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Abstract

This thesis presents the detailed experimental and theoretical characterization of
light-emitting devices (LEDs) based on organic semiconductors and colloidal quan-
tum dots (QDs). This hybrid material system has several advantages over crystalline
semiconductor technology; first, it is compatible with inexpensive fabrication meth-
ods such as solution processing and roll-to-roll deposition; second, hybrid devices can
be fabricated on flexible plastic substrates and glass, avoiding expensive crystalline
wafers; third, this technology is compatible with patterning methods, allowing mul-
ticolor light sources to be fabricated on the same substrate by simply changing the
emissive colloidal QD layer. While the fabrication methods for QD-LEDs have been
extensively investigated, the basic physical processes governing the performance of
QD-LEDs remained unclear. In this thesis we use electronic and optical measure-
ments combined with morphological analysis to understand the origins of QD-LED
operation. We investigate charge transport and exciton energy transfer between or-
ganic materials and colloidal QDs and use our findings as guidlines for the device
design and material choices. We fabricate hybrid QD-LEDs with efficiencies exceed-
ing those of previously reported devices by 50-300%. Novel deposition methods allow
us to fabricate QD-LEDs of controlled and tunable color by simply changing the
emissive QD layer without altering the structure of organic charge transport layers.
For example, we fabricate white light sources with tunable color temperature and
color rendering index close to that of sunlight, inaccessible by crystalline semiconduc-
tor based lighting or fluorescent sources. Our physical modeling of hybrid QD-LEDs
provides insights on carrier transport and exciton generation in hybrid organic-QD
devices that are in agreement with our experimental data. The general nature of
our experimental and theoretical findings makes them applicable to a variety of hy-
brid organic-QD optoelectronic devices such as LEDs, solar cells, photodetectors and
chemical sensors.
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List of Corrections

All Errata are shown in bold font; all text excerpts are marked by quotation marks (“”’) and
italic font. A combination of manual reading by the author and the doctoral research advisor, and
automated analysis with iThenticate software was used to identify errors.

e Errata — p. 11-21 — List of figures
The captions to Figures 1-2, 1-4, 1-5, 1-6, 1-14, 2-5, 2-6, 2-7, 2-12, 3-4, 3-7, 3-8, 3-9, 4-2, 4-5, 4-
6,4-7,7-4,7-5, 7-6, 7-8, B-1 have been subject to corrections as described in Errata below.

e Errata-p.23
Line 4: Citation to Ref. [23] is missing — should be “..., colloidal quantum dots (QODs) [23]...”
Line 6: Citation to Ref. [13] is missing — should be “... opto-electronic devices [13].”

e FErrata-p. 24
Line 2: Citations to Refs. [8]-[12] are missing — should be “...display applications [8-12].”

Line 8: Citations to Refs. [13]-[15], [30] are missing — should be “... received wide interest [13-
15, 30],...”

Line 14: Citations to Refs. [17], [109], [113] are missing — should be “... and material choices
[17, 109, 113].”

Line 16: Citation to Ref. [113] is missing — should be ... spectrum by 50-300% [113].”

Line 16: Citations to Refs. [15], [16] are missing, and wording is imprecise. Replace “The
development of novel deposition methods...” with “The implementation of novel deposition
methods [15,16]...”

Line 19: Citation to Ref. [17] is missing — should be “...close to that of sunlight [17],...”

e FErrata-p.25

Line 14: Citation is missing to added reference [123].
[123] A. Bergh, G. Craford, A. Duggal, R. Haitz “The Promise and Challenge of Solid-State
Lighting” Physics Today 54: 4247, 2001.

Line 14: Passage “...the entire lighting market.” — should be “...the entire lighting market
[123].”
Lines 19-20: Citation to Ref [123] is missing — should be “...environmental impact [123].”

Line 27: Citations missing to added references [124] (mentioned in text later in the thesis but
not formally cited), [125], [126] to engineering standards.

[124] CIE (1932), Commission Internationale de l'Eclairage Proceedings, 193 1. Cambridge:
Cambridge University Press.
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[125] CIE (1995), Commission Internationale de lI'Eclairage Proceedings, 1995. Method of
Measuring and Specifying Colour Rendering Properties of Light Sources, Publication 13.3.

[126] Wikipedia: Color rendering index (as retrieved in 2007), and now available:
https://en.wikipedia.org/wiki/Color_rendering_index

Line 27: Passage should read “...poor color rendering and color temperature [124-126].”

e Errata-—p. 26
Line 6: Citation to Ref. [123] is missing — should be “...cost and size limitations [123].”

Line 15: Citations to Refs. [125], [126] are missing — should be “... poor color rendering and
color temperature [125, 126].”

Line 22: Citation to Ref. [84] is missing — should be “... efficiencies up to 100 lm/W [84].”

e FErrata-p. 32
Figure 1-2: Attributions are missing to cited or acknowledged image sources in caption.
Revised caption: “Transmission electron microscopy (TEM) images of core-shell quantum dots
(a), quantum rods (b), nano-barbells (c) (Images a-c courtesy of Dr. Jonathan Halpert), quantum
tetrapods (Image from Ref. [37]) (d).”

e FErrata-—p. 32

Line 8: Add explicit statement that section 1.3.3 summarizes the quantum dot absorption spectra
discussion based on a cited comprehensive review (Ref. [13]). Add “This section summarizes the
current understanding of quantum dot absorption spectra expertly reviewed in Ref. [13].”

e FErrata—p. 33
Line 14: Citation to Ref. [13] is missing — should be “... a 3D box problem [13]:”

e FErrata-p. 34
Line 6: Citation to Ref. [13] is missing — should be “... by lattice symmetry [13].”
Figure 1-4: Attribution is missing to a cited image source (Ref. [13]) in caption.

Revised caption: “The bulk band structure of a typical direct gap semiconductor with cubic or
zinc blende lattice and band edge at the I'-point of the Brillouin zone. The boxes show the region
of applicability of the various models used for the calculation of electron and hole QSLs. Image

from Ref. [13].”
e FErrata-p. 35

Lines 2-10: Add quotation marks to denote the purposeful similarity of the text with Ref. [13]
intended to preserve the mathematical content of the paragraph. Should be: ... “the structure of
hole QSLs.... ... with p-f symmetry.” [13] ”

e Errata—p. 36
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Figure 1-5: Ambiguous attribution to a cited Ref. [43] image source in caption.

Replace caption text: replace “...the assignments of these transitions [43].” with “...the
assignments of these transitions. Image from Ref. [43].”

e Errata-—p. 37
Line 3: Citation to Ref. [13] is missing — should be “...band edge exciton [13].”
Line 6: Citation to Ref. [13] is missing — should be “...the following form [13]:”

Lines 8-13: Add quotation marks to denote the purposeful similarity of the text with Ref. [13]
intended to preserve the mathematical content of the paragraph. Should be: “... “where the o are
the electron spin.... ... depends on the nanocrystal radius a.”’[13] >

Line 13: Citation to Ref. [13] is missing — should be “... nanocrystal radius a [13].”
Line 15: Citation to Ref. [13] is missing — should be “...is described by [13].”
Line 24: Citation to Ref. [13] is missing — should be “...in small nanocrystals [13].”

e Errata-—p. 38
Figure 1-6: Ambiguous attribution to a cited Ref. [45] image source in caption.

Revised caption text: replace “...between the £1L state and the +2 exciton ground state [45].”
with “...between the =1L state and the £2 exciton ground state. Image from Ref. [45].”

e Errata—p. 40
Line 12: Citation to Ref. [46] is missing — should be “... continuous delocalized bands [46].”
Lines 25-25: Citations to Refs. [46], [49] are missing — should be “..., holes and excitons [46,
49].”

e FErrata—p. 42
Line 16: Citations to Refs. [46], [77], [78] are missing — should be “... Férster or Dexter transfer
[46, 77, 78].”

e Errata-—p. 49
Figure 1-14: Missing attribution to a cited and co-authored Ref. [16] in caption.

Revised caption: “(a) EQFE curves for the red, green, and blue QD-LEDs with the device
structure shown in the inset. (b) Normalized EL spectra for red, green, and blue QD-LED:.
Images from co-authored Ref. [16]. Data collected by Dr. Seth Coe-Sullivan and LeeAnn Kim.”

e Errata—p. 56

Line 16: Imprecise language that confuses co-authored Ref. [16] and prior literature (Refs. [15],
[54], [56], [57]).

Replace “...we developed a microcontact printing technique [56, 57], which allows us to deposit
patterned close-packed monolayers inside any organic structure solvent free [15, 16, 54].” with
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“...we adapted a microcontact printing technique [56, 57], which allows us to deposit patterned
close-packed monolayers inside any organic structure solvent free [15, 16, 54].”

Line 18: Add statement about the correspondence between the remainder of the section and
cited and co-authored Ref. [16]: “The remainder of this section (2.1.2) corresponds to Ref. [16],
which was co-written in close collaboration with LeeAnn Kim and Dr. Seth Coe-Sullivan.”

e Errata—p. 58
Figure 2-5: Missing attribution to a cited and co-authored Ref. [16] in caption.

Revised caption: “Cartoon representation of 4-step microcontact printing technique. Image
created by the author for Ref. [16].”

Errata —p. 59
Figure 2-6: Missing attribution to a cited and co-authored Ref. [16] in caption.

Revised caption text: replace “... The chemical formula of parylene-C is shown in the inset.”
with “...The chemical formula of parylene-C is shown in the inset. Images from Ref. [16]. Data
collected by the author.”

e Errata—p. 60
Figure 2-7: Missing attribution to a cited and co-authored Ref. [16] in caption.

Revised caption text: replace “... Blue emission is due to the TPD hole transporting
underlayer.” with ... Blue emission is due to the TPD hole transporting underlayer. Images
from Ref. 16. (a) — Data collected by the author; (b-c) — Data collected by Dr. Seth Coe-Sullivan
and LeeAnn Kim; (d-c) — Data collected by the author and LeeAnn Kim.”

e FErrata—p. 72

Line 4: Citation to an engineering standard is missing — should be ... device luminance and
luminous flux (Convention on Illumination - Commission Internationale de I’Eclairage (CIE),

[124]).”
Figure 2-12: Missing reference to the public data source — CIE 1931 standard.

Revised caption: “Standard luminosity function y (). CIE 1931 standard Ref. [124].”

e FErrata-p. 74

Lines 4-5: Citation to a referenced engineering standard is missing — should be “... CIE standard
observer color matching functions (Figure 2-13) [124].”

e Errata—p. 77

Line 3: Add explicit statement on the correspondence between the published authored Ref.
[17] and Chapter 3. Statement should be added to “...hybrid organic-QD structure.” as follows
“...hybrid organic-QD structure. This chapter is largely based on Anikeeva et al. Ref. [17],
including all calculations and most figures. ldentical paragraphs appear in quotations.”
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Line 11: Citations are missing to engineering standards — should be “have a high CRI (the CRI of
sunlight is 100) [125,126].”

e Errata—p.78

Lines 20-30 should appear in quotations followed by the citation to Ref. [17] on line 30:
“ “OD lumophores... ...from one synthesis to the next.” [17]”

e Errata—p. 80

Lines 24-27 should appear in quotations followed by the citation to Ref. [17] on line 27:
“ “Using three types... ...factor of 4 lower.” [17] ”

e Errata—p. 86
Figure 3-4: Missing attribution to a cited and authored Ref. [17] in caption.

Revised caption: “(a) Absorption spectra of red, green and blue QDs are shown with respect to
the ALg3 and TPD PL spectra. (b) The Algs absorption spectrum is shown with respect to the
blue QD PL spectrum. Image from Ref. 17. Data collected by the author and Dr. Jonathan
Halpert.”

e Errata—p. 88 (Line 16) - 89 (Line 3)
The lines should appear in quotations followed by the citation to Ref. [17] on line 3, p. 89:

(13

“...our design consists.... .... Ag protective overlayer.” [17]

e Errata—p. 90
Figure 3-7: Missing attribution to a cited and authored Ref. [17] in caption.

Revised caption: “(a) EL spectra of our white QD-LED are shown at different bias voltages. An
arrow indicates the direction of increasing bias voltage. (b) EL spectra of red, green, and blue
OD-LEDs shown at 5V, 7 V and 10V, respectively. Image from Ref. 17. Data collected by the
author.”

e Errata—p.91
Figure 3-8: Missing attribution to a cited and authored Ref. [17] in caption.

Revised caption: “EQF (a) and 1V characteristics (b) of red, green, blue, and white OD- LED:s.
Image from Ref. 17. Data collected by the author.”

e FErrata-—p.92

Figure 3-9: Missing attribution to a cited and authored Ref. [17] in caption.
Revised: “Photograph of our white QD-LED biased at 10 V. Image from Ref. 17. Data collected
by the author.”

e Errata - p. 92 (Line 10) - 94 (Line 24, end of page)
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Text should appear in quotations followed by the citation to the authored Ref. [17] on line 24,
p. 94: “ “The emission spectrum... ... at a desired driving condition.”[17] ”

e Errata-—p. 97

Line 7: Citations to Refs. [46], [77], [78] are missing — should be ““... Forster and Dexter [46, 77,
78].”

e Errata—p. 99
Line 3: Citation to Ref. [13] is missing — should be “... of the “Dark Exciton™ [13].”
Figure 4-2: Missing attribution of data source for the image.

