the exception of the emissive layer
(EML) which is a layer of QDs as opposed to a luminescent OSC. Although most improvements in QDLED
efficiency have resulted from enhancements in QD synthesis techniques, there is room to improve both
efficiency and stability of QDLEDs through optimization of the device architecture. While OLED
degradation mechanisms have been extensively studied and will be relevant to the devices discussed in this
thesis, there has been a lack of specific investigation into the degradation mechanisms of QDLEDs. The
largest factor governing QDLED degradation is currently accepted as excessive charging of QDs due to the
inherent charge imbalance within these devices.??>-2 Beyond the effect of charges on QDs, degradation in

QDLEDs remains a relatively unexplored topic.



1.1  Thesis Overview

In chapter 1, basic information regarding the mechanism by which photons are created via radiative
recombination of excitons is presented, the quantum confinement effect which gives QDs their unique
optical properties is then discussed, followed by a section detailing common colloidal QD properties,
materials, and synthesis methods as they relate to QDLEDs, and finally concluding with a section on EL

QDLED operation mechanisms, architectures, and degradation mechanisms.

In chapter 2, a brief history of QDLEDSs from their inception is split up into 3 sections covering their
initial years of exploration (1994-2005), the intermediate years of development (2006-2012), and the recent
years of refinement (2013-2019), followed by a section detailing the literature on QDLED stability, finally

concluding with the motivation for this work and the objectives it aims to address.

Chapter 3 details the experimental procedures utilized in this work with respect to device fabrication,
including the material selection, device layout, and deposition techniques, followed by descriptions of the
techniques used to characterize the QDLEDs in this work, including current-voltage-luminance
characterization, EL and PL stability measurements, steady state and time-resolved EL and PL

spectrometry, and surface morphological characterization.

In chapter 4, the role that the interface between the electron transport layer and emission layer plays
in device performance is explored by introducing a wide bandgap polymer work function modification layer

at this interface.

In chapter 5, the role of the electron transport and emission layers on the morphological stability of
QDLED:s is investigated systematically by varying the processing parameters and characteristics of each

layer.



In chapter 6, the role that excitons play in the degradation of QDLEDs is explored through PL stability
measurements elucidating upon the extent to which degradation of the organic transport layers can influence

the overall device stability especially for degradation that occurs near the QD interface.

In chapter 7, the role of hole accumulation at the QD interface and degradation of the hole transport
layer is investigated while also developing an improved device structure in order to minimize the
accumulation of charge carriers near the QD interface, leading to significantly improved QDLED EL

stability.

Finally, a summary of the research results and conclusions of this work are provided in chapter 8 along

with directions for future work.



1.2  The Transition Moment

The fundamental mechanism governing light emission and absorption is the transition moment (TM)
of a material, which defines the probability of excitation or relaxation of an electron from its initial state
(a) to its final state (b). In the context of this work, the initial state is the excited, higher energy state whereas
the final state is the lower energy ground state. The transition rate between these states can be found by
integrating Fermi’s golden rule equation across all initial and final states considering the probability that
each state is filled.%® After making some modifications to fit our use of this equation, the total transition rate

per unit volume can be written as:
Y =B B ME®H s———— "0 Q @)

Where Vis volume, k s the initial or final wavevector, ‘(i the wave polarization vector, 1 is the dipole
moment,T is the FWHM of the Lorenzian lineshape, E is the energy state, 9 is the reduced Planck constant,
1 is the frequency of the absorbed or emitted photon, and f is the probability of a particular state to be
occupied by an electron.® In this equation, the evaluation of the dipole moment with respect to initial and
final eigenstates is called the transition moment and is the factor that defines the probability of excitation
or relaxation of the electron. A series of simplifications to the TM can be made to separate the expression

into a product of independent integrals:
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This separation results in integrals corresponding to the nuclear vibrational (| [ “— Q0 ), electron spin
( 37°Y '), and electron spatial overlap (| 3° * 3 Q0 ) wavefunctions.®** This important factorization
is possible since the nuclear motion of a molecule can be considered negligible compared to that of the
electron, given their large mass difference and that only the initial and final orbitals of the electron need to

be considered, assuming that electron-electron interactions are negligible and only one electron participates



in each transition.®32 If any of the three separate integrals that make up the simplified TM are equal to zero,
then that particular transition is deemed forbidden and will not proceed. The so-called forbidden transitions
are only impossible due to the preceding assumptions that were made and when these assumptions are no
longer accurate there may be a small possibility for these transitions. However, in most cases these

assumptions are accurate enough to explore the selection rules for allowed, or probable, transitions.

According to Hund’s rule and the Pauli exclusion principle, degenerate energy orbitals will be filled
with the same spin — either up or down — since this is the most stable electronic orientation and it is forbidden
to have two electrons with the same 4 quantum numbers in an orbital .32 Thus, the triplet state with parallel
spins is forbidden in the ground state and the singlet state is the only allowable ground state.*? For a non-
zero solution to the electronic spin overlap integral the initial and final states must be the same — either
singlet or triplet.®? Thus, an excitation will only be allowed in a singlet © singlet and likewise for a
relaxation. Mathematically, triplet © triplet transitions are also allowed so, while not necessarily possible
for excitations, this will be important in the discussion of energy transfer mechanisms between molecules.
However, this is one case where the assumptions made earlier misrepresent the capability of an electronic
transition since the singlet © triplet transition probability is merely negligible in a standard organic
molecule.®? The effect of spin-orbit coupling imbues some singlet character to triplet states and vice versa
via a perturbation either through: (i) interactions between the magnetic dipole of an electron, its orbital
motion, and the static field from the positively charge nucleus which scales with the quartic power of atomic
weight, or (ii) by decreasing the gap between singlet and triplet state energy such that thermal energy can

induce a flip in the electron spin.

There are a number of possible allowable relaxations of an excited electron whether by radiation or a
loss to phonon vibrations.® The excited state lifetime is very short and ultimately determined by the fastest
transition rate. Allowed transitions, such as the singlet radiative recombination transition, S1 © So, occurs
quickly with a rate constant ks ~ 10° — 10° s whereas the forbidden triplet transition, T1 © So, is much

slower with a rate constant of k, ~ 102 — 10* 1.3 Meanwhile, radiationless transitions occur between energy



envelopes of electronic states with degenerate energy levels so there is no dissipation of energy through
emission of a photon or vibration.*® Following a radiationless transition, an electron will likely not be in the
ground state and will expend any excess energy through vibrational relaxation.®® Quenching is a detrimental
competing process to radiative transitions that can be caused by a multitude of sources but is generally due
to some sort of impurity which leads to a loss of the excited state energy through non-radiative dissipation.
Energy transfer is similar but not necessarily undesirable and in many cases it can be essential for efficient

devices although in combination with quenchers it may reduce device performance.

The main energy transfer mechanism that is relevant to QDLEDs is Forster resonance energy transfer
(FRET). FRET occurs through a coupling of dipoles between two molecules where the wavefunctions of
the donor and acceptor both oscillate with the same frequency, facilitating the transition of an excited state
from the donor to acceptor.®* FRET requires an overlap in the emission spectrum of the donor with the
absorption spectrum of the acceptor similar to the trivial energy transfer mechanism.3* While the two
processes are similar in effect, they occur over two different ranges — trivial energy transfer can occur over

any distance but the FRET transition rate scales with R as seen in the following equation:

3 - . “O —| ” —| ,Q—‘ (3)

Where T is the excited state lifetime, R is the distance between donor and acceptor, c is the speed of
light, n is the refractive index of the medium, "O is the emission spectrum of the donor and ,, is the
absorption spectrum of the acceptor.® The FRET range is typically limited to distances < 10 nm.3! There
are some cases where Dexter energy transfer, an exchange of electrons between a donor and acceptor
molecule which requires a spatial overlap of the orbitals (as opposed to dipole-dipole overlap in FRET),
may occur in QDLEDs. This necessitates an even closer separation between the two molecules, typically

<1 nm, so it is not common due to the large spatial separations between QD cores in a film.



1.3  Quantum Confinement

The source of QDs’ unique and attractive properties for light emission (primarily their size-tunable
band gap, and emission and absorption spectra) lies in quantum confinement of excitons. The exciton is a
bound state formed due to the Coulombic attractions between an electron and hole.? In bulk materials, the
exciton radius can be modeled as a hydrogenic atom’s Bohr radius (& ) and is given by the following

equation:

o]
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WhereT is the vacuum permittivity,T is the permittivity of the medium, m," is the reduced effective
mass of the electrons and holes, e is the elementary charge, and me is the mass of a free electron. If the
guantum dot size is smaller than the exciton radius, then the exciton will be strongly confined within the
QD. Quantum dot sizes on the same order of magnitude should weakly confine excitons.?! In both
confinement conditions, excitons will no longer be able to move freely in that dimension. Just as in the
particle-in-a-box and hydrogen atom models (solutions are detailed in refs.?:3%), the confinement of an
exciton in one or more dimensions will discretize the number of states that the exciton can occupy as well

as shift the ground state energy level toward higher values.

This size-dependent energy gap is perhaps the most valuable trait of QDs. Since both electrons and
holes will be confined to the small radius of the QD, there is a Coulombic attraction between the negative
and positively charged components of the exciton that forms imparting a Frenkel-like character as opposed
to the Wannier-Mott excitons in bulk semiconductors.?> While the Coulomb potential energy used in
hydrogen atom energy state calculations would typically be used to evaluate the exciton binding energy, if
the quantum dot is strongly confined (i.e."Y & ), then the hydrogen model begins to break down and the
Brus equation is used instead which includes a charge carrier separation distance factor as highly confined

excitons will have larger binding energies.?***3738 However, since the exciton binding energy as estimated



by the Brus equation is only inversely related to the QD radius its effect on the transition energy is not as
strong as confinement.?1353738 The electronic transition energy for the lowest states of a spherical quantum

dot can be written as:

a ©Oj : — (5)

Where 3] is the energy required for an electronic transition between states (i.e. the formation or
recombination of an exciton), Eguik represents the bulk band gap of the material, the second term represents
the combined electron and hole confinement energy, and the third term represents the Coulombic interaction
between the confined electron and hole. R is the radius of the spherical QD. Therefore, one can see that the
energy of an exciton in a QD will always be greater than that of its bulk counterpart and that decreasing the
QD radius will increase this energy value. This QD exciton energy will be referred to as the band gap for

convenience in the following work.

For a spherical particle with radius R, the envelope function of a charge carrier in the particle can be

found to have the following form:

o IR #—— (6)
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Where C is a normalization constant, ji(kn,r) is the I*t order spherical Bessel function and an, is the n®
zero of j;, and Y™ is a spherical harmonic. The eigenfunctions of equation (6) are atomic-like orbitals that
can be identified with the quantum numbers n (1,2,3...),1(s,p,d,...), and m (for which the resultant energies

are degenerate and this can be ignored).* The energy of each state (n,l) is given by:

(o] ' (8)

Where each of the resultant levels corresponds to an atomic-like orbital that is confined to the QD (1S,

1P, 1D, 28, ...). This energy is used in equation (5) to find the lowest energy state of the quantum dot (1S)
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where the first zero of the 1 order spherical Bessel function is equal to n.°> The higher energy states
correspond to each of the allowable QD energies, and is depicted in Figure 1.2 in relation to the k-space

depiction of a bulk semiconductor’s energy states.
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Figure 1.2 Comparison of the atomic-like orbitals of QD energy states to bulk energy states in k-space. Adapted with
permission.®> Copyright 2016 American Chemical Society.

In many bulk semiconductors including CdSe, the minimum conduction state of electrons is derived
from S-type atomic orbitals and is 2-fold degenerate due to the spin state of the electron. However, the
valence band maximum is derived from P-type wavefunctions which are split by spin-orbit interactions into
a 4-fold degenerate band (heavy and light holes) with Bloch function angular momentum j = 3/2 and a 2-
fold degenerate band (split-off) with angular momentum j = 1/2.3%42 The light hole sub-band has an angular
momentum projection of jm = £1/2 and the heavy hole sub-band has an angular momentum projection of jm
= +3/2.% Depending on the crystal structure of the semiconductor, crystal-field splitting may induce a
separation in the light hole and heavy hole bands (Aag).3*? For CdSe, zinc-blende crystals do not have an

energy level split whereas wurtzite crystals have a crystal-field splitting of Aag = 26 meV.53

In QDs where the effective mass of holes is much greater than the effective mass of electrons (in CdSe,
mn = 6me), the energy separation between the valence band states becomes small enough that quantum
confinement-induced mixing of the hole sub-bands is observed.®*“? The valence bands in these QDs are

therefore characterized by the total angular momentum F = j + |, a vector sum of the Bloch function angular

11



momentum and the orbital momentum | which corresponds to the atomic-like orbitals that arise from the
quantum mechanical solution of the QD wavefunction.®**? The convention for writing these mixed states
is the form nle which would be 1S3, for the lowest energy valence band. A comparison of the valence band
splitting in a bulk semiconductor and QDs, showing the fine structure of the band edge energy states and
allowable transitions, is included below in Figure 1.3. One can see that the lowest energy electron-hole

pair would reside in the 1S (electron) and 1S3, (hole) energy levels.
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Figure 1.3 Valence band splitting in (2) a bulk semiconductor, showing the heavy and light hole splitting (Aag) and
split-off hole band (Aso) and (b) for a QD, depicting the fine structure splitting of the band edge energy states and
allowable radiative transitions. Adapted with permission.® Copyright 2016 American Chemical Society.
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1.4  Colloidal Quantum Dots

The two dominant growth techniques that separate QD classifications are epitaxial growth and wet
chemistry colloidal suspensions. Epitaxial growth and photolithography allows for precise patterning and
positioning of individual QDs for applications in quantum computing and cryptography. Meanwhile,
colloidal QDs are more applicable for large-scale devices as it is possible to utilize the multitude of solution
coating techniques for deposition while also offering much more control over process scalability, carrier
confinement, size, distribution and even shape.? All of the QDs discussed in this work will be colloidal
suspensions for their application to QDLEDs for which their solution-processability is a major attractive
feature. Practically, this allows for the synthesis of QDs with specific size (and, therefore, emission
wavelengths) targeted to maximize the colour space of a display. The very narrow density of allowable
states in QDs results in narrow light emission spectra with FWHM values < 20 nm which also contributes
to highly saturated colours for displays. Semiconductors are the most common QD due to their intermediate
confinement size (< 10 nm) which are easiest to fabricate and band gap (< 4 eV) which can be manipulated

for interesting optical properties in the visible, IR, and UV ranges.?

1.4.1 Core Materials

Although QDs can be synthesized from a wide variety of materials, and semiconductors such as Si, C,
CdTe, PbSe, and PbS are highly researched topics in fields such as photovoltaics, thermoelectrics, and
biological sensing, CdSe has become the dominant QD core material for light emission. CdSe is a group I1-
VI semiconductor with a bulk band gap of 1.74 eV with a deep red emission peak (712 nm) which allows
it to cover the entire visible spectrum by manipulating the QD size reduced as depicted in Figure 1.4.
However, the very small radius required for blue QDs results in poor quality and size distribution due to
the difficulty in controlling uniformity in short reaction times at low temperatures, among other undesirable
confinement-related properties of small QDs.>*345
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Figure 1.4 Size-dependent emission spectra of CdSe-based QDs.

However, CdSe is a highly toxic and carcinogenic material that has restrictions on the amount that can
be incorporated in commercial products. In order to switch to a safer fabrication process and product,
alternate core materials have recently experienced an increased research initiative. InP has become a leading
QD core material in this regard since its 1.27 eV bulk band gap allows for the synthesis of red- and green-
emitting QDs with PLQY's approaching that of CdSe core QDs, with encouraging recent reports on device
performance.“¢*® Unfortunately, that leaves a void in the blue range that has not been sufficiently filled for
Cd-free QDs as the best candidate material to date, ZnSe with a bulk band gap of 2.82 eV, has thus far
proven to be suboptimal.®® Blue QDs are therefore generally relegated to using CdS with a bulk band gap

of 2.42 eV or an alloyed core of Zn.Cdi.«Se1-ySy with a bulk band gap between CdSe and ZnS.5+%°

1.4.2 Shell Structure & Materials

QDs were initially synthesized and utilized in a homogeneous core-only form, but these QDs had poor
PLQY and spectral stability as a consequence of significant exciton quenching due to dangling surface
bonds and surface oxidation. This has been overcome through progress in QD design and synthesis. By
introducing a subsequent protective “shell” around the QD emissive core, the surface defects on the core

that limited spectral stability and PLQY earlier could be passivated provided that the lattice constant of the
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core and shell are similar.®*-%2 This QD structure is generally referred to as core / shell to reflect the instant
change in composition from the core to the shell. While there are surface defects on the outer radius of the
shell which can quench excitons, selecting a shell material with adequately shallower conduction band
energy and deeper valence band energy relative to the core will confine the electron and hole wavefunctions
to the core. This concept is illustrated in Figure 1.5. The requirement of a larger band gap and similar lattice
constant to CdSe means that only a few materials are suitable for the shell, the three most common being
CdS, ZnSe, and ZnS. Organic ligands are also used to passivate QD surface defects with the added benefit

of improving solubility in organic solvents which simplifies solution-based deposition processes.®*-°

By increasing the shell thickness, the distance separating surface defects from the core excitons can be
increased to a point that nearly 100% PLQY can be attained.®5-%° This is suitable for photo-excited QDs
where excitons are created via photon absorption, but when charge injection and transport are also important
(i.e. in EL QDLEDs) then thick shells may impede the overall device performance. Gradient composition
QDs have been pursued to address this issue and also to reduce lattice mismatch stresses.”®"> A gradual
change in the chemical composition from the core to the shell (i.e. CdSe / CdSe1xSx/ CdS, where X increases
from 0 to 1 with increasing radius) smooths out the abrupt change in conduction and valence energy levels
and lattice constant to a gradual slope that is controllable by the synthesis process. The gradient composition
QDs have also demonstrated reduced Auger recombination rates. The convention of core@shell is generally

used to differentiate gradient QDs from the instant change in composition of core / shell QDs.

Core / Shell Core / Thick Shell Core @ Gradient Shell

Figure 1.5 A structural and energy level schematic depiction of the three dominant structures of QDs commonly used
in QDLEDs: core / shell, core / thick shell, and core@gradient shell.

Energy [eV]
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1.4.3 Quantum Dot Synthesis

Although it is possible to synthesize QDs in a high temperature precipitation from molten precursors,
the organic synthesis technique produces much more valuable QDs as they can be recovered as a powder
rather than suspended in glass and their surface can also be passivated with organic ligands to aid in solvent
dispersion. The ligand passivation is especially important because the surface atoms have many dangling
bonds which act as trap states and non-radiative recombination centres to decrease the QD PLQY.%¢7® The
standard organic process refined by Murray et al. involves size selective precipitation to produce a nearly
monodisperse quantum dot product with radius < 10 nm.%® The organometallic precursor (e.g
dimethylcadmium) is dissolved in trioctylphosphine oxide (TOPO), and added to a solution of selenium
shot dissolved in trioctylphosphine (TOP) prepared under an inert atmosphere at 300 °C while stirring.5
The formation of CdSe crystallites leads to a sudden decrease in temperature, which must be increased and
maintained at 230 — 260 °C.% Homogeneous nucleation of the reagents occurs immediately and the decrease
in temperature halts nucleation.®® Further growth as temperature is increased occurs via Ostwald ripening
which is a slow diffusion from small to larger molecules that arises from the instability of high surface
energy small particles.®® As the QDs grow in size and narrow in distribution, the temperature required to
maintain growth increases so the final distribution of sizes can be dynamically optimized during the
process.®® Subsequent rinsing with methanol results in TOP / TOPO capped CdSe QDs that can be dissolved
in a wide range of organic solvents. Utilization of a more complex combination of surfactants in addition

to TOP and TOPO has been successful in improving the PLQY and monodispersity of the resultant QDs."’

A second synthesis step can be followed to coat the CdSe core with a wider bandgap semiconductor
shell such as CdS, ZnS, or ZnSe to further improve PLQY and exciton confinement to the QD core.%® This
shell overcoating process is essentially a continuation of the QD synthesis while introducing new precursor
materials corresponding to the desired shell composition. In order to avoid homogeneous growth of shell-

only composition QDs during the reaction, the shell precursors can be added dropwise at low
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temperatures.”” While the organic ligands passivate some dangling bonds, the bulky nature of these ligands
means that there will inevitably be some free surface states. Meanwhile, a full overcoat of a wider bandgap
material with similar lattice parameter will eliminate CdSe free surface states and the carriers should remain
confined within the CdSe core away from the shell surface traps which are also passivated by ligands.>®
Quantum dots with up to 50% PLQY and 40 nm FWHM emission were first reported with core / shell QDs,
improving on the 15% PLQY and 50 nm FWHM in the CdSe core-only QDs at the time.%®% The use of a
ZnS shell leads to better confinement in the core and greater PLQY than CdS due to its larger bandgap, but
is ultimately limited by the difference in lattice parameter which is also greater than CdS. As the ZnS shell
thickness increases beyond 1.3 monolayers, the PLQY decreases due to an increase in defect density.®
However, this can be circumvented by the growth of a gradient shell from CdSe to CdS to ZnS which can
lead to PLQY nearing 100% and an even narrower emission FWHM while also significantly reducing the
effects of photo-oxidation of the CdSe core.2%7* Recent work in high PLQY gradient composition (>
70%)"® and core/shell/shell (> 95%)?” QD structures has resulted in good crystallinity and a suppression of
blinking along with single-exponential PL decay, characteristic of a reduction in non-radiative
recombination mechanism. Interestingly, this has been achieved by conducting the entire reaction at
elevated (> 250 °C) temperatures and in some cases with a higher temperature shell growth. This may be
related to post-growth alloying that occurs between core and shell materials that has been observed to occur

at high temperatures.™
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1.5 Electroluminescent QDLED Architecture & Mechanics

A QDLED in its most basic form will consist of the following layers: electrodes which inject holes
(anode) and electrons (cathode) into the QDLED, charge transport layers which transport holes (HTL) and
electrons (ETL) through the QDLED, and an EML where the holes and electrons form excitons and
radiatively recombine to emit photons. Owing to the convention used in OLEDs, an upright QDLED will
have the anode as the bottom contact and the cathode as the top contact while and inverted QDLED will
have the cathode as the bottom contact and the anode as the top contact, as depicted in Figure 1.6. Unlike
OLEDs, which have the benefit of complete deposition through thermal evaporation if desired (and is the
technique by which commercial OLED displays are fabricated), the QD layer in QDLEDs must be
processed with solution-based techniques such as through spincoating, inkjet printing or transfer printing.?
While beneficial for low-cost products, this can be detrimental to device efficiency and stability.8 The
solution processing requirement adds another degree of inconsistency and complexity, imposing limits on
the materials that can be used in certain devices as solvent orthogonality must be considered such that

underlying layers are not destroyed.?8%-8

Inverted Architecture
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Figure 1.6 Bottom-emitting QDLEDs with (a) an upright and (b) an inverted architecture.
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The defining characteristic of LED performance is its external quantum efficiency (EQE), the ratio
between photons emitted from the device to the charge carriers injected from the electrodes,®® as defined

by the following equation:
000- 5 s s 9)

Where nr is the electron-hole recombination efficiency, nspin is the spin state recombination efficiency,
nec is the PLQY, and noc is the outcoupling efficiency of the device. The electron-hole recombination
efficiency is essentially a charge balance and carrier leakage factor where 100% corresponds to each charge
carrier forming an exciton within the OLED, decreasing if one carrier has a higher concentration than the
other or reaches the counter electrode without recombining. The spin state recombination efficiency relates
to the allowed and forbidden radiative recombination pathways of excitons on a spin-basis. The PLQY is a
measure of the competing radiative and non-radiative transition rates of excitons within the emission layer.
If the emissive pathways are dominant, then s will approach 100%. Although QDs with PLQY upward
of 100% have been demonstrated, these measurements do not reflect the PLQY of a QD film where energy
transfer of excitons from the core of one QD to surface states on an adjacent QD can increase non-radiative
exciton recombination.2” This leads to a reduction in film PLQY by an order of magnitude or more
compared to the values measured in solution. The outcoupling efficiency describes the probability that a
photon emitted by the QDLED will escape the device. The standard outcoupling factor is assumed to be
20% as derived from ray optics, but recent optical dipole modeling of high efficiency devices has challenged

this notion and the outcoupling factor could be as high as 30%.8384

1.5.1 Exciton Formation & Recombination

Unlike the QDs excited by photons in colour conversion films which create excitons via photon
absorption, in QDLEDs the injection of electrons and holes directly into the QD conduction and valence
energy levels forms excitons via Coulombic attraction to produce EL. While the excitons created by either
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method will emit photons with the same energy, only singlet excitons will be created during PL while both
singlet and triplet excitons will exist in EL. The distinction between singlet and triplet excitons relates to
the exciton’s total spin quantum number (s) of the hole and electron states where singlets have s = 0 and
triplets have s = 1.8 Without perturbation, the radiative recombination of triplet excitons is generally not
allowed since the ground state of the transition has s = 0 and the transition moment spin overlap integral
forbids transitions between spin states (i.e. As = 0). The spin multiplicity of singlets and triplets is defined
by the equation 2s+1, resulting in a ratio of 1 singlet for every 3 triplets. Thus, in a randomly assembled
population of excitons where charge carriers are injected with a random spin state (such as in EL QDLEDs),

we expect to find that 75% of the excitons are triplets.

However, the distinction between singlet and triplet excitons is not as simple in QDs due to the energy
level structure and mixing in the quantum confinement regime. As noted in section 1.2, the lowest energy
excitons in a QD will consist of an electron in the 1S state and a hole in the 1S3, state. The lowest energy
exciton in a QD is a forbidden “dark” state according to the fine structure of band-edge exciton states in
QDs. The fine structure arises from several factors such as crystal field effects which split the light and
heavy hole band energies, deviations from spherical shaped QDs, and electron-hole exchange
interactions.>#%#2 The electron-hole exchange, which represents the different total spins of excitons, is what
results in the “dark™ exciton state.**#? An exciton consisting of a |jm| = 1/2 hole and spin 1/2 electron results
in 2 states with total angular momentum Nm = 0 (referred to as O- and 0V, for lower and upper energy states
with the same total angular momentum) and 2 states with [Nm| = 1 (1Y).494288 An exciton consisting of a |jm|
= 3/2 hole and spin 1/2 electron results in 2 states with total angular momentum |[Npy| = 2 and 2 states with
[Nm| = 1 (11).40-4286 The lowest energy exciton state corresponds to [Nm| = 2, which is not optically active
as the transition is forbidden by the electric dipole approximation and cannot undergo relaxation by a single
photon.*-4286 The next lowest energy state is 1- which is optically active and referred to as the “bright”
exciton.*? These two exciton states are the most important for their application in EL QDLEDs and the

energy difference between these two states (Aqb) can be related to the rate of radiative recombination and
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PLQY of the QDs as a smaller energy difference will allow for easier thermalization of excitons from the
“dark” state to the “bright” state.® Effectively, at sufficiently high temperatures (such as the room
temperature operation of EL QDLEDs), all excitons should be capable of recombining radiatively.®
However, it should be noted that the bright-dark splitting increases as QD size decreases so this is not
necessarily the case for sufficiently small QDs.*? The other exciton states discussed earlier are valuable for

understanding and utilizing the absorption spectra of QDs for many other applications.

Ideally, all excitons will recombine radiatively resulting in a PLQY of 100% but in reality this is not
necessarily the case. Whereas both singlet and triplet excitons may eventually recombine radiatively, there
are several processes that can lead to non-radiative recombination via energy transfer of the exciton or
charge transfer to a quencher such as surface defect sites and dangling bonds or exciton-phonon
interactions.“0638788 These states may arise due to lattice mismatch stresses in the QDs which result in voids
or dislocations in the crystal structure, and dangling bonds will be present at the surface facets of the QDs.
The surface states are more detrimental in homogeneous core-only QDs where the exciton is confined close
to the defect site. All these non-radiative recombination mechanisms should equally affect EL and PL
QDLED:s, but it is the presence of charge carriers as well as excitons that complicates exciton recombination
in EL QDLEDSs in comparison to PL QDLEDs. Fluctuations between “on” and “off” states in the PL
intensity over time known as blinking have been a significant issue of interest for researchers in the field
as the process limits the PLQY of QDs.% In this case, the on state corresponds to a bright exciton that
radiatively recombines and the off state corresponds to a dark state that recombines non-radiatively. This
property has been attributed to non-radiative relaxation of excitons in negatively and positively charged
QDs, referred to as a trions, where the positive trions generally have a faster decay rate and are therefore
less likely to emit a photon.**#-%4 The performance of charged QDs are of particular interest for EL

QDLED:s since the injection of charge carriers makes the eventual charging of QDs inevitable.

Auger recombination is one such non-radiative recombination process where an exciton recombines

and transfers the resultant energy to a third charge carrier (either a hole or an electron) which can
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significantly impact QD luminescence. The rate of Auger recombination in bulk semiconductors has an
inverse exponential relationship to temperature and increases exponentially with increasing band gap.®
However, the Auger process is more efficient in QDs compared to their bulk counterparts due to their strong
Coulomb electron-hole coupling and the relaxation in momentum conservation in atomic systems, which
results in a significant and progressive reduction in the energy barrier for the Auger recombination process
as QDs volume decreases.®*° The Auger decay rates in QDs are often much faster than the radiative decay
rates, resulting in significant reductions in the PLQY of charged QDs. Therefore, it is important to reduce
the influence of Auger recombination for high performance EL QDLEDs using methods such as

compositionally engineered gradient QD structures and surface passivation with organic ligands.

1.5.2 Charge Injection & Transport

Charge carrier injection between the individual layers and into the EML especially is a critical
parameter to consider in the design of QDLEDs. The very deep energy levels of CdSe QDs make this
consideration perhaps the most critical as it puts severe constraints on the electrical properties of the
transport layers. Owing to the previous work on OLEDs as well as the constraints put on the device structure
due to the low temperature and solution-based deposition of the QD layer, amorphous and molecular
semiconductor films are generally used as the transport layers in QDLEDs. A red CdSe core-only QD
should have a conduction band around 4.5 eV below the vacuum energy level (conventionally written as
-4.5 eV) and a valence band around -6.5 eV, both of which are much deeper than typical lowest unoccupied
molecular orbital (LUMO) energy levels of organic ETLs and highest occupied molecular orbital energy
(HOMO) energy levels of organic HTLs.? This results in favourable electron injection into the CdSe with
little to no energy barrier, but a large barrier inhibiting hole injection. There are several equations that have
been developed to model carrier injection between two energy states such as Fowler-Nordheim tunneling,
Richardson-Schottky thermionic emission, drift-diffusion and multiple trapping theory, and analytical
methods, each with their own dominant regimes regarding material choice and properties.%-1% However,
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the injection efficiency generally follows an exponential relationship to energy barrier and electric field
where minimal energy barriers and greater electric fields promote carrier injection across an interface. The
barrier to carrier injection between 2 adjacent layers is related to the difference in energy levels from the
donor molecule to the acceptor molecule. In a QDLED, the QD EML is thus expected to be very electron-
rich, disrupting charge balance in the emission layer. The built-up charges in the QDs can be detrimental
to both efficiency and stability.? For green and blue QDs, both conduction and valence band energy levels
increase which can further exacerbate the difficulty of carrier injection. Further, by utilizing core / shell (or
core@shell) QDs with a wider band gap shell material (such as CdS or ZnS) and organic ligands which are
generally wide band gap insulating materials, the distance between charge donor and acceptor molecules

increases in addition to the larger energy barrier inhibiting charge injection.

In bulk semiconductors, carrier transport occurs via band transport where the very small interatomic
distances (< 3 A) and strong molecular interactions between atoms form a continuous conduction and
valence band as illustrated in Figure 1.7(a). This allows for a rather uninhibited movement of charge
carriers between atoms, with electron (Ue) and hole (un) mobility values typically greater than 100 cm? V!
st which can be described by several carrier scattering mechanisms.** For molecular semiconductors, the
HOMO energy level can be considered as the valence band equivalent where the highest energy bound
electrons reside and can be excited to the LUMO which can be considered as the conduction band
equivalent.’®* However, since the HOMO and LUMO are not actually continuous bands and in most cases
organic semiconducting thin films are amorphous, the movement of charge carriers is much different than
the band transport observed in crystalline semiconductors. The molecular disorder, diverse intermolecular
bond strengths, and poor wavefunction overlap in amorphous films results in a Gaussian distribution of the
density of states as depicted in Figure 1.7(c), ultimately leading to a hopping transport mechanism between
molecules as opposed to band transport.’®* Here, hopping is essentially the tunneling (or injection) of charge
carriers between molecules with a Gaussian distribution of energy levels as described by the following

Gaussian disorder model equation:
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Where T is the absolute temperature, F is the electric field over the space of interest, kg is the
Boltzmann constant, i is the high temperature limit of mobility and the constant C is 2.9x10* cm*2 V-2,
101 The material dependent variables in the equation are the positional disorder (X) of the molecules in the
amorphous thin film and the disorder in energy levels (o), which can be rationalized as the width of the
Gaussian distribution of states.!°* While still dependent on the electric field applied across the film, the
hopping transport mechanism is inherently much slower than band transport, with typical good amorphous
materials exhibiting carrier transport values on the order of 10 cm? V15,21 More often than not, organic
films will have either a dominant hole transport or electron transport character although it is possible to
have bipolar transport as well.1* It is feasible to improve electron transport to 10 cm?V-1s? but there is a
trade-off in device stability due to poor morphology of these films.1° Charge transport through inorganic
semiconductor nanoparticle and QD films generally follows the hopping mechanism as well since charge
carriers must move from one discrete nanoparticle to the next with localized charge carrier wavefunctions,
disorder in their energetic states, and distances between the donor and acceptor similar to that of the organic
molecular films.2® However, the dependence of mobility on carrier density dominates for inorganic films
that have been highly doped. Ultimately, the electron and hole density in QDLEDSs should be balanced to
avoid a build-up of charges leading to the non-radiative recombination pathways discussed in section 1.5.1

and to maximize device efficiency.
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Figure 1.7 (a) The basis for the formation of conduction and valence bands in periodic crystals as opposed to
molecules. The energy of the highest state occupied by bound electrons is split and shared by each atom without a
potential energy barrier. (b) The difference in LUMO (conduction) and HOMO (valence) state energy and distribution
for single molecule, ordered crystal, and amorphous films. (c) A pictorial representation of what a Gaussian
distribution of amorphous energy bands would look like in an arbitrary direction with respect to charge transport.

1.5.3 Upright vs.Inverted Architecture

Owing to the convention used in OLEDs, there are two devices architectures which are depicted in
Figure 1.6: the upright structure where holes are injected from the bottom electrode deposited on the
substrate and electrons are injected from the electrode deposited on top of the device stack and an inverted
structure where electrons are injected from the bottom electrode and holes are injected from the top. Each
architecture has sub-types designating the electrode from which light is emitted, either top-emitting or

bottom-emitting.

In QDLEDs, the transport layer material selection process is the main factor in determining the
architecture and deposition sequence of the device. Indium tin oxide (ITO) is a very popular transparent
conductive electrode material allowing for light emission from the QDLED with low resistivity, but its high
processing temperature (> 300 °C) requires deposition on the transparent glass substrate to avoid thermal-
induced damage of the rest of the QDLED layers.1%>1% Due to the requisite solution-based deposition of
the QD EML, the underlying transport layer must be resistant to whichever solvent is used. Small molecule
organic transport layers are notably susceptible to damage from solvent exposure, limiting their use as the

first transport layer. It is more common to use polymer and inorganic transport layers deposited by a
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solution-based process which are resistant to subsequent solvent treatments. The transport layer deposited
on top of the QD layer may be solution-based or evaporated, opening up the material selection to small
molecule organic transport layers. The final layer is the counter electrode, generally a reflective metal due
to their superior conductivity, but may be transparent in the case of a top-emitting device. HIL and EIL
layers may be deposited between the electrodes and their corresponding transport layers to improve charge

carrier injection, reducing the device driving voltage and improving its efficiency.

The conduction and valence energy states of CdSe-based QDs are very deep in comparison to the
typical transport layers used for many OLEDs. The valence energy states of organic and inorganic transport
layers generally lie between -5 eV to -6 eV. Thus, materials with deeper energy levels are favoured in order
to improve hole injection into the QD EML. ITO has a work function of -4.7 eV, which better aligns with
the deep energy states of these HTLs in comparison to the commonly used Al counter electrode (-4.3 eV).27
Therefore, deposition of the HTL on top of the ITO electrode should facilitate improved hole transport
through the QDLED which is one of the reasons that the upright architecture currently dominates high

performance QDLED structures in literature.

1.5.4 Degradation Mechanisms

Given the similarity in fabrication process and materials used between OLEDs and QDLEDs, we can
expect that many of the degradation mechanisms of OLEDs can be extended to QDLEDSs. Beginning with
the first OLED studies, stability was identified as a major hurdle to overcome in commercial devices.#1%®
These degradation mechanisms can be classified in two categories: intrinsic degradation and extrinsic (or
ambient) degradation.’®* The ambient degradation mechanism was the first one to be identified as a
possible problem for OLEDs and can be considered an environmental moisture and oxygen contamination,
interaction, or reaction with the various components in the devices.'?'* Extrinsic degradation typically
induces the formation of dark spots in the emissive area which grow larger over time with or without a bias
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applied to the device. Oxidation and corrosion of the top electrode (in contact with air) was initially
determined as a leading source of ambient degradation as delamination of the electrode from the underlying
organic layer occurs due to the evolution of gas, reducing the contact area and decreasing carrier
injection.’> However, improving the metal-organic interface alone does not solve the ambient degradation
issue as most organic semiconductors are also sensitive to moisture and oxygen and can easily crystallize.'>
14While a crystallized organic domain can have higher carrier mobility, the inhomogeneous mobility across
the layer will lead to non-uniform emission as certain areas will have preferential transport and injection.
Furthermore, the change in morphology can also lead to dark spot formation as voids or shunts in the
organic layers arise.!>** Thankfully, extrinsic degradation can be avoided in modern devices through

encapsulation to isolate the OLED from atmospheric gases.

Degradation studies have shifted toward the intrinsic mechanisms which have proven to be more
challenging as the dominant mechanism can depend on the particular materials used in the device. There
have been several intrinsic degradation processes suggested in literature including charged molecules,
chemical degradation and morphological changes within the thin films.'*!* One of the first intrinsic
degradation methods to be discovered is the instability of cationic tris-(8-hydroxyquinoline)aluminium
(Algs) species which, since it is an ETL, occurs in the event of hole leakage past the exciton formation
area.’* It is clear from this mechanism that charge balance is an important factor in preserving device
lifetimes. For QDLEDSs in particular, charge imbalance is very difficult to resolve and Auger recombination
resulting from this charge imbalance is commonly recognized as a source of degradation.??2-2 Although
molecular instability due to ionic species is not seen in all molecules, the accumulation of charges is
inevitable at interfaces with a barrier to injection.*** The accumulated charges can recombine with mobile
charges or excitons via energy transfer to dissipate energy non-radiatively.** This progressive degradation
in luminance over time is attributed to the formation of trap states during current flow through the device.
The depressed energy gap, particularly in deep trap states, leads to higher rates of internal conversion and

undesirable emission.*'* One source of the trap states is chemical degradation by bond dissociation as a
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result of the additional energy of excited state excitons on a particular atom, effectively acting as quenching
sites.’315 The energy required for carbon-nitrogen bond dissociation is approximately equal to the singlet
excited state energy in many organic semiconductors so it follows that the degradation of these materials
may be dependent on exciton density.’** Due to the long-lived triplet exciton lifetime, a bimolecular
degradation process between triplets and polarons (a charged molecule that induces a dipole in the
surrounding molecules that leads to partial screening of the charge) can lead to significant degradation
whereas the introduction of only excitons or only charge carriers is negligible in some cases.'®**® This
exciton-polaron interaction was found to induce irreversible aggregation of the organic molecules with a

correlation to increasing bandgap energies.6-°

Degradation of QDs themselves can occur through several avenues such as photo-oxidative bleaching,
charging, and formation or exposure of surface trap states and dangling bonds. With the exception of
charging, these degradation mechanisms more strongly affect core-only QDs as the charge carrier
wavefunction may interact with the surface states. Photo-oxidative bleaching is an exciton-mediated
process where energy transfer to oxygen adsorbed on the QD surface may cause oxidation. This results in
a reduction in QD size and produces a blue-shift in the emission spectrum over time, but also a reduction
in PLQY as the oxidized surface may quench excitons.®6:67.8810° However, the core / shell (and core@shell)
QD structure confines excitons to the QD core so degradation of the shell’s surface will have less of an
impact on exciton recombination, especially so for thicker shells. Although PL stability was an issue for
early QDs, QDs have now demonstrated exceptional PL stability under constant illumination of 150 mwW
cm? blue light in accelerated aging tests corresponding to at least 100,000 hours with negligible
degradation, much greater than many organic transport layers.!’® However, charging QDs can be a
significant source of PLQY loss in core / shell QDs. As discussed in section 1.5.2, the non-radiative
recombination process in positive and negative trions is much faster than the radiative recombination of

excitons. Thus, excitons in charged QDs are more likely to undergo non-radiative (Auger) recombination
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as evidenced by the “on”-“off” state switching referred to as blinking. This degradation mechanism is

generally suspected to be the main limiting factor of QDLED stability.?223113.24-26.81,82,88,111,112

The EL stability of QDLEDs is quantified by measuring their EL intensity over time while driven at a
constant current. The most commonly used metric corresponds to the time it takes to decrease to 50% of
the initial luminance (LT50), although other degradation points such as 90% of the initial luminance (LT90)
are not uncommon. Since the rate of degradation depends on the device’s initial luminance, the initial
luminance should be the same if accurate comparisons between the degradation rates of different QDLEDs
are to be made. There is however a relationship between the degradation point at two different initial

luminances of a device that can be described by the following equation:
0 0" 0 0" p € C (12)

Where 0 and O are two different initial luminance values for the lifetime measurement, € is the
exponential luminance dependence of device decay, and 0 "¥ is the time it takes for the device luminance
to degrade from the intial value to &P of the initial value.!** Using this relationship, as long as the
degradation point is maintained, the degradation time of any given device can be estimated for any initial
luminance after empirically determining the acceleration factor, n, with several independent measurements.
While this method is common practice and essential to avoid long testing times, the results are often skewed
since the factor € is not precisely known and merely estimated since it is highly material dependent. For
QDLEDs, a commonly calculated value for n is 1.8 but since this acceleration factor depends on QD
composition and device architecture there are deviations from this number among different devices and for
different colour QDs.?878115116 The standard lifetime measurement used in literature to compare between
different devices is a LT50 carried out at any initial luminance that is then converted to the equivalent LT50
for an initial luminance of 100 cd m. Although greater initial luminance values may be more appropriate
for modern device applications, the 100 cd m? benchmark has continued from its use in early device
stability studies. The convention in this work will refer to the LT50 reported for (or converted to) an initial
luminance of 100 cd m unless otherwise specified.

29



Chapter 2: A Brief History of QDLED Performance

Some of this review hdeen published iDavidsonHall, T. andAziz, H.,Appl. Phys. Lett.vol.
116(1), pp. 010502 2020 It has been reproduced with permission from the publisher.

Since the first QDLED introduced in 1994 by Colvin et al there has been a significant improvement
in both performance and lifetime of the devices rivaling some of the benchmark high performance
OLEDs.™ Initially devised as a bilayer structure comprising the CdSe core-only QD layer and an organic
HTL sandwiched between ITO and metal (usually Al) electrodes, the EQE of the first QDLED was <
0.01%.1" Meanwhile, the first report of QDLED EL lifetime found their 0.1% EQE devices to have a LT50
of 11 hours.!® It was not until zinc oxide (ZnO) was introduced as the ETL in 2008 that massive gains in
EQE and lifetime were made.!**?° In the last decade alone, significant leaps in both QDLED efficiency
and lifetime have been demonstrated as shown in Figure 2.1 below. With improvements in QD design and
QDLED structure, devices with maximum EQE values of up to 30.9%,2” 25.0%,?' and 19.8%2 for red,
green, and blue devices as well as LT50s of 2,260,000 hours,!** 1,760,000 hours,? and 32,705 hours? for
red, green, and blue QDLEDs have been reported in literature. Aside from the progress in QD design and
synthesis as detailed in the previous sections, there has also been an evolution in QDLED architecture and
material choice. This chapter will present a review of the evolution in QDLEDs that has led to these

improvements, concluding with the motivations and objectives of this work.
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Figure 2.1 (a) EQE and (b) LT50 (for an initial luminance of 100 cd m-2) metrics reported in literature since 2011 for
red (triangle) 22,23,115,116,123-130,24,131-140,25,141,26-28,78,81,82 green (circle) 22,23,126,129,131,132,134-136,139,141,142,24,143—

152,25,26,28,70,81,121,125 and b|ue (Square)22,23,122,125,126,129,131,132,134.136,139,141,24,149,153—156,26,28,51,52,54,55,81 electroluminescent
QDLEDs. References for devices with record EQE and LT50 values are included beside the data point. Where LT50
values are unavailable for a 100 cd m2 initial luminance, the LT50 values at the provided initial luminance have been

converted to an equivalent value using the lifetime relation of Lo"LT50 = L,"LT50 where n is the acceleration factor
of 1.8 frequently calculated for QDLEDs. 2878115116
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2.1 1994-2005: Core-Only and Core / Shell QDs with Organic Transport Layers

The first QDLED was a bilayer structure comprising the QD layer and a poly(p-phenylenevinylene)
(PPV) organic HTL sandwiched between ITO and Mg electrodes with an EQE of < 0.01%.%'” The QDs in
this work were red-emitting with a peak emission of 612 nm. These QDs are larger in size than green or
blue QDs, resulting in narrower size distribution with a greater ratio of core to surface states and were
generally more stable with greater PLQY at the time. Both upright and inverted structures were investigated,
but the upright structure demonstrated superior efficiency and a lower turn-on voltage due to better energy
level alignment between the ITO work function (-4.7 eV) and PPV HOMO energy level (-5.1 eV) as well
as Mg work function (-3.7 eV) and CdSe conduction band. The EL spectra of these devices had a significant
contribution from both the QD layer and the PPV molecules indicating that excitons were being formed in
both layers, although the emission shifted toward PPV-dominance at higher driving voltages. This was an
early indication that injection of holes into the QD layer would become an issue for QDLEDs. At the time,
CdSe core-only QDs had solution PLQY < 15% due to uninhibited surface state quenching.>®* Metals are
also strong exciton quenchers due to a combination of energy transfer to and exciton dissociation at the

metal interface.?>"1%8 These factors likely contributed to the poor efficiency of these devices.

At the same time as the initial QDLED experiments, devices utilizing CdSe QDs embedded in a
mixture of poly(vinylcarbazole) (PVK) HTL and 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(t-Bu-PBD) ETL between ITO and Al electrodes were being studied by Dabbousi et al'®® The QD
contribution to the EL emission spectra in these devices was much greater, serving as trap sites in the carrier
conduction through the HTL:ETL composite or receiving excitons via energy transfer from the composite.
However, the improved colour purity of the QDLED emission did not translate to improved efficiency as
the devices had an EQE of 0.0005%. Early QDLED work by Schlamp et al addressed the PLQY issue of
core-only QDs by utilizing CdSe / CdS core / shell QDs in the same device architecture as Colvin et al

with optimized layer thicknesses to achieve an EQE of 0.22%.%° However, poor carrier mobility of the

32



QDs coupled with metal quenching ultimately limited the device performance. While Mattoussi et al were
not able to surpass the EQE of the CdSe / CdS QDLEDs, their devices with CdSe / ZnS QDs and the same

transport layers resulted in a maximum EQE of 0.1% but were somewhat stable with a LT50 of 11 hours.8

The next innovation in QDLED structure was introduced by Coe et al in 2002 with an EQE of 0.52%,
realized by utilizing neat HTL and ETLs on either side of a single monolayer of CdSe / ZnS QDs (and
similar to the structure depicted in Figure 1.6) instead of a composite layer.1®® N,N’-diphenyl-N,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD) was first spincoated on ITO, improving hole injection
into the QDs due to its deeper HOMO energy level (-5.4 eV) compared to PPV. The spectral overlap of
TPD emission with the QD absorption was noted at a benefit as excitons created in the HTL may undergo
FRET to the QD layer. Meanwhile, Algs, a green-emitting ETL commonly used in red fluorescent OLEDs,
was used to minimize the contribution of the QD layer to charge transport through the device and move the
EML away from the cathode to reduce metal quenching. There was a significant green peak in the emission
of these QDLEDs due to holes bypassing the QDs and injecting into the Algs layer since the EML was only
one monolayer thick. Introducing a thin 3-(4-biphenylyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole (TAZ)
hole and exciton blocking layer was successful in confining excitons to the QD layer, but this device was
less efficient with an EQE of 0.3%. A similar structure was used to demonstrate the first QDLEDSs utilizing
green-emitting QDs with a peak EL wavelength of 540 nm the following year with EQE < 0.5%.%! The
EQE of their red QDLEDs improved to 1.1% and then to 2.0% in 2005 by improving upon their fabrication
processes to create high quality QD monolayer EMLs with sufficient uniformity to eliminate emission from
the organic transport layers that arose from voids in the prior QD films.'®? Hikmet et al demonstrated a
comparable efficiency in 2005 with rod-shaped CdSe / CdS QDs between a PVK HTL and a 1,3,5-tris(2-
N-phenylbenzimidazolyl)-benzene (TPBI).}® The rod-shape of these QDs are attractive for QDLEDs
because if they are deposited in such a way to align their optical dipole perpendicular to the plane of
emission not only can the outcoupling efficiency of the device can be improved significantly, but the light

can be polarized as well.
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2.2 2006-2012: Red, Green and Blue QDLEDs with Inorganic and Organic /

Inorganic Hybrid Transport Layers

Although successful in producing EL from QDs, QDLEDs with all-organic transport layers could not
reach efficiencies observed in OLEDs which by 2006 had exhibited EQEs of up to 19% due to the advent
of phosphorescent emitters capable of 100% spin state recombination efficiency.'®* The PLQY of the QDs
was still low at the time as synthetic methods were still being developed and optimized. The degradation
of the organic layers was also identified as a likely source of the limited lifetime of the QDLEDSs due to
ambient instability of the OSCs and organic / metal contacts. However, in the ensuing years, QDLED
performance would ascend to levels comparable to OLEDs and devices with smaller size QDs (with green

and blue emission) emerged capable of realizing full-colour QDLED displays.

Anikeeva et al found that EQE could be improved by 1.5x (to a value of 2.3%) for red CdSe / ZnS
QDs embedded in an organic TPD HTL. By reducing the QDs exposure to charge carriers, they are less
likely to become charged and undergo non-radiative Auger recombination. In such a structure, the QD
emission then requires efficient energy transfer from the HTL. This was the main mechanism by which it
was believed that organic transport layers were superior to inorganic transport layers in achieving high
performance QLDEDs. Work by Zhang et al elaborated upon this mechanism, showing that green QDLED
efficiency could be improved by 2.5x (to a value of 0.55%) by doping bis(4,6-difluorophenylpyridinato-
N,C2)picolinatoiridium (Flrpic), a blue organic phosphorescent emitter, into the HTL at the QD / HTL

interface.'®® This system is able to capture both singlet and triplet excitons that form on the 4,4’ -N,Né

dicarbazole-biphenyl (CBP) HTL via energy transfer to the FIrpic emitter since CBP’s triplet energy level
is similar to that of Flrpic. This then allows for FRET of both singlet and triplet excitons to the QD layer
due to the favourable overlap between Flrpic emission and the CdSe / ZnS QD absorption spectra. Without
efficient triplet emission from the HTL, these excitons (i.e. 75% of total excitons) would only be

transferable through the very short-range Dexter transfer. Although this device structure did not set the
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standard for QDLED architecture, it demonstrates the potential contribution of energy transfer from the

organic layers to QD EL in these devices.

A green all-organic transport layer QDLED was reported by Steckel et al in 2006 with a maximum
EQE of 0.5%. By synthesizing alloyed QDs with the structure CdxZnixSe / CdyZn1.,S, larger QDs could be
made with wider band gaps as the alloyed core had a band gap between that of CdSe and ZnSe
corresponding to the alloy ratio. In an optimization of device structure and QD composition, Anikeeva et
al. designed devices spanning the entire visible spectrum with many of the devices reaching record
efficiencies, blue (0.4% EQE) and green (2.6% EQE) in particular.’®® This optimization took into account
both charge injection issues and FRET from the organic layers. For red and orange devices, the green
emitting Algs ETL was used. Algs would absorb light emitted from blue QDs so it was replaced with TPBi
in those devices. Meanwhile, spiro-N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4’-diamine
(Spiro-TPD) was used as the HTL due to its high glass transition temperature of 102 °C which imparted
better morphological stability over TPD (65 °C) with a band gap wide enough for suitable FRET to all QD

colours.