Revised caption: “The schematic diagram shows the fine structure of excited QD states. Image
created by the author based on Ref. [13].”

Lines 9-12: Text should appear in quotations followed by the citation to the authored Ref. [92]:
“ “ODs have proven.... ... core-shell QD (see e.g. [88]).”[92] ”

e FErrata-p. 101

Lines 9-10: Add explicit statement on the correspondence between the cited and authored
Ref. [92] and Chapter 4. Replace the sentence: “Hence, time-resolved PL spectroscopy will
allow us to draw clear conclusions about the QD properties as exciton acceptors [92].” with
“Hence, time-resolved PL spectroscopy will allow us to draw clear conclusions about the QD
properties as exciton acceptors, as described in the remaining sections of this Chapter that are
largely based on Anikeeva et al. [92]. All figures and text in sections 4.3-4.5 were created by the
author for Ref. [92].”

e Errata-p. 105
Figure 4-5: Missing attribution to a cited and authored Ref. [92] in caption.

Revised caption text: replace “... The PL spectrum of sample Il can be constructed from a
linear superposition of the PL spectra of samples I and I1.” with “...The PL spectrum of sample
111 can be constructed from a linear superposition of the PL spectra of samples I and II. Color
version of image from Ref. 92. Data collected by the author.”

e Errata-p. 105
Figure 4-6: Missing attribution to a cited and authored Ref. [92] in caption.

Revised caption text: replace “... Note that the black fit lines assume a single exponential time
decay for the Ir(ppy)3, and so are only expected to fit the Ir(ppy)s; at early times (where the single
exponential decay dominates).” with “... Note that the black fit lines assume a single exponential
time decay for the Ir(ppy)3, and so are only expected to fit the Ir(ppy)s at early times (where the
single exponential decay dominates). Color version of image from Ref. 92. Data collected by the
author.”
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e FErrata-p. 106

Figure 4-7: Missing attribution to a cited and authored Ref. [92] in caption.

Revised caption text: replace “....Ir(ppy)s spectrum from the PL of sample 11l is shown at t =
ns, t =500 ns, t = 1500 ns after excitation.” with “...Ir(ppy)s spectrum from the PL of sample II]
is shown at t = 0 ns, t = 500 ns, t = 1500 ns after excitation. Color version of image from Ref.
92. Data collected by the author.”

e FErrata-p. 115
Line 8: Add explicit statement on the correspondence between the cited and authored Ref.
[109] and Chapter S. Replace “... various QD-LED structures.” with ... various QD-LED
structures. This Chapter is based on Anikeeva et al. [109]. All text was written by the author for
Ref. [109]; all figures contain data collected by the author for Ref. [109] and re-plotted for this
Chapter in color.”

e Errata-p. 153

Line 9: Add explicit statement on the correspondence between the cited authored article
(Ref. [113]) and Chapter 7. Replace “...which simplifies fabrication of multi-color flat panel
displays, making this technology commercially viable [113].” with “...which simplifies
fabrication of multi-color flat panel displays, making this technology commercially viable. This
Chapter is largely based on Anikeeva, Halpert et al. [113]. All text on pages 153-161, 164-166
was written by the author for Ref. [113]; Figures 7-4, 7-5, 7-6 and 7-8 were created by the
author for Ref. [113].”

e FErrata-—p. 158
Figure 7-4(a): Missing attribution to a cited and authored Ref. [113] in caption.

Revised caption text: “(a) The absorption spectra of red, orange, green, cyan and blue QDs in
chloroform solutions are shown together with thin film TPD, Alqs, spiroTPD and TPBi PL.
Image from Ref. [113]. Data collected by the author and Dr. Jonathan Halpert. (b)...”

e FErrata-p. 160
Figure 7-5: Missing attribution to a cited and authored Ref. [113] in caption.

Revised caption text: replace “...Inset shows simultaneous emission from orange, green and
blue QD-LEDs fabricated on the same substrate.” with “...Inset shows simultaneous emission
from orange, green and blue QD-LEDs fabricated on the same substrate. Images from Ref.
[113]. Data collected by the author.”

e Errata-—p. 162
Figure 7-6: Missing attribution to a cited and authored Ref. [113] in caption.
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Revised caption text: replace “... PL is excited by a UV lamp.” with “...PL is excited by a UV
lamp. Images from Ref. [113]. Data collected by the author and Dr. Jonathan Halpert.”

e Errata-p. 165
Figure 7-8: Missing attribution to a cited and authored Ref. [113] in caption.

Revised caption text: replace “... The inset shows the schematic cross section of the device
structure used in this study.” with ... The inset shows the schematic cross section of the device
structure used in this study. Images from Ref. [113]. Data collected by the author.”

e Errata—p. 183

Line 6: Citations to referenced engineering standards (CIE 1931, CIE 1995) are missing —
should be “...(black body radiator at 5500 K) [124-126].”

Line 10: Citation to an engineering standard (CIE 1995) is missing — should be “.../ight reddish
purple [125, 126].”

Figure B-1: Citations to engineering standards are missing.

Revised caption: “Figure B-1: (a) Spectral responsivity functions (CIE 1931). (b) Test sample
functions. (CIE 1995).”

e Errata—p. 200
After Line 6: a product of the thesis research (Ref. [113]) is missing from the list.
Add:

“7. P O. Anikeeva, J. E. Halpert, M. G. Bawendi , V. Bulovi¢, “Quantum Dot Light-Emitting
Devices with Electroluminescence Tunable over the Entire Visible Spectrum”, submitted to Nano
Letters, 2009.”

e Errata-—p. 212

Reference [113] is listed incorrectly as “in preparation” at the time of thesis submission. The
reference was submitted to peer review in January of 2009.

Replace [113] with: “P. O. Anikeeva, J. E. Halpert, M. G. Bawendi, and V. Bulovi¢. Quantum
Dot Light-Emitting Devices with Electroluminescence Tunable over the Entire Visible Spectrum,
submitted to Nano Letters, 2009.”

e Errata-—p. 213
Four citations should be added to substantiate thesis background and methods:

[123] A. Bergh, G. Craford, A. Duggal, R. Haitz “The Promise and Challenge of Solid-State
Lighting” Physics Today 54: 4247, 2001.

[124] CIE (1932), Commission Internationale de l'Eclairage Proceedings, 193 1. Cambridge:
Cambridge University Press.
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[125] CIE (1995), Commission Internationale de lI'Eclairage Proceedings, 1995. Method of
Measuring and Specifying Colour Rendering Properties of Light Sources, Publication 13.3.

[126] Wikipedia: Color rendering index (as retrieved in 2007), now available:
https://en.wikipedia.org/wiki/Color_rendering_index

Additional note:

Reference [119] by Olson-Hummon is stated as “in preparation” in 2008. The manuscript was
eventually published under a different title in 2010 with the lead author changing the name due
to marriage.

M.R. Hummon, A.J. Stollenwerk, V. Narayanamurti, P.O. Anikeeva, M.J. Panzer, V. Wood, V.
Bulovi¢. Measuring charge trap occupation and energy level in CdSe/ZnS quantum dots using a
scanning tunneling microscope. Phys. Rev. B 81: 115439, 2010.
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Chapter 1

Introduction

1.1 Thesis Summary

Since their first successfull synthesis in 1993 [1], colloidal quantum dots (QDs) of
inorganic semiconductors have demonstrated exceptional optical properties that ini-
tiated their application in a variety of opto-electronic devices. Their high absorption
crossection proved to be usefull in photovoltaic cells and photodetectors [2]. Narrow
photoluminescence spectra tunable across the visible and infrared parts of spectrum
led to colloidal QD applications in light-emitting devices (LEDs) [3]. Organic lig-
ands that passivate the surface of QDs and provide their solubility in various organic
solvents and water allow for their solution processing, and consequently, the devel-
opment of inexpensive QD deposition techniques such as spin-coating and roll-to-roll
deposition.

Despite the superior QD processibility and spectral characteristics, the develop-
ment of QD-based opto-electronic devices is impeded by the insulating nature of
organic ligands that obstruct the charge transport through QD films. Consequently,
it is beneficial to use QDs in hybrid opto-electronic devices that take advantage of
QD unique optical properties combining them with a material set tuned to shuttle
charges towards (LEDs) or away (solar cells) from QD layers.

In this thesis we focus on the design and physical properties of efficient LEDs

based on colloidal QDs and organic semiconductors. Organic LEDs (OLEDs) are

23



extensively studied and have been recently introduced into commercial information
display applications. Hybrid organic-QD LEDs (QD-LEDs) benefit from reliable and
controlled charge transport through amorphous organic thin films and narrow QD
emission, yielding efficiencies approaching those of OLEDs and saturated electro-
luminescense (EL) spectra solely due to QD luminescence. The latter property of
QD-LEDs allows for the universal design of multicolor QD-LEDs by simply changing

the QD emission layer without altering the transport layers.

While the fabrication methods for QD-LEDs received wide interest, the funda-
mental physical processes that govern the behavior of these devices remained unclear.
This thesis is dedicated to understanding of interactions between organic semiconduc-
tors and colloidal QDs through the development of QD-LED test-beds. Combining
electronic and optical measurements with morphological analysis, we find the physical
origins of the operation of QD-LEDs, which provide us with guidelines to QD-LED
design and material choices. We are able to improve upon existing hybrid LED tech-
nology increasing the efficiency of QD-LEDs operating throughout the visible part of
spectrum by 50-300%. The development of novel deposition methods allows for con-
trolled tuning of QD-LED colors without changing the structure of charge transport
layers, leading us to fabrication of white light sources with tunable color temperature
and color rendering close to that of sunlight, inaccessible by crystalline semiconductor

based lighting or fluorescent light sources.

We supplement our experimental investigation of physical properties of QD-LEDs
with theoretical studies by building a model based on fundamental physical processes
such as carrier drift, diffusion and recombination that provides an insight into car-
rier distribution and exciton formation in QD-LEDs. The results of our numerical
simulations are consistent with our experimental data.

The design guidelines and theoretical insights obtained from our optical, electronic
and morphological studies of QD-LEDs and the numerical model are equally applica-
ble in fabrication and characterization of a variety of hybrid optoelectronic devices,
such as LEDs, solar cells, photodetectors and chemical sensors.

This chapter reviews the history and development of QD-LEDs and OLEDs, fo-
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cusing on the properties of both organic semiconductors and colloidal QDs. Chapter
2 details the experimental techniques used in QD-LED fabrication and characteri-
zation. Chapter 3 is dedicated to the development and fabrication of mixed color
QD-LEDs and the concominant design of blue QD-LEDs. Chapter 4 discusses the
exciton energy transfer from organic phosphorescent and fluorescent donors to col-
loidal QDs and exciton diffusion in thin organic films. Chapter 5 discusses the carrier
transport and exciton generation in QD-LEDs from the experimental prospective.
Chapter 6 is dedicated to the modeling of QD-LED structures discussed throughout
this manuscript. QD-LED design guidelines obtained from the analysis in Chapters 5
and 6 are implemented in Chapter 7 to create multicolor QD-LEDs with record high

efficiencies and spectral purity. Chapter 8 contains the conclusions.

1.2 Evolution of Solid State Lighting

Despite its invention in 1879, the incandescent light bulb [4] still occupies a large
share of the entire lighting market. In particular, 90% of the residential sector in
the US is still lighted up by incandescent bulbs. While incandescent bulbs provide
light color temperature close to that of sunlight and excellent color rendering, their
luminous efficiency is comparatively low < 20 Im/W. Today, the general lighting con-
stitutes ~ 15% of US energy consumption. Consequently, improving the efficiency of
light sources will significantly reduce energy consumption and minimize their envi-
ronmental impact.

Compact fluorescent lamps [5], invented approximately at the same time as incan-
descent bulbs, provide a more efficient lighting alternative ~ 50-60 lm/W. Fluorescent
light bulbs rely on inelastic collisions of electrons with mercury atoms that lead to
the emission of ultra violet photons that are subsequently absorbed by the lamp’s
fluorescent coating and converted into visible light. Commercial fluorescent lamps
can be as efficient as 100 Im/W but their penetration into the residential market is
inhibited by their poor color rendering and color temperature.