In 2006, Caruge et al investigated sputtered p-type nickel oxide (NiO) as an inorganic alternative to
the organic HTLs commonly used up to that point with a red CdSe / ZnS EML and Algs ETL.%®" Quenching
of QD EL by the high free charge carrier density of metal oxides was noted, finding that resistive NiO thin
films quenched QD excitons less than conductive NiO films. The valence band of NiO is -6.7 eV which
should significantly improve hole injection into the QDs in comparison to the organic HTLs noted earlier.
However, the HOMO energy level of Algs is only -5.8 eV so holes can be easily injected from the QD layer
to the ETL in this device structure. The authors observed a significant contribution of Algs emission for
driving current densities of up to 3 A cm, a value significantly higher than all-organic QDLEDs were
capable of sustaining. Ultimately, these devices achieved maximum EQEs of only 0.18% but the concept
of inorganic transport layers was intriguing to QDLED researchers. Building upon this work, the authors

then replaced the ETL with a sputtered zinc tin oxide (ZTO) alloy in 2008 to create a completely inorganic
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QDLED.! ZTO was chosen as the ETL material for its deep conduction (-4.3 eV) and valence (-7.7 eV)
band energy levels, enabling good electron injection into the QDs and a barrier to hole injection from the
EML to the ETL. This device structure was similarly capable of being driven with current densities of up
to 3.5 A cm? but achieved a maximum EQE of only 0.1%, albeit with ZnCdSe alloyed core-only QDs with
a reduced PLQY. At the same time, Stouwdam et al also reported on their findings utilizing ZnO as an
inorganic ETL in CdSe / ZnS QDs but with an organic PVK HTL.!!° Rather than deposition by sputtering,
the ZnO film was also spin-coated from a nanoparticle suspension. Blue (CdSeS / ZnS) and green (CdSe /
ZnS) QDLEDs were also fabricated with the same device structure although less efficient as a result of their
lower PLQY. Perhaps discouraging since these devices initially performed worse than their all organic

counterparts, ZnO would soon become the benchmark ETL in QDLEDs.

The hybrid QDLED architecture where one organic transport layer (typically the HTL) and one
inorganic transport layer (typically the ETL) began to establish itself in 2011 as the work by Qian et al
showed that not only could they reach EQEs comparable to the all-organic transport layer devices but that
this new structure may result in longer EL lifetimes.® With an upright structure consisting of a poly(N,N'-
bis(4-butylphenyl)- N,N'-bis(phenyl)benzidine) (poly-TPD) HTL and a ZnO ETL, EQEs of 1.7%, 1.8%,
and 0.22% were reported for red, green, and blue QDLEDSs. The inorganic transport layers typically have
one or more orders of magnitude higher mobility than organic layers so it seems counterintuitive for this
switch to improve performance when electron injection into the QDs is already very easy and electron
charging is considered detrimental to both efficiency and stability. In these devices, the turn-on voltage for
luminance was found to be below that of the photon voltage (i.e. band gap) of the QDs which is another
puzzling result given the significant barrier to injection from poly-TPD with its HOMO energy level of -
5.2 eV. The authors attribute this low turn-on voltage to the greater charge imbalance as interfacial excitons
result in Auger recombination-assisted hole injection. Therefore, increasing the electrons accumulating at
the QD / HTL interface leads to an increase in the Auger-assisted hole injection. This study also reported

the most stable QDLED:s to that point, with an LT50 of 270 hours at an initial luminance of 600 cd m2. The
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35 nm thick ZnO layer deposited on top of the QD layer served as a barrier to moisture and oxygen diffusion
through the device to the more sensitive QD and organic layers. In an inverted structure utilizing ZnO as
the ETL and CBP as the HTL, Kwak et al demonstrated far superior performance in red, green, and blue
QDLEDs with EQEs of 7.3%, 5.8%, and 1.7%, respectively.?® The main factor leading to such an
improvement in these devices is the deep HOMO energy level of CBP (-6.0 eV) providing the best match
to the QD valence band of any commercially available HTL. An investigation into QDLED performance
as a function of HTL HOMO energy level was conducted, finding that EQE generally increased as the
HOMO became deeper as one may expect. The QDs themselves were also optimized as the red had a double
shell CdSe / CdS / ZnS structure, green had a CdSe@2ZnS gradient shell structure, and blue had a Cd;-
xZNS@ZnS gradient shell structure all with PLQY > 70%. The red QDLED also exhibited very good EL
stability with a LT50 of 600 hours with an initial luminance of 500 cd m. In comparison, the upright
structure with the same transport layers was much more unstable with a LT50 of just 1.5 hours which
contradicts the earlier notion that the stability enhancement is a result of the environmental passivation
effect. Rather, the authors of this work attribute the improved stability to an improvement in charge balance

within the devices.
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2.3 2013-2019: Gradient Composition QDs, Hybrid Transport Layers, and

Interface Engineering

Although the QDLED device structure and transport layer choice has not changed much from the
hybrid architecture since 2012, it is this period of time over which the greatest improvements in efficiency
and EL stability have been demonstrated. Recently, further optimization of synthesis processes have been
able to produce red and green gradient composition QDs with PLQY approaching 100% that minimize the
rate of Auger recombination. QDLEDs incorporating these QDs have EQEs of up to 30.9%,2” 25.0%,?! for
red and green devices, respectively, and LT50s of 2,260,000'*° and 1,760,000%¢ hours which compare
favourably to state-of-the-art OLEDs. While blue QDLEDs lag behind their OLED counterparts, the 19.8%

maximum EQE!? and 32,705 hour LT50% is encouraging for future developments.

The first high efficiency QDLED was reported in 2013 by Mashford et al with an EQE of 18% for
CdSe / CdS QDs in the inverted hybrid structure with ZnO and a 2,2',7,7'-tetrakis[N-naphthalenyl(phenyl)-
amino]-9,9-spirobifluorene (spiro-2NPB) HTL.82 The HOMO energy level of spiro-2NPB is -5.5 eV,
shallower than that of CBP, so the high efficiency of this device is somewhat surprising especially since
the authors do not address this aspect of the QDLED. Instead, the back transfer of trapped charges on the
QD EML to the ZnO ETL was found to occur in these devices and believed to be one of the reasons for the
significant improvement in EQE and EL stability. Following this work, Dai et al. demonstrated 20.5% EQE
red QDLEDs with thick-shelled CdSe / CdS QDs (> 90% PLQY) with a LT50 of 100,000 hours.*?* While
ZnO was used as the ETL and poly-TPD and PVK were used as a bilayer HTL, the breakthrough in this
device structure was the incorporation of a wide bandgap insulating polymer poly(methyl methacrylate)
(PMMA) at the interface between ZnO and the QD layers in an upright architecture. The PMMA layer
reduces the roughness of the underlying QD layer, acts as a barrier to electron injection from ZnO to
improve charge balance, and reduces the quenching of excitons in the QD layer by ZnO. These results

highlight the powerful impact of the interfaces within the QDLED on overall device performance. However,
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these results conflict with the previous high efficiency QDLED as blocking the back transfer of charges
from QDs to ZnO seems to improve these devices. The ZnO layer was also very thick (150 nm) which
further impedes electron transport, but also provides a thicker barrier to oxygen and moisture-induced
degradation of the underlying layers. The crystal structure thick shell was notably important as well, as
when the authors utilized thin shell wurtzite (as opposed to zinc blende) CdSe / CdS QDs with the same
transport layers the maximum EQE of these devices was 4.7%. While moving the QD layer away from the
electrodes through the introduction of the ETL has led to an improvement in QDLED efficiency by reducing
metal-induced exciton quenching, ZnO itself also has a propensity to quench excitons in the QD emissive
layer albeit with a quenching efficiency less than many other inorganic transport layers. Inspired by the
previous work with PMMA, considerable work has been done to passivate the ZnO / QD interface with
wide band gap insulators (such as polyethylenimine (PEI),*1817 polyethylenimine ethoxylated
(PEIE),S1172175 pMMA 124154176 and Al,05128152177) or through alloying the ZnO with other metals (such
as Al, Li, and Mg, among others),55:126.135.137.138.147.178-181 £rther improvements to red, green, and blue
QDLED efficiency (such as the record efficiency devices) have generally arisen from enhancements in the
QD PLQY (film PLQY in particular, which is generally lower than solution PLQY) via interface

engineering of the gradient composition QD structure as seen in the trend of Figure

2.1 22,50,52,78,122,125,131,146,153,154

With all of the adjustments available to modify the ZnO / QD interface in order to tailor the electron
injection, transport and exciton interactions, at this point the main limiting factor in QDLED performance
lies in finding the optimal HTL and improving those properties for hole transport. While CdSe-based QDs
possess a valence band energy level far deeper than commercially available organic HTLs, QDLEDs with
the hybrid architecture incorporating an organic HTL still outperform all-inorganic QDLEDSs. One such
way to improve hole transport has been through the use of bilayer stepwise HTLs that combine a layer with
good hole transport and another with good HOMO energy level matching with the QD valence band for

better hole injection,107:124.186,130.133,134,150.182-185 \\/jth this in mind, it seems odd that poly(9,9-dioctylfluorene-
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c0-N-(4-(3-methylpropyl))diphenylamine (TFB) is frequently utilized as a HTL in high efficiency
QDLED:s, particularly in red and green devices. The root causes of their improved performance remain
unclear given TFB’s very shallow highest occupied molecular orbital (HOMO) energy level (-5.3 eV)
compared to alternatives such as PVK (-5.8 eV), which has been reported to produce superior EQE when
used in blue QDLEDs,?227:140-142.154,186,28,5054,115122.131,132.13% CBP (-6.0 eV) and 4,4'4"-tris- (carbazol-9-
yl)triphenylamine (TCTA) (-5.7 eV) are also commonly used thermally evaporated HTLs due to their
reasonably deep HOMO energy levels but necessitate an upright device structure so that they are not

damaged by subsequent solution processes.?®78123127,129.171,182,187
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2.4  QDLED Stability and Electroluminescence Lifetime

As can be seen from Figure 2.1, there are far fewer reports on the lifetime of QDLEDSs in comparison
to the reports on EQE. The first major milestone in QDLED stability was achieved by Dai et al in 2014
with their LT50 of 100,000 hours and EQE of 20.5%.1%* Now that high efficiency devices had been
demonstrated, the next frontier would be achieving long EL lifetimes. While reports on the lifetime of
various QDLEDs are not uncommon, very few studies have aimed at elucidating the root causes of their
limited stability. As was noted previously, initial investigations have focused on the role of charge
imbalance and subsequent Auger recombination that are caused in part by the large energy level mismatch
between the valence band of the QD and the HOMO energy level of the HTL in device degradation. In
general, the stability of QDLEDSs has improved along with their EQE proving the importance of suppressing
Auger recombination via meticulous design of gradient shell QDs and improving charge balance for both
efficiency and stability.?*2 In this case, the thermal energy resulting from the non-radiative Auger
recombination is generally accepted to be the main material degradation route.?® For devices with an upright
architecture, environmental protection provided by the top ZnO layer is another common explanation for
improved stability despite the fact that most lifetime tests are carried out in inert environments.?>8! In this
work, the term stability refers to the general degradation of QDLEDs which can occur through a variety of
mechanisms and (EL) lifetime specifically refers to the LT50 characteristic and degradation of devices

during electrical operation.

In 2015, Yang et al extended the LT50 of red, green, and blue QDLEDSs to 300,000 hours, 90,000
hours, and 1,000 hours, respectively.?? This was done in an upright architecture utilizing Cdi.xZnxSe1.ySy
compositional gradient QDs with ZnO and TFB. The authors investigated two different formulations, CdS-
rich and ZnSe-rich intermediate compositions between the CdSe core and ZnS shell, finding that the ZnSe-
rich QDs had more regular shapes, better size distribution, and self-assembly characteristics. The hole

injection barrier is lower in the ZnSe-rich QDs due to the 0.2 eV shallower valence band of ZnSe vs. CdS,
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improving charge balance and, therefore, QDLED efficiency and stability. The authors also noted that the
large size of the QDs (~10 nm) as well as their gradient composition should suppress Auger recombination.
Acharya et al improved upon the red QDs in the previous work using the same structure and QDLED
architecture, reporting a LT90 of 490 hours with an initial luminance of 2,550 cd m2.%%2 This lifetime was
remarkable for only a 10% drop in luminance, but after 430 hours there was a precipitous drop in luminance
and the reason for this sudden degradation was unknown. After reporting a phenomenal LT50 of 2,260,000
hours for an initial luminance of 100 cd m and LT95 of 2,300 hours for an initial luminance of 1,000 cd
m2 from red QDLEDSs with a compositional gradient terminating with a ZnSe shell instead of ZnS, Cao et
al. carried out a systematic investigation into the degradation of their devices.!*® The driving voltage of hole
and electron single carrier devices over time was measured for the ZnSe shell that had good charge balance
due to the reduced hole injection barrier and one with worse charge balance due to its ZnS shell. There was
little difference between the electron-only devices over time but the hole-only device for the QDLED with
worse charge balance experienced a much greater increase in driving voltage, pointing to hole current as a
major factor affecting QDLED lifetime. With precise engineering of the very large size (~20 nm) QD
through a CdSe / CdxZn.xSe / ZnSeyS:1., compositional gradient, Lim et al effectively eliminated Auger
recombination in their QDs.” This manifested in EQE that is relatively independent of driving current
density meaning that there is negligible efficiency roll-off which is generally observed in many devices due
to exciton-exciton (or exciton-polaron) interactions at high exciton density. As a result, their red QDLEDs
utilizing ZnO and TCTA transport layers demonstrated a LT50 of 1,330,000 hours. Shen et al also used
compositionally graded QDs in their QDLEDs with TFB and ZnO transport layers, demonstrating LT50s
of 1,600,000 hours for red and 1,760,000 hours for green with similar reasoning for their good stability.?®
While very good lifetimes have been demonstrated for red and green QDLEDs, the best LT50 for blue is
several orders of magnitude less at 32,000 hours while many other reports are usually < 10,000 hours.?
However, the device structure used to achieve this lifetime is quite interesting, especially since the
performance red and green QDLEDs utilizing this structure were underwhelming. Instead of a traditional
HTL, Khan et al used a gradient hole injection layer consisting of the conductive polymer
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poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and tetrafluoroethylene-perfluoro-3,6-
dioxa-4-methyl-7-octene-sulfonic acid (PFI), which has been used as a work function modification layer in
other works. This polymer mixture naturally segregates during the spincoating process to produce a gradient
in the work function of the HIL from -5.2 eV at the cathode to -5.94 eV at the QD EML. The superior
performance of the HIL mixture is attributed to the improvement in charge balance due to the HIL mixture’s

deeper work function in comparison to even PVK (-5.8 eV).

Recently, long-lifetime QDLEDs have been demonstrated with EQEs as low as 13.5%,® indicating
that other factors aside from increasing charge balance and reducing Auger recombination must be
involved. It is well-known that excitons are present in the organic HTL of hybrid QDLEDs and a significant
body of work has focused on attempts to improve efficiency by recycling those excitons via energy transfer
from emissive sensitizers near the QD / HTL interface.!'1188-1%1 Thijs suggests that a significant number of
electrons leaks from the QD emission layer into the HTL where they recombine with holes to form excitons.
In the absence of some method of recycling, these excitons will relax non-radiatively. As organic layers are
susceptible to damage by various exciton-mediated processes,61719192-1% the non-radiative relaxation of
excitons on the HTL will be ultimately detrimental to QDLED stability. In light of this, recent work has
investigated the role of the HTL in QDLED degradation. Chang et al found that the fast EL degradation
that is often observed in QDLEDs during the early stages of electrical driving was correlated with a decrease
in the PLQY of the QD emissive layer but that this correlation is not maintained in the longer term, in
Figure 2.2(a).%" The fast initial degradation mechanism is attributed to charging of the QDs as excess
electrons occupy the conduction band which enhances the rate of Auger recombination in the emissive
layer. The excess electron concentration in the QDs quickly saturates leading to a plateau in their PLQY,
yet the IQE continues to degrade; an effect that is attributed to the formation of non-radiative recombination
sites as a result of degradation in the HTL. In an investigation into the differences in stability between red
(LT50 > 800 hours) and blue (LT50 ~4.5 hours) QDLEDs, Chen et al observed the formation of cationic

HTL degradation products in both QDLEDs but found that the HTL degradation could not explain the much
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shorter blue device lifetime.'® Instead, the faster degradation in blue QDLEDs was found to be associated
with a faster increase in the capacitance transition voltage, as seen in Figure 2.2(b) and (c). The slight
increase of the downward capacitance transition voltage after LT90 for the red QDLED is attributed to
minor voltage increases that arise due to degradation of the HTL. However, the onset of increasing
capacitance in the blue QDLED shifts toward a higher voltage and the maximum capacitance value
increases after LT90 which indicates that significant charge accumulation at the ZnO / QD interface
impedes electron injection into the QDs which escalates over time as seen in the further capacitance
increases after LT50. This suggests that Auger recombination due to electron back transfer from the QD
layer to ZnO and increasing charge accumulation when the conduction band energy of the QDs is shallower
than that of ZnO was the main degradation process. More recently, the influence of the HTL on the QD
emissive layer PLQY over time was investigated via exciton-induced degradation studies of QDLEDs under
UV excitation rather than electrical driving in Figure 2.2(d).2*® By relying on photo-induced excitons, the
effects of charge carriers (such as excessive charging of the QDs) become negligible and the exciton-
induced degradation effects dominate. Results showed that the HTL material has a significant effect on the
normalized QD PL intensity (analogous to PLQY) over time under continuous UV irradiation. Notably, the
change in QD PL was found to generally follow the trend of the HTL susceptibility to exciton-induced
degradation, indicating that degradation of the HTL can lead to a decrease in the QD PLQY and that

degradation occurring close to the interface between QDs and the HTL is especially detrimental.
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Figure 2.2 (a) Operation time-dependent traces of the internal quantum efficiency (IQE) of QDLEDs under a current
density of 30 mA cm (solid line), and the QD emissive layer PLQY in the same device (circle). Reproduced with
permission.'®” Copyright 2018, American Chemical Society. Capacitance-voltage characteristics of (b) Red and (c)
Blue QDLEDs in their initial state (LT100, solid line), after 10% degradation of their initial luminance (LT90, dotted
line), and after 50% degradation of their initial luminance (LT50, dashed line). Reproduced with permission. %
Copyright 2019, Nature Publishing Group. (d) Normalized QD PL intensity vs.time for QDLEDs with HTLs of N,N'-
bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine (NPB, diamond), CBP (square), 2,6-bis[3-(9H-carbazol-9-
yhphenyl]pyridine (2,6-DCzPPy, circle), 2,2',7,7'-tetrakis(carbazol-9-y1)-9,9-spirobifluorene (Spiro-CBP, triangle),
or 1,3-bis(carbazol-9-yl)benzene (MCP, cross) under continuous UV irradiation. Reproduced with permission.1®
Copyright 2019, The Royal Society of Chemistry.
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2.5 Motivation & Objectives

A great deal of work has been done on improving the synthesis of QDs to optimize their PLQY and
emission characteristics, as discussed in the previous sections. By extending the stability of QDs themselves
and reducing the degree to which Auger recombination occurs on QDs, recent QDLEDs have exhibited
excellent efficiencies and long EL lifetimes. Although red QDLEDSs have been demonstrated with LT50s
of >1,000,000 hours for an initial luminance of 100 cd m, many applications of these devices necessitate
driving at higher luminance values. The aim of this work is to look beyond the QD synthesis enhancements
and toward the other components of the device to identify and understand additional degradation
mechanisms that may influence QDLED EL stability. In particular, since the materials used in this work
are not novel and have been explored in many other works and since light emission occurs from the QDs,
the interfaces between the transport layers and the QD EML have been identified as critical influences over

QDLED performance, both in terms of efficiency and stability.
To this end, the following research objectives will be addressed:

1) Investigate the influence of the interface between the ETL and EML on QDLED performance by:
a. Examining the effect of introducing a wide band gap polymer layer at this interface:
i. With respect to charge balance in the QDLED.
ii. With respect to exciton quenching at this interface.
b. Examining the role of this interface in long-term morphological stability:
i. With respect to the ETL processing parameters and characteristics.
ii. With respect to the QD processing parameters and characteristics.
2) Investigate the influence of the interface between the EML and HTL on QDLED performance by:
a. Examining the extent to which degradation of the HTL may affect QD PLQY:
i. With respect to exciton formation on the HTL during EL driving of devices.

ii. With respect to photostability studies of fully- and partially-fabricated devices.
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b. Examining the role of hole accumulation at the EML / HTL interface:
i. With respect to the exciton formation and recombination zone within the HTL.
ii. And identifying methods by which the accumulation at this interface may be
reduced.
3) Investigate the influence of the interface between the HTL and HIL on QDLED performance by:
a. Examining the extent to which degradation of the HTL may occur with respect to
deposition of the HIL.
b. Examining the barrier to hole injection into the HTL with respect to energy level matching

between the HTL and HIL.

47



Chapter 3: Experimental Procedures

3.1 QDLED Fabrication

Unlike OLEDs, which have the benefit of complete deposition through thermal evaporation if desired,
the QD layer in QDLEDs must be at least somewhat processed with solution-based techniques such as
through spincoating, inkjet printing or transfer printing.2 While beneficial for low-cost products, this can
be detrimental to QDLED efficiency and stability.2® The solution processing requirement adds another
degree of inconsistency and complexity, imposing limits on the materials that can be used in certain devices
as solvent orthogonality must be considered such that underlying layers are not destroyed.?28%-82 Ultimately,
this is a hurdle that must be overcome for both OLED and QDLED commercial relevance but should be
kept in mind when analyzing performance, especially when comparing devices fabricated under different

conditions.

The following chapter will outline the standard processing parameters and characterization techniques
used in this work. However, due to optimization in the fabrication process and measurement setups over

time, chapters 4-7 will specifically outline relevant differences in these parameters where applicable.

3.1.1 Material Selection

The first step in designing the QDLED fabrication process lies in material selection, as this will dictate
the deposition order of each layer. As established in chapter 2, ZnO is the de facto ETL for QDLEDs and
will be used in the devices studied in this work. The ZnO film is sol-gel synthesized with the following 3
components: a zinc precursor, a solvent, and a stabilizing agent. The zinc precursor can be an organic

(acetate, acetylacetonate) or inorganic (nitrate, chloride, perchlorate) salt which dictates whether the solvent
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used is an alcohol (ethanol, methanol) or water, respectively.’® Inorganic salts produce difficult-to-remove
anionic species whereas organic salt contaminants easily decompose at low temperatures.'®® The salt also
has an influence on the reaction with respect to how well it can stabilize the nanoparticles in solution to
reduce coagulation and acetate has been shown to do this well.**® It is for this reason that zinc acetate
(ZnAc) is used as the precursor. The stabilizing agent monoethanolamine (MEA) improves solubility of the
zinc complexes in alcohols to facilitate complete dissolution and the formation of a stable sol by hindering
zinc hydroxide precipitation.’®® Intermediate species, such as zinc oxyacetate (ZnsO(Ac)s), zinc oxoacetate
(ZnO1x(AcO)2x) and hydroxide zinc acetate (Zns(OH)s(Ac)2), have been identified in literature to form
through hydrolysis and inorganic polymerization of the precursors and are seemingly related to the carbon
length-dependent solubility of ZnAc in a particular solvent.’® Regardless, the intermediate products
condense into colloidal wurtzite particles that grow via slow, controlled aggregation.’® Not only do the
choice of reagents factor into the final particle properties, but so too do reaction temperature, time, humidity,
and concentration ratios.*® In fact, the sol-gel synthesis process can be quite sensitive to changes in the
reaction and deposition parameters. However, the optimal synthesis conditions for this work was found to
be the addition of 197 mg ZnAc to 6 mL ethanol to which 54 mL of MEA is added and mixed at 800 RPM
with a magnetic stirbar on a hotplate set to 45 °C for 40 min in a glovebox with a N, atmosphere. After
passing though a 0.22 um polypropylene filter, the resultant ZnO sol-gel should have a concentration of
approximately 30 mg mL™. The annealing of the ZnO sol-gel film was initially carried out at 180 °C, higher
than some QDs can withstand without degrading their PLQY, which necessitated an inverted structure so

that ZnO could be deposited first.

The inverted architecture allowed for the selection of a more diverse set of HTLs available from either
solution deposition or thermal evaporation. Thermal evaporated HTLs were used in this work due in part
to the ease of high-quality film depositions, but also for the ability to deposit multi-component films with
precise compositions and the ability to use small molecule HTLs with deep HOMO levels such as CBP (-

6.0 eV) whereas the deepest HOMO energy level of the polymer HTLs is PVK (-5.8 eV). In order to
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investigate the effect of hole transport characteristics and interfaces on QDLED performance, several
different HTLs are studied in this work which are detailed in Table 3.1 below. To probe the extent to which
excitons are formed in the HTL, the blue phosphorescent emitter Flrpic was often co-evaporated with CBP
due to their similar HOMO and LUMO energy levels which should only have minor effects on charge
transport through the QDLEDs. The blue fluorescent emitter 3-tert-butyl-9,10-di(haphth-2-yl)anthracene
(TBADN) and the red fluorescent emitter 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-
9-enyl)-4H-pyran (DCJTB) were also used as marking layers for similar intentions. Finally, in order to
improve hole transport from the Al anode to the organic HTL, molybdenum trioxide (MoQs) is typically
used as a hole injection layer. However, an organic HIL alternative, 1,4,5,8,9,11-hexaazatriphenylene-
hexanitrile (HATCN), has also been studied in this work. For the purpose of ZnO work function and

interface modification, the wide band gap polymer polyethylenimine (PEI) was used.

Several different QDs were utilized in this work, all of which were purchased from commercial
suppliers. Initially, green CdSe / CdS QD rods with an emission peak at 550 nm and 40 nm FWHM were
purchased from Strem Chemicals (#48-1053, with > 80% PLQY and size of approximately 5 nm diameter
x 20 nm width, passivated with hexadecylphosphonic acid ligands). Red CdSe / CdS QD rods with an
emission peak at 626 nm and 40 nm FWHM were also purchased from Strem Chemicals (#48-1059, with
> 80% PLQY and size of approximately 5 nm diameter x 20 nm width, passivated with
hexadecylphosphonic acid ligands). The QD rod structure was initially chosen because they had the best
PLQY of all commercially available QDs at the time but also provided potential benefits in self-alignment
of the rods for a greater degree of horizontal optical dipole orientation. However, we found that the
performance of our devices could be significantly improved by switching to red CdSe / ZnS QDs with an
emission peak at 626 nm and 18 nm FWHM from Mesolight Inc. (Cd-QLED-630, with 74% PLQY and
size of approximately 10-12 nm diameter, passivated with a mixture of oleic acid and octanethiol ligands).
Illustrations of the spherical and rod-shape QD core/shell structures used in this work are depicted in Figure

3.1
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Table 3.1 Chemical name, molecular structure, HOMO and LUMO energy levels, band gap energy, and carrier
mobility of the organic semiconductors studied in this work.
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Figure 3.1 Illustrations of the core/shell structure of the (a) spherical and (b) rod-shape QDs used in this work.

3.1.2 Device Layout

A top-down perspective schematic of a completed device is depicted in Figure 3.2, illustrating the
area covered by the emissive and transport layers as well as the intersection of top and bottom electrodes
which defines the QDLED dimensions. Each QDLED studied in this work has been fabricated on a 50.8
mm x 50.8 mm glass substrate with pre-patterned 1TO electrodes with approximately 100 nm thickness and
20 Q ot resistivity. There are 7 ITO electrodes on two opposite sides of the substrate (14 in total) with a
width of 2 mm used to define one dimension of the QDLED area. Toward the edge of the substrate, the
width of each of those 14 ITO pads increases to 4 mm to improve the contact area with the test fixtures in
the measurement systems. On either side of the sets of ITO electrodes are 7.4 mm thick ITO pads used as
the counter electrode, bridged by a 100 nm thick layer of Al which defines the second dimension of the
QDLED. The overlap of the bottom ITO electrode and the Al top electrode results in QDLEDs that are 2
mm x 2 mm. The emissive and transport layers are sandwiched between the two electrodes, with a thickness
of approximately 100 nm. The rectangular feature in the ITO pad on the bottom left of the schematic is used

to determine the orientation of the substrate.
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50.8 mm

50.8 mm

Figure 3.2 Schematic of the QDLED substrate layout used in this work.

3.1.3 Fabrication Process

The first step of QDLED fabrication is to clean the glass / ITO substrate (the convention used in this
work will be to refer to consecutive layers in the order of their deposition) by vigorously rubbing the ITO
pads with a cotton swab in a Micro-90 surfactant solution (1 wt% in DI water) to remove any residue from
the ITO photolithography patterning process. The substrate is then sonicated in DI water for 10 min before
rinsing in DI water, then isopropyl alcohol (IPA), and blow-dried with N, gas. The substrate is then baked
at 80 °C for 10 min to remove any residual solvents. The substrate is then placed in the Trion Phantom II
reactive-ion etching system for a 5 min inductively coupled plasma treatment with an O, gas flow of 20

sccm, a pressure of 20 Pa, and power of 100 W.

The ZnO solution is filtered through a 0.22 pm polypropylene filter again during the deposition on the
substrate in a Laurell WS-400-6NPP-Lite spincoater. Our optimized QDLED fabrication process involves
spincoating in ambient conditions at 1000 RPM for 60 s, then annealing at 150 °C for 30 min in air. The
resulting film is 35 nm thick as measured by surface profilometer, and other thicknesses can be obtained
by varying the mass of ZnAc and volume of MEA while keeping the ethanol volume constant during ZnO

synthesis.
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Several different QD film thicknesses are prepared in this work, depending on type of QD used,
manufacturer of the QDs, and concentration of the QD solution. In general, the film is deposited via
spincoating in a Vigor SciLab Single Station glovebox in a N atmosphere at 2000 RPM for 60 s, then
annealed at 50 °C for 30 min. Exposure of the QD film to air is minimized during the transfer of the substrate
from the QD deposition glovebox to the thermal evaporation chamber for the remaining QDLED deposition

steps by keeping the substrate in a vacuum-sealable aluminum container.

The organic semiconductors, MoOs, and Al anode are all deposited by thermal evaporation in an
Angstrom Engineering EvoVac evaporation chamber. The materials are evaporated at a rate of 1 A s as

measured by a quartz crystal microbalance sensor at a pressure of at most 5x10 Torr.
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3.2 QDLED Characterization

Once the QDLED fabrication process is completed, the devices are kept in a nitrogen atmosphere
during the electrical and optical measurements as well as storage to reduce the effects of extrinsic
degradation. Characterization of each set of devices generally encompasses current density-voltage-
luminance (JVL) measurements, EL and PL spectral measurements, and EL stability measurements. Other
characterization techniques such as delayed EL spectroscopy, transient photoluminescence (TrPL)
spectroscopy, and UV photostability measurements are utilized to probe specific characteristics of the
devices following the initial characterization measurements. Unless otherwise specified, all device tests are

carried out in a test box under a N. gas atmosphere.

3.2.1 Current Density-Voltage-Luminance Characteristics

JVL measurements are performed by sweeping the driving voltage of the QDLED from 0 V to 8 V by
an Agilent 4155C semiconductor parameter analyzer to record the current at each step. The current density
is calculated by dividing the measured current by QDLED area (4 mm?). The final voltage step
approximately corresponds to 4 V above the driving voltage required to maintain a current density of 20
mA cm. In cases where this driving voltage is greater than 4 V, the final sweep voltage is increased in
correspondence to this value (i.e. for a QDLED with a driving voltage of 8 V, the voltage sweep extends to
12 V). The luminance is recorded by silicon photodiode connected to the semiconductor parameter analyzer
to correlate each photocurrent value to the voltage step. Finally, the photocurrent is calibrated to a
luminance value recorded at a driving current of 20 mA ¢cm by a Minolta Chroma Meter CS-100. The
EQE of the QDLEDs were calculated as outlined by Okamoto et al assuming a Lambertian emission

distribution.?0
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3.2.2 Electroluminescence Stability

EL lifetime measurements are conducted via a Botest Systems GmbH OLT Lifetime Test System
applying a constant current density of 20 mA cm2 to the QDLEDs while a silicon photodiode records the
luminance of the devices as a function of testing time. The real luminance of the QDLED over time is
calibrated to the initial luminance as measured by a Minolta Chroma Meter CS-100. The driving voltage of
the QDLED is also recorded as a function of testing time. In order to measure the LT50 of a device, the test
is terminated when the luminance of the QDLED has reached 50% of its initial luminance value. In these
measurements, there may be a “burn-in” period of up to several hours where the luminance increases over
time as a result of initial changes in charge transport, charge balance, or interface quality under a constant
current until the device reaches equilibrium which has been attributed to joule heating.?* This time is not
taken into account in the stability figures or metrics, and the lifetime is considered to begin from the peak

luminance value.

3.2.3 Electroluminescence Spectroscopy

The EL emission spectra of the QDLEDs are measured by an Ocean Optics QE65000 spectrometer
with a range of 350-750 nm, collected via an optical fiber. The QDLEDs are typically driven with a constant
current density of 20 mA cm- unless otherwise specified. The light intensity measured by the spectrometer
is normalized to the peak of interest which generally corresponds to the highest intensity peak (i.e. emission

from the QD EML) to facilitate comparison between the different contributors to the EL spectrum.
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3.2.4 Time-Resolved Delayed Electroluminescence Spectroscopy

The time-resolved delayed EL spectroscopy technique measures persistent luminescence from a device
after the end of the electrical bias and thus gives information about residual charges and / or long-lived
excited states. The delayed electroluminescence signal was measured with a R928 photomultiplier tube,
amplified by a Keithley 428 Current Amplifier and recorded by a Tektronix TDS5054 Digital Phosphor
Oscilloscope. In this technique, QDLEDs are driven with a forward bias square pulse supplied by a custom-
built operational amplifier driven by a Stanford Research Systems DG535 Digital Delay / Pulse Generator
to achieve a driving current of 20 mA cm and allow prompt electroluminescence to reach steady state. A
ThorLabs MC1000A optical chopper system is positioned between the QDLED and an optical fiber to block
the detection of the prompt EL signal. The chopper is opened after the forward bias pulse terminates to
begin recording the delayed EL signal. A schematic diagram of the delayed EL experimental setup and
outline of time-resolved driving scheme, electroluminescence, and data acquisition are provided in Figure
3.3. This delay is sufficiently long for all allowable luminescent exciton relaxation processes to occur and
is much larger than a typical QDLED electrical time constant,'?%?!2 rendering electrical transient effects
negligible. Therefore, any measured EL signal will arise from radiative decay of excitons that are formed
after the termination of the forward bias pulse. The prompt and delayed EL spectra are identical, as shown

in Figure 3.4 for a green QDLED, confirming that the QDs are the source of EL in both cases.

In general, the formation of excitons in the microsecond time scale in these QDLEDs can be attributed
to two processes: (i) recombination of residual (trapped / accumulated) charges in the various device layers
including the HTL that become mobile and capable of recombination, producing luminescence after the
end of the forward bias pulse and / or (ii) triplet excitons created within the HTL that diffuse slowly and
eventually reach the QDs, inducing their late excitation via energy transfer either directly from those triplet
states (by a Dexter process) or by a Forster process from singlet intermediates produced by triplet-triplet

annihilation (TTA).
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In devices where process (i) is the dominant mechanism behind the delayed EL, the application of a
reverse bias will lead to a permanent reduction in the delayed EL intensity and is sometimes accompanied
by the appearance of a spike due to the redistribution of charges. Whereas, in devices where process (ii) is
more dominant, the reverse bias will result in a temporary decrease in the delayed EL signal due to electric-
field induced dissociation of excitons which recovers after the reverse bias has ended. To test for this effect,
a 2.5 V reverse bias pulse is applied after the onset of the measurement, and its effect on the delayed EL

intensity is monitored.
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Figure 3.3 (a) Schematic representation of the delayed EL experimental setup. (b) An outline of time-resolved
QDLED driving scheme, prompt and delayed EL, chopper position, and data acquisition throughout the delayed EL
measurement.
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3.2.5 Photoluminescence Spectroscopy

The PL emission spectra of the QDLEDs and other films are measured by an Ocean Optics QE65000
spectrometer with a range of 350-750 nm and collected via an optical fiber. PL is induced by illumination
with a 200 W Hg-Xe lamp controlled with an Oriel 77200 monochromator to isolate certain peaks in the
incident light emission spectrum. Generally, the Hg-Xe peaks near 330 nm, 365 nm, and 430 nm are used
in this work for the different absorption spectra of the materials used herein. The intensity of light measured
by the spectrometer is then normalized to the peak of interest which generally corresponds to the highest
intensity peak (i.e. emission from the QD EML) to facilitate comparison between the different contributors

to the PL spectrum of the specimen.

3.2.6 Time-Resolved Transient Photoluminescence Spectroscopy

TrPL decay was measured with an Edinburgh Instruments FL920 spectrometer equipped with a 375
nm peak emission EPL375 picosecond pulsed laser diode. The laser diode optically excites the sample, and

the light emitted from the specimen at the target wavelength as a result of exciton recombination is
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measured as a function of time elapsed from the initial excitation. A material’s TrPL characteristic is
correlated to the materials’ exciton lifetime. Therefore, this technique can be utilized to elucidate the exciton
guenching processes in devices, or energy transfer characteristics between two materials. This measurement

technique is carried out under ambient conditions.

3.2.7 UV Photostability

Under electrical bias, charge carrier and exciton density and distribution all contribute to the
degradation of QDLEDs. However, the UV photostability of QDLEDSs has been measured in order to isolate
the contribution of exciton-induced degradation to the devices from the contribution of charge carriers.
Under UV irradiation, incident photons excite ground state electrons in the sample to form only singlet
excitons. In these experiments, a 370 nm peak wavelength Analytik Jena UVL-18 handheld UV lamp with
an irradiation power of 500 UW cm is used as the excitation source. PL measurements of the specimen are
measured by an Ocean Optics QE65000 spectrometer with a range of 350-750 nm and collected via an
optical fiber over time. The peak emission of the specimen is normalized to the initial emission intensity to
measure its change in intensity over time. Without the confounding factors of triplet excitons, charge
carriers, and exciton-polaron interactions, the change in PL intensity over time can be attributed to the

effects of singlet exciton formation and relaxation.

3.2.8 Surface Morphology & Roughness

A Veeco Nanoscope atomic force microscope (AFM) is used to characterize the surface morphology
and roughness of deposited films. There are two characteristics of interest in the evaluation of roughness:
peak-to-valley (Rpv) and root-mean-square (Rims) roughness. Ry, represents the difference between the

maximum and minimum heights in a given image whereas Rms is the square root of the sum of squared film
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heights over the entire measured area. Both roughness values are useful in characterization of a film surface
as the Rpy may result in localized shorts through the following layer and Rims can be taken to represent the
global film roughness and is the roughness value generally reported on in literature. In this work, AFM
images are taken from a 5 pm X 5 pm area and roughness values are taken from an average of at least 3

sample areas. This measurement technique is carried out under ambient conditions.
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Chapter 4: The Role of the Interface Between the Electron Transport

Layer and the Emissive Layer on QDLED Performance

This work has been publishedDavidsonHall, T. andAziz, H.,Nanoscalevol. 10(5),pp. 2623

2631, 2018.t has been reproduced with permission from the publisher.

4.1 Introduction

Although the unique properties of colloidal QDs such as high PLQY, narrow EL spectra, and solution
processability make them advantageous for use as the emissive material in light-emitting
devices,2°6:66:67.109.117.160 there are unique challenges to QDLEDSs that arise from the structure of the QDs
and their poor energy level alignment with the transport layers that lead to exciton quenching and inefficient
devices; an issue that has been a focus of many recent works 82111:172.173,183,188,213-218,120,124,127,128,165,168-170 pE |
and its modified derivative PEIE are two polymer interlayers that have been used in organic photovoltaics
(OPVs),219222. QLEDs,?22% and more recently QDLEDs,68170172173.217218 tq improve overall device
performance. Here, the enhancement has been largely attributed to a reduction in the work function of
electrodes, leading to a significant improvement in electron collection or injection, respectively. The
mechanism behind the reduction in work function energy level has been identified as a process in which
the amines along the polymer backbone adsorbed onto the conductor surface undergo partial charge
transfer, inducing an interfacial dipole that consequently leads to a shift in the vacuum level 219221223226 A
approximate work function shift of 1 eV has been observed for PEIE regardless of the electrode or polymer
layer thickness by Zhou et al?'® On a sputtered ZnO film, Kim et al?® observed a significant thickness-
dependence to the PEI with films thinner than 10 nm inducing a 2 eV depression of the work function. This
shift in the work function is valuable for devices such as OLEDs and OPVs where the active layer typically

has a LUMO energy level significantly shallower than the work function of the cathode.
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Although the deep work function of ZnO (-4.4 eV)?3 is an issue for injection into the organic
semiconductors, the deep conduction band energy level of CdSe-based quantum dots (-4.0 to -4.4
eV)2172216.217 compares favorably for electron injection naturally. The energy level alignment between these
layers is one of the reasons for the wide adoption of ZnO as the typical electron transporting layer in
QDLEDs.?? PEIE has been demonstrated to improve QDLED performance when used as an EIL between
an ITO cathode and the QD EML in the inverted architecture,?”28 and the incorporation of ZnO as an ETL
led to further enhancements which were attributed to an improvement in electron injection into the QDs."
A recent study by Ding et al**® found that the PEI also improves the performance of the typical ZnO ETL
in QDLED:s but identified that while the polymer can reduce the work function of Zn0, its insulating nature
primarily inhibits electron injection into QDs leading to improved charge balance. As hole injection into
the quantum dots is much more difficult comparably, inhibiting electron injection would improve charge
balance within the device and can therefore lead to the improvement in efficiency.'?*1? Considering the
conflicting explanations of the role of PEI and PEIE in enhancing the efficiency of QDLEDs, it therefore
remains unclear what mechanism governs the efficiency enhancement of such devices. Furthermore,

repercussions of PEI-based polymers on the EL lifetime of QDLEDs remain unknown.

In this work, we investigate and compare the effect of a PEI layer at the ZnO / QD interface to the
typical device architecture as it pertains to electron transport and injection, EQE, exciton quenching, and
EL lifetime. We find that the improvement in QDLED efficiency is accompanied by a corresponding
increase in driving voltage. Although this has been attributed to a decrease in electron transport through the
devices and a progression toward charge balance in literature,’® through investigations making use of
phosphorescent marking layers and delayed EL measurements we find that even thick PEI layers increase
electron injection. Thus, the improvement in efficiency cannot be attributed to improved charge balance
but rather to eliminating the non-radiative quenching of QD excitons by the ZnO layer. Furthermore, these

enhancements come with negligible impact on the EL lifetime of the QDLEDs.
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4.2  Experimental Details

4.2.1 Device Fabrication

The structure of QDLEDs studied here is depicted in Figure 4.1 and fabricated on 80 nm thick ITO
patterned glass substrates (Kintec) with 15 Q o sheet resistance cleaned and sonicated sequentially with
Micro 90, DI water, and IPA solutions before treating with O, plasma for 5 min. ZnO sol-gel was prepared
by adding 197 mg ZnAc (Sigma-Aldrich) to 54 uL MEA (Sigma-Aldrich) in 6 mL ethanol and mixing at
600 RPM for 40 min and a temperature of 45 °C. The ZnO solutions were filtered through a 0.22 um
polypropylene filter, spincoated at a rotational speed of 2000RPM for 60 s, and annealed at 180 °C for 30
min. PEI (Sigma-Aldrich) was diluted in 1-propanol and spincoated at a rotational speed of 5000 RPM for
60 s and annealed at 120 °C for 10 min. Green CdSe / CdS quantum dot rods (Strem Chemicals #48-1053,
with > 80% PLQY and size of approximately 5 nm diameter x 20 nm width, passivated with
hexadecylphosphonic acid ligands) with a peak EL emission of 550 nm were diluted to 0.6 mg mL? in
hexane and spincoated at a rotational speed of 2000 RPM for 30 s, then annealed at 50 °C for 30 min. The
absorption spectrum of the QD rods in solution, as well as photoluminescence spectra and transient
photoluminescence lifetime of QDs in solution and film can be found in Figure 4.2. The remaining layers
of CBP (Luminescence Technology), Flrpic (Luminescence Technology), MoO; (American Elements), and
Al (Angstrom Engineering) were deposited at a rate of 0.1-2 A s in an Angstrom Engineering EvoVac

thermal evaporation chamber at a base pressure of 5x10° Torr.
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Figure 4.1 QDLED (a) structure and (b) energy level diagram where the values of each component layer have been

derived from |iterature_109,117,172,182,214—217,223,227

4.2.2 Device Characterization

Luminance of the QDLEDs was measured with a Minolta Chroma Meter CS-100, and JVL
measurements were carried out via an Agilent 4155C Semiconductor Parameter Analyzer connected to a
silicon photodiode. EQEs were calculated as outlined by Okamoto et al assuming a Lambertian emission
distribution.?% Spectral measurements of the QDLEDs were measured using an Ocean Optics QE65000
spectrometer. PL was induced by illumination with a 200 W Hg-Xe lamp controlled with an Oriel-77200
monochromator. Time-resolved delayed EL signal was measured with a R928 photomultiplier tube,
amplified by a Keithley 428 Current Amplifier and recorded by a Tektronix TDS5054 Digital Phosphor
Oscilloscope. Forward and reverse bias signals for delayed EL tests were supplied by a custom-built

operational amplifier driven by a Stanford Research Systems DG535 Digital Delay / Pulse Generator
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connected to a ThorLabs MC1000A Optical Chopper to eliminate the prompt EL signal. TrPL decay was
measured with an Edinburgh Instruments FL920 spectrometer equipped with a 375 nm peak emission
EPL375 picosecond pulsed laser diode. A Veeco Nanoscope AFM was used to characterize the morphology
and surface roughness of deposited films. EL lifetime measurements were performed in a Botest Systems
GmbH OLT Lifetime Test System with a constant driving current maintained at 20 mA cm2. During all

device tests, aside from TrPL measurements, the QDLEDs were kept in a N2 atmosphere.
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Figure 4.2 (a) Absorption spectrum of QD rods in solution and photoluminescence spectra of QD rods in solution
(solid black) and film (dotted red). (b) Transient photoluminescence lifetime of QD rods in solution (solid black) and
film (dotted red).
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4.3 Results and Discussion

In the QDLEDSs studied here, PEI was used as the polymer interlayer due to the greater modification
in work function observed in literature compared to PEIE.??222® Four different device structures were
fabricated with nominal PEI film thickness of 4 nm, 8 nm, 15 nm and 30 nm corresponding to solution
concentrations of 0.25 mg mL?, 0.5 mg mL?, 1 mg mL™*, and 2 mg mL™, and compared to a control device
without the PEI interlayer (0 nm). The EQE versus current density characteristics of these devices are
presented in Figure 4.3(a). The maximum EQE of the control structure was measured to be 4.5% and
increased to 7.2% and 7% upon introduction of the 4 nm and 8 nm thick PEI layers, respectively,
corresponding to enhancements by a factor of 1.6x and 1.5x. For the same devices, there is only a 10%
increase in maximum luminance with the incorporation of PEI. The largest improvement in QDLED
efficiency here occurs over the low current density regime where luminance levels typically desirable for
use in display applications.? Increasing the PEI layer thickness to 15 nm and 30 nm leads to a decrease in
the maximum EQE to 3.3% and 2.2%, respectively. Figure 4.3(b) shows the current density versus voltage
(JV) and luminance versus voltage (LV) characteristics of these devices. As the PEI layer thickness
increases, there is a shift in the JV characteristics toward higher driving voltages relative to the control
structure, a conventional indication of a decline in carrier injection and / or transport through the devices.
These results seem to oppose the common belief that the reduced ZnO work function via PEI will improve
electron injection into CdSe-based quantum dots but are consistent with the recent findings that PEI
improves charge balance by inhibiting electron injection.* However, an alternate argument exists whereby
the increasing total thickness of QDLEDs with PEI effectively reduces the electric field intensity across the
device during electrical driving with the same bias potential. Thus, the voltage required to reach the
threshold electric field for carrier injection within the device increases with PEI thickness. Despite the
increase in driving voltage that PEI layers introduce, devices with nominal PEI thickness up to 8 nm are
more efficient than control devices which indicates that there is some benefit gained from the incorporation
of a PEI layer. However, QDLEDs with PEI exhibit a decrease in the onset current of efficiency roll-off as
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shown in Figure 4.3(a). The efficiency roll-off in QDLEDs can be attributed to TTA, exciton-polaron
guenching, or Auger recombination which results in a loss of efficiency due to increased non-radiative
recombination processes.'?*'?” Auger recombination is a known issue within QDLEDs limiting the
efficiency due to excess electron injection and charge imbalance.22470.112123.166227 Thys  as the PEI thickness
increases and efficiency roll-off begins occurring at a reduced current density, there appears to be a charge
imbalance within the device leading to enhanced non-radiative relaxation pathways for excitons. Moreover,
the PEI layers significantly reduce the leakage current through devices, suggesting that the ZnO / QD

interface is critical for optimizing device performance.
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Figure 4.3 (a) EQE vs.current density and (b) Current density and luminance vs.voltage characteristics for
devices with various PEI interlayer thicknesses.
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To further investigate the effect of the PEI layer on charge distribution within the devices, a 5 nm
luminescent marking layer consisting of the phosphorescent Flrpic emitter with a concentration of 20% in
CBP was introduced in the device at the QD / HTL interface. The marking layer is used to probe shifts in
the electron-hole recombination zone within the device structure due to the use of the PEI layers, and
thereby uncover relative changes in the amount of electrons that have been injected past the QD EML into
the HTL. Electrons in the HTL should easily recombine with accumulated holes at the QD / HTL interface
given the large barrier to hole injection into the QDs, but any generated excitons would otherwise (i.e.
without the marking layer) be difficult to resolve due to the low PLQY of the HTL material in comparison
to the highly luminescent QDs. QDLEDs with PEI thickness ranging from 0 nm to 15 nm were fabricated
with the Flrpic marking layer to understand the influence of PEI thickness on electron transport through the
devices. Normalized EL spectra from devices containing the marking layer and 4, 8 and 15 nm thick PEI
layers are presented in Figure 4.4. A spectrum from a device without a PEI layer is included as a reference
(denoted by “0 nm PEI” in the figure). In addition, a spectrum from a device with neither the PEI layer nor
the marking layer is also included (denoted by “0 nm, No Marking Layer” in the figure). A comparison of
the last two spectra shows that the introduction of the marking layer leads to only a very small amount of
Flrpic emission (Firpic emission intensity at 480 nm is only about 0.5% of the QD emission peak intensity)
indicating that the marking layer does not significantly alter charge distribution or the location of the
electron-hole recombination zone within the devices. Introducing PEI into the device structure increases
the Flrpic contribution peak at 480 nm to the electroluminescence from 0.5% of the QD emission peak (0
nm PEI) to 2.2% (4 nm PEI), 2.5% (8 nm PEI), and 5.3% (15 nm PEI), which can be seen more clearly
from the enlarged view in the figure inset. The increasing Flrpic:QD emission ratio indicates that PEI
improves electron injection as more excitons are generated in the HTL beyond the EML even with the
thicker PEI layers, leading to the decline in EQE observed in Figure 4.3(a) at the larger thicknesses. This
contrasts with the notion that the increasing driving voltage discussed previously arises from a reduction in
electron transport across the PEI layer. Rather, the driving voltage required to supply electric field across

the device scales as a function of device thickness and occurs along with an increase in electron injection.
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Therefore, although an increase in PEI thickness will lead to an increase in its resistance, the effect is offset

by the increase in electric field at the contact. This may explain the shift in the recombination zone into the

HTL.
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Figure 4.4 EL spectra of devices with a Flrpic marking layer and PEI thickness increasing from 0 nm to 15
nm, normalized to the QD emission peak at 550 nm. The inset figure is the same EL spectra zoomed in to
accentuate the Flrpic contribution.

In order to confirm that the PEI layer does indeed increase electron injection within the QDLEDs,
delayed EL measurements were performed using an experimental setup as described in section 3.2.4.
Figure 4.5(a) shows the delayed EL intensity versus time characteristics collected from the QDLEDs with
0 nm, 4 nm, 8 nm, and 15 nm thick PEI layers. Clearly, the intensity of the delayed EL increases upon
increasing the PEI layer thickness from 0 nm to 8 nm but plateaus from 8 nm to 15 nm. The normalized
characteristics are provided in the inset and show that the delayed EL decay rates are essentially identical
in all devices despite the different delayed EL intensities. The relative changes in delayed EL intensity with

PEI thickness do not correlate with changes in prompt EL as seen from the different trends in Figure 4.5(b).
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Figure 4.5 (a) Delayed electroluminescence of QDLEDs with PEI thickness from 0 nm to 15 nm. The inset figure is
normalized to the maximum delayed electroluminescence signal. (b) Prompt and delayed electroluminescence as a
function of PEI thickness. (c) Normalized delayed electroluminescence of QDLEDs with PEI thickness from 0 nm to
15 nm where a 2.5 V reverse bias is applied from 100 ps to 250 ps. The 0 nm PEI unbiased curve from (a) is included
for reference.

This verifies that the observed delayed EL indeed has a different origin (i.e. it arises from the radiative
decay of excitons that are formed after the termination of the forward bias pulse as noted earlier). In general,

the formation of excitons in the us time scale can be attributed to two factors: (i) recombination of residual
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(trapped) charges in the device layers that become de-trapped, and hence become capable of recombination
and producing luminescence after the end of the forward bias pulse and / or (ii) triplet excitons created
within the CBP HTL during the forward bias pulse that diffuse slowly and eventually reach the QDs and
induce their late excitation via energy transfer either directly from those triplet states (by a Dexter process)
or by a Forster process from singlet intermediates produced by TTA. In previous work, it was shown that
in devices where (i) is dominant, the application of a reverse bias leads to the appearance of a spike in
delayed EL. This is because the reverse bias facilitates the detrapping of carriers and their drift back toward
the QD layer. This significantly increases the rate at which these residual carriers recombine and

materializes as a spike in the delayed EL curve at the onset of the reverse bias.