Inorganic light emitting diodes (ILEDs) that consist of a p-n junction of two doped
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semiconductor crystals, were invented in 1920s and significantly improved upon in
1962 [6]. In ILEDs electrons supplied from a cathode and holes supplied from an
anode meet at the junction and recombine producing photons with an energy close
to the lowest band gap of the two semiconductors. These devices have comparatively
long lifetimes and efficiencies up to 90 lm/W. Despite that, they are primarily used
in indicator lights due to their high cost and size limitations. Semiconductor crystals
have to be grown via epitaxy which requires high vacuum, which makes the process
costly and confines it to small substrate sizes. As ILEDs emit light characteristic of
a constituent semiconductor band gap, their spectra are narrow and not suitable for
lighting applications. The use of combination of red, green and blue emitting ILEDs
is complicated by different efficiencies and lifetimes of different color devices. Solid
state lighting sources are usually based on a blue ILED (7] backlight painted in a
yellow phosphor (for example cerium-doped yttrium aluminum garnet (Ce3*:YAG)).
Akin to fluorescent lamps, these devices also suffer from poor color rendering and

color temperature.

Organic light emitting devices (OLEDs) discovered in 1987 by Kodak [8, 9] make
use of small aromatic organic molecules, that are capable of transporting holes or
electrons that meet within the structure forming bound pairs that can recombine
producing photons with energy corresponding to the emission spectrum of the organic
compound. Since their original invention, OLEDs have been significantly improved
upon. The use of phosphorescent organic materials, which we will discuss in detail
in Chapter 4, led to the development of OLEDs with efficiencies up to 100 lm/W.
Using multiple organic dopants allows for fabrication of white OLEDs with good
color rendering and color temperature [10]. Alternatively, different color OLEDs can

be stacked within a single structure to produce a broad white light spectrum [11].

OLED low power consumption, high brightness and very small device thickness
(~200 nm) originally suggested their use in flat panel display technology that is
currently dominated by liquid crystal displays (LCDs) [12]. LCDs consist of a layer
of liquid crystals embedded between two orthogonal polarizer plates. Liquid crystals

are birefringent, i.e. they rotate the polarization of the incoming light depending on
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their orientation. In the most common twisted nematic devices, molecules deposited
between the polarizer plates align themselves in a helical structure. Such alignment
rotates the light that passes through the first polarizer by 90 degees so that it can pass
through the second orthogonal polarizer. When a voltage is applied to the electrodes
the resulting torque forces the molecules to align themselves parallel to the electric
field, which distorts the helical orientation and decreases the amount of light that
can pass through the second polarizer. At sufficiently high voltages, liquid crystals
become completely aligned with the field and do not alter the initial polarization of
light, which then cannot pass through the second polarizer, and the pixels appear
black. In color displays red, green and blue filters are placed on top of LCD pixels.
LCD displays suffer from a narrow angle of viewing and low power efficiency caused

by the losses in absorptive color filters.

In contrast, OLEDs rely on light emission rather than on transmission, which
eliminates efficiency losses in color filters and polarizer plates. Since OLEDs are om-
nidirectional emitters, OLED displays have wide viewing angle. One of the major
challenges of the OLED technology is the lack of reliable and inexpensive patterning
methods for different color pixels. Since OLEDs consist of small molecule organics,
they are not compatible with traditional lithographical patterning techniques, which
require exposure to solvents that simply degrade OLED structures. Therefore pat-
terning methods for OLEDs are limited to shadow-masking of different color pixels
during physical vapor deposition resulting in expensive and wasteful OLED fabrica-

tion processes.

Hybrid organic - colloidal quantum dot LEDs (QD-LEDs) [3] make use of highly
emissive nanocrystals (~ 2-20 nm in diameter) of inorganic semiconductors fabri-
cated by organo-metallic chemical synthesis [1]. As a consequence of the synthetic
procedure, crystalline QDs are surrounded by the organic ligands that ensure their
solubility in a variety of organic solvents and water. Quantum confinement effects
dominate the electronic structure of colloidal QDs, yielding QD size dependent ab-

sorption and photoluminescence spectra, hence allowing for spectral tunability across

the visible (for CdSe, CdS and ZnSe) and IR (PbSe and PbS) parts of the spec-
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trum [13]. QDs were first used in LEDs within a polymer-QD composite, which did
not exhibit high luminescence efficiencies [14]. The first successful demonstration of
efficient QD-LEDs came in 2002 [3]. In this device a single layer of QDs was em-
bedded into a conventional OLED structure, which resulted in the external quantum
efficiency of 0.5% and electroluminescence spectra dominated by the narrow QD emis-
sion. Compatibility with solution processing allowed for the development of effective
and inexpensive QD patterning methods such as microcontact printing [15, 16| and
its extention to the roll-to-roll deposition. These methods allow for inexpensive pix-
elation of QD-LEDs by simply patterning each QD color inside the structure, while
keeping the organic charge transporting layers the same [16, 17], i.e. patterning can
be done in a single inexpensive step. Narrow QD spectra yield superior color purity
of QD-LEDs as compared to the wide organic emission of OLEDs making QD-LEDs
an attractive alternative for flat panel display applications. Simultaneous electrolu-
minescence of multiple color QDs allows for the development of tunable LED colors
such as white QD-LEDs [17]. Since the number of QD colors that can be used in a
single device is virtually unlimited, it is possible to achieve superior color rendering

and mimic the solar color temperature using QD-LEDs.

The main challenges of QD-LED technology are the device longevity and effi-
ciency. Organic materials that constitute the charge transport layers in QD-LEDs
are prone to photooxidation from self-emitting light and electrochemical degradation
(18, 19]. They are also susceptible to chemical and morphological changes caused
by atmospheric oxygen and water vapor [18, 19]. A variety of packaging methods
have been developed, that extend OLED and consequently QD-LED lifetimes mak-
ing them viable for commercial applications. Recent experiments demonstrate the
possibility of replacement of the organic charge transporting layers with chemically
stable semiconducting metal oxides [20, 21, 22]. While these devices are robust with
respect to operation in ambient conditions, their efficiencies are 10-20 times lower
then those of hybrid organic-QD LEDs. Currently, the efficiencies of organic-QD
LEDs are 10 times lower than those of state-of-the-art OLEDs, which impedes QD-

LED introduction into commercial display technologies. In this thesis we investigate
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the fundamental processes that govern QD-LED operation, which allows us to un-
derstand the origins of QD-LED electroluminescence and degradation. Our analysis

leads to the design guidelines that yield more efficient and potentially more stable

QD-LEDs.

1.3 Colloidal Nanocrystals

Semiconductor nanocrystals are nanometer scale particles, for which the energy level
structure is determined by quantum confinement effects rather than by the inherent
properties of the corresponding bulk material [13]. Quantum confinement effects
become important when the nanocrystal size, a, is smaller than the bulk exciton
Bohr radius, ap = kh?/ue?, where & is the dielectric constant of the material and x is
a bulk exciton reduced mass [13]. An exciton is an excited electron-hole pair bound
in a hydrogen atom-like arrangement, that occurs when the electron is excited onto

a higher energy level leaving a hole behind.

1.3.1 Nanocrystal fabrication

There are two common types of nanoparticles: colloidal [23] and epitaxial [24, 25].
Colloidal nanocrystals are nanoparticles that are grown by an organo-metallic chem-
ical synthesis (Figure (1-1)) or a so-called three-neck flask synthesis developed by
Murray et al. [1]. Organo-metallic precursors (such as dimethyl cadmium and tri-
octylphosphine selenium) are injected into the hot (~250° C) mixture of organic
molecules (such as trioctylphosphine oxide or oleic acid) acting as a high temperature
solvent. Metallic and non-metallic ions react in solution to form nuclei that then
uniformly grow to become nanocrystals. The nanocrystal growth can be stopped by
taking the particles out of the growth solution and cooling them down to room tem-
perature. Thus, the nanocrystal size and consequently the emission wavelength are
determined by growth time and temperature.

This process allows for a very narrow particle size distribution as well as for

the overcoating of particles with a monolayer of organic surface ligands. These or-
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Figure 1-1: The schematic shows the QD synthesis in the three-neck flask. Organo-
metallic precursors are injected into a boiling solution of organic molecules, that
will eventually become QD ligands. The time scale indicates the growth progress.
Courtesy of Timothy Osedach.

ganic molecules act as solvents during the high temperature synthesis and after the
growth they allow nanocrystals to be soluble in a wide range of organic solvents
or water. Their narrow size distribution and solubility in solvents make colloidal
nanoparticles fundamentally different from epitaxial nanoparticles that are grown via
molecular beam epitaxy on a substrate that is chosen such that interfacial energy
between the substrate and a film is high enough to lead to de-wetting and islanding
(Stranski-Krastanow growth) [24]. Since this process relies on stress relief in an un-
stable system, it poses significant challenges to the shape and size control of epitaxial
nanocrystals. It is particularly difficult to achieve very small epitaxial quantum dot
sizes, in which quantum effects become particularly strong and spectra are tunable

across wider spectral range. In this thesis we focus on colloidal QDs because they
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exhibit higher photoluminescence efficiencies, a narrower size distribution, superior
control of nanocrystal shape and size, and possibility of their integration into a variety

of different devices with different host materials.

1.3.2 Nanocrystal Types and Applications

The most commonly known colloidal nanoparticles are spherical colloidal quantum
dots (QDs) of CdSe. CdSe QDs have been extensively studied over the last several
years and their properties are fairly well understood. A wide variety of synthetic
procedures have been developed leading to particles with different surface ligands
and consequently soluble in different organic solvents or water [1, 26]. Unfortunately,
the defects on the surface of QDs give rise to deep trap states within the energy gap
decreasing QD PL quantum yield (QY) [27]. One possible solution to this problem
is to engineer core-shell QDs by overcoating the CdSe core with a higher bandgap
material (such as CdS, ZnS or ZnSe) and thus confine the exciton to the QD core
and eliminate the deep traps within the bandgap [28, 29]. Core-shell nanocrystals
exhibit superior PL QYs and have been successfully used in hybrid organic-quantum-
dot LEDs (QD-LEDs) with external quantum efficiencies exceeding 2% [30, 31, 32].
These QDs also provide excellent fluorescent tags for biological imaging applications
due to their photostability [26]. Using CdSe as a core material allows tuning of the
emission wavelength between 500-650 nm [1]. With a CdS core, it is possible to
achieve emission wavelengths between 470 and 480 nm but at the expense of PL QY
[33]. Novel synthetic procedures alloy CdS and CdSe with higher bandgap materials of
similar crystal structure (such as ZnS or ZnSe) leading to highly luminescent colloidal
QDs with PL wavelength as low as 415 nm [17, 34, 35].

Highly luminescent core-shell QDs are not particularly suitable for photovoltaic
applications, since the charge extraction out of these nanocrystals is obstructed by
the energy barrier provided by the shell. Oblong particles, i.e. colloidal quantum rods
(QRs), provide better charge transport desirable for efficient solar cells [2]. Recent
synthetic procedures took advantage of site-specific nucleation [36] and thus enabled

even more complex geometries of the colloidal nanoparticles, such as tetrapod-shape
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[37] particles and hyper-branched structures [38]. For quantum tetrapods, excitons
preferentially separate such that one of the charges stays in the core while the other
charge migrates into one of the branches [37, 39]. Recent experiments show that
photovoltaic cells based on conducting-polymer-quantum-tetrapod blends exhibit ex-
ternal quantum efficiencies (number of electrons per incident photon) of 45% and

power conversion efficiencies of 2.8% [40].

Figure 1-2: TEM micrographs of core-shell quantum dots (a), quantum rods (b),
nano-barbells (¢), quantum tetrapods (d).

1.3.3 Quantum Dots Optical Absorption Spectra

In the most naive approach, one can use a particle in a three-dimensional box approx-
imation to model QD energy levels (Figure (1-3)). This model successfully explains

why the gap between neighboring energy levels increases with a decreasing particle

32



diameter and enables bandgap engineering by changing the particle size [1].

In a strong confinement regime, when a < ap, the QD absorption spectra are
essentially determined by the optical transitions between electron and hole quantum
size levels (QSLs) with a minor correction due to Coulomb attraction between the

opposite charges [13]:

2
fw, = E, + E*a) + E(a) — 1.8% (1.1)

where E, is the energy gap of the bulk material and Ej and E" are electron and hole
QSLs. The Coulomb correction is calculated in first order perturbation theory, as in

the strong confinement regime it appears small compared to QSL energies.

E4

- d

Figure 1-3: Schematic of quantum confinement, showing the dependence of the energy
levels on the size of a potential well.

For a spherical nanocrystal surrounded by an infinite potential barrier, QSLs are
obtained by solving a particle in a 3D box problem:

2 42
eh h @l.n
b om, pa?

(1.2)

where m,, is an electron or hole effective mass, and ¢ ,, is the nth root of the spherical
Bessel function of order [, j; (¢1.,) = 0. The energy of the lowest electron and hole
QSLs increases with decreasing nanocrystal size, leading to a total increase of the
band edge optical transition energy.