To test for this effect, a 2.5 V reverse bias pulse, 150 ps long, is applied 100 ps after the onset of the
measurement, and the effect on the delayed EL intensity is monitored. Figure 4.5(c) shows the delayed EL
characteristics from the same set of devices in this case. Delayed EL from a 0 nm PEI device without the
application of the reverse bias is also included for reference. The traces were normalized to their initial
value in order to facilitate comparisons between the relative spike intensity. Without PEI, there is only a
small spike in delayed EL at the onset of the reverse bias. However, the spike increases significantly in
devices with a PEI layer indicating that more residual charges exist in these devices. Notably, there is only
a minor difference between the ratio of spike intensity to initial delayed EL signal in the three PEI-
containing devices. Considering that the reverse bias is fixed at 2.5 V, the electric field across the devices
decreases with increasing PEI thickness. The similar spike height in the PEI-containing devices therefore
means that a similar residual charge recombination rate occurs at an increasingly lower field as the PEI
layer thickness increases, suggesting that the number of residual charges must be increasing in the same
direction. Considering that hole injection into the QD layer is generally inefficient due to the large energy
hole injection barrier at the HTL / QD interface, it follows that those residual charges must be electrons in
the QD layer or the HTL. It can be seen that a second smaller spike appears at the end of the reverse bias

pulse, which once again can be attributed to the reorganization of residual charges upon removal of the bias
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leading to another opportunity for increased electron-hole recombination. Following the second spike, there
is a recovery of the delayed EL trace as the field-induced quenching of excitons that occurs during the
reverse bias pulse is eliminated. However, the delayed EL recovers to a point below that of the trace without
a reverse bias pulse. This suggests that the 2.5 V reverse bias field does not completely sweep out these
residual charges. With the knowledge that the PEI layers induce a shift in the recombination zone into the
HTL through the previous marking layer experiments and that hole injection from the HTL to QD layer is
difficult, the increase in residual charges must therefore arise from PEI enhancing electron injection within

QDLED:s.

Considering that PEI layers are found to improve rather than hinder electron injection, and result in
excess residual electrons in the QD and hole transport layers as observed from the delayed EL
measurements, the efficiency enhancement effect of PEI cannot be attributed to improved charge balance
within the QDLEDs. Other factors must therefore be behind this effect. In regard to this, the quenching of
excitons via charge transfer to trap states in ZnO or non-radiative Auger recombination has been established
as a significant factor contributing to efficiency loss in QDLEDs.?82120.123.128.214.216227 Thys, jncorporation
of a wide band-gap polymer interlayer such as PEI is expected to reduce exciton quenching by the ZnO
film and may therefore play a role in the enhancement of QDLED efficiency as Dai et al'?* previously
reported with a PMMA interlayer and Ding et al**° recently reported with PEI. To further probe the effects
of PEI on the quenching of excitons by ZnO, 15 nm and 30 nm thick QD films were deposited onto both
ZnO (A — 15 nm, B — 30 nm) and 8 nm PEI films coated on ZnO (C — 15 nm, D — 30 nm). Figure 4.6(a)
depicts the PL spectra of the four multi-layer structures. As expected, the PL intensity is much greater for
the 30 nm QD film compared to the 15 nm film. However, there is also a notable increase in PL intensity
for both QD films when the PEI interlayer is introduced between the ZnO and QDs. An increase in QD PL
intensity upon passivation of the ZnO film is indicative of a reduction in QD exciton quenching by ZnO.
Further corroboration of this phenomenon is observed in Figure 4.6(b) which shows the TrPL behaviour

of each film. Table 4.1 collects the two stretched biexponential decay fitting parameters for the QD films’
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TrPL for a quantitative measure of the improvements in exciton lifetime. The TrPL of structure A decays
quickest out of the four films which is consistent with the proposition that this structure experiences the
most quenching from ZnO. As this QD film is the thinnest, a greater proportion of the photoinduced
excitons are within a Forster radius of the ZnO quenching sites. Increasing the QD layer thickness in
structure B increases the exciton lifetime since the proportion of QDs within quenching range of the ZnO
film decreases. Meanwhile, the addition of a PEI interlayer in structures C and D improves the exciton
lifetime further by decreasing ZnO / QD contact area and increasing the distance between the two layers,
ultimately leading to nearly identical decay curves. Improving exciton lifetime regardless of QD film
thickness indicates that the PEI layer is capable of entirely passivating the ZnO interface to eliminate this

source of exciton quenching and leading to an enhancement in QDLED efficiency.

Table 4.1 QD Film Structure and Exciton Lifetime Fitting Parameters
QD Thickness  PEI Thickness 1 t2

Film
[nm] [nm] [ns]  [ns]
A 15 0 321 851
B 30 0 3.78  9.07
Cc 15 8 446 10.55
D 30 8 454 1043
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Figure 4.6 (a) Steady-state photoluminescence spectra from an excitation wavelength of 365 nm and (b)
transient photoluminescence decay measurements at an emission wavelength of 560 nm for the A (red
diamond), B (green triangle), C (blue cross), and D (purple circle) film structures.

Film roughness is an important parameter for good quality devices,#2168228 particularly when dealing
with the very thin layers utilized in these QDLEDs. Films with large Rpv and Rims roughness values can lead
to shunts and large leakage currents within the device due to partial circumvention of the QD EML. To
further probe the effects of introducing a PEI film into the QDLED structure, and whether the efficiency
enhancement may in part be caused by a modification of the surface morphology of ZnO films by the PEI
layers, AFM measurements were carried out. Figure 4.7 presents AFM surface topography scans from a
35 nm ZnO film, and then following a sequential deposition of 8 nm PEI. The ZnO film is not quite as
rough as many values reported in literature?>178183.223 with 0.9 nm Rims and 10.12 nm Ry, which may be

due to the use of a sol-gel ZnO film as opposed to a ZnO nanoparticle film. However, there still remains
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many points across the emissive area which will be affected by non-ideal electron injection at the ZnO
peaks considering the emission layer is 15 nm thick within the QDLEDSs. Sequential deposition of an 8 nm
PEI layer reduces both the Rims and Ry to 0.65 nm and 6.54 nm, respectively. This finding is consistent
with reports of smoother surface morphology after depositing polymers on nanoparticle films.*24222223 This
reduction in film roughness through successive PEI deposition on ZnO films may perhaps be the main
reason behind the significant reduction of the leakage current in the QDLEDs containing PEI layers
observed in Figure 4.3(b). The reduction in leakage current may naturally be expected to contribute to the
higher EQE attained upon using the PEI interlayer since it would reduce the leakage of unrecombined

carriers to the counter electrode.

Figure 4.7 AFM images of ZnO film surface (a) before and (b) after coating with an 8 nm PEI film. The measurements
are taken over a 5 pm square area with a height range of 10 nm.
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While PEI improves device efficiency, its influence on QDLED stability has not yet been established
but comes into question given the poorer charge balance within these devices. To this end, luminance and
driving voltage of a control QDLED and a device with an 8 nm thick PEI structure were measured during
continuous operation at a constant current of 20 mA cm. Figure 4.8 provides the change in normalized
luminance (L / Lo) and increase in driving voltage (V-Vo) over time. By normalized luminance, the lifetime
of the control device appears slightly longer. However, considering that the initial luminance of the PEI-
modified device at 20 mA cm2 is 20% greater (3370 cd m for the control, and 4180 cd m™ for the PEI
interlayer device), the difference between the two lifetimes is negligible. Furthermore, there is an identical
increase of 0.22 V for both devices at time of LT50. Thus, the PEI interlayer appears capable of improving
QDLED efficiency without affecting stability. Given the shift toward further charge imbalance with the

PEI layer, excess electrons do not seem to be the limiting factor to the stability of these devices.

In light of these findings, it can be concluded that electron transport through the device is not inhibited
but rather enhanced when PEI is used in QDLEDs. Devices with a Flrpic marking layer exhibit a shift in
the recombination zone away from the quantum dots and toward the HTL as PEI thickness increases.
Delayed EL measurements confirm that PEI layers result in a greater concentration of residual electrons
within the QDLEDs. As PEI thickness increases, the threshold current for efficiency roll-off decreases,
providing further evidence that the electron concentration within the EML also increases and promotes
Auger recombination. With this in mind, PEI still appears to improve QDLED performance as long as the
layers are sufficiently thin and provide a minor increase in electron injection. The observed efficiency
improvement despite a shift toward further charge imbalance is therefore attributed to the elimination of
guenching via passivation of trap states at the ZnO / QD interface. Presumably, charge balance should be
tied to the EL lifetime of QDLEDSs, but the devices studied in this work exhibit an insignificant difference
in stability compared to QDLEDs without a PEI layer. Although the devices investigated within this work
utilized a PEI interlayer, we expect that a similar behavior would be observed for devices incorporating a

PEIE interlayer as well given the similarities between the two materials.
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4.4 Conclusions

In conclusion, we have studied the effect of using a PEI interlayer in QDLEDs, finding the polymer to
increase — rather than reduce — electron injection and thus exacerbate the poor charge balance within the
devices. Introducing PEI is found to improve efficiency by up to 60% in QDLEDs over the control structure
despite the observed increase in electron injection, but this enhancement cannot be attributed to the poorer
charge balance. Although the improvement in the overall efficiency of QDLEDs from the PEI interlayer is
accompanied by a rightward shift in JV characteristics compared to the ZnO ETL control device, this does
not necessarily correspond to carrier injection within the devices as the driving voltage required for a given
electric field increases along with device thickness. Probing the exciton recombination zone via luminescent
marking layers shows that the PEI layers induce a shift away from the QD layer and into the HTL which is
consistent with the increased electron injection. This has been further corroborated by delayed EL
measurements identifying an increase in excess residual charges within devices that incorporate a PEI
interlayer. Increasing the thickness of the PEI layer further enhances electron injection, shifting the
recombination zone deeper into the HTL. We attribute the observed increase in QDLED efficiency despite
the additional charge imbalance to the passivation of ZnO surface states that otherwise effectively quench
excitons in the QD EML. Thus, there is a trade-off between PEI thickness and improvement of efficiency
whereby thinner layers provide the best enhancement and thicker layers become detrimental to efficiency.
Furthermore, an improvement in surface smoothness at the interface controlling electron injection into the
QD film contributes to the improved performance through a reduction in leakage current. Although the
maximum luminance is only improved by 10% with the inclusion of a PEI interlayer, the largest increase
in efficiency occurs over the low driving current regime which is attractive for display applications.
Remarkably, the inclusion of a PEI passivation layer does not appear to significantly affect the EL lifetime
of QDLEDs indicating that the excess electrons may not be a limiting factor in the stability of such devices.
These findings shed light not only on the benefits of using wide band gap interlayers in QDLEDs, but also
on key design considerations for realizing enhanced efficiency in these devices.
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Chapter 5: The Influence of the Electron Transport and Emission Layers
on Morphological Stability of QDLEDs

This work has been published DavidsonHall, T., Elbaroudy, A., and Aziz, H., SPIE
Optics+PhotonicOrganic and Hybrid Light Emitting Materials and Devices XXWbl. 11093,
pp.1109328 2019 It has been reproduced with permission friv@ publisher.

5.1 Introduction

At the time of this work, improvements in device structure and materials had resulted in EQEs as high
as 20.5%'%* and LT50 of 300,000 hours?? for red CdSe-core QDLEDs. While most work on QDLEDs
focuses on spherical QDs, the control over particle size and shape allows for the fabrication of rod-shaped
shells on the QD core (QD Rods) among other form factors. Of particular interest to QDLEDs, QD Rod
films have demonstrated similarly narrow PL emission with a capability for linearly polarized light
emission as a result of aspect ratio and molecular alignment due to their unique shape.%322%230 Although
QDLEDs utilizing QD Rod EMLs have only reached EQEs as high as 15.7%,® recent work in double-
heterojunction shell QD Rods suggests that they may eventually surpass the performance of spherical QDs
in the future.” Despite advances in QDLED stability, the lifetime of most QDLEDs remains inadequate for

commercial applications.

To understand the limiting factors of QDLED stability, significant attention has been given to reducing
charge imbalance and Auger recombination in the QDs which arises from the large energy level mismatch
between the valence band of the QD core or shell and the HOMO energy level of the HTL that makes hole
injection into the QDs difficult.?2124128129.182.183.227.231 Hawever, additional degradation phenomena within
QDLEDs have received comparably minor attention. The standard method of quantifying QDLED stability
is to measure the luminance of the device under constant electrical driving and usually comparing the time

it takes to reach 50% of the initial luminance. However, when carrying out these measurements on our
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QDLEDs we found that dark spot growth and changes in the emissive area appearance would occur
regardless of electrical aging or storage in an inert N, atmosphere. These findings indicate that there is an
inherent morphological influence on the degradation of these devices that must be understood and addressed
in order to achieve highly stable QDLEDs. In this work, we have investigated the ETL and EML of the

QDLED structure to identify the critical parameters affecting morphological stability.
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5.2  Experimental Details

5.2.1 Device Fabrication

The QDLEDs studied here were fabricated on 100 nm thick ITO patterned glass substrates (Kintec)
with 20 Q o sheet resistance, cleaned and sonicated sequentially with Micro 90, DI water, and IPA
solutions before treating with Oz plasma for 5 min. Our standard QDLED structure is ITO (100 nm) / ZnO
(32 nm) / QD (50 nm) or QD Rod (15 nm) / CBP (60 nm) / MoQOg3 (5 nm) / Al (100 nm), and the devices
studied in this work will modify select layers by either replacing the material with another or varying the
thickness and anneal temperature. 32 nm ZnO sol-gel films were prepared by adding 197 mg ZnAc (Sigma-
Aldrich) to 54 pL MEA (Sigma-Aldrich) in 6 mL ethanol and mixing at 800 RPM for 40 min and a
temperature of 45 °C. The ZnO solutions were filtered through a 0.22 um polypropylene filter, spincoated
at a rotational speed of 1000 RPM for 60 s, and annealed at 150 °C for 30 min. Red CdSe / ZnS QDs
(Mesolight Inc. Cd-QLED-630, with 74% PLQY and size of approximately 10-12 nm diameter, passivated
with hexadecylphosphonic acid ligands) with a peak EL emission wavelength of 626 nm and 18 nm FWHM
were diluted to 4.17 mg mL™ in octane, spincoated at a rotational speed of 500 RPM for 60 s, then annealed
at 50 °C for 30 min. Red CdSe / CdS QD Rods (Strem Chemicals #48-1059, with > 80% PLQY and size of
approximately 5 nm diameter x 20 nm width, passivated with hexadecylphosphonic acid ligands) with a
peak EL emission wavelength of 626 nm and 40 nm FWHM were diluted to 0.6 mg mL™? in octane,
spincoated at a rotational speed of 2000 RPM for 60 s, then annealed at 50 °C for 30 min. The CBP
(Angstrom Engineering), MoOs (Angstrom Engineering), and Al (Angstrom Engineering) were deposited
at a rate of 0.1-2 A s in an Angstrom Engineering EvoVac thermal evaporation chamber at a base pressure

of 5x10° Torr.
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5.2.2 Device Characterization

Luminance of the QDLEDs was measured with a Minolta Chroma Meter CS-100, and JVL
measurements were carried out via an Agilent 4155C Semiconductor Parameter Analyzer connected to a
silicon photodiode. EL images of the QDLEDs during operation at 20 mA c¢cm current density were taken
by a Google Pixel 2 camera through a Leica StereoZoom4 optical microscope with 30x magnification. The
QDLEDs were kept in a N2 atmosphere during all device tests. A Veeco Nanoscope AFM is used for

nanoscale morphology characterization.
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5.3 Results and Discussion

Although their aspect ratio imparts beneficial optical properties, the alignment of QD Rods can
significantly increase film roughness and non-aligned films can have large interparticle distances.?®>%3
Thus, in the interest of understanding the effect of the EML on morphological stability of QDLEDs, the
size and shape of the QDs is a natural point of comparison. However, film thickness is another characteristic
to consider for its influence of over QDLED efficiency, a parameter of equal importance as device stability.
For all QDLEDs investigated in this work, devices with QD EMLs are more efficient than with QD Rods

and have greater luminescence stability under constant electrical aging.

QDLEDs with varying thicknesses of QD (20 nm, 35 nm, 50 nm) and QD Rod (15 nm, 30 nm, 45 nm)
films were fabricated in the standard device structure in order to identify the influence of the EML on
QDLED morphological stability. The optoelectronic performance of the QDLEDs can be found in Figure
5.1. In general, the QDLEDs have the same turn-on voltage except for the 15 nm QD Rod device which
has a slightly lower turn-on voltage. Furthermore, the JV characteristics of the QDLEDs are also very
similar except for the 50 nm QD device which has poorer charge transport and the 15 nm QD Rod device
which has improved charge transport. Thus, charge transport through the QDLEDs appears to improve as
the EML thickness decreases for both QDs and QD Rods as evidenced by the sharper increase in currents
at a given driving voltage. While the JV characteristics of the QD and QD Rod devices are similar, their
efficiency exhibits opposite trends. For the QD devices, the current efficiency increases by 20% from a
maximum of 10.3 cd A1 to 12.3 cd A as the EML thickness increases from 20 nm to 50 nm. Meanwhile,
the current efficiency of QD Rod devices increases by 80% from 4.0 cd A to 7.3 cd A as the EML

thickness decreases from 45 nm to 15 nm.

Initially, the 2 mm x 2 mm QDLED emissive area is homogeneous for both QD and QD Rod EMLSs.
While Figure 5.1(c) only depicts the emissive area for QDLEDs with a 20 nm QD and 15 nm QD Rod

layer, the initial emissive area is uniform for all device structures investigated in this work. Figure 5.1(d)
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shows the emissive area for the various EMLs after 120 hours of N, storage along with sample AFM images
of the EML films. The roughness is very similar for 20 nm (3.86 nm RMS roughness) and 35 nm (3.87 nm
RMS) for the QD films but decreases slightly for 50 nm (3.49 nm RMS). Conversely, the roughness of QD
Rod films increases as the thickness increases from 15 nm (3.23 nm RMS) to 30 nm (3.87 nm RMS) to 45
nm (5.48 nm RMS). This trend in roughness follows the trend in dark spot growth for both type of EMLs,
as the 50 nm QD and 15 nm QD Rod devices have far fewer dark spots when compared to the other devices.
Conveniently, the QDLEDs that achieve optimal performance are the devices with the smoothest EML
morphology and best emissive area stability. The AFM images of the QD Rods indicate that there is some
degree of agglomeration within the EML that is not present in the QDs, which increases in severity as the
thickness increases. However, this does not appear to have a significant effect on the emissive area stability

as there is less dark spot coverage in the QD Rod devices compared to the QD EML.
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Figure 5.1 (a) Current density-voltage and (b) Current efficiency-current density curves for QDLEDs with varying
thickness of QDs (20 nm, 35 nm, 50 nm) and QD Rods (15 nm, 30 nm, 45 nm). (c) Initial EL images of the emissive
area for QDLEDs with a 20 nm QD layer and a 15 nm QD Rod layer. (d) Emissive area EL images of QDLEDSs with
varying thickness of QD (20 nm, 35 nm, 50 nm) and QD Rod (15 nm, 30 nm, 45 nm) EMLSs after 120 hours of storage
in a N, atmosphere and AFM images of each QD and QD Rod film.
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Knowing that the EML morphology influences the intrinsic degradation of the QDLED emissive area,
it is natural to suspect that the underlying ETL will also have an impact as a template for the subsequent
depositions. To identify the influence of the ETL on QDLED morphological stability, QDLEDs with
varying thicknesses of ZnO (15 nm, 24 nm, 32 nm, 41 nm, 50 nm) and annealing temperature (120 °C, 150
°C, 180 °C for 32 nm thickness) were fabricated with both QD and QD Rod EMLs. The optoelectronic
performance of the QDLEDs with varying ZnO thickness can be found in Figure 5.2. For QD devices,
increasing ZnO thickness appears to have little effect on the JV characteristics of QDLEDSs aside from the
leakage current at sub-turn on voltages. Although there is some variation to the degree of leakage current,
it appears that in general increasing the ZnO thickness will also lead to increased leakage current,
particularly for the 50 nm ZnO layer. The opposite trend is observed for QD Rod devices where increased
ZnO thickness leads to a decrease in leakage current, but also a reduction in charge transport through the
QDLEDs. These contrasting trends indicate that there is a difference in the mechanisms governing operation
in the two sets of QDLEDs, especially after taking into account the optimal EML thickness differences
between the devices. The ZnS shell of the QDs introduces a much larger energy barrier to injection
compared to the CdS shell of the QD Rods which would be expected to reduce charge transport through the
QD layer. However, the size and shape of the QD Rods can result in a more disordered film with larger
rod-to-rod spacing if a good molecular alignment has not been achieved which can also negatively impact
charge transport. Further, the thin QD Rod layer may be more susceptible to changes in the ETL whereas
the thick QD layer has more of an influence over charge transport compared to that of the ETL. Both QD
and QD Rod devices experience an increase in current efficiency with increasing ZnO thickness with the
exception of the 50 nm QD device which may be adversely affected by the significant leakage current
observed in this QDLED. For devices with a QD EML, a large leakage current is observed to reduce the
current efficiency in the low current density regime where the leakage current dominates charge transport
leading to more non-radiative recombination of excitons. However, at sufficiently high current density the

current efficiency of these devices recovers.
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Figure 5.2 Current density-voltage curves for QDLEDs with varying thickness of the ZnO ETL (15 nm, 24 nm, 32
nm, 41 nm, 50 nm) and: (a) a 50 nm QD EML or (b) a 15 nm QD Rod EML. Current efficiency-current density curves
for QDLEDs with varying thickness of the ZnO ETL (15 nm, 24 nm, 32 nm, 41 nm, 50 nm) and: (c) a 50 nm QD
EML or (d) a 15 nm QD Rod EML. (e) Emissive area EL images of QDLEDSs with varying ZnO ETL thickness (15
nm, 24 nm, 32 nm, 41 nm, 50 nm) and a 50 nm QD EML after 250 hours of storage in a N, atmosphere, or with a 15

nm QD Rod EML after 120 hours of storage in a N, atmosphere and AFM images of the ZnO surface for a given
thickness.

Figure 5.2(e) shows the emissive area for the QDLEDs with various ZnO thicknesses after 250 hours
of N storage for devices with a QD EML and after 120 hours of N, storage for devices with a QD Rod
EML, along with sample AFM images of the ZnO films. The roughness of ZnO films is generally consistent
between 15 nm (1.92 nm RMS), 24 nm (1.81 nm RMS), and 32 nm (1.66 nm RMS) but begins to increase
significantly as the ZnO thickness reaches 41 nm (3.89 nm RMS) and 50 nm (10.14 nm RMS). The 32 nm
ZnO film is the smoothest by a slim margin, which may be a result of reaching sufficient thickness to
smooth out the roughness of the underlying ITO film (2.81 nm RMS). While the thinner ZnO films are only
slightly rougher than the 32 nm film, the thicker films are very rough. In this case, thick ZnO sol-gel films

may not be as viable due to poor film quality. This notion is reflected in the EL images of the QDLEDs
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where the thickest ZnO films exhibit a significant emissive area inhomogeneity. For the QD EML, most of
the device area is non-emissive while the QD Rod emissive area appears hazy with bright and dark domains.
As the ZnO thickness increases, so too does the degree of emissive area homogeneity degradation in QD
devices. Interestingly, the 32 nm ZnO film is the only one in which the QD Rod EML retains some emissive
area homogeneity. Thus, while the increase in ETL roughness does not appear to influence the QDLED
optoelectronic characteristics there is a significant impact on the emissive area stability of the QD Rod

devices.

The other ZnO parameter of interest with respect to the ETL influence on the morphological stability
of QDLED:s is the annealing temperature. High annealing temperatures are acceptable for inverted devices
fabricated on glass substrates but can degrade plastic substrates in flexible devices or the underlying organic
and emissive layers in conventional device architectures. Optoelectronic performance of the QDLEDSs with
varying ZnO anneal temperatures can be found in Figure 5.3. For both QD and QD Rod devices, the
annealing temperature of ZnO has little effect on charge transport through the QDLEDs and the QD Rod
devices exhibit less leakage current. Meanwhile, the annealing temperature has a significant impact on the
efficiency of QDLEDs. Increasing the annealing temperature results in a decrease in maximum current
efficiency from 13.8 cd A at 120 °C to 12.3 cd A at 150 °C to 8.8 cd A at 180 °C for QD devices and
7.8 cd A'to 6.6 cd A to 3.4 cd A for QD Rod devices. Without a corresponding change in charge
transport within these devices, the decreasing efficiency of these QDLED:S is likely a result of increased

exciton quenching by ZnO at the ZnO / EML interface.
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Figure 5.3 Current density-voltage curves for QDLEDs with a 32 nm ZnO ETL annealed at varying temperature (120
°C, 150 °C, 180 °C) and: (a) a50 nm QD EML or (b) a 15 nm QD Rod EML. Current efficiency-current density curves
for QDLEDs with a 32 nm ZnO ETL annealed at varying temperature (120 °C, 150 °C, 180 °C) and: (c) a 50 nm QD
EML or (d) a 15 nm QD Rod EML. (e) Emissive area EL images of QDLEDs with a 32 nm ZnO ETL annealed at
varying temperature (120 °C, 150 °C, 180 °C) and a 50 nm QD EML, or a 15 nm QD Rod EML, after 120 hours of
storage in a N2 atmosphere and AFM images of the ZnO surface for a given anneal temperature.

Figure 5.3(e) depicts the QDLED emissive area for the various ZnO anneal temperatures after 120
hours of N, storage as well as AFM images of the ZnO films. The roughness of ZnO films is similar for
180 °C (1.42 nm RMS) and 150 °C (1.66 nm RMS) anneal temperatures but increases with an annealing
temperature of 120 °C (3.35 nm RMS). This roughness trend correlates with the trend of dark spot growth
in the emissive area during N storage, as the 120 °C annealed ZnO results in much more non-emissive area
when compared to the 150 °C and 180 °C annealed ZnO. Once again, the QD Rod devices appear to have
better stability in the QDLED emissive area when compared to the QD devices. Although the increased
roughness of the 120 °C annealed ZnO does not have an effect on the charge transport characteristics of the

QDLED:s, this may also be a contributing factor to the improved efficiency.

Roughness of the EML and ETL appears to be the primary factor behind morphological instability of

QDLEDs, where a surface roughness greater than approximately 3.5 nm RMS is a critical threshold that
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should not be exceeded. Although the previous sections highlight the sensitivity of QDLED emissive area
stability to ETL and EML roughness, it is unlikely that the inorganic layers are experiencing a change in
morphology. Meanwhile, organic OSCs are known to have poor intrinsic stability and are prone to

crystallization.!32%+-2% Thus, the HTL appears to be the most likely source of this morphological instability.
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5.4 Conclusions

We have studied the effect of the EML and ETL on the intrinsic morphological stability of QDLEDs,
finding that dark spot growth and emissive area inhomogeneity primarily arise as a consequence of EML
and ETL roughness. Degradation of QDLED emissive area homogeneity is observed to progress regardless
of electrical driving or storage in an inert nitrogen atmosphere, highlighting the importance of addressing
this issue for long-term operation of QDLEDs. EL images of QDLED emissive area after storage in N for
several days indicate that roughness of the ZnO and QD (or QD Rod) films is the primary characteristic of
the EML and ETL which have an impact on morphological stability of QDLEDs. Despite their asymmetry,
it appears that QD Rod films are comparable in roughness to the symmetric QDs but produce more
morphologically stable QDLEDs. We suspect that this surface roughness induces crystallization in the

organic HTL which leads to dark spots and inhomogeneity in the QDLED emissive area over time.
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Chapter 6: The Role of Excitons Within the Hole Transporting Layer in
QDLED Degradation

This work has been publishedDavidsonHall, T. and Aziz, HNanoscalevol.11(17),pp.8310
8318 219. It has been reproduced with permission from the publisher.

6.1 Introduction

Significant progress in developing improved QD materials and device structures, including the use of
inorganic (typically ZnO) materials for the electron transport layer and organic materials for the hole
transport (HTM) layer, has drastically improved the performance of QDLEDs over the last two
decades.2*81119.237 |n this chapter, the distinction is made between the HTM and the HTL as much of the
discussion will focus on the material itself. Nevertheless, the lifetime of most QDLEDs remains inadequate
for commercial applications. In addressing the limited stability of QDLEDSs, significant attention has been
given to reducing charge imbalance and Auger recombination in the QDs, which ensue from defects in the
QDs and the large energy level mismatch between the valence band of the QD core or shell and the HOMO
energy level of the HTM that makes hole injection into the QDs difficult.?2124128.129,182.183,227.231 Racently,
Chang et al pointed to a possible detrimental effect of electrons on HTMs of QDLEDs. Additional

degradation phenomena within QDLEDs have received comparably minor attention.

In chapter 4, excitons were found to be present in the HTL under standard operating conditions of
QDLEDs. These excitons arise from the drift of electrons past the QD emissive layer and their
recombination with holes in the HTL."* Knowing that organic materials are susceptible to damage by
excitons, a phenomenon that has been found to have a detrimental effect on the stability of organic layers
in light-emitting devices,'%2%82% the possibility of exciton-induced degradation of the HTM playing a role
in the limited electroluminescence stability of QDLEDs must be considered. This notion is particularly

compelling once the remarkable stability of the other layers is taken into consideration. QDs have exhibited
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excellent intrinsic PL stability with recent accelerated aging tests of thick-shelled QD light-converting films
retaining 100% of their initial PL intensity after accelerated aging for 9,000 hours, corresponding to a
lifetime of 100,000 hours.*'° Meanwhile, ZnO and other metal oxides used as transport materials are known

to generally have high chemical and electrical robustness.?22381:216.240

The objective of this work is to investigate the influence of HTMs on the stability of QDLEDs and to
understand the role that excitons play with respect to degradation in these devices. We observe a significant
difference in LT50 between QDLEDs that otherwise exhibit equivalent efficiency, charge transport and
injection properties. Notably, we find that the PL stability of QDs can change upon changing the HTM (and
the latter’s susceptibility to damage by excitons), and that a correlation exists between that behavior and
the EL stability of the QDLEDs. Although the measurements presented in this work primarily investigate
photo-induced excitons, we demonstrate that excitons are similarly formed deep within the HTL during
electrical bias, indicating that the same phenomena must also occur during normal QDLED operation. The
results therefore reveal that the robustness of the HTM to exciton-induced degradation is a critical factor

for QDLED stability.
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6.2 Experimental Details

6.2.1 Device Fabrication

The QDLED:s studied here were fabricated on 100 nm thick ITO patterned glass substrates (Kintec)
with 20 Q o™ sheet resistance, cleaned and sonicated sequentially with Micro 90, DI water, and IPA
solutions before treating with O, plasma for 5 min. ZnO sol-gel was prepared by adding ZnAc (197 mg,
Sigma-Aldrich) to MEA (54 L, Sigma-Aldrich) in ethanol (6 mL, Sigma-Aldrich) and mixing at 600 RPM
for 40 min and a temperature of 45 °C. The ZnO solutions were filtered through a 0.22 um polypropylene
filter, spincoated at a rotational speed of 1000 RPM for 60 s, and annealed at 180 °C for 30 min. Red CdSe
/ CdS quantum dot rods suspended in octane with a peak EL emission wavelength of 630 nm (0.6 mg mL"
1 Strem Chemicals #48-1059, with > 80% PLQY and size of approximately 5 nm diameter x 20 nm width,
passivated with hexadecylphosphonic acid ligands) were spincoated at a rotational speed of 2000 RPM for
60 s, then annealed at 50 °C for 30 min. The same deposition process was used for green CdSe / CdS
quantum dot rods with a peak EL emission wavelength of 550 nm (0.6 mg mL™, Strem Chemicals #48-
1053, with > 60% PLQY and size of approximately 5 nm diameter x 20 nm width, passivated with
hexadecylphosphonic acid ligands). The organic CBP (Shanghai Han Feng Chemical Co.), NPB (Shanghai
Han Feng Chemical Co.), Spiro-CBP (Luminescence Technology Corp.), 2,6-DCzPPy (EM Index), mCP
(Jilin OLED Material Tech Co.), TPBi (Shanghai Han Feng Chemical Co.), TBADN (Luminescence
Technology Corp.), DCJTB (Shanghai Han Feng Chemical Co.), MoOs HIL (Angstrom Engineering), and
aluminum anode (Angstrom Engineering) were deposited at a rate of 0.1-2 A s in an Angstrom

Engineering EvoVac thermal evaporation chamber at a base pressure of 5x10° Torr.
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6.2.2 Device Characterization

Luminance of the QDLEDs was measured with a Minolta Chroma Meter CS-100, and JVL
measurements were carried out via an Agilent 4155C Semiconductor Parameter Analyzer connected to a
silicon photodiode. Spectral measurements of the QDLEDs were measured using an Ocean Optics
QE65000 spectrometer. EQEs were calculated as outlined by Okamoto et al assuming a Lambertian
emission distribution.?*® PL was induced via irradiation with an Analytik Jena UVL-18 handheld ultraviolet
lamp with 370 nm peak emission. TrPL decay was measured with an Edinburgh Instruments FL920
spectrometer equipped with a 375 nm peak emission EPL375 picosecond pulsed laser diode.
Electroluminescence lifetime measurements were performed in a Botest Systems GmbH OLT Lifetime Test
System with a constant driving current maintained at 20 mA cm2. During all device tests, aside from TrPL

measurements, the QDLEDs were kept in a N2 atmosphere.
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6.3 Results and Discussion

Initial investigations into the role of the hole transporting layer in QDLED stability were carried out
by fabricating red-emitting devices with the same structure but different HTMs and comparing their EL
performance. The general structure of these devices was: ITO (100 nm) / ZnO (35 nm)/ QD (15 nm)/HTM
(40 nm) / MoOs (5 nm) / Al (100 nm). CBP, Spiro-CBP, 2,6-DCzPPy, NPB, and mCP were selected for
use as HTMs due to their range of HOMO energy levels. The key performance characteristics of these
devices are detailed in Table 6.1 along with the molecular structure, glass transition temperature, HOMO
and band gap energy of each HTM, followed by the source curves in Figure 6.1. Devices utilizing a mCP
HTM are omitted from the table and figure as the QDLEDs were inoperable due to the morphological and
electrical instability of mCP as a HTM. QDLEDs utilizing CBP as the HTM result in the most efficient
devices. The turn-on voltage for the CBP QDLED occurs at a bias roughly coinciding with the 2 eV band
gap of a QD with 630 nm luminescence peak emission. Interestingly, the NPB QDLED exhibits a sub-
bandgap turn-on voltage which has been attributed to Auger-assisted hole injection.'®® However, in this
case the efficiency of such devices is much lower than those that do not exhibit sub-bandgap turn-on
voltages, likely due to the shallow HOMO energy level of NPB which limits hole injection into the QDs.
2,6-DCzPPy and Spiro-CBP both produce QDLEDs with higher turn-on and driving voltages (at a current
density of 20 mA ¢cm2), compared to CBP QDLED:s. In the case of 2,6-DCzPPy, lower hole mobility and
a deeper HOMO energy level may cause the rightward shift in current density-voltage (JV) characteristics.
Given the molecular structure and energy level similarity between CBP and Spiro-CBP, the vast difference
in QDLED performance is unexpected but appears to be a result of poor hole injection. Furthermore, the
CBP QDLED also exhibits a significantly longer lifetime; an order of magnitude greater than the
alternatives despite its higher initial luminance. An examination of the HTM’s HOMO and glass transition
temperature values reveals no clear correlation between these properties and the QDLED stability trends.
There is, however, a weak inverse correlation between the band gap energy and the QDLED EL lifetimes
where devices utilizing HTMs with larger band gaps demonstrate lower stability. Previous work has
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identified a correlation between the band gap energy of organic materials and their propensity to undergo
exciton-polaron induced aggregation.'® Although these results show that the HTM has a significant
influence on QDLED performance, the difference in stability may simply be due to variance in charge

balance and / or exciton density in view that the devices have different JV and EQE characteristics.

Therefore, to test the effect of different HTMs on the stability of QDLEDs more accurately and rule
out the confounding effects of differences in charge balance and / or exciton density, only devices with
comparable JV behavior and efficiency should be compared. The efficiency and transport difference
between the CBP and Spiro-CBP appears to arise from an injection issue at the Spiro-CBP / MoQs interface
which can be remedied by introducing a 10 nm interstitial layer of CBP doped with 5% MoOs. By selecting
thicknesses of 30 nm for Spiro-CBP and 50 nm for CBP, the JV curves for both QDLED structures
essentially coincide and exhibit almost equal turn-on and driving voltage with minimal leakage current as
can be seen in Figure 6.2. Although the Spiro-CBP device has a slightly higher maximum EQE and more
efficiency roll-off at high current density, the two QDLEDSs exhibit similar EQE at 20 mA c¢cm driving
current density. Given their coinciding characteristics, any differences in stability between these devices
will not be primarily due to differences in charge balance or exciton density. Figure 6.3 presents the EL
stability test results from the CBP and Spiro-CBP devices optimized for matching performance, showing
the changes in luminance and driving voltage over time at a driving current density of 20 mA c¢cm. The
initial luminance of the two devices at this driving current were very similar, with values of 1450 cd m
and 1440 cd m for the CBP and Spiro-CBP QDLEDs, respectively. In line with the results covered in
Table 6.1, the device with a CBP HTM once again exhibits a LT50 that is an order of magnitude longer
than that of its counterpart with a Spiro-CBP HTM. The CBP QDLED has a remarkably stable driving
voltage throughout the testing period whereas the driving voltage of the Spiro-CBP QDLED structure
experiences a rapid increase, especially in the first 3 hours. This rapid increase occurs in the same time
frame during which the luminance decreased by 80%. These results indicate that QDLEDs incorporating

Spiro-CBP are inherently less stable than comparable devices with CBP as the HTM.
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Table 6.1 Notable performance characteristics of QDLEDs with CBP, Spiro-CBP, 2,6-DCzPPy, and NPB hole
transporting layers, their molecular structure, glass transition temperature, HOMO and band gap energy

Performance at 20 mA cm Driving

HOMO Band Glass Turn- Current Density
HTM Molecular Energy Gap Transition On _
Structure Level Energy Temperature Voltage Driving Luminance EQE LT50
[Vl vl [l M E(,O]"age [cdm?  [%] [h]
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N N
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Knowing that excitons can damage organic materials to various extents, we investigate whether the
differences in QDLED EL stability upon changing the HTM may be due to exciton-induced degradation
effects. To this end, we study the effect of subjecting the QDLEDs with various HTMs to UV irradiation
continuously, for 80 hours, while monitoring changes in the intensity of the QD and HTM PL spectra,
which would mirror changes in their PLQY. QDLEDs with the general device structure of ITO (100 nm) /
ZnO (35nm) / QD (15 nm) / HTM (40 nm) / MoOs (5 nm) / Al (100 nm), were fabricated and tested, using
CBP, Spiro-CBP, 2,6-DCzPPy, NPB, and mCP HTMs. A UV lamp with peak luminescence at a wavelength
of 370 nm was used as an excitation source at an irradiation power of 500 UW cm. Excitation at this

wavelength can induce the formation of excitons in QDs, CBP, Spiro-CBP and NPB (which all have non-
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negligible absorption at 370 nm), producing PL from both the QDs and the HTM in each case. However,
there was no detectable HTM PL emission from 2,6-DCzPPy and mCP devices. One example of the spectral
intensity change over time is presented in Figure 6.4(a) for the CBP QDLED, while similar figures for the
other QDLED structures can be found in Figure 6.5 (Spiro-CBP), Figure 6.6 (NPB), Figure 6.7 (2,6-
DCzPPy), and Figure 6.8 (mCP). The trends in QD and HTM peak PL over the entire 80-hour irradiation
period can be found in Figure 6.4(b) and (c), respectively. To facilitate visualization of the changes in
PLQY, the changes in peak intensity are normalized to both the initial intensity at to and the excitation
intensity. As can be seen from the figure, the QD PL intensity of the CBP QDLED exhibits a 16% increase
in the first 10 hours and then starts to decrease slowly to 106% of the initial intensity by the 80-hour point.
In contrast, the QD PL intensity for the NPB device increases rapidly by 40% over the first 10 hours of
irradiation and then reaches a plateau at 145% of the initial PL intensity. There is a minor increase of 7%
in QD PL intensity over the first few hours with a Spiro-CBP HTM, which gradually decreases to 75% by
the end of the 80-hour measurement period. Meanwhile, the QD PL intensity for devices with a 2,6-DCzPPy
HTM undergoes minimal changes over the first 10 hours of UV irradiation and ultimately degrades by 10%
after 80 hours. Furthermore, the mCP QDLED exhibits an extreme degradation in QD PL by 35% over the
initial 10 hours of UV irradiation which begins to slow toward an emission intensity equivalent to 48% of
the initial value by the 80-hour mark. The stark difference between the PL trends of the five QDLEDs
indicates that the HTM next to the QD layer has a significant influence on QD luminescence behavior over

time.
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Figure 6.1 (a) Current density vs voltage, (b) Luminance vs current density, (c) EQE vs current density, (d)
Luminance (solid) and change in driving voltage (AV=V(t)-Vo) (dashed) EL lifetime curves for QDLEDs with CBP
(red square), Spiro-CBP (green diamond), 2,6-DCzPPy (blue triangle), and NPB (purple circle) HTLs.
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Figure 6.2 (a) EQE vs.current density, (b) Luminance (dashed) and current density (solid) vs.voltage characteristics
for QDLEDSs designed for matching performance with CBP (red square) and Spiro-CBP (blue circle) HTMs.
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Figure 6.3 EL stability test results from the CBP (red square) and Spiro-CBP (blue square) QDLEDs optimized for
matching performance, showing the changes in luminance (solid) and driving voltage (AV = V(t) — VO0) (dashed) over
time at 20 mA cm driving current density.

Unlike the trends observed in QD PL, there is a universal decrease in HTM PL intensity over time for
the devices in which emission from the HTM could be detected. For CBP, there is a gradual decrease in PL
intensity from a 9% decrease in the first 10 hours to a decrease of 25% after 80 hours. Similarly, NPB
experiences an initial 7% decrease in PL intensity over 10 hours and decreases by 23% after 80 hours.
However, there is a significant decrease in Spiro-CBP PL intensity over that same period, ultimately
decreasing to 43% of the initial intensity. Therefore, although the PLQY of all HTMs appears to decrease
over time, the magnitude of this decrease varies among the them, with Spiro-CBP exhibiting a much faster
degradation in its PLQY compared to either CBP or NPB. The fact that the QD PL also degrades the fastest
in case of the Spiro-CBP device and exhibits similar long-term trends for CBP and NPB devices further

elucidates upon the influence of the HTMs on the QD layers.
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Figure 6.4 (a) PL spectra of a CBP QDLED over 80 hours of constant UV irradiation with insets indicating the device
structure and source of measured PL emission (top), the change in measured CBP PL intensity (bottom), and QD PL
intensity (right). (b) QD peak PL intensity vs.time and (c) HTM peak PL intensity vs.time for CBP (red square), NPB
(green diamond), Spiro-CBP (blue triangle), 2,6-DCzPPy (black circle), and mCP (gold cross) QDLEDs subjected to
constant UV irradiation. The 370 nm band corresponds to the UV excitation peak. 2,6-DCzPPy and mCP HTM bands
could not be detected.

Seeing the similar trends of QD PL and HTM PL over time, two additional device configurations are
fabricated and tested to further verify the correlation between them. Should the QD PL trend indeed depend
on the HTM, one can expect the use of a very wide band gap material that absorbs only negligibly at the
UV wavelength, and thus does not degrade appreciably by the UV irradiation, to lead to a more stable QD
PL trend over time. Additionally, since any such dependence would be of an interfacial nature between the

QD and HTM film, altering only the QD / HTM interface can be expected to strongly influence the QD PL
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trend. Therefore, in these two devices the HTM was substituted with either 40 nm of TPBi or a Spiro-CBP
(10 nm) / TPBI (30 nm) bilayer. The QD peak PL intensity trends of these devices are depicted in Figure
6.9 and compared to the Spiro-CBP QDLED trend previously discussed while PL spectra source figures
for the QDLED structures can be found in Figure 6.10 (TPBIi) and Figure 6.11 (Spiro-CBP / TPBI). With
a TPBi layer next to the QDs, there is a minor improvement in PL intensity by 7% within the first 10 hours
followed by a slow decrease to the initial PL intensity over the subsequent 70 hours. Exciton-induced
efficiency improvements in QDs have been observed elsewhere and are commonly attributed to
photochemical annealing of lattice defects and the stabilization of surface traps.”>?* Such effects are likely
contributing to the QD PL intensity increases observed in Figure 6.4(b) as well. As TPBi absorbs negligibly
at 370 nm, the small decrease in PL can be attributed to intrinsic UV-induced degradation of the QDs alone.
Turning now to data from the Spiro-CBP / TPBi device, one can see that the decrease in QD PL is consistent
with the results for Spiro-CBP alone which suggests that exciton-induced degradation of the HTM
molecules within the first 10 nm from the QD / HTM interface are the most impactful on QD PL stability.
However, the small differences between the two PL degradation trends suggests that there is an additional

contribution to this behavior from molecules beyond the first 10 nm.
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Figure 6.5 PL spectra for a QDLED with a Spiro-CBP HTL over 80 hours of constant UV irradiation.
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Figure 6.6 PL spectra for a QDLED with a NPB HTL over 80 hours of constant UV irradiation.
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Figure 6.7 PL spectra for a QDLED with a 2,6-DCzPPy HTL over 80 hours of constant UV irradiation.
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Figure 6.8 PL spectra for a QDLED with a mCP HTL over 80 hours of constant UV irradiation.
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Figure 6.9 QD peak PL intensity vs.time for devices with Spiro-CBP (blue triangle), TPBi (dark blue cross), and
Spiro-CBP / TPBi (purple circle) layers subjected to constant UV irradiation.
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Figure 6.10 PL spectra for a QDLED with a TPBi spacer layer over 80 hours of constant UV irradiation.
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Figure 6.11 PL spectra for a QDLED with a Spiro-CBP / TPBi HTL over 80 hours of constant UV irradiation.
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Clearly, since the only variable in the previous device structures is the HTM next to the QD layer, this
must be the cause of the differences in the QD PL intensity over time trends among the devices.
Furthermore, since this behavior is induced solely by photo-generated excitons, the QD PL degradation can
be related directly to the effect of excitons on the HTMs and, as a result, on the PLQY of the QDs within
the devices. It becomes therefore interesting to identify the mechanism by which changes in the PLQY of
the HTM can affect the PLQY of the QDs and whether energy transfer between the two layers might be
involved. Taking QD and HTM PL intensity behavior of the devices into consideration, two distinct trends
can be identified. In the case of CBP and NPB QDLEDs, the QD PL intensity for both increases initially
whereas the HTM PL intensity decreases which may be indicative of an improvement in transfer of excitons
from the HTM to the QDs. Due to the short radius of energy transfer for excitons located on the HTM, this
phenomenon will be highly dependent on the QD / HTM interface morphology. Although UV irradiation
increases the surface temperature of the glass substrate by only 2 °C, excitation of the HTM molecules may
supply enough energy to induce an effect similar to interface annealing that reduces the distance between
the QDs and the HTM molecules. Annealing QDLEDs has been shown to improve energy transfer from a
phosphorescent sensitizer to QDs due to a similar effect in literature.2® The remarkable increase in QD PL
intensity when next to NPB (much more than when next to TPBI, the latter being a case where there is
necessarily no energy transfer from the organic material to the QD since TPBi does not absorb at 370 nm)
suggests that there may be a significant contribution of QD PL due to energy transfer from NPB, which
appears to become more efficient over time. Moreover, that the QD PL intensity does not appear to decrease
for this QD / HTM combination may be indicative of an improved stability of devices incorporating NPB
whereas even the CBP QDLED experienced some degree of QD PL deterioration after UV irradiation for
80 hours. While the NPB QDLEDs exhibit poor efficiency in our initial investigation, energy transfer may
be a significant contributing factor to the high efficiency reported by Mashford et al® upon using a NPB
derivative. Similarly, the superior efficiency and EL stability of CBP QDLEDs is accompanied by an
increase in QD PL intensity during UV irradiation, again providing evidence of a possible increase in energy
transfer over time. In contrast, Spiro-CBP devices experience only a slight initial increase in QD PL
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intensity in comparison, followed by much more rapid degradation than that observed with CBP, NPB, and
2,6-DCzPPy. While the initial increase in QD PL intensity may be due to increased energy transfer from
Spiro-CBP to QDs, the long-term decrease in intensity may be attributed to the higher susceptibility of
Spiro-CBP to exciton-induced degradation.'® This results in the formation of quenching sites in the Spiro-
CBP, which may quench the QDs in their vicinity, ultimately reducing the overall PLQY of the QD layer.
Possible avenues of exciton-induced degradation in organic molecules include molecular aggregation?8.19.1%
and chemical decomposition.t>24524 The former is accelerated by exciton-polaron interactions. While we
do not expect optical excitation to produce a high concentration of polarons in the devices studied in this
work, a recent report has observed polarons in a host-guest system due to the dissociation of excitons,?*’ a
mechanism that may help accelerate exciton-induced degradation. As both molecular aggregation and
chemical decomposition lead to a deterioration of the HTM PLQY, QD PLQY and overall QDLED
efficiency will also decrease. Although the effect of UV irradiation could not be analyzed for 2,6-DCzPPy
and mCP HTMs with a 370 nm UV source, the degradation in QD PL intensity over time also corresponds
to the observed trend in QDLED stability investigated earlier. QDLEDs with a mCP HTM did not live long
enough to measure their performance before shorting, exhibiting extremely poor EL stability considerably

worse than Spiro-CBP QDLEDs.

To further verify the conclusions drawn above regarding the influence of the exciton-induced
degradation of HTMs on QD PLQY, we study the PL stability of separate QD and HTM films. For this
purpose, 40 nm thick HTM films (of the same materials as before) coated on glass substrates directly and
15 nm thick QD films coated on top of 35 nm thick ZnO films on glass were fabricated and tested. All films
underwent the same UV irradiation as the previous devices. The resulting PL peak intensity versus time
curves, again normalized to the initial value at to, are depicted in Figure 6.12 along with inset schematic
depictions of the investigated sample structures, with PL spectra source curves in Figure 6.13(ZnO / QD)
and Figure 6.14 (CBP, NPB, Spiro-CBP, and Spiro-CBP / TPBi). The QD PL intensity from the ZnO / QD

bilayer film increases by 5% over the first 10 hours with little change over the remaining 70 hours. In order

108



to compare this with the PL stability trend of the TPBi device considered earlier, the data is replotted in
Figure 6.12(a). The two curves are remarkably similar as both experience a minor increase in QD PL over
the first 10 hours of UV irradiation without significant degradation over the following 70 hours. This
verifies that the presence of TPBi indeed has negligible effect on the QDs and little influence on PL stability.
In contrast, and much like in the case of the QDLEDs, there is a distinguishable difference between the PL
intensity of Spiro-CBP films and the other HTMs. Both CBP and NPB films exhibit minimal change in
their PL over time, whereas PL from the Spiro-CBP and Spiro-CBP / TPBi films degrades by 9% and 13%
over 80 hours of UV irradiation, respectively. It should be noted that these samples lack the reflective metal
anode of the QDLEDs which may be a factor behind the slower degradation rate of the Spiro-CBP film
compared to the Spiro-CBP QDLED in Figure 6.4. In this case, incident UV light only passes through the
HTL once instead of multiple times within the weak microcavity of a QDLED. Nevertheless, these trends

again show the higher susceptibility of Spiro-CBP to exciton-induced degradation compared to the NPB

and CBP films.
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Figure 6.12 Peak PL intensity vs.time for the following films subjected to constant UV irradiation with 370 nm peak
wavelength: (a) QD PL of a QD film deposited on ZnO (dark red square) and the QDLED structure with TPBi (dark
blue cross); (b) HTM PL of CBP (red square), NPB (green diamond), Spiro-CBP (blue triangle), and Spiro-CBP /
TPBI (purple circle) films deposited on glass.
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Figure 6.13 PL spectra for a QD film deposited on ZnO over 80 hours of constant UV irradiation.

We have hypothesized above that the initial increase in QD luminescence when in contact with NPB
and CBP may be due to improved energy transfer from the HTL caused by an interface-annealing effect
that leads to an increase in molecular density and proximity to the QDs. We have also proposed that the
faster decline in QD PL when in contact with Spiro-CBP to exciton-induced degradation of the HTM that
leads to a reduction in energy transfer from the HTL to the QD and / or the formation of sites that quench
QD excitons due to energy transfer in the opposite direction (i.e. from the QDs to the HTM). Such processes
however require that energy transfer between the QD and HTM molecules is efficient; an assumption that
may be questionable given the QD shell thickness and ligand length. Therefore, to investigate the possibility
of energy transfer from the HTM to QD, we fabricated structures consisting of 10 nm and 20 nm films of
CBP, NPB, or Spiro-CBP deposited on a 15 nm QD film or alone on a glass substrate to investigate the
energy transfer dynamics. TrPL measurements were performed on these films to investigate the time-
resolved exciton recombination within the HTLs, which are presented in Figure 6.15. The TrPL results
indicate that the exciton lifetime in the HTLs is shorter when in contact with QDs, consistent with energy
transfer to QDs. There is also a clear relation between HTL thickness and exciton lifetime where thicker
layers exhibit a longer exciton lifetime. This is expected since a greater number of excitons are created far
enough away from QDs for energy transfer to occur. There is once again a similarity between CBP and

NPB on QDs where the exciton lifetime of the 20 nm layers on QDs is only slightly longer than that of the
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10 nm layers and both are shorter than the same films deposited on glass. The small increase in exciton
lifetime indicates that the FRET radius of energy transfer from CBP and NPB to the QD film may be rather
large (> 10 nm) such that increasing the HTL thickness results in energy transfer from these distant
molecules. Conversely, the exciton lifetime for the 20 nm Spiro-CBP layer next to QDs is equivalent to
those of the Spiro-CBP films deposited on glass whereas that of the 10 nm Spiro-CBP layer on the QD film
is shorter. This trend in TrPL is indicative of a shorter FRET radius and suggests that, unlike the case of
CBP and NPB, energy transfer from Spiro-CBP to the QD layer occurs almost exclusively from within the

10 nm slice directly in contact with the QDs.
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Figure 6.14 PL spectra for films of (a) CBP, (b) NPB, (c) Spiro-CBP, and (d) Spiro-CBP / TPBi over 80 hours of
constant UV irradiation.