While Equation (1.1) provides a simplistic qualitative understanding of QD band

gap engineering, a realistic energy structure of crystalline semiconductors is rarely
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described by a parabolic approximation. In fact, for zinc blende crystals such as
CdSe, ZnSe, CdTe etc., the conduction band is parabolic only at the bottom, and
the valence band consists of a 4-fold degenerate sub-band I's, describing light and
heavy holes, and a spin-orbit split-off sub-band I'7 as shown in Figure (1-4). Realistic
calculation of QSLs should include the complexity of the electronic structure defined

by lattice symmetry.

8 band PB model

Ty TTTTTTTmtemms=s=TrTT parabolic
I approx.
E, 6
: 6 band model
s | LK model k

Figure 1-4: The bulk band structure of a typical direct gap semiconductor with cubic
or zinc blende lattice and band edge at the [-point of the Brillouin zone. The boxes
show the region of applicability of the various models used for the calculation of
electron and hole QSLs.

Calculations within a multi-band effective mass approximation (Pidgeon-Brown
model) [41] using an 8-band Luttinger-Kohn Hamiltonian [42] allow one to predict the

energies of QSLs and the allowed transitions between them. While the electron QSLs
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are rather simple and can be described by 1S, 1P., 1D, orbitals, where S, P, D etc.
correspond to the associated angular momentum values (0, 1, 2 etc.), the structure of
hole QSLs is more complicated. The hole ground state is an even state that has a total
angular momentum j = 3/2 and consists of a linear combination of wavefunctions with
orbital momenta 0 and 2; it is usually referred to as a 1S53/ state. The next state is an
odd state with a total value of angular momentum j = 3/2 and corresponding values
of orbital momenta 1 and 3; usually referred to as 1P3/,. There are no selection rules
associated with the orbital quantum number and consequently transitions to the 1S5,
level are allowed from any hole QSLs with s — d symmetry. Similarly, transitions to
the 1P, levels are allowed from any hole QSLs with p — f symmetry. These theoretical
predictions are in impressive agreement with the experimental absorption spectra of

CdSe QDs as shown in Figure (1-5) [13, 43].

1.3.4 Band Edge Photoluminescence

Unlike QD optical absorption spectra, QD photoluminescence (PL) remained con-
troversial for a long time. PL spectra of high quality QD samples are red shifted
with respect to the first absorption peak and excitation energy. QDs also exhibit an
unusually long radiative relaxation time 7z ~ 10 — 50 ns at room temperature and
7r ~ 1 us at 10 K, while the bulk relaxation time is 7g ~ 1 ns [44]. A simple parabolic
band approximation fails to explain these effects through the internal band states,
and initially QD PL was explained through the weakly overlapping electron and hole
localized surface states [44].

However more detailed calculations using multi-band effective mass approximation
demonstrate the existence of internal Dark Exciton states, that are responsible for QD
PL. The existence of Dark Exciton was further confirmed experimentally in CdSe and
other semiconductors [45]. A Dark Exciton is simply a ground state of an exciton (i.e.
the excited state of a QD with the lowest associated energy), that in QDs corresponds
to an angular momentum projection of 2. Since the projection of angular momentum
in a non-excited state of a QD is 0, a Dark Exciton cannot be directly excited by a

photon or radiatively recombine because the absorbed or emitted photons can only
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Figure 1-5: Comparison between the absorption spectra of 38, 26 and 21 A radius
CdSe QDs and their second derivatives with the results of theoretical 6-band calcula-
tions. The calculated positions of the transitions are indicated by vertical bars whose
height indicates the relative transition strength. The inset shows the assignments of
these transitions [43].

have angular momentum projection of +1. In order to create a Dark Exciton, the
system has to be first excited into the lowest energy Bright Exciton, which can then
thermalize via interactions with phonons to the lower energy Dark State. The energy
difference between the first absorption peak and the PL peak, or Stokes shift, in
QDs corresponds to the energy difference between first Bright Exciton and the Dark

Exciton [13].

The difference between the Dark Exciton and the first Bright Exciton has to be
on the order of the thermal energy of lattice phonons to allow transitions between

these states. The origin of the splitting between these states lies in a combination of
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an intrinsic crystal field, a slight asymmetry of colloidal QDs (i.e particles are slightly
prolate rather than perfectly spherical) and an electron-hole exchange interaction that

breaks up the degeneracy of the spherical band edge exciton.

The electron-hole exchange interaction becomes particularly important in small
nanocrystals where quantum confinement is strong. The exchange interaction Hamil-

tonian has the following form:
gea:ch = _(2/3)€exch(a0)36(re - I‘h)O'J (13)

where the ¢ are the electron spin-1/2 Pauli matrices, J are the hole spin-3/2 matrices,
ay 1s the lattice constant and ..., is the exchange strength constant. In nanocrystals
with a cubic lattice, the exchange interaction splits the degenerate ground exciton
state into an optically passive state with a total angular momentum 2 (triplet state)
and an optically active state with the total angular momentum 1 (singlet state) and

the splitting energy depends on the nanocryctal radius a:
h‘wST = (8/37T) (a()/a)seexch (14)

In hexagonal nanocrystals, such as wurtzite CdSe, the splitting is described by:
ﬁwST = (2/7r)(a0/a)36exch (15)

From the Equations (1.4) and (1.5) we can see that the splitting increases dramat-
ically with decreasing nanocrystal radius reaching 10-20 meV in small nanocrystals
(a ~ 60A). Figure (1-6) shows the experimental values of the Stokes shift (the split-
ting between the first absorption peak and PL maximum) and the calculated values
of the splitting between the First Bright and Dark Exciton states [45]. While the-
ory and experiment are in a good agreement for larger nanocrystal sizes, for small
nanoparticles, theory underestimates the Stokes shift. It is thought that the acoustic

phonons contribute to the splitting in small nanocrystals.
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Figure 1-6: (a) Normalized fluorescence line narrowing spectra for CdSe nanocrystals
between 12 and 42 A in radius. (b) The size dependence of the resonant Stokes shift.
The points labeled X are the experimental values. The solid line is the theoretical
size-dependent splitting between the +1% state and the +2 exciton ground state [45].

1.4 Organic Semiconductors

1.4.1 Material properties

Organic semiconductors are thin films of conjugated small organic molecules or poly-
mers. Conjugated compounds are aromatic compounds where the presence of alter-
nating single o and double 7 bonds in cyclic molecular units results in sharing of
p-orbitals of carbon atoms constructing the molecular backbone. The molecular or-
bital structure of the simplest aromatic compound benzene is shown in Figure 1-7.
Sharing of atomic p-orbitals creates a molecular orbital referred to as a m-system that
spans the entire backbone of an aromatic molecule. As a result, the electrons are

delocalized and, consequently, mobile within the 7-system [46].

Unlike in inorganic crystalline semiconductors, organic molecules in thin films are
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Figure 1-7: Chemical structure of a resonant molecule of benzene. p-orbitals overlap
forming a m-system. Different colors correspond to different signs of the wavefunc-
tions.

not bound by covalent or ionic bonds but rather by weak van der Waals bonds. Weak
inter-molecular bonding in organic thin films is primarily a consequence of lowering
the energy of neighboring molecules through their respective induced polarization
on each other. The intrinsic dipoles of the neighboring molecules align relative to
each other minimizing the energy, while the total dipole moment/polarization in the
film remains equal to zero. Even in neutral molecules with a zero static dipole the
charge distributions are susceptible to quantum fluctuations that essentially produce
fluctuating dipoles. In organic solids that we will continue to discuss in this thesis

the dipole-dipole interactions act as a main cohesive force.

As a result of weak van der Waals bonding between the molecules, organic solids
have lower cohesive strength and are more penetrable than inorganic solids. Conse-
quently, organic thin films are mechanically soft and fragile as well as more susceptible
to degradation upon exposure to water and/or oxygen. On the other hand, organic
solids are less brittle and thus can be deposited onto inexpensive flexible plastic sub-
strates [47].

In a thin film m-system orbitals of neighboring conjugated organic molecules can
slightly overlap allowing electrons to hop from one molecule to another. Higher degree
of charge delocalization in aromatic thin films leads to better charge conduction in

these materials as compared to aliphatic (linear) organic molecules. Electrical con-
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ductivity in organic semiconductors depends on the relative molecular orientation.
In crystalline organic semiconductors, molecules form close-packed planes stacked on
top of each other so that their molecular orbitals overlap yielding superior charge
transport in plane as well as in the direction of stacking [46]. In amorphous thin
films with no specific molecular ordering the overlap between orbitals of neighbor-
ing molecules is smaller and, consequently, the charge mobility is lower. Amorphous
films are mostly found in small molecule OLEDs and photovoltaic cells produced via
standard deposition methods described in Chapter 2. Crystalline organic semicon-
ductors are primarily used in organic field-effect transistors (OFETSs), which require
high carrier mobilities for faster switching speeds [48].

The band structure of crystalline inorganic semiconductors is determined by the
crystal lattice, and periodicity results in continuous delocalized bands. The band
structure of organic thin film semiconductors is determined by the molecular orbitals
of the molecules composing the film. Electrons can hop between lowest unoccupied
molecular orbital (LUMO) levels of neighboring molecules, and analogously holes
can hop between highest occupied molecular orbital (HOMO) levels of neighboring
molecules. Organic solids are disordered and the positions of HOMO and LUMO
orbitals for each molecule in a solid are influenced by the local environment. Conse-
quently, hopping of an electron from a molecule with a relatively low position of the
LUMO or hopping of a hole from a molecule with a relatively high position of the
HOMO is impeded by the energy barrier. Such molecules then form trap sites, where
charges can rest over extended periods of time unless they are excited by external

perturbation such as an electric field or a lattice vibration.

1.4.2 Electronic Excitations

The behavior of organic opto-electronic devices is governed by electrons, holes and ex-
citons. In contrast to inorganic crystalline semiconductors, where electrons and holes
are delocalized and move freely within bands, in organic thin film semiconductors,
electrons and holes are localized and are more appropriately referred to as positive

and negative polarons. A polaron is a charge carrier localized to a particular molecule
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and that initiates a polarization of the surrounding environment (Figure 1-8).

In organic semiconductors, polarons can be either formed spontaneously when
a neutral molecule transfers an electron to a neighboring neutral molecule, or by
charge injection from a reservoir, such as a metal electrode. Polarons move through an
organic solid by hopping as described in the section above. If two polarons of opposite
charge reside on neighboring molecules they may combine on a single molecule, either
annihilating with each other and releasing the excess energy as heat (or a photon) or

forming an exciton. Figure 1-9 illustrates polaronic transitions [49)].

polaron exciton

negative  positive Spin 0 Spin 1

(a) (b)

Figure 1-8: Diagrams of a polaron (a) and an exciton (b). The arrows represent
electrons with the direction referring to positive or negative spin. The horizontal lines
represent energy levels associated with molecular orbitals, with higher lines reflecting
higher energies. Courtesy of Dr. Conor Madigan.

An exciton is a bound electron-hole pair, where a hole is a vacated electronic
ground state. In contrast to the large Bohr radii and low binding energies of exci-
tons in inorganic crystalline semiconductors, binding energy of an electron-hole pair

confined to a particular molecule (Frenkel exciton) can be as high as 1 eV. Excitons
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can also form when an electron and a hole reside on the neighboring molecules. In
this case the exciton Bohr radius is larger and binding energy is lower, this type of
excitons is often present in photovoltaic devices and is referred to as charge-transfer
(CT) excitons. In this thesis we will primarily focus on Frenkel excitons, as they are
the sources of emission in organic light emitting devices. The type of an exciton also
depends on the total spin of the electron-hole pair comprising it. If the total spin is
0 the exciton is referred to as a ”singlet”, if the total spin is 1 then the exciton is
referred to as a "triplet” (Figure 1-8). More detailed discussion of triplet and singlet

excitons can be found in Chapter 4.

Excitons can be formed upon absorption of a photon with energy no less than the
HOMO-LUMO gap or upon the meeting of two opposite charge polarons on the same
molecule as described above. Excitons can recombine radiatively releasing a photon
or non-radiatively releasing its energy as heat. Excitons can also dissociate when
one polaron transfers to a neighboring molecule leaving an opposite charge polaron
behind. Finally, excitons can transfer from one molecule to another by means of
Forster or Dexter transfer. Forster energy transfer is a resonant process resulting
from dipole-dipole interaction between donor and acceptor molecules, and during
this process the energy released from the recombination of the donor exciton is non-
radiatively transfered and used to create an exciton on the acceptor molecule. Forster
energy transfer is a long range transfer, during which the donor molecule and acceptor
molecule do not have to be immediate neighbors. The critical distance at which
Forster transfer can take place is referred to as Forster radius, and it is determined by
the overlap of donor and acceptor molecular orbitals. Dexter energy transfer is a direct
electron exchange between the donor and acceptor molecules, during which excited
electron hops from the donor molecule onto the acceptor molecule and the ground
state electron hops onto the donor molecule from the acceptor molecule. Dexter
transfer is a short range process, with the characteristic distance of ~ 1 nm, which
essentially requires donor and acceptor to be in immediate proximity of each other.

Figure 1-10 shows excitonic transitions [49].

Another type of excitation present in organics are molecular, atomic or lattice
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vibrations or phonons. These excitations are present in any solid at non-zero temper-
atures, but in organic semiconductors phonons play a more significant role as they
facilitate electronic transitions by adding or absorbing energy into phonon modes.
The ubiquitous presence of phonons is often referred to as a "thermal bath”, that

supplies or absorbs "heat” as needed [46].
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Figure 1-9: Cartoon diagrams of relevant polaron processes. (a) Spontaneous for-
mation. (b) Injection from a charge reserv oir (negative polaron injection shown).
(¢) Collection by a charge reserv oir (negative polaron collection shown). (d) polaron
transfer (negative polaron transfer shown). (e) Exciton formation. (f) Polaron anni-
hilation. Courtesy of Dr. Conor Madigan.
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Figure 1-10: Cartoon diagrams of relevant exciton processes. (a) Optical formation
(by photon absorption) (b) Dissociation into two polarons. (c¢) Dexter transfer (com-
prising two simultaneous electron transfers). (d)Forster transfer (comprising long
range energy transfer by dipole-dipole coupling). (e) Decay (either emissive or non-
emissive). Courtesy of Dr. Conor Madigan.

1.5 Organic Light Emitting Devices

The idea to use fluorescent organic molecules in electroluminescent structures ap-
peared in 1960s [50]. However these devices, which consisted of a single fluores-
cent material placed between two electrodes exhibited extremely high turn-on volt-
ages ~ 100 V and low power efficiencies < 0.01%. The first successful demonstra-
tion of organic EL came in 1980s from Kodak (8, 9]. This OLED consisted of a
transparent indium-tin oxide (ITO) anode, a layer of a hole transporting material

originally an aromatic diamine (later replaced by N,N’-bis(3-methylphenyl)-N,N’-
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bis(phenyl)benzidine (TPD)), a layer of emissive electron transporting material tris-
(8-hydroxyquinoline) aluminum (Algs), and finally Mg:Ag electrode (Figure 1-11).
This device had an external quantum efficiency, i.e. number of emitted photons per
injected electron, of 0.8% and operating voltages in the range of 2.5-10V. The two
design keys to a dramatically higher efficiency and lower operating voltage were: (1)
using a double-layer device, where each of the layers preferentially transports a single
carrier type, as it allowed to decrease the device resistance; (2) using a Mg:Ag alloy

cathode instead of conventional Ag or Al as the higher work function of Mg improved

4.7eV.
ITO O
O—»O

Figure 1-11: (a) Cartoon diagram of an archetypical OLED. (b) Band diagram of a
Kodak OLED. (¢) Chemical formulas of TPD and ALq;s

the electron injection into the device.
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In TPD/Algz OLED holes are injected from the ITO anode into TPD and then

transported to the TPD/Alqgs interface. Analogously, electrons are injected from
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the Mg:Ag cathode into Algs and then transported to the material interface (Figure
1-11(a)). It is evident from the band diagram in Figure 1-11(b) that the barrier
for the hole injection into Alqs is lower than that for electron injection into TPD,
consequently most excitons form in Alqs close to the material interface. Additionally
the excitons formed in TPD are higher in energy as compared to those of Alqs and
can transfer non-radiatively to Algs molecules via a Forster or Dexter mechanism.

As a result of these two processes OLED EL is solely due to Algs emission as shown

in Figure 1-12 .

1.0 ) T T T T T
' TPD emission OLED EL
I “/ /Alq3 emission
i 0.8 ¥ d
- i
€ !
— 0.6 ! )
[y} I
T |
B o4 | :
o
I
E ,
c 0.2 ! 4
0.0 1 l\-—'l——'—l—-;:—}f-
350 400 450 500 55 60 650 700

wavelength [nm]

Figure 1-12: OLED EL spectrum resulting from ALqs emission is shown together
with TPD emission spectrum.

1.6 Hybrid Organic/QD Light Emitting Devices

A hybrid organic/QD LED is essentially an extension of an OLED. The first demon-
stration of hybrid organic-QD LEDs employed polymer-QD blends as emissive layers
embedded between the ITO anode and metallic cathode [51]. These devices, as well

as their extensions that employed QD multilayers deposited on top of hole transport-
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ing layers between the electrodes [14], were inefficient because of the poor QD-t0-QD
charge transport due to insulating organic ligands surrounding colloidal QDs. Effi-
cient QD emission in an electrically driven structure was first observed in a device
that incorporated a single close-packed colloidal QD monolayer between the TPD
hole transporting layer (HTL) and Alqs electron transporting layer (ETL) as shown
in Figure 1-13 [3]. This device exhibited EQE of 0.5% and EL spectra dominated by
narrow QD emission. This QD-LED design takes advantage of efficient carrier trans-

port through the organic semiconductor films and minimizes the QD-to-QD transport

contribution.

(b)

4.7 eV

Figure 1-13: (a) Cartoon diagram of an archetypical QD-LED. (b) Band diagram of
a QD-LED. QD bands are determined using the model described by Efros et al.

Analogous to the Kodak OLED described above, in this device holes are injected
into TPD HTL from the ITO anode and electrons are injected into Alqs from the
Mg:Ag cathode. Electrons and holes are then transported to the TPD/Alqs interface,
where QDs are deposited. Several possible processes may take place in the vicinity of
the QD monolayer: (1) electrons and holes can be injected into QDs to form excitons,
which can recombine radiatively producing narrow QD emission; (2) electrons and

holes can meet in TPD and Alqs films and form excitons on organic molecules; (3)
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excitons formed in TPD and Alqs have higher energies (as evident from the band
diagram in Figure 1-13) than the band gap of red QDs, so these excitons can transfer

to QDs and recombine there.

Because of their narrow EL spectra (manifested in pure saturated colors) QD-
LEDs are an attractive alternative for electroluminescent display applications. While
the first demonstrations of efficient QD-LEDs used red and yellow emitting ZnS over-
coated CdSe core-shell QDs, the display applications demand true red-green-blue
color resolution. It became apparent that design of green and blue QD-LEDs pre-
sented a significant scientific challenge. While EQE values for red QD-LEDs reached
2% [30, 31], the efficiencies of green QD-LEDs seamed to reach the maximum of
0.5% [52] and EQE of blue QD-LEDs arrived at 0.2% [33] despite the novel syn-
thetic procedures developed to create highly emissive ZnSe/CdSe/ZnS [53, 52] core
double-shell green QDs and CdS/ZnS core-shell QDs [33] (as conventional CdSe/ZnS
core-shell QDs are less efficient emitters in the range between 400 nm and 550 nm).
Moreover, the device structure of a QD-LED had to include a hole blocking layer
of 3,4,5-triphenyl-1,2,4-triazole (TAZ) on top of QDs to avoid Alqs emission that
became dominant in green and blue QD-LEDs with the structure shown in Figure
1-13. The addition of a hole blocking layer dramatically improved the color purity
of blue and green QD-LEDs but decreased the efficiency of red and yellow QD-LED
to 1% [54, 15]. Some research groups resorted to deposition of multiple QD layers
in a QD-LED structure in order to achieve color purity in green and blue QD-LEDs
[31, 32]. While these efforts sometimes produced devices of high brightness, they
suffered of high operating voltages and, consequently, low power efficiencies as well

as poor utilization of valuable QD material.

The development of novel solvent-free QD deposition techniques allowed an in-
creased flexibility in material choices [15, 16, 54]. The use of wider band-gap hole
transporting material 4,4-N,N-dicarbazole-byphenyl (CBP) yielded improved efficiency
and color purity of blue QD-LEDs. Despite the advances in fabrication techniques
and device design, the gap between EQE values of red QD-LEDs and green and blue
QD-LEDs persisted in the QD-LED literature. Figure 1-14 shows the EQEs and
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spectra of red-green-blue QD-LEDs preceding current work.

Understanding the origins of QD emission is essential to designing QD-LEDs of
superior performance. While fabrication methods for QD-LEDs have been extensively
studied (as discussed in detail in Chapter 2), the basic mechanisms of QD-LED op-
eration remain poorly understood [54]. For example, it is essential to find the origins
of the dramatic differences in performance of QD-LEDs of different colors, since the
adoption of this technology for display applications demands similar efficiencies of

red, green and blue pixels.
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Figure 1-14: (a) EQE curves for the red, green and blue QD-LEDs with the device
structure shown in the inset. (b) Normalized EL spectra for red, green and blue
QD-LEDs

The narrow QD-LED EL spectra characteristic of QD emission suggest that essen-
tially all of the excitons formed inside the device recombine on QD sites. The location
of exciton generation regions in QD-LEDs remains controversial [54]. The two main
mechanisms have been proposed to explain narrow QD-LED spectra: (1) excitons are
generated on QD sites via direct charge injection from the organic charge transporting
layers; (2) excitons are generated in organic films an then non-radiatively transferred
to QDs. In this thesis I use electronic and optical measurements in conjunction
with morphological analysis to resolve the questions associated with the QD-LED
operation mechanism. I also built a numerical modeling tool to further confirm the

design guidelines originating from my experimental measurements. The advances in
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understanding the operating mechanisms of QD-LEDs allow me to design devices of

superior performance.
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Chapter 2

Experimental Methods

2.1 Fabrication Techniques

In this section I detail the techniques used in the fabrication of hybrid organic/QD
LEDs. As organics and colloidal QDs belong to vastly different classes of materials,
naturally they require different deposition methods. Consequently, this section is
broken into two subsections: first describing the deposition methods for organic thin
films and second describing the deposition of colloidal QDs. In these subsections I
address the issues relevant to the deposition of each material type as well as their

compatibility with the other QD-LED components.

2.1.1 Deposition of Organic Thin Films

The methods of deposition of small molecule organic materials can be divided into
two groups [47]: (1) thermal evaporation and (2) solution processing.

Thermal evaporation, also referred to as physical vapor deposition (PVD), is a tra-
ditional method for deposition of high purity and controlled thickness organic films.
During evaporation a boat containing an organic material is heated up to the ma-
terial boiling or sublimation temperature; organic molecules then travel ballistically
towards the rotating substrate (substrate rotation insures uniform coverage), which

is usually kept at room temperature or below. The material then sublimates on the
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substrate forming a thin film. The deposition rate is controlled by the boat tem-
perature. The ballistic transport of organic molecules towards the substrate requires
high vacuum of ~ 107% — 10~7 Torr in the evaporation chamber to prevent collisions
of organic molecules with the molecules of air. The high vacuum can be achieved in
air-tight (usually) stainless steel chambers that are first brought to low vacuum of
~ 1072 — 1073 Torr with a simple scroll or oil pump. The chamber is then further
evacuated with a turbo pump. For precise control over film thickness during the de-
position process, evaporation systems are usually equipped with source and substrate
shutters as well as a thickness monitor mounted next to the substrate holder. The
substrate shutter allows us to start deposition when the evaporation rate reaches a
desired value, and the source shutter allows to stop the deposition when the organic
film reaches a desired thickness as indicated by thickness monitor. This method al-
lows fast deposition of organic and metallic films up to 1000 nm thick with a precision
of 0.1 nm. The schematic diagram of a thermal evaporator and a corresponding pho-
tograph of the evaporator in the Lab of Organic Optics and Electronics at MIT are

shown in Figure 2-1.

While PVD allows us to fabricate thin films with superior thickness control and
purity, its requirement for high vacuum results in high fabrication costs. Additionally
PVD is wasteful as the material that evaporates from the heated boat travels omni-
directionally in the chamber, consequently, depositing on the walls of the chamber as
well as on the substrate. The material emission profile depends on the type of the
carrier source, i.e. point source approximation results in a spherical profile, while a
finite small source leads to a Lambertian profile. The deposition of large quantities of
organic materials on the walls of the chamber can reduce the quality of the vacuum

and result in contamination of films deposited in the chamber.

Solution processing methods are widely used in the industrial setting due to their
low cost and high throughput. Spin-casting is the most ubiquitous method for de-
positing thin films for electronic applications. During spin-casting a solution of an
organic material is dropped onto the substrate, which is placed onto the rotating stage

and held down by low vacuum. When a substrate is spun at speeds of ~ 500 — 4000
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rpm the solution is pushed to the edges of the substrate, forming a thin uniform
film. the solvent usually evaporates after 30 sec (for low boiling point solvents, e.g.
chloroform, hexane) to 120 sec (for high boiling point solvents, e.g. water, toluene) of
spinning. The schematic diagram describing spin-casting is shown in Figure 2-2. Akin
to evaporative deposition, spin-casting is wasteful as most of the solution escapes the
substrate during the spinning process.

substrate
rotation

(a) 8

thickness
monitor

Ny

power supply

Figure 2-1: (a) Schematic diagram illustrates the basic structure of a thermal evap-

orator. (b) Photograph (courtesy of Timothy Osedach) of the thermal evaporator in
the Lab of Organic Optics and Electronics, which was used for deposition of all thin
films of small molecule organics and metals in this thesis.

Another important method of deposition of organic thin films is ink-jet printing.
The ink-jet technology has been rapidly advancing over the past decade, pushed by
the manufacturers of commercially available desk-top printers. While design details
are different for every advanced printhead, the basic principles of operation remain

the same. The solution of organic material (the ”ink”) is loaded into a cartridge



1. Drop solution onto the substrate

2. Rotate the substrate

-

3. Solvent evaporates leaving a film

p

Figure 2-2: Cartoon illustrates the deposition of orgaunic thin films via spin-casting.

which is connected to a nozzle with a shutter. The shutter can be thermally or piezo-
electrically driven to release a drop of a material on demand. The distance between
the drops can be controlled by a computer, so that a continuous film is formed. This
method uses material more efficiently than spin-casting or evaporative deposition, but
is highly dependent on the compatibility of the substrate and solvent carrying the
organic material. Films deposited by ink-jet are generally significantly less uniform
than those deposited by spin-casting or evaporation and often exhibit a ” coffee-ring”
pattern when material escapes to the edges of the drop upon drying of the solvent.
Recently developed molecular jet (MoJet) printing combines the film quality of
evaporative deposition and the high material utilization efficiency of ink-jet printing
[55]. In this method, organic material is loaded into a crucible surrounded by a
heating coil, and a MEMS shutter mounted on top of the crucible allows the micron-
size aperture to be opened and closed by applying a voltage. The flux of organic vapor

is then directed through the aperture to form circular pixels upon opening of the
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micro-shutter. This method provides the solution for the patterning of organic thin
films. Patterning of OLEDs presents a major technological challenge and traditionally
is accomplished by shadow-masking, which is a wasteful process and does not yield

reproducible micron-size features from one deposition to another.

2.1.2 Deposition of Colloidal QDs

As a consequence of organo-metallic synthesis, colloidal QDs are passivated by organic
ligands that provide QD solubility in organic solvents. Consequently, QDs are com-
patible with solution processing methods, such as spin-casting and ink-jet printing.
There are three main challenges associated with QD deposition inside QD-LED struc-
tures: (1) material compatibility between QD-carrying organic solvents and fragile
organic charge transporting films, easily damaged by solvents; (2) controlled deposi-
tion of close-packed QD monolayers, as it has been shown that QD monolayers rather
than thick QD films or organic-QD blends result in superior QD-LED performance
characteristics; (3) patterning of QD films in QD-LEDs to produce R-G-B pixels
desirable for display applications.

The simplest QD deposition method is spin-casting (Figure 2-2) from a solvent
compatible with a substrate, i.e. that does not dissolve the underlying organic thin
film. It has been previously shown that QDs produce large-scale close-packed mono-
layers when spin-casted from chloroform, chlorobenzene or their mixtures [30]. These
solvents also dissolve the majority of small molecule organic materials used for charge
transport in QD-LEDs and OLEDs. Consequently, spin-casting QDs out of these
solvents onto the small molecule organic charge transport layers is not appropriate.
However, it is possible to use polymer charge transporting layers in QD-LEDs, but
such materials are limited and often result in inferior QD-LED performance.

Despite an obvious materials incompatibility, spin-casting can be applied to the
deposition of QD monolayers on top of small molecule organic films using the process
of phase-segregation (30, 54]. This method takes advantage of chemical incompatibil-
ity between aliphatic ligands surrounding QDs and aromatic organic molecules used

in QD-LEDs. Some organic materials used in QD-LEDs have similar solubility in
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1. Drop TPD/QD solution 2. QDs segregate from TPD 3. QDs form a monolayer
in chloroform upon spinning on top of TPD film
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Figure 2-3: Cartoon illustrates the deposition of QD monolayers on top of organic
thin films via phase segregation upon spin-casting. Courtesy of Dr. Seth Coe-Sullivan

chloroform and chlorobenzene to that of colloidal QDs surrounded by hydrophobic
organic ligands. For example TPD (material used for the hole transport in QD-LEDs
and OLEDs) can be mixed with QDs in solution. The resulting heterogeneous solu-
tion is then casted onto the substrate. In the processes of spinning the solvent escapes
and QDs segregate from the TPD molecules and float to the top of the forming film.
As a result QDs form full or partial close-packed layers on top of TPD (Figure 2-3).
The relative concentrations of QDs and TPD and spin-speed can be tuned to adjust
the TPD film thickness and QD coverage. Atomic force microscopy (AFM) is used
to examine QD/TPD film morphology (Figure 2-4).

While the phase-segregation method successfully addresses the first two challenges
associated with QD deposition, it cannot be applied to the patterning of QD mono-
layers. Additionally, it requires high solubility of organic charge transport layers in
QD-carrying solvents, which restricts the choice of organic materials compromising

the design of efficient QD-LEDs.

In order to address all the issues associated with QD deposition in our group
we developed a microcontact printing technique [56, 57], which allows us to deposit
patterned close-packed monolayers inside any organic structure solvent free [15, 16,
54].

The QD printing process follows a schematic shown in Figure 2-5: (1) poly-

dimethylsiloxane (PDMS) is molded using a silicon master; (2) resulting PDMS stamp

=
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Figure 2-4: AFM images of a partial (a) and a close-packed (b) QD monolayers on
top of TPD films formed by phase-segregation. Courtesy of Dr. Seth Coe-Sullivan

is conformally coated with a thin film of parylene-C, a chemical-vapor deposited
(CVD) aromatic organic polymer (chemical structure is shown in the inset of Figure
2-6); (3) parylene-C coated stamp is inked via spin-casting of a solution of colloidal
QDs suspended in an organic solvent; (4) after the solvent evaporates, the formed
QD monolayer is transferred onto the substrate (e.g. on top of the first few layers of

a multilayer device) by contact printing.

We prepare PDMS elastomer stamps by mixing PDMS base with a curing agent
(Dow Corning Sylgard®184 silicone elastomer) at the ratio of 10:2. The mixture is
then poured into a petri dish that may contain silicon masters with relief patterns
if patterned films are desired. The dish is then placed under low vacuum at room
temperature to eliminate air pockets gencrated by mixing process. After air pockets
have collapsed, the mixture is brought to atmospheric pressure and cured at room
temperature for ~7-10 days. The curing process can be accelerated by baking the
mixture at 60 °C for ~5 hrs. The cured PDMS block is then released from the petri

dish and silicon masters and cut into ~1 cm?® cubes.

Chemical compatibility between organic solvents used in QD processing and elas-

tomer stamp is crucial for the QD film morphology and, consequently, QD-LED
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Figure 2-5: Cartoon representation of 4-step microcontact printing technique.

performance. Since QDs form continuous close-packed monolayers upon spin-casting
(phase segregation) from chloroform or chlorobenzene solutions, we choose to use chlo-
roform as a primary solvent for QD processing and deposition. We find that the plain
PDMS surface is chemically incompatible with chloroform solutions of QDs, which is
manifested in non-uniform QD films, due to chloroform dewetting from PDMS dur-
ing spin-casting. Figure 2-6(a) shows an AFM image of a QD film printed onto a
TPD underlayer using a plain PDMS stamp. The film is discontinuous and exhibits
morphology characteristic of spinodal dewetting [36]. The peak-to-peak roughness
of QD films in this case is >160 nm and RMS is >20 nm, which makes these films
impractical for device fabrication as the characteristic organic charge transporting
layer thickness is ~50 nm. Consequently, rough QD layers yield electrically shorted

devices.
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Figure 2-6: AFM images show QD films deposited on top of TPD layer using (a)
a plain PDMS stamp and (b) a parylene-C-coated PDMS stamp. QD films on
plain PDMS exhibit a spinoidal decomposition pattern with high surface roughness
(RMS=23.0 nm), while on parylene-overcoated PDMS QDs form smooth hexago-
nally close-packed monolayers (RMS=0.5 nm). The chemical formula of parylene-C
is shown in the inset.

Coating the stamp with parylene-C results in a chemical surface, which is com-
patible with the spreading of colloidal QDs solvated in chloroform. The contact an-
gle measurements show that chloroform wets the parylene-C surface more efficiently
than it does with plain PDMS, which is indicated by a decrease in contact angle
from 28°+1° to 6°+1°. Parylene-C also acts as a release layer for QDs during the
printing process. Organic ligands surrounding colloidal QDs are generally aliphatic
(e.g., trioctylphosphine, oleic acid etc.) while most of the organic charge transporting
materials are conjugated aromatic compounds. Being an aromatic polymer parylene-
C provides a sub-optimal surface for aliphatic-passivated QDs and facilitates their
release from the stamp. Using an aliphatic surfactant may result in stronger interac-
tion between QDs and a stamp surface than between QDs and an aromatic organic
film on the substrate and, hence, may impede the QD release. The AFM image in
Figure 2-6(b) shows a close-packed monolayer of QDs printed onto a TPD film using
a parylene-C overcoated PDMS stamp. Peak-to-peak roughness of ~5 nm indicates
a controlled deposition of a single QD layer, and low RMS=0.5 nm allows these films
to be used in thin (<100 nm) hybrid opto-electronic devices.

Figure 2-7 demonstrates patterning of close-packed monochrome and multicolor
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Figure 2-7: (a) A high resolution AFM micrograph shows a close-packed monolayer
of QDs deposited on top of a CBP hole transporting layer prior to deposition of
hole blocking and electron transporting layers. (b) Electroluminescent red and green
QD-LED pixels are fabricated on the same substrate. Blue pixel is the result of
TPD emission in the area where QDs were not deposited. (¢) An electroluminescent
QD-LED pixel is patterned with 25 ym lines. (d) Electroluminescence from 25 pum
green and red QD monolayer lines deposited inside the structure shown in (e). Blue
emission is due to the TPD hole transporting underlayer.
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QD-LED pixels with a resolution as small as 25 ym (1000 dpi). Here, the QD-LED
structure consists of a transparent Indium Tin oxide (ITO) anode coated with a
hole injecting polymer poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate) PE-
DOT:PSS, followed by a 40 nm thick TPD hole transporting layer (HTL), a printed
QD monolayer, a 15 nm thick 3,4,5-triphenyl-1,2.4-triazole (TAZ) hole blocking layer,
a 25 nm thick Algs electron transporting layer (ETL), and a 100 nm thick Mg:Ag
cathode with a 20 nm thick Ag protective overlayer. In Figure 2-7(b) red, green and
blue pixels are fabricated on the same substrate. Red (CdSe/ZnS core-shell [29])
and green (ZnSe/CdSe/ZnS core-double-shell [52]) QDs are separately printed onto
a blanket TPD film and the structure is completed by a blanket deposition of the re-
maining charge transport layers. The red and green pixels exhibit electroluminescence
(EL) solely due to QD emission, while the blue pixel is the result of TPD EL in the
absence of QDs. For the multicolor pixels the 25 ym wide intersecting stripes of red
and green QD monolayers are printed over each other in a QD-LED structure shown
in Figure 2-7 (d), (e). EL of red and green QDs and blue TPD is simultaneously
observed when the QD-LED is biased at 5V.

The contact printing method, described in this section, presents a critical step

towards the realization of pixelated, full color, high resolution QD-LED displays.

2.2 Surface Analysis Tools

Often analyzing the surface of a hybrid structure can lead to understanding of the
interactions between various components of the structure. For example, one can
obtain information about the interface strains in a binary system from analyzing a
spinodal decomposition characteristic wavelength [36]. Wetting or de-wetting of one
component of the system by the other yields information about their chemical or
structural compatibility. In the previous section, surface analysis has been shown
to be a critical step in the development of a powerful deposition method, providing
information about chemical compatibility between chloroform and PDMS.

A variety of techniques such as atomic force microscopy (AFM), transmission
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electron microscopy (TEM), and scanning electron microscopy (SEM) have been de-
veloped to allow visualization of surfaces on the nanoscale. In this section we will
discuss the applicability of these methods to various aspects of the morphological

analysis during the QD-LED fabrication and testing.

2.2.1 Atomic Force Microscopy

During atomic force microscopy (AFM) measurements, the substrate surface is scanned
with a mechanical cantilever, which is usually made of silicon or silicon nitride. The
cantilever tip has a radius of curvature of ~10 nm. Depending on the cantilever design
and AFM operation mode, one can use this form of microscopy to probe mechanical
contact, van-der-Waals, capillary, chemical bonding, electrostatic or magnetic forces
[58]. In contact mode (or static mode) AFM, the cantilever and the sample surface
interact, causing deflection of the cantilever, which is measured with a laser beam
that is focused onto a cantilever tip and then reflected into the detector. Close to the
substrate surface, where interactions between the surface and the cantilever become
very strong, this mode is prone to noise and drift, and often low stiffness cantilevers
must be used in order to boost the deflection. In the dynamic (or tapping) mode
AFM, the cantilever oscillates at a frequency close to its resonant frequency. The
surface-cantilever interaction causes amplitude and frequency changes in cantilever
oscillation, which are detected in a similar fashion as in the contact mode. In the
tapping mode, the cantilever tip can be brought sufficiently close to the surface for
interaction forces to be detected, but sticking of the cantilever tip to the surface is
avoided [58]. Figure 2-8 shows the Veeco Dimension 3000 atomic force microscope
used in tapping mode to obtain all the AFM images presented in this thesis.

AFM is an attractive surface analysis tool due to the simplicity of its use and no
special requirements on sample preparation. The latter is particularly important in
fabrication of active opto-electronic devices. The morphology of every layer in a multi-
layer QD-LED structure is crucial for the device performance; hence the surface has
to be analyzed at every step of QD-LED fabrication. This requires a tool that can be

operated on real substrates used during the QD-LED fabrication. Since conventional
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Figure 2-8: A photograph of the atomic force microscope Veeco Dimension 3000 and
a surface plot of the colloidal QDs on top of a thin organic film on a glass substrate.

AFM solely relies on mechanical forces between the surface and the tip, it is possible
to image the landscape of essentially any planar substrate. Consequently, we can use

AFM to image each layer during the QD-LED fabrication process.

The tapping mode AFM height (vertical) resolution is limited by the error in
detection of the amplitude and frequency of the tip oscillation when the forces between
the tip and the substrate become strong and is usually ~1 nm. The lateral resolution
of AFM is limited by the tip diameter and the aspect ratio, i.e. the ratio of tip
length to tip diameter. The average lateral resolution of conventional silicon tips
that were primarily used in this study is ~10 nm. In this work, though, we were
interested in imaging not only organic thin films but also QD films with a lateral
resolution of individual QDs. The sizes of QDs employed in QD-LEDs vary between
4-12 nm. Consequently, here we attempt to use AFM in a regime beyond its lateral
resolution. This can be achieved when imaging relatively smooth surfaces such as
QD monolayers. In this case only the top most point of the tip is used for scanning,
which pushes the lateral resolution beyond the tip diameter (Figure 2-9 (a)). In
contrast. when imaging rough surfaces the entire tip may be approaching the surface

and consequently resolution is limited by the tip size (Figure 2-9 (b)).
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Figure 2-9: Cartoon shows the resolution of AFM when imaging (a) close-packed QD
monolayers and (b) rough QD films. Courtesy of Dr. Seth Coe-Sullivan.

While conventional AFM probes mechanical forces and provides information about
the surface landscape, electrostatic force microscopy (EFM) or magnetic force mi-
croscopy (MFM) use conductive (or magnetic) cantilevers that can be electrically
biased with respect to the surface of interest to study charged (or magnetic) surfaces

and the interaction between components of the system in their non-equilibrium state.

2.2.2 Electron Microscopy

Operation of a transmission electron microscope (TEM) is analogous to conventional
(fluorescent) microscopy, but instead of a beam of light, a focused electron beam is
transmitted through the specimen, causing an enlarged image to appear on a fluores-
cent screen [59]. Due to the extremely short wavelength of electrons ~2-15 pm, this
technique provides resolution on the sub-angstrom scale. However, this short elec-

tron wavelength demands a total sample thickness < 1 pm, and consequently, samples
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have to be prepared on special TEM grids. Additionally, samples have to withstand
the vacuum inside the TEM chamber. TEM has proven to be an extremely powerful
characterization tool for nanoparticles and their blends, providing detailed informa-
tion on shape, size and even crystal structure structure. However, restrictions on the
specimen design make TEM less attractive for characterization of hybrid structures.
Particularly, optoelectronic devices cannot always be prepared on special TEM grids.
In addition, TEM cannot be used for the imaging of organic thin films and molecules

due to their high transmissivity resulting in poor image contrast.

In scanning electron microscopy (SEM) measurements, a beam of accelerated elec-
trons is focused to a fine spot approximately ~1-5 nm in diameter, which is then
rastered across the sample [59]. When the electron beam strikes a sample, the incom-
ing electrons get scattered over the teardrop shape volume known as an interaction
volume extending from <100 nm to 5 ym into the substrate surface. An interaction
of scattered primary electrons with the substrate causes emission of secondary elec-
trons that are then detected to produce an image. Resolution of an SEM is limited
by the initial size of the electron beam (depending on the magnetic electro-optical
system, it varies between <1 nm to 20 nm) and thus is about an order of magnitude
lower than that of a TEM, but since the SEM technique relies on surface interactions
rather than on transmission, it allows imaging of the bulk of the sample and provides
detailed information about 3D structure. Akin to TEM, SEM requires samples to be
placed under high vacuum to avoid the electron beam scattering by the molecules of
air. Using SEM on insulating samples poses additional challenges as these samples
are prone to charging when exposed to the scanning electron beam, which yields poor
image contrast and consequently complicates the focusing process. Imaging of QDs
and organic thin films requires speed and precision in the electron beam focusing, in

order to be able to take high resolution images prior to charging the sample.

While AFM provides a powerful tool for imaging of smooth QD monolayers on
top organic thin films, its resolution is insufficient for imaging rougher QD multilayers
or material interfaces within QD-LEDs. In contrast, SEM can provide information

about the number of QD layers within a film or be used for the imaging of QD-LED
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cross-sections (Figure 2-10).

Figure 2-10: SEM images show (a) a multilayer of colloidal QDs on a silicon substrate
and (b) a cross-section of a hybrid metal-oxide/QD LED, that distinguishes the QDs

2.3 Optical Spectroscopy

2.3.1 Absorption and Transmission Measurements

Optical absorption and transmission are important characteristics of the material
since they provide information about molecular or crystal structure. In these mea-
surements, light from a source (typically a tungsten or mercury lamp) passes through
a monochromator producing a set of wavelengths that are used to excite the sam-
ple. The amount of light transmitted through the sample at each wavelength is then
detected with a CCD array or a grating to produce a transmission spectrum. The

transmission spectrum can be then converted into absorbance by Beers law:

I

T (2.1)

where, A is absorbance, T is transmission, /o is the intensity of the incident light and
I, is the intensity of the transmitted light.

For semiconductors, optical absorption provides a direct measurement of the elec-
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tronic bandgap, i.e. the material begins to absorb when the energy of the optical
excitation is sufficient for an electron to get excited onto the next available energy
level. In molecules where a complex superposition of atomic orbitals determines the
electronic structure of the molecular orbitals, optical absorption can give information
about the different types of bonds involved and even their geometrical orientation
with respect to each other [46]. Often for a hybrid system the interactions between
different system components can lead to mixed energy states that are not present for
any of the components separately. For example transition metals (such as Cd) pro-
mote spin-orbit coupling in organic materials leading to the mixing of spin-singlet and
spin-triplet states [60]. As a result normally forbidden excitation into a triplet state
becomes allowed in a presence of a transition metal, which changes the absorption
spectrum.

In addition to the energy associated with optical transitions, absorption measure-
ments can be used to measure the probability of these transitions manifested in the
value of a transition dipole strength or an absorption cross-section o. Using the
Lambert-Beer law, one can find the value of absorption cross-section by measuring

the absorbance (or transmission) in a system with known geometrical parameters:

A=oIN (2.2)

where o is the absorption cross section, [ the absorption path length (thickness of the

sample), and N is the number density of absorbers (1/cm?).

2.3.2 Steady State and Time-Resolved Photoluminescence

Spectroscopy

In photoluminescence (PL) spectroscopy, a sample is generally excited with a single
wavelength within the absorption range of a material, which leads to the promotion
of an electron to higher energy levels from where it then relaxes back to the ground
state with a simultaneous emission of the photon [61] (see Figure 1-8). The PL

spectrum of a material rarely replicates its absorption spectrum, since a part of the
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absorbed energy is usually lost for example due to interactions between the excited
electron and phonons, or bond vibrations and rotations in molecules [46, 60]. Room
temperature measurements generally do not allow for the resolution of PL peaks
that correspond to interactions of excited electrons with different fields, since thermal
energy is comparable to the energy of the corresponding interactions. One can extract
information about the fine structure of a PL spectrum at low temperatures, where

thermal mixing is not significant.

Time-resolved PL measurements not only provide information of PL spectral
shape, but also allow the determination of an average lifetime of an excited state
within a given material [61]. In these measurements, a sample is excited by a short
laser pulse and the resulting PL is detected for every time increment. Modern instru-
ments such as streak cameras allow simultaneous capture of the PL in both temporal

and photonic domains.

After the initial excitation the population of electron-hole pairs starts to deplete
due to radiative and non-radiative processes, which is detected as the PL decay with

time:

1

" ke A o

(2.3)

where k, and k,, are radiative and non-radiative decay rates, respectively. The PL
lifetime is determined by the processes contributing to the depletion of the electron-
hole pairs for a given material and may drastically change due to interaction with
a different material. For example, in the case where one material acts as a donor
of an excited electron-hole pair to a neighboring acceptor material, the PL lifetime
of the first material decreases due to the presence of an additional mechanism for

electron-hole pair depletion in the system [46].

Time-resolved PL measurements are an essential part of this thesis, due to their
applicability to measuring exciton energy transfer between the different components
of a hybrid organic-QD system. Figure 2-11 shows the schematic diagram of a

time-resolved optical set-up used in Chapter 4. In this set-up a titanium sapphire
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Figure 2-11: A schematic diagram shows a time resolved PL set-up used for the energy
transfer measurements in Chapter 4.

(Ti:Sapph) pulsed laser (Mira Optima 900, Coherent Inc.) is pumped by two fre-
quency doubled neodymium yttrium aluminum garnet (Nd:YAG) continuos wave
(CW) lasers with intensities of 5 and 10 W (Verdi V5 and Verdi V10, Coherent
Inc.). The pulsed laser light with wavelength of ~800 nm is then amplified (RegA
9000, Coherent Inc.) and frequency doubled with a #-barium borate (BBO) crystal to
produce ~400 nm light; this beam is then used to excite our samples. PL is collected
with two collecting lenses into a Hamamatsu C4780 picosecond fluorescence lifetime
system consisting of a C5094 spectrograph and a C4334 streak camera triggered onto
the laser repetition rate. Our system allows us to tune the output of the Ti:Sapph
laser between 700-900 nm (consequently, the frequency doubled beam has a wave-
length between 350-450 nm); average pulse width of the Ti:Sapph is ~ 200 fs and
repetition rate (i.e. number of pulses per second) can be tuned between 10-250 kHz.
The repetition rate is chosen depending on the PL relaxation time of the materials

used in a particular sample. For example, for materials with short relaxation times
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< 100 ns, high repetition rates can be used, while materials with long PL relaxation
times ~1 us require slow repetition rates in order to prevent the overlap of PL signal

initiated by the previous laser pulse with the signal initiated by current laser pulse.

2.4 Electronic Measurements

In this section I discuss the core measurements of QD-LED testing. The important
characteristics of a QD-LED are: (1) Turn-on voltage, i.e. the voltage at which
current through the device yields significant exciton generation and detectable light
output (this voltage is usually close or coincides with the voltage at which the device
switches from ohmic to space-charge limited conduction). (2) External quantum
efficiency (EQE), i.e. the number of photons emitted per injected electron. (3) Power
efficiency, i.e. amount of light (measured in lumens) output per Watt of input power.
(4) Electroluminescence (EL) spectrum, i.e. wavelength (photon energy) dependent
light output of an LED resulting from electrical excitation (applied bias voltage).
While it is convenient to describe various regimes of QD-LED operation in terms
of applied bias voltage, it is crucial to understand that these devices are driven by
current rather then voltage. Since intrinsic carrier densities in organic materials
are negligible comparing to those of inorganic semiconductors, EL is produced by

radiative recombination of excitons generated from injected carriers.

2.4.1 Current-Voltage Characteristics and External Quan-

tum Efficiency

Current-voltage (IV) characteristics are an essential part of QD-LED characterization
as they provide information about the turn-on voltage, as well as device resistance
and different conduction mechanisms that dominate the device operation at different
applied bias voltages. To obtain an IV characteristic of a device, one should simply
sweep the applied voltage between the values of interest and measure the current

passing through the device at every value of applied voltage. The conventional way
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to display an IV characteristic is on the log-log scale (i.e. log [ is displayed vs. log V'),

since such plot visualizes a power law dependence between current and voltage.

I ~ V" = logl ~ nlogV (2.4)

where n is characteristic of a particular type of conduction. For example, n =1
indicates ohmic conduction and n = 2 is characteristic of space-charge (trap limited)
conduction in organic materials [62]. On a IV characteristic plotted on a log-log scale
n is simply the slope of a curve; consequently, a change in slope indicates a change
in conduction mechanism.

External quantum efficiency (EQE) is a precise measure of how efficiently a partic-
ular QD-LED converts carriers into photons. EQE is usually measured in conjunction
with an IV characteristic. At every value of applied bias voltage, one can measure
current and light output of the device. Light output is usually measured with a cal-
ibrated photodetector as a photocurrent reading Iphot0, Which is then converted into
power P in Watts using a detectivity constant Ry, for a particular detector at a

wavelength of LED emission.

I hoto
P = —R:h ‘t (2.5)

Then knowing the photon energy (Epn = 2hme/)) one can calculate the number

of photons per second:

P
Ephot

-Nphot = (26)

Finally EQE is the ratio of the number of photons per second (Npn.) to the

number of electrons per second (current normalized by the charge of single electron):

N, phot

EQE = (I/1.6 x 10-19)

x 100% (2.7)

While power efficiency is an important characteristic for industrial applications of

LEDs, it is dependent on visual perception, and consequently on the sensitivity of a
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human eye to a particular wavelength, hence QD-LEDs with the same EQE emitting
at different wavelength may have drastically different values of power efficiency values.
Figure 2-12 shows the standard luminosity function used in calculations of light output

or device luminance and luminous flux.
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Figure 2-12: Standard luminosity function g(A).

The luminance is measured in Cd/m? and is a measure of a luminous flux perceived
by the eye looking at a surface from a particular angle. Luminance L, scales as
an overlap of a normalized LED EL spectrum (notice that normalization has to be
performed with respect to the area under the spectrum rather than to the EL peak
as it is simply a measure of a total number of emitted photons) and a standard

luminosity function and is calculated using a following equation:

683 EQE . [™ _
Ly= X oo /380 I(N)F(N) Ephot(A)dA (2.8)

here, I()) is the EL spectrum of an LED (or the so called spectral power distribution),
7()) is the standard luminosity function, Ephot is the photon energy corresponding to
the wavelength A, I is the current through the device.

The power efficiency (or luminous efficacy) in lumens/Watt (lm/W) F, is then
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determined as following;:

Ly2m
Fo = 1%

(2.9)

here L,27 is the luminous flux, and IV = W is the power input into the device.
Consequently, high operating voltages are undesirable for industrial applications as
they increase device power consumption. While the EQEs of resistive LEDs operating
at high voltages can be as high as those of less resistive devices, their power efficiency
is significantly lower.

All the metrics discussed above set the criteria on LED performance. An ideal
light source should have high EQE and operate at low voltages in order to meet
industry standards.

For the QD-LED testing in this thesis we use a HP 2154 parameter analyzer as a
voltage source and a current measuring unit as well as for light output measurements
in combination with Newport calibrated photodiode. Alternatively we used Keith-
ley 2600 electrometer for IV characteristics and Newport 1835C powermeter with a

photodetector for light output measurements.

2.4.2 Electroluminescence Spectra

Electroluminescence (EL) spectra provide information about the exciton formation
and recombination regions in the device. By examining EL spectra and comparing
them with spectral signatures of the materials constituting the layers of a hybrid
structure we can find which materials contribute the most to the LED emission.
Consequently, EL measurements provide an extremely important device design tool.

Analogous to PL measurements, emission is collected into a spectrometer but the
excitation of the emission in this case is electrical rather than optical. During the EL
measurements a voltage source is connected to a QD-LED which results in current
passing through the device and, hence, exciton formation and recombination.

It is apparent from the previous section that the overlap of a LED EL spectrum

with the standard luminosity function largely determines the perceived luminous ef-
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ficacy or power efficiency. The position and shape of an EL spectrum also determine
the color purity of a LED emission. According to the International 1931 Convention
on [llumination (Commission Internationale de I'Eclairage (CIE)) all the colors can be
plotted on the CIE color space defined by the CIE standard observer color matching
functions (Figure 2-13). Using the color matching functions shown in Figure 2-13, it

is possible to calculate the color coordinates (X, Y, Z) of any light source:

X = | I(\z(\)dx (2.10)
Y = / TGN dA (2.11)
Z = [ 1(\z(\)dx (2.12)

here I()) is a spectral power distribution (i.e. EL spectrum). While the color space
is three-dimentional, in order to facilitate the visualization, it is possible to display

the color coordinates on a two-dimentional CIE diagram (Figure 2-14).
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Figure 2-13: The CIE standard observer matching functions Z(A), y(A) and Z(A).
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Figure 2-14: CIE chromaticity diagram
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The outer curve of a CIE color space is defined by the monochromatic sources at
different wavelengths. For every light source we can now find a corresponding point
on the CIE diagram. The corners of the color space correspond to the pure red, pure
green and pure blue colors. It is possible to obtain any color with an arbitrary color
coordinates by simply mixing the light from the pure sources. Consequently, when
designing LEDs for display applications it is desirable to create colors with CIE (z, y)

coordinates close to the corners of chromaticity diagram.
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Chapter 3

Electroluminescence from Mixed

Quantum Dot Monolayers

3.1 Motivation

This part of my thesis is motivated by the creation of essentially unlimited number of
QD-LED colors through the mixing of different QD types within an emissive mono-
layer in a hybrid organic-QD structure. One of the most interesting applications of
mixed color emission is fabrication of white-light sources. It is apparent from the CIE
chromaticity diagram in Figure 2-14 that white light can be created by the mixing
of red, green and blue color emission. However, there is another important metric
to consider when fabricating white light sources - the color rendering index (CRI),
which defines how well colors can be resolved when illuminated by the light source
of interest as compared to sunlight. The ideal while-light source has to have a color
temperature, i.e. the CIE color coordinates are close to those of sunlight (0.33, 0.35),
and have a high CRI (the CRI of sunlight is 100).

With greater efficiency, better color tunability and fewer restrictions on shape,
size or mounting, white light LED panels could someday replace incandescent or
fluorescent light bulbs in many lighting applications. Several types of solid state de-
vices have already achieved efficient white light luminescence (in the range of 15-30

Im/W), including single-chip InGaN white LEDs (WLEDs) [63], multi-chip WLEDs
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[64], ZnSe-based WLEDs [65], and white organic LEDs (OLEDs), which can be fur-
ther divided into single unit white OLEDs (WOLEDs) [10], stacked white OLEDs
(SOLEDs) [11], and white LEDs that use blue OLED-pumped inorganic phosphors
to generate a broad white spectrum [66]. Single-chip InGaN WLEDs [63] provide low
cost, high luminance efficiency devices for general lighting, but they suffer from poor
CRI, because their emission profiles consist of a blue InGaN component and a yellow
phosphor emission (typically yttrium aluminum garnet YAG). Multi-chip WLEDs
consist of red, green, and blue-emitting sub-units that lead to a high CRI, but they
are relatively expensive and require a complex feedback system due to different degra-
dation rates of their sub-units [64]. In ZnSe-based WLEDs white emission is achieved
by mixing the blue emission of ZnS and yellow emission of a ZnSe substrate [65]; these
devices have lower efficiency and shorter lifetimes as compared to the InGaN-based
LEDs. Finally WOLEDs and SOLEDs combine the electroluminescence (EL) from
three types of organic phosphors to achieve white luminescence with high electrophos-
phorescent efficiencies (up to 10% for WOLEDs and 30% for SOLEDs). However, the
organic dyes that generate white electroluminescence are generally less photostable
than inorganic materials, a quality, which does not limit their use in consumer elec-
tronics displays, but which challenges their use in high brightness applications such

as room lighting.

QD lumophores were utilized as a replacement for red [67, 68] or green [69] color
components in white-light LEDs employing organic emitters. A broad spectral emis-
sion using a mixture of QDs has also been demonstrated using red, green and blue
emitting QDs embedded in polylaurylmethacrylate [70] with a blue GaN or Hg va-
por lamp for excitation. White light photoluminescence from QDs was also obtained
by Bowers, et al. [71] and Chen, et al. [72]. In these devices broad deep trap QD
luminescence was photoexcited by an external ultra-violet LED. However, deep trap
emission, which generally originates from defective CdS or ZnSe QDs, is inefficient,
and the defect trap states of QD lumophores are poorly characterized and not easily

reproducible from one synthesis to the next.

Hybrid organic-QD LEDs benefit from a virtually unlimited number of available
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QD colors and simplicity of fabrication. Unlike WOLEDs that require complicated co-
evaporation techniques for simultaneous deposition of multiple phosphorescent emit-
ters into a wide band-gap host, or SOLEDs that require multiple evaporation steps
to deposit different emissive layers, in QD-LEDs emissive layer can be potentially de-
posited in one simple contact printing step as discussed in Chapter 2. Using multiple
QD colors in a QD-LED allows us to essentially reproduce the solar spectrum in the
visible range without wasting energy in the UV and IR parts of spectrum. Figure 3-1
shows the EL spectrum of a hypothetical QD-LED fabricated with 5 QD colors. The
hypothetical QD-LED spectrum closely traces the spectrum of a black-body radiator
at 5500 K (temperature of the sun), consequently it has CIE coordinates of sunlight
(0.33, 0.35) and CRI = 98.
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Figure 3-1: Simulated QD-LED EL spectrum is shown in comparison with a spectrum
of a black body radiator at 5500 K

There are two possible approaches to fabrication of a white-light QD-LED: (1) an
emissive QD monolayer can be patterned on a microscale with multiple QD colors
(akin to the pattern in Figure 2-7), which from a distance will appear white; (2)
QDs of different colors can be mixed in solution in a proportion that yields white-

light emission from a QD monolayer. The advantage of the first approach is in the
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separate deposition of different QD materials, since different color QDs have dif-
ferent sizes and potentially different passivating ligands. The disadvantages of this
approach include multiple QD deposition steps, and consequently longer and costlier
process; complicated pattern alignment step; difficult prediction of the resulting ap-
parent color of QD-LED emission. The advantages of the second approach include
simplicity of deposition in a single printing step and fairly simple prediction of a cor-
rect QD color proportion facilitated by visual examination of the QD solution PL.
These factors make the second approach more appealing from the industrial point of
view, additionally this approach will allow us to explore the interactions of different
QD types inside a thin film contributing to our understanding of QD-LED operation

mechanism.

3.2 Challenges of Mixed QD-LED Design

An ideal white-emitting QD-LED should fit the following requirements: (1) color
temperature close to that of sunlight, i.e. CIE coordinates close to ideal (0.33, 0.35);
(2) high CRI >80; (3) high EQE; (4) low operating voltage; (5) simple and inexpensive

fabrication.

3.2.1 Material Compatibility

Our approach to QD-LED fabrication automatically addresses the fifth requirement,
as we choose to deposit mixed QD monolayers in one simple printing step to achieve
a mixed QD-LED EL. There are several challenges associated with this approach: (1)
interactions between QDs of different type; (2) simultaneous deposition of QDs with
different sizes and different organic ligands.

As the initial proof of concept, we design a white-emitting QD-LED that incor-
porates a mixed monolayer of red, green and blue QDs [17]. Using three types of
QDs as emitters in an electrically driven structure has been previously reported as
preliminary work in our group [73], and as a parallel effort by Li et al. [74], but with

efficiencies of more than a factor of 4 lower.
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Figure 3-2: Absorption (solid lines) and PL (dashed lines) spectra of red, green and
blue QDs.

It has been previously observed that the contribution of different QD colors in a
mixture to PL spectrum differs from solution to thin film, i.e. the contribution of
shorter wavelength (higher energy) emitters decreases from solution to thin film while
the contribution of longer wavelength (lower energy) emitters increases [75, 76]. If
we examine the absorption and PL spectra of blue, green and red QDs, we find that
the absorption spectra of green and red QDs overlap with the emission spectrum of
blue QDs (Figure 3-2). The absorption spectrum of red QDs also overlaps with the
emission spectrum of green QDs.

The overlap between the emission spectrum of one material (donor) and the ab-
sorption spectrum of another material (acceptor) indicates that there may be exciton
energy transfer from the first material to the second material via dipole-dipole inter-
action, i.e. Forster energy transfer (77, 78|. Forster energy transfer is characterized
by the Forster radius Rp, the distance, at which a donor exciton is as likely to trans-

fer its energy to an acceptor as it is to recombine on a donor. The Forster radius

81



for the energy transfer process between two materials is defined by the strength of
the dipole-dipole interaction between the materials, and can be calculated from the

overlap between the donor emission and acceptor absorption spectra [77]:

RS == [ 22044, (3.1)

where ¢ is the speed of light in vacuum, n is the material index of refraction, w is the
radial frequency of light, Fj(w) is the normalized donor emission and o 4(w) is the

acceptor absorption cross section.

The Forster energy transfer rate kpr scales with the distance R between the donor

1 (Rp\°
kpr = = ('7%5) (3.2)

and the acceptor cites:

where 7 is the donor PL relaxation time (i.e. an exciton lifetime).

This strong dependence of the energy transfer rate on the distance between a donor
and an acceptor implies that the interactions between different QD types in solution
are negligible. In contrast, in a thin film the QD-to-QD energy transfer becomes
efficient. The Forster radii for the energy transfer from blue QDs to green and red
QDs are on the order of ~5 nm and ~7 nm, respectively, and the Forster