Having verified that efficient energy transfer from the HTL to the QD can indeed occur, we then
investigate if energy transfer from the QD to possible quenchers within the HTL can also occur. For this

purpose, two device structures utilizing green QDs deposited on a ZnO film followed by a layer composed
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of either CBP alone or CBP doped with 20% DCJTB are studied. The red fluorescent emitter DCJTB is
used as a model gquencher owing to the sufficient overlap of its absorption spectrum and emission spectra
of the QDs and CBP. Furthermore, due to the distinguishability of the green QDs and DCJTB PL spectra,
the influence of the quenching layer on QD exciton lifetime can be observed. TrPL results from these
samples are presented in Figure 6.15(d). Clearly a significant decrease in exciton lifetime of the green QDs
when DCJTB is present in the HTM is observed, which indicates that QD excitons can be quenched by
guenchers in the HTL. The results therefore prove that the formation of quenchers in the HTL, which may

result of exciton-induced degradation, can indeed adversely affect the PLQY of the QDs.
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Figure 6.15 TrPL measurements for 10 nm (red square) and 20 nm (blue circle) films of (a) CBP, (b) Spiro-CBP, and
(c) NPB deposited on glass with (dark, filled) and without (light, dashed) a QD layer in between. (d) TrPL
measurements for green QDs deposited on ZnO with a subsequent CBP (dark red square) and CBP:DCJTB (dark blue
circle) layer.

In the previous PL experiments, the UV irradiation results in the formation of excitons throughout the
QD and HTLs of the QDLEDs. It becomes therefore important to determine if exciton formation under

normal QDLED electrical driving similarly extends into the HTL. We have shown in chapter 4 that exciton
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formation extends to at least 5 nm into the HTL from the QD / HTL interface, and that increasing electron
injection from the ZnO will lead to an increase in their concentration within this slice.™* To further
investigate the extent of exciton formation within the HTL of QDLEDs under electrical driving, we
fabricate and test QDLEDs that contain a fluorescent marking layer placed at different locations in their
HTMs. TBADN, a blue fluorescent organic emitter with an emission peak of 460 nm and negligible overlap
with the QD emission peak, is selected as the fluorescent marker. It has a HOMO energy level close to that
of CBP (-5.8 eV and -6.0 eV for TBADN and CBP, respectively)?°®248 and therefore does not significantly
trap holes or perturb charge transport in CBP. The general structure of the QDLEDs was ZnO (35 nm) /
QD (15 nm) / CBP (x nm) / 90% CBP: 10% TBADN (5 nm) / CBP (35-x nm) / MoOs (5 nm) / Al (100 nm)
for x values of 0, 10, 20, and 30. A reference device without a marking layer was also included for
comparison. The EL spectra of these devices, normalized to the QD emission peak, are presented in Figure
6.16. There is a trend of decreasing TBADN EL intensity as the marking layer moves away from the QD /
HTM interface from 0.5% of the QD peak intensity at 0 nm, to 0.3% at 10 nm away, and 0.1% at 20 nm
and 30 nm away. However, even at 20 nm and 30 nm away from the QD layer, emission from TBADN can
still be detected which indicates that excitons are created well into the HTL. That excitons can be formed
well into the HTL during normal electrical driving of the QDLEDs indicates that exciton-induced

degradation of HTLs must play a critical role in limiting their EL stability.
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Figure 6.16 EL spectra of QDLEDs (normalized to the QD peak emission) with a TBADN marking layer inserted at
0 nm (red square), 10 nm (green diamond), 20 nm (blue triangle), and 30 nm (purple circle) within the CBP and
compared to a control device without a TBADN marking layer (black).

The work presented here shows that exciton damage of the HTM can lead to significant degradation
in the PLQY of QDs. Exciton-induced degradation of the HTM may lead to the generation of quenching
sites at the QD / HTL interface, ultimately resulting in the non-radiative recombination of excitons and a
loss of QDLED efficiency. These sites can quench QDs in their vicinity via energy transfer, thereby
reducing the PLQY of the QD layer. Although these effects were demonstrated under stress by excitons
only, we know that the presence of charges during normal electrical driving of these devices will accelerate
HTM degradation due to exciton-polaron interactions.!81%19224% These results nevertheless indicate that
excitons alone can have an impact on QDLED stability in addition to the established degradation processes
related to charge imbalance, defects, and Auger recombination. Furthermore, devices with otherwise
identical performance may have significantly different EL stability due to the susceptibility of the HTM to
exciton-induced degradation. Thus, not only are the energy levels and mobility of the HTL critical
considerations for the design of QDLEDs, but the robustness of the HTM to exciton-induced degradation

is also of vital importance for the long-term stability of QDLEDs.
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6.4 Conclusions

We have studied the effect of exciton damage of the HTM on QDLED stability. Results show a
correlation between the exciton-induced degradation of the HTM and poor device EL stability. The PLQY
stability of QDs depends strongly on the chosen HTM, which are susceptible to degradation by excitons at
different rates. Energy transfer from QDs to quenching molecules in the HTL may play a role in this effect,
representing a pathway through which degradation of the HTM can negatively impact QD PLQY over time.
The findings show that aside from its influence on device efficiency, energy transfer from the HTM to QDs
is also an important factor to be considered for more stable QDLEDs. We identify that excitons are present
deep within the HTL under typical bias conditions, indicating that exciton-induced degradation of the HTM
is likely to contribute to poor QDLED stability. These findings reveal a new degradation mechanism centred

around the HTL and its influence on QDLED stability.
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Chapter 7: Improving QDLED Stability via the Implementation of a

Cascading Hole Transport Layer

This work has been publishedavidsonHall, T.andAziz, H., ACS Appl. Mater. Interfaces, vol.
12(14), pp. 1678216791, 2Q20. It has been reproduced with permission fromphlkelisher

7.1 Introduction

Improvements in QDLED stability are largely attributed to reducing charge imbalance and Auger
recombination in the QDs, which arise from the large energy level mismatch between the valence band of
the QD and the HOMO energy level of the HTL that makes hole injection into the QDs
difficult.?270121124.128,129,182.183.231 Eaprication of QDs with thick shells and a graded compositional transition
from core to shell has been successful in limiting the effects of non-radiative Auger recombination on
QDLED performance.??78123148.177 |n chapter 6, we have identified exciton-induced damage of the HTL as
an important factor in QD PLQY degradation over time.'*® Chang et al have also attributed the long-term
luminance degradation of QDLEDs to degradation of the HTL.®” Many QDLEDs with thermally
evaporated HTLs utilize CBP because of its deep HOMO energy level and good hole mobility, which helps
maximize hole injection into the deep valence band energy levels of QDs, leading to improved
performance.?3123.127-129,171,187,188,197.250 Hawever, the low glass transition temperature of CBP (62 °C)%!

raises questions regarding the long-term stability of such QDLEDs.

In this work, we utilize a cascading HTL (CHTL) structure with consecutive steps in the HOMO
energy levels of each component which allows for good energy level matching at the QD / HTL interface
for optimal hole injection while also introducing a more optimal hole transporting scenario for improved
stability. We show that the CHTL can improve QDLED LT50 by 25x%. Using this approach, we have

obtained a LT50 of 864,000 hours for red QDLEDSs using a conventional core / shell QD emitter while also
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increasing the EQE to 11.1% compared to a device utilizing CBP alone as the HTL. Although there have
been several reports of bilayer stepwise HTLs that demonstrate improvements in QDLED
performance,107:124.186,130,133,134,150,182-185 \ya have found that a three-layer CHTL utilizing CBP, TCTA, and
NPB allows for fine control over hole accumulation and electron-hole recombination in QDLEDs. To the
best of our knowledge, this represents the longest LT50 for QDLEDs utilizing conventional core / shell
QDs, suggesting further stability enhancements may be possible if graded core-shell QDs are used in this

QDLED architecture.
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7.2 Experimental Details

7.2.1 Device Fabrication

The QDLEDs studied in this work were fabricated on 100 nm thick ITO patterned glass substrates
(Kintec) with 20 Q o sheet resistance, cleaned and sonicated sequentially with Micro 90, DI water, and
IPA solutions before treating with O, plasma for 5 min. ZnO sol-gel was prepared by adding ZnAc (197
mg, Sigma-Aldrich) to MEA (54 pL, Sigma-Aldrich) in ethanol (6 mL, Sigma-Aldrich) and mixing at 800
RPM for 40 min and a temperature of 45 °C. The ZnO solutions were filtered through a 0.22 um
polypropylene filter, spincoated at a rotational speed of 1000 RPM for 60 s, and annealed at 150 °C for 30
min. Red CdSe / ZnS quantum dots suspended in octane with a peak EL emission wavelength of 630 nm
(4.17 mg mL?, Mesolight Inc. Cd-QLED-630, with 74% PLQY and approximately 10-12 nm in diameter,
passivated with a mixture of oleic acid and octanethiol ligands) were spincoated at a rotational speed of 500
RPM for 60 s, then annealed at 50 °C for 30 min. The organic CBP (Angstrom Engineering), NPB
(Angstrom Engineering), TCTA (Luminescence Technology Corp.), Flrpic (Luminescence Technology
Corp.), HATCN (Angstrom Engineering), MoOs (Angstrom Engineering), and Al anode (Angstrom
Engineering) were deposited at a rate of 0.1-2 A s in an Angstrom Engineering EvoVac thermal

evaporation chamber at a base pressure of 5x10° Torr.

7.2.2 Device Characterization

Luminance of the QDLEDs was measured with a Minolta Chroma Meter CS-100, and JVL
measurements were carried out via an Agilent 4155C Semiconductor Parameter Analyzer connected to a
silicon photodiode. Spectral measurements of the QDLEDs were measured using an Ocean Optics

QE65000 spectrometer. EQE was calculated as outlined by Okamoto et al assuming a Lambertian emission
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distribution.?® PL was induced via irradiation with a Newport 67005 200 W HgXe Arc Lamp equipped
with a Jobin Yvon adjustable monochromator. EL lifetime measurements were performed in a Botest
Systems GmbH OLT Lifetime Test System with a constant driving current maintained at 20 mA cm2.
Time-resolved delayed EL signal was measured with a R928 photomultiplier tube, amplified by a Keithley
428 Current Amplifier and recorded by a Tektronix TDS5054 Digital Phosphor Oscilloscope. Forward and
reverse bias signals for delayed EL tests were supplied by a custom-built operational amplifier driven by a
Stanford Research Systems DG535 Digital Delay / Pulse Generator connected to a ThorLabs MC1000A
Optical Chopper to eliminate the prompt EL signal. QDLEDs were stored in a N, atmosphere during all

device tests.
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7.3 Results and Discussion

Initial investigations into the effect of the HTL on QDLED performance were carried out by fabricating
red-emitting devices with the following inverted structure: ITO (100 nm) / ZnO (35 nm) / QD (40 nm) /
HTL (60 nm) / HIL / Al (100 nm). The HTL consists of a CBP (40 nm) / TCTA (10 nm) / NPB (10 nm)
CHTL structure with either a MoOs (5 nm) or HATCN (10 nm) HIL to compare to the conventional QDLED
with a CBP HTL and MoOs HIL. The energy level diagram of the device is depicted in Figure 7.1(a).
Although CBP is used as a HTL for its very deep HOMO energy level (-6.0 eV) compared to TCTA (-5.7
eV) and NPB (-5.4 eV),%® the barrier to hole injection at the QD / CBP interface is still much greater than
the barrier to electron injection at the ZnO / QD interface. The mismatch in electron and hole injection
efficiency inevitably leads to a charge imbalance within QDLEDs and an accumulation of holes in the HTL
in the immediate vicinity of its interface with the QD layer, a phenomenon which is believed to be one of
the main contributors to poor efficiency and degradation via non-radiative Auger recombination. The MoO3
HIL is commonly used in organic and QDLEDs due to its very deep Fermi level, allowing for better hole
injection into HTLs with deep HOMO energy levels such as CBP.%! In contrast, the CHTL devices allow
for the utilization of a wider variety of alternate HILs including those with shallower energy levels, such as
HATCN, which would otherwise be difficult to use in order to avoid a large hole injection barrier at the
HTL / HIL interface. Figure 7.1(b) and (c) depict the EL characteristics of the CBP / MoOs, CHTL / MoOs,
and CHTL / HATCN QDLEDs. There is a distinct difference between the current density vs. voltage
characteristics of the CBP device and CHTL devices where the CBP device exhibits both a lower turn-on
voltage and increased charge transport (seen in the higher current at a given driving voltage) compared to
the CHTL devices. In contrast, there is a much smaller difference in the charge transport characteristics
between the CHTL devices as the HIL is changed from MoO3; to HATCN, indicating that the characteristics
are more strongly governed by hole transport across the HTL than by hole injection from the contact. The
CHTL / HATCN device has a slightly lower turn-on voltage than the CHTL / MoOs device, likely due to
better energy level alignment at the NPB / HIL interface. Although there is a slightly increased turn-on
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voltage for the CHTL / MoOs device, it exhibits somewhat higher charge transport at higher driving
voltages. Furthermore, the QDLEDs with MoO3; HILs also have much higher leakage current than the
CHTL / HATCN device. The luminance vs.voltage characteristics generally follow the same trends as their
current density vs.voltage counterparts. The CHTL / HATCN devices exhibit the greatest maximum EQE
(9.8%) compared to CBP / M0Os (9.4%) and CHTL / MoOs (9.0%), an effect that may be associated with
their lower leakage current. Nevertheless, the three device architectures generally have comparable
efficiency. CBP (60 nm) / HATCN and TCTA (40 nm) / NPB (20 nm) / HATCN devices were also
investigated but resulted in comparably poor performance due to the large hole injection barriers from
HATCN to CBP and from TCTA to the QD EML, as can be seen in Figure 7.2. Figure 7.1(d) shows that
the EL spectra of the three QDLED structures have the same QD emission band, however there is a
difference in a small emission band with a peak between 400 nm and 440 nm which can be attributed to
emission from the HTL. The QDLEDs with a MoO3 HIL have a similar HTL EL emission peak at 400 nm
while the HATCN device has a HTL EL peak at 440 nm. The HTL EL band in the CBP / M0oOs device can
be directly attributed to CBP since it is the only source of blue emission in this device. However, the overlap
of the emission spectra of CBP and TCTA, as shown in Figure 7.3, makes it difficult to determine if the
HTL EL band of the CHTL / MoQs device arises from CBP, TCTA, or both. The appearance of aHTL EL
band at a longer wavelength in the CHTL / HATCN device indicates that there is a large component of
NPB emission, suggesting that there is a shift in electron-hole recombination zone away from the QD / CBP
interface, likely due to the more difficult hole transport observed for the CHTL. This relative HTL
contribution to the EL spectrum has negligible dependence on the driving voltage for both the CBP / MoO;
and CHTL / HATCN QDLEDs in the range between 4 V and 7 V, as shown in Figure 7.4. Given the
similarities in charge transport between the two CHTL devices, it follows that significant electron-hole
recombination may also be occurring at the TCTA / NPB interface of the CHTL / MoOs device but that the

resulting excitons are quenched by MoOs resulting in the absence of NPB emission in the EL spectrum.

121



CdSe/
nS

CBP

TCTA

NPB
HATCN / Al

1
(@ L
sk
z
R
8
§
& S5 o 7n0
-6
7
.B L
(b) (c)
= 1000 10000000
E 100 1000000
< =
E 10 L 100000 3
Iy =3 —
£ 1 10000 5 &
S 01 000 B &
a - T @
S
& om 100 3
N -~
S o001 10
0.0001 1

o 1 2 3 4 5 6 7 8
Voltage [V]

MoO,/ Al

_—
Q.
-~

1

A CBP /Moo,
® CHTL/Moo0,
W CHTL/ HATCN

0.1

0.01

0.001

Normalized EL

0.0001

Current Density [mA cm?]

10

100

0.00001
1000 350 450 550 650 750
Wavelength [nm]

Figure 7.1 (a) Energy level diagram of the materials utilized in the QDLEDs in this work with energy levels taken
from literature,?6:183200.251 () Current density (solid) and luminance (dotted) vs. voltage characteristics, (c) EQE vs.
current density characteristics, and (d) Normalized EL spectra of the CBP / MoQs (triangle), CHTL / MoQs (circle),
and CHTL / HATCN (square) QDLEDs. The EL spectra are measured while driving the QDLEDs at 20 mA c¢m
current density which corresponds to driving voltages of 3.68 V, 5.22 V, and 5.28 V, respectively.
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Figure 7.4 EL Spectra of HTL emission from (a) CHTL / HATCN and (b) CBP / MoO3; QDLEDs, driven at 4 V (red),
5V (green), 6 V (blue), and 7 V (purple) bias. The EL spectrum has been normalized to the maximum emission value

of the QD peak wavelength.

Although the CHTL devices have comparable efficiency to the conventional CBP / MoOs device, this

coincides with reduced hole transport and therefore expectedly inferior charge balance considering that hole

injection from the HTL to the QD layer is generally established to be a limiting factor in QDLED

performance. While it is surprising for a QDLED to be efficient despite poor charge balance, one can expect

such a device to be less stable under electrical bias due to an increase in the non-radiative recombination

processes leading to degradation of the QDs and organic HTL. With that expectation, we investigate the

stability of the CHTL devices to understand the full impact of charge imbalance on QDLEDs. Figure 7.5
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depicts the changes in luminance and driving voltage for CBP / MoOs;, CHTL / M0QOs, and CHTL / HATCN
devices over time under continuous electrical driving at 20 mA cm. Surprisingly, the CHTL / HATCN
device is far more stable than either CBP / MoOs or CHTL / MoOs devices. The CHTL / HATCN device
exhibits a LT50, of 825 hours (for a Lo of 3,445 cd m). This corresponds to a LT50 of 482,000 hours at a
Lo of 100 cd m™ using the lifetime relation of Lo"LT50= L,"LT50 where n is the acceleration factor of 1.8
frequently calculated for QDLEDs.?78115116 The CHTL / HATCN LT50 is 15x longer than the 72 hour
LT50 of CBP / MoOs (for a Lo of 3,020 cd m2) which corresponds to a LT50 of 33,200 hours for a Lo of
100 cd m2 and 53x longer than the 31 hour LT50 of CHTL / MoOj3 hours (for a Lo of 2,355 cd m™) which
corresponds to a LT50 of 9,140 hours for a Lo of 100 cd m2. The change in driving voltage (the driving
voltage for the QDLED at a given time subtracted by its initial driving voltage) vs.time trends exhibit an
opposite behavior with the CHTL / HATCN device showing the fastest increase in driving voltage over
time. While driving voltage increases by 0.17 V over 31 hours in the CHTL / MoQs device, and by 0.54 V
over 72 hours in the CBP / MoOs device, the driving voltage of the CHTL / HATCN device increases by
1.1V over 31 hours, by 2.1 V over 72 hours, and by 7.8 V over the entire 825 hour period. Such an increase

in driving voltage suggests that there is a significant buildup of charges in the CHTL / HATCN QDLED.
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Figure 7.5 Normalized luminance vs.time (solid) and change in driving voltage vs.time (dotted) characteristics of
the CBP / MoO;3 (triangle), CHTL / MoQs (circle), and CHTL / HATCN (square) QDLEDs under constant electrical
driving at 20 mA cm current density.
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Clearly, the CHTL / MoO3z and CHTL / HATCN devices have vastly different degradation behaviors
in both luminance and voltage over time despite having similar charge transport and efficiency. This
indicates that the HIL plays a significant role in the stability of QDLEDs, and that an improvement in
stability can be achieved by utilizing a CHTL to allow for the substitution of MoOs; with HATCN due to
the shallow HOMO energy level of NPB. In fact, the CBP / MoO; device is more stable than the CHTL /
MoOs device which suggests that the NPB / MoOs interface may be less stable than the CBP / MoOs3
interface. Given the poor performance of the CBP / HATCN QDLED, this device architecture is not suitable
for comparison with the good stability of CHTL / HATCN devices. The EL stability of the bilayer HTL
TCTA / NPB / HATCN QDLED depicted in Figure 7.6 further illustrates the benefit of switching from
MoO; to a HATCN HIL despite its comparably poor efficiency, exhibiting a LT50 of 570 hours (for Lo =
2010 cd m) which corresponds to an LT50 of 126,000 hours for a Lo of 100 cd m Therefore, the
improvement in EL stability is attributed to both the CHTL structure and the use of HATCN as a HIL.
MoQs is widely used in upright device architectures where the bottom contact is the hole injecting contact,
as opposed to the inverted structure utilized in these QDLEDs. In that case, MoO3 will be deposited on ITO
instead of on an organic HTL. In a study of inverted OLEDs, Zhao et al reported that MoOj3 can penetrate
into organic HTLs with depths proportional to the latter’s thermal properties.?®? This phenomenon will lead
to MoOs-doping of the HTL and an increase in hole transport, but the high temperature deposition of MoO;
may lead to thermal stresses in the underlying HTLs that contribute to the poor stability of the CBP / MoO3;
and CHTL / MoOs devices. In contrast, since HATCN is an organic material and can be evaporated at a
lower temperature, thermal-induced degradation of the underlying layers is reduced. The critical question
to answer, however, is what causes the large increase in driving voltage of the CHTL / HATCN device over
time. In a multilayer HTL, one can expect hole conduction to be impeded by the hole injection barriers at
the interlayer interfaces resulting from differences in the HOMO energy levels of the various materials.
Hole transport across the CHTL therefore will not occur until the electric field at each interlayer interface
is high enough to overcome the injection barrier. In this context, holes injected into the NPB layer will

accumulate at the TCTA / NPB interface until the electric field across the remaining HTL thickness
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becomes sufficient to overcome the energy barrier. The same process repeats at the CBP / TCTA interface.
In both CHTL devices, the voltage required to overcome the hole accumulation at each interface is much
greater than in the case of a CBP / MoOs interface which leads to their increased turn-on voltage. While the
thermal doping of MoOs into CBP allows for hole injection with negligible energy barrier, each inter-layer
interface of the CHTL introduces an injection barrier of approximately 0.3 eV due to the cascading HOMO
energy levels of NPB (-5.4 eV), TCTA (-5.7 eV) and CBP (-6.0 eV).2% Under steady-state conditions, holes
accumulating at the QD / CBP interface reduce the electric field across the CBP layer and holes begin to
accumulate at the CBP / TCTA and TCTA / NPB until the accumulated holes at the QD / CBP interface are
depleted. Thus, the EL stability improvement observed in the CHTL / HATCN QDLED may be associated
with a reduction in hole accumulation at the QD / HTL interface as a result of their accumulation at the
other HTL interfaces further away from the QD layer. A schematic depiction of the differences between
the steady-state charge accumulation of holes at the interfaces of each HTL within the CBP / MoOs;, CHTL
/ HATCN, and TCTA /NPB / HATCN QDLED:s is illustrated in Figure 7.7. The significant accumulation
of holes further away from the QD / CBP interface in the CHTL / HATCN device is also consistent with
the faster increase in driving voltage vs.time as a greater electric field is required to overcome the hole

injection barriers.
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Figure 7.6 Normalized luminance vs. time characteristics of the CBP / MoOs (triangle), CHTL / HATCN (square),
and TCTA / NPB / HATCN (cross) QDLEDs. The EL stability measurements were carried out under constant
electrical driving at 20 mA cm current density.
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Figure 7.7 Charge accumulation schematic of CBP / MoOs, CHTL / HATCN, and TCTA / NPB / HATCN QDLEDs
under forward bias.

In order to better elucidate the effect of the CHTL and MoO3; on QDLED performance and stability,
hole-only devices containing the same HTLs were prepared and tested. The hole-only devices had the same
structure as the QDLEDSs except that the ZnO layer was substituted with another MoO3 layer. The second
MoO:s layer restricts electron injection from the 1TO cathode into the QD layer due to the deep Fermi level
of MoOs, resulting in the transport of only holes injected from the Al when the devices are under positive
bias relative to the ITO. The current density vs.voltage characteristics of the three hole-only devices are

presented in Figure 7.8, showing that they generally follow the same trend in charge transport observed in
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Figure 7.1. The onset of conduction in the CBP hole-only device occurs at a lower voltage than either of
the two CHTL devices with an order of magnitude greater current density at all driving voltages. In all three
devices, the QD / CBP injection barrier limits the conduction of current across the devices and once the
internal electric field increases enough to overcome this barrier the current density then rapidly increases
at a rate of J ¢ V" where J is current density, V is voltage, and nis equal to 12, consistent with trap-limited
conduction where n> 2.2°% This onset however occurs at a higher voltage for the CHTL devices which can
be ascribed to the successive hole injection barriers at the CBP / TCTA and TCTA / NPB interfaces. The
difference in conduction onset voltages between CHTL / HATCN and CHTL / MoOs devices confirms that
hole injection into NPB is more efficient from HATCN than it is from MoOs. Nevertheless, at higher
applied voltages the hole transport characteristics of the two CHTL devices become very similar and all
three hole-only devices exhibit similar trap-limited current vs.voltage dependence trends with nequal to 5.
Electrical aging measurements of the CBP / MoO3z and CHTL / HATCN hole-only devices were performed
by measuring the increase in driving voltage over time when driven at 20 mA cm current density to help
glean some insights into the effect of holes on the stability of the QDLEDSs and are presented in Figure
7.8(b). Interestingly, the driving voltage vs.time trends for the hole-only devices follows an opposite order
to that of the QDLEDs that were presented in Figure 7.5. Over the 50 hour period, the driving voltage of
the CHTL / HATCN hole-only device experiences an increase of only 0.09 V which is much lower than in
its corresponding QDLED. Meanwhile, the increase in driving voltage of the CBP / MoOs hole-only device
was 0.50 V, similar to the driving voltage increase observed from the CBP / MoO3; QDLEDs. This indicates
that the fast increase in driving voltage of the CHTL-based QDLED occurs through a different mechanism
than that in the CBP / MoO; device. The fast increase in voltage in the CHTL QDLED but not in the case
of the corresponding hole-only device suggests that the behavior is caused by exciton-polaron interactions
that are known to degrade organic / organic interfaces and result in similar increases in driving
voltage.16:1719.192-195.254 The exciton-polaron degradation is exacerbated by the accumulation of holes at the
inter-layer interfaces within the CHTL. The absence of excitons in the hole-only device limits this
degradation process and, consequently, the device experiences a minimal increase in driving voltage under

128



constant electrical driving. On the other hand, the increase in driving voltage over time for the CBP hole-
only and QDLEDs can be attributed in part to the damage caused by the high temperature thermal
evaporation of the MoOs layer, although exciton-polaron interactions are expected to lead to degradation

in the CBP / MoO3z; QDLEDs as well.
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Figure 7.8 (a) Current density vs.voltage and (b) Change in driving voltage vs.time characteristics for the MoO3 /
QD / CBP / MoOs (triangle), MoOs / QD / CHTL / MoOs (circle), and MoOs / QD / CHTL / HATCN (square) hole-
only devices under constant electrical driving at 20 mA cm-2 current density.

Knowing that the CHTL indeed reduces hole transport through the QDLED and that exciton-polaron
interactions lead to degradation within those devices, investigating changes in the electron-hole
recombination zone within the HTL becomes a critical aspect in the verification of the stability

improvement mechanism imparted by the CHTL. In chapter 6, we identified that degradation of the HTL

in the immediate vicinity of the QD layer by excitons can impact the latter’s PLQY.%® The NPB emission
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in the CHTL / HATCN device EL spectra from Figure 7.1 indicated that more excitons were present in the
HTL further away from the QD / HTL interface than in the case of the CBP / MoOs device. However, these
HTL emission bands were generally weak due to the low PLQY of CBP, TCTA, and NPB. Therefore, to
probe the relative exciton density within the HTL, a 5 nm thick marking layer of CBP doped with 10%
Flrpic, a blue organic phosphorescent emitter, was inserted 15 nm and 30 nm away from the QD / CBP
interface as depicted in the schematic in Figure 7.9. Flrpic was chosen as the luminescent dopant for the
marking layer because its EL occurs between 450 nm and 550 nm and is thus easy to distinguish from the
EL of the QDs. In addition, its HOMO (-5.9 eV) and LUMO (-3.0 eV)?>® energy levels are close to those
of CBP (-6.0 eV HOMO, -2.9 eV LUMO)*® which may only minimally perturb charge distribution in the
devices. The EL spectra of CHTL /HATCN and CBP / MoO; QDLEDs with the marking layers are depicted
in Figure 7.10. By normalizing the EL intensity to the QD peak emission, the relative intensity of the
marking layer emission at 500 nm can be compared as a fraction of the QD emission. The Flrpic emission
in the CHTL / HATCN devices is an order of magnitude greater than that of the CBP / MoQjs devices,
confirming that the reduced hole transport through the CHTL results in a shift in electron-hole
recombination within the HTL toward the anode. For the CHTL / HATCN device, the Flrpic emission is
slightly greater for the x = 30 nm marking layer with an intensity of 1.38% of the normalized QD emission
compared to 1.04% for x = 15 nm. In addition, there is an EL band in the x = 15 nm device between 350
nm and 450 nm corresponding to emission from the HTL, indicating the existence of a significant number
of excitons within the CHTL closer to the anode that were not close enough to the marking layer for energy
transfer to occur. Meanwhile, the CBP / MoOs; marking layer devices exhibited relatively weak Flrpic
emission amounting to only 0.26% for x = 30 nm and 0.46% for x = 15 nm. The relative heights of the
bands suggest not only that are more excitons present in the CHTL of QDLEDs, but also that they are more
spread out across the HTL, consistent with more distributed hole accumulation across the CHTL. Knowing
that degradation of the HTL at the QD / HTL interface will lead to a reduction of the QD PLQY, reducing
the hole accumulation in the immediate vicinity of the QD layer is likely the main factor behind the
increased EL stability of the QDLED:s.
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Figure 7.9 Energy level diagram schematic of the QDLEDs utilizing a 5 nm Flrpic marking layer, with distances of
x =15 nm and x = 30 nm away from the QD / HTL interface.
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Figure 7.10 Normalized EL spectra of CHTL / HATCN (solid) and CBP / MoOQg3 (dotted) QDLEDs with a 5 nm
CBP:Flrpic [10%] marking layer inserted x = 15 nm (circle) and x = 30 nm (square) away from the QD / CBP interface
and compared to the EL spectra of QDLEDs without a marking layer (triangle).

Seeing that introducing inter-layer hole accumulation interfaces away from the QD / HTL interface
can improve QDLED stability, it becomes interesting to further investigate the effect of modulating the

charge distribution within the CHTL by shifting the position of those interfaces. Therefore, we test the

effect of changing the thickness of CBP, TCTA, and NPB layers while maintaining the same total HTL
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thickness. Although we have observed limited emission from NPB in the CHTL / HATCN QDLED, the
large LUMO energy level difference between CBP (-2.9 eV) and TCTA (-2.3 eV)?? should confine most
electrons that leak from the QD layer to the CBP layer. Therefore, three different CHTL-based QDLEDs
were fabricated with a HATCN HIL and labeled with respect to their CBP layer thickness: CHTL-10 (CBP
(20 nm) / TCTA (20 nm) / NPB (30 nm)), CHTL-20 (CBP (20 nm) / TCTA (20 nm) / NPB (20 nm)), and
CHTL-40 (CBP (40 nm) / TCTA (10 nm) / NPB (10 nm)). The current density vs.voltage and EQE vs.
current density characteristics of these QDLEDs are presented in Figure 7.11along with the CBP / MoOs
QDLED investigated earlier. The CHTL charge transport increases and QDLED turn-on voltage decreases
as the CBP thickness is reduced from 40 nm to 10 nm. In fact, the turn-on voltage of the CHTL-20 device
is similar to that of the CBP / MoO; QDLED, and the turn-on voltage of the CHTL-10 device occurs at a
lower driving voltage. The trend in CHTL turn-on voltage confirms the notion that moving the hole
accumulation interfaces further away from the QD / HTL interface causes the turn-on voltage to increase.
As the inter-layer HTL interface distance from the QD / CBP interface is reduced, the electric field required
for hole injection becomes smaller which results in the lower turn-on voltage observed for the CHTL-10
and CHTL-20 devices compared to the CHTL-40 QDLEDs. Qiao et al found that the hole mobility of the
pristine HTLs follows the trend of TCTA > NPB > CBP and that the hole mobility of the materials can be
improved by an order of magnitude with MoOs-doping.?®® While the thermally doped CBP:MoQ; appears
to have the best hole transport, replacing a portion of the low mobility non-doped CBP layer with the higher
mobility TCTA and NPB improves hole transport for the CHTL devices. Furthermore, increasing the hole
transport through the HTL also appears to improve the efficiency of the QDLEDs from a maximum of 9.8%
EQE for CHTL-40, to 10.6% for CHTL-20, and 11.1% for CHTL-10. In addition to the improvement in
hole transport, the CHTL-20 and CHTL-10 stacks should confine excitons that are created in the CBP layer
due to the leakage of electrons from the QD layer closer to the QD / CBP interface which may contribute
to the enhanced efficiency via an increase in energy transfer from CBP to the QDs. Therefore, it is
reasonable to conclude that the minor improvement in efficiency associated with the CHTL-40 QDLED
over the CBP / MoOs device was achieved despite the worsening charge balance, and that improving charge
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balance and confinement of excitons created in the CBP layer near the QD / CBP interface, such as in the

CHTL-20 and CHTL-10 QDLEDs, may lead to further enhancements in efficiency.
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Figure 7.11 (a) Current density vs voltage and (b) EQE vs current density characteristics of the CHTL-10 (triangle),
CHTL-20 (circle), CHTL-40 (square), and CBP / MoOj3; (diamond) QDLEDs.

Figure 7.12 depicts the normalized luminance and change in driving voltage vs.time trends of the
three QDLEDs driven with 20 mA cm constant current density. As can be seen from the figure, both EL
and driving voltage stability of the devices are influenced by changing the thicknesses of the individual
layers within the CHTL. This convincingly proves that the improvement is primarily due to changing the
charge distribution within the HTL. It is therefore important to investigate the effect of changing the charge
distribution within QDLEDs on their EL stability. Looking at the luminance decay rate of the three
QDLED:s, one can identify two regimes: an initial fast degradation and a long-term slower degradation in
luminance. In the initial fast degradation regime, the CHTL-10 device has the fastest rate of luminance
decay followed by CHTL-20 and CHTL-40. Given that it is the device with the thinnest CBP layer that has
the greatest degradation rate, the fast degradation may be driven by HTL degradation and Auger
recombination at the QD / HTL interface due to the increased hole accumulation at this interface. Since the
CHTL-40 device minimizes hole accumulation at the QD / HTL interface due to the accumulation of holes
at the inter-layer HTL interfaces, it is least affected by this degradation mechanism. However, in the long-
term degradation regime, the CHTL-40 device degrades fastest followed by CHTL-20 and CHTL-10. This
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longer-term degradation mechanism may be driven by exciton-polaron interactions leading to degradation
due to hole accumulation at the inter-layer HTL / HTL interfaces. Since hole transport is most impeded in
the CHTL-40 device, it is expected that hole accumulation at the inter-layer HTL / HTL interfaces is more
significant in this case. The shift in the degradation trends suggests a change in the dominant degradation
mechanism between the three QDLED structures. The greater initial degradation of the CHTL-10 device
results in the shortest LT50 of 530 hours (for a Lo of 3,870 cd m%) compared to the 1,510 hour LT50 for
the CHTL-20 QDLED (for a Lo of 3,400 cd m) and 825 hour LT50 for the CHTL-40 QDLED (for a Lo of
3,445 cd m™). It is therefore possible that striking a balance between the two degradation mechanisms is
behind the long EL half-life demonstrated by the CHTL-20 device. Ultimately, the CHTL-20 device has an
LT50 equivalent to 864,000 hours (for a Lo of 100 cd m™) after extrapolating the QDLED stability using
the lifetime relation previously used, representing a 1.8x improvement over the CHTL-40 device and a 25x
improvement over the CBP / MoQs device. Furthermore, CHTLs with better hole transport lead to a slower
rise in voltage over time. In this regard, the CHTL with the thinnest CBP layer demonstrates the most stable
voltage, giving further credence to the earlier conclusion that increasing the distance between the QD / HTL
interface and interfaces where holes accumulate is behind the faster rate of driving voltage observed of the
CHTL devices. The CHTL-10 device experiences an increase in driving voltage of only 0.7 V over 530
hours compared to the 8.6 V increase in driving voltage over 1510 hours for the CHTL-20 device and 7.8
V over 825 hours for the CHTL-40 device. Both the CHTL-20 and CHTL-40 devices experience a
significant increase in driving voltage during the long-term degradation regime, but it takes much longer
for the onset of this driving voltage increase to occur in the CHTL-20 QDLED. After 825 hours
(corresponding to the LT50 of the CHTL-40 QDLED), the driving voltage of the CHTL-20 device has only
increased by 3.0 V, while the driving voltage of the CHTL-40 device has increased by 7.8 V. Therefore,
not only can the CHTL-20 architecture improve EL stability of QDLEDs, but it can also lead to

enhancements in driving voltage stability as well.
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Figure 7.12 Normalized luminance vs.time (solid) and change in driving voltage vs.time (dotted) characteristics of
the CHTL-10 (triangle), CHTL-20 (circle), and CHTL-40 (square) QDLEDs under constant electrical driving at 20
mA cm current density.

In order to further verify that the CHTL shifts the accumulation of holes away from the QD / HTL
interface, we also carry out delayed EL measurements on CBP / MoOs; and CHTL-20 QDLEDs. The
delayed EL of the QDLED with a bilayer HTL of TCTA / NPB and HATCN HIL discussed previously is
also included in the comparison to investigate the effect of using a better electron blocking QD / HTL
interface. The delayed EL measurements are performed using the experimental setup described in section
3.2.4. In the delayed EL technique, QDLEDSs are driven with a 500 us forward bias square pulse equivalent
to the driving voltage required to achieve a driving current density of 20 mA ¢cm2 and allow prompt EL to
reach steady state. An optical chopper system is activated to record the EL 50 ps following the end of the
forward bias pulse. This delay is sufficiently long for all allowable luminescent exciton relaxation processes
to occur and is much larger than a typical QDLED electrical time constant,'?2'? rendering electrical
transient effects negligible. Therefore, any measured EL signal will arise from radiative decay of excitons
that are formed after the termination of the forward bias pulse. Figure 7.13(a) depicts the delayed EL
intensity signal versus time collected from the CBP / MoOs, CHTL-20, and TCTA / NPB QDLEDs and the
values obtained correspond to an amplified photovoltage corrected to the initial luminance of the measured
device. The maximum delayed EL value for the CHTL-20 is 5x greater than the TCTA / NPB bilayer
QDLED and 7.5x greater than the CBP / MoOz; QDLED. These results suggest that more excitons in the

CHTL-20 QDLED are able to recombine radiatively on the QD EML compared to the other two QDLED
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structures, whereas excitons in the CBP / MoOz device are least capable of that. This trend correlates with
the charge accumulation scheme proposed in Figure 7.7 whereby the degree of hole accumulation at the
QD / HTL interface in QDLEDs decreases in the following order: CBP / MoOs; > TCTA / NPB > CHTL-
20. In general, the formation of excitons in the microsecond time scale in these QDLEDs can be attributed
to two processes: (i) recombination of residual (trapped / accumulated) charges in the various device layers
including the HTL that become mobile and capable of recombination, producing luminescence after the
end of the forward bias pulse and / or (ii) triplet excitons created within the HTL that diffuse slowly and
eventually reach the QDs, inducing their late excitation via energy transfer either directly from those triplet
states (by a Dexter process) or by a Forster process from singlet intermediates produced by TTA. Either
way, a large portion of the delayed EL arises from excitons that originate in the HTL in the vicinity of the
QD layer and subsequently diffuse to the QD EML, producing luminescence. As the presence of large space
charges will quench these excitons, the higher delayed EL in the case of the CHTL QDLED directly points

to reduced hole accumulation in the HTL in the vicinity of the QD / HTL interface.
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Figure 7.13(a) Delayed EL of QDLEDs with HTLs consisting of CBP / MoOs (triangle), CHTL-20 / HATCN (circle),
or TCTA / NPB / HATCN (square). (b) Normalized delayed EL of the same QDLEDs with a 2.5 V reverse bias
applied from 650 s to 850 ps.

We also investigate the effect of applying a 2.5 V reverse bias pulse, 200 ps long, applied 650 ps after
the opening of the optical chopper on the delayed EL characteristics. It is known that in devices where
process (i) is the dominant mechanism behind the delayed EL, the application of a reverse bias will lead to
a permanent reduction in the delayed EL intensity and is sometimes accompanied by the appearance of a
spike due to the redistribution of charges. Whereas, in devices where process (ii) is more dominant, the
reverse bias will result in a temporary decrease in the delayed EL signal due to electric-field induced
dissociation of excitons which recovers after the reverse bias has ended. Figure 7.13(b) shows the effect of
the reverse bias on the delayed EL characteristics from the same set of devices. The data is normalized to
the peak delayed EL value att = 0 s in order to facilitate a comparison between the relative spike intensities.
In all three QDLEDs, the application of a reverse bias leads to some permanent decrease in the delayed EL
signal accompanied by a spike for the devices with CBP in their HTL. The delayed EL spike is 2.1x greater
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than the initial delayed EL maximum value in the CHTL-20 QDLED whereas the spike for the CBP / MoOs
QDLED is only 0.9x its initial delayed EL maximum value. This spike in delayed EL signal is a result of
the cross-over of charge carriers that have been injected past the EML into the opposite charge transport
layer and are now pushed back toward the EML. The recombination of leakage electrons in the CBP layer
with the holes that accumulate at the QD / HTL interface is likely the source of this delayed EL spike. This
mechanism is illustrated in Figure 7.14with a schematic depicting the direction of accumulated and trapped
charge flow in the three QDLEDSs of interest under the reverse bias. That leakage of electrons into the CBP
layer is behind these spikes is evident from the absence of a spike when a more electron-blocking interface
is used (i.e. the TCTA / NPB bilayer QDLED). This is corroborated via the current density vs. voltage
curves in Figure 7.11 where the CBP / MoO;3 devices exhibit much greater leakage currents compared to
the CHTL QDLED:s as the electrons in the CBP layer may easily reach the anode, too far away from the
QD EML for excitons to produce delayed EL. The large permanent non-reversible component of the TCTA
/ NPB QDLED can also be attributed to the lack of charge carrier cross-over during the reverse bias pulse,
which would have otherwise given the charges additional recombination opportunities. The delayed EL
results convincingly show that there are indeed differences in charge distribution across the HTL among
these devices and that the CHTL has the least accumulation of charges in the vicinity of the QD / HTL

interface.
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Figure 7.14 Schematic of CBP / MoOs, CHTL / HATCN, and TCTA / NPB / HATCN QDLEDs under reverse bias,
where arrows indicate the direction of flow for accumulated / trapped charges. The dashed areas indicate likely exciton
formation spots which may lead to delayed EL.
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7.4  Conclusions

We have studied the effect of the hole transport layer on the degradation of QDLEDs, finding that the
stability can be improved by 25x by incorporating a multi-layer HTL stack with cascading HOMO energy
levels compared to a conventional CBP / MoOs device. Using this approach, we have obtained a LT50 of
864,000 hours (for a Lo of 100 cd m2) for red QDLEDSs using a conventional core / shell QD emitter. The
improvement in QDLED performance that arises from the CHTL structure is multi-faceted. First, the
gradual reduction in HOMO energy level allows for the use of alternate HILs such as HATCN which do
not damage the underlying organic layers during device fabrication. Second, the CHTL restricts the
accumulation of holes at the QD / HTL interface and charging of the QD layer by introducing several inter-
layer interfaces to inhibit excessive hole injection. This reduction in charge accumulation at the QD / HTL
interface may inhibit the exciton-induced degradation of the HTL near this interface which has been shown
to reduce the QD PLQY over time. Finally, the CHTL shifts the recombination zone of excitons within the
HTL away from the QD emissive layer to limit quenching by degradation of the HTL. The CHTL QDLEDs
also demonstrate an EQE enhancement of 18% from 9.4% to 11.1% over the conventional CBP / MoOs;
device. These findings shed light on the importance the hole transport layer on the stability of QDLEDs,
providing a framework for controlling the factors that lead to degradation arising from the energy level

mismatch at the QD / HTL interface which leads to an excessive accumulation of holes.

140



Chapter 8: Summary and Future Work

8.1 Summary

The research described in this thesis has elucidated the influence that the interfaces between each layer
in the QDLED has in the performance of these devices, generally with a focus on their stability. While the
ETL / EML interface plays a role in the overall performance of QDLEDs, the findings indicate that the
HTL interfaces (both EML /HTL and HTL / HIL) have a much more significant impact over the efficiency
and stability of these QDLEDSs. The deep conduction and valence band energies of the CdSe-based QDs
used in this work lead to an inherent charge imbalance within these devices as electrons are much easier to
inject into the EML than holes. The use of organic semiconductors as the HTL is another reason for the
greater significance of these interfaces as their initial amorphous morphology can induce crystallization
over time due to thermal and electrical stresses in addition to the well-documented exciton-induced
degradation of these materials in OLEDs. However, by investigating the effect that these degradation
mechanisms have in the stability of QDLEDs and leveraging the multitude of organic semiconductors that
exist for hole transport, an optimized HTL structure of organic materials with cascading HOMO energy
levels has been demonstrated to improve the EL stability of QDLEDs by 25x with an LT50 of up to 864,000
hours and also slightly improving the EQE to 11.1%. Although red CdSe-based QDs have been the emitter
of focus in this work, these findings are expected to be applicable to other colours as well due to the inherent
charge imbalance within these devices as the barrier to hole injection increases. While the barrier to electron
injection also increases, there are many more tools available to improve electron injection into QDs such

as the introduction of interfacial work function modification layers like PEI.
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The main findings of this work are as follows:

In chapter 4, the role of the ETL / EML interface in QDLED performance was investigated by
introducing the wide band gap work function modification layer PEI. While a 1.6x improvement in
maximum EQE was observed (from 4.5% to 7.2%), this coincided with an increase in electron injection
from ZnO to the QD layer. Rather than a result of improved charge balance, this efficiency enhancement
was attributed to a reduction in QD exciton quenching by the ZnO due to the passivation of surface states
at this interface. An investigation into the increased electron injection effects by the introduction of a Flrpic
marking layer at the EML / HTL interface showed that a greater concentration of excitons was present in
the HTL. While this resulted in a negligible effect on the EL stability of these QDLEDs at the time, further
experiments investigating the effect of excitons at the EML / HTL interface would identify these excitons
as an issue for long-term QDLED stability. Ultimately, the main influence of the ETL / EML interface on
QDLED performance lies in the exciton quenching effect of ZnO surface states which limits the QD film

PLQY.

In chapter 5, the influence of the ETL and EML layers on morphological stability was investigated by
a systematic study on the processing parameters of ZnO and the QDs for spherical and rod-shape QDs.
While conducting EL stability measurements, an observation was made that dark spots and inhomogeneities
in the QDLED emissive area would occur regardless of whether they had been aged under constant
electrical current or merely left in a N2 environment for the same duration of time. The morphological
stability of the QDLEDs was evaluated by comparing the emissive area before and after storage in N, for a
period of time as a function of varying the ZnO layer thickness and annealing time for different QD
compositions and thicknesses. The main factor determining the degree of morphological degradation in
emissive area homogeneity is the roughness of each layer. This is also a limitation in OLED morphological
stability, as the organic semiconductors are prone to crystallization when deposited on rough surfaces.
Therefore, even if the roughness increases at the ETL / EML interface, the propagation of this roughness

through the QD layer can lead to a morphological degradation of the organic semiconductor. Therefore,
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although rough layers are the catalyst of this morphological instability, it is the organic HTL that is the
limiting factor in long-term morphological stability. Less roughness also generally correlated to better
QDLED efficiency, and spherical CdSe / ZnS QDs also led to improved efficiency in comparison to rod-

shape CdSe / CdS QDs.

In chapter 6, the role of degradation of the HTL on overall QDLED stability was further investigated
through PL measurements from QDLEDs over time while irradiated with UV light. While QDLEDs with
similar charge transport and efficiency can be fabricated with different HTLs having similar molecular
structure (CBP and Spiro-CBP), these devices exhibit and order of magnitude difference in their LT50.
From the work detailed in chapter 4, it is known that excitons are present in the HTL and exciton-induced
degradation is a mechanism that has been explored extensively in OLED literature. Therefore, given that
the major difference between the aforementioned QDLED structures is the organic HTL, the inherent
stability of the HTLs was investigated. By measuring changes in the QD PL over time under constant UV
illumination in devices with a variety of organic semiconductors, it became clear that the HTL has a
significant influence over the loss in QD PLQY during aging. Further investigations of the exciton-induced
degradation of each component layer in the devices found that while the QDs are relatively stable during
the measurement period, the PLQY loss in the QDLEDSs could be related to the individual PLQY loss of
the organic layers. Since these measurements were carried out via photo-excitation only, it is expected that
the observed degradation is related to excitons only and not via interactions with polarons which have been
shown to degrade both QDs and organic materials in literature. Rather, it appears that exciton-induced
degradation mainly affects the organic layers and it is the degradation of these organic molecules that lead
to a loss in QD PLQY via quenching. It is therefore the exciton-induced degradation of the organic

molecules at the QD / HTL interface that is particularly deleterious to QDLED stability.

In chapter 7, a three-layer HTL structure with cascading HOMO energy levels was investigated as a
means to reduce hole accumulation at the QD / HTL interface. Although efficiency only increased

marginally with the CHTL structure, these devices exhibited a significant improvement in EL stability.
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With the optimized CHTL structure, a 25% enhancement in LT50 was observed with a lifetime of 864,000
hours. The improvement in QDLED performance that arises from the CHTL structure is multi-faceted.
First, the gradual reduction in HOMO energy level allows for the use of alternate HILs such as HATCN
which would not normally be able to inject holes into CBP and do not damage the underlying organic layers
during device fabrication. Second, the CHTL restricts the accumulation of holes at the QD / HTL interface
and charging of the QD layer by introducing several inter-layer HTL / HTL interfaces to inhibit excessive
hole injection. This reduction in charge accumulation at the QD / HTL interface may inhibit the exciton-
induced degradation of the HTL near this interface which has been shown to reduce the QD PLQY over
time. Finally, the CHTL shifts the recombination zone of excitons within the HTL away from the QD EML

to limit quenching by degradation of the HTL at the QD / HTL interface.

Therefore, in this work not only has a degradation mechanism affecting long-term EL stability of
QDLEDs been identified and characterized, but a device structure which utilizes a cascading HTL with
small gaps between each component’s HOMO energy level and an organic HIL has been demonstrated that
minimizes the effects of this mechanism on QDLED EL stability. These results were achieved with
commercially available CdSe / ZnS QDs, allowing for further stability improvements with optimized QD

compositions.
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8.2  Future Work

While this work focuses on understanding the role of the interfaces in red QDLED performance, these

findings should be applicable to QDs with other colours and compositions as well.

After finding that we can utilize a CHTL structure to significantly improve the lifetime of red
QDLED:s, the natural extension of this work is to see if this technique can be used to improve the lifetime
of green and blue QDLEDs as well. As detailed in chapter 3, red and green QDLED lifetimes have reached
levels suitable for many applications yet blue QDLED lifetimes are still quite poor. Furthermore, while
exciton recycling techniques that are used to transfer excitons from the HTL to the QD EML via
luminescent sensitizers (i.e. Flrpic) can be useful in red and green QDLEDs, the necessary donor-acceptor
specral overlap does not exist for blue QDLEDs. Therefore, we expect that HTL charge accumulation and

exciton management may be even more important in blue QDLEDs.

Another benefit of the CHTL structure is the confinement of leakage electrons in a thinner CBP layer
to reduce QDLED leakage current as fewer electrons reach the anode. This property of the CHTL could
prove useful in the aforementioned exciton recycling via luminescent sensitizers as the CHTL may be used
to confine the HTL excitons closer to the QD / HTL interface which, for these devices, is required for

efficient energy transfer back to the QD EML.

As demonstrated in this work, the degradation of the organic layers can play a significant role in the
EL stability of QDLEDs. If, indeed, this is a limiting factor in long-lifetime QDLEDSs then it may be
valuable to explore all-inorganic transport layer QDLEDs similar to the devices discussed in section 2.2.
Although those devices were unable to achieve good performance comparable to the hybrid transport layer
structures, recent work in this field has demonstrated QDLEDs with EQEs of up to 5.51% for red and 11.4%
for green.r’"2" The best all-inorganic QDLED LT50 to date is 16,120 hours for green, orders of magnitude

less than the record hybrid transport layer structure.’” Efficiency, and especially stability, of these QDLEDs
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is a seldom studied area so an understanding of the reason for these devices relatively poor efficiency and

their degradation mechanisms could lead to a breakthrough in the field.

In order to meet the RoHS safety requirements for commercial applications of QDLEDs which limits
the amount of Cd allowed in products, Cd-free QDs have become a recent avenue of interest in QDLED
research. As mentioned in chapter 2, InP has become the leading alternative to CdSe-based QDs and have
demonstrated > 95% PLQY and 16.9% EQE for red QDLEDs in literature.*” However, the lifetime has not
been reported for these state-of-the-art Cd-free QDLEDs which suggests that their stability may still be
extremely poor. These QDs are expected to have shallower energy levels (-3.8 eV conduction band, -5.9
eV valence band energies for red QDs)* than CdSe-based QDs, so hole accumulation may not be as much
of an issue for these devices. While the CHTL may not be the solution to the stability of Cd-free QDLEDs,
the degradation mechanisms affecting these devices are currently unexplored and an understanding of these

effects will be valuable to both the scientific and commercial communities.
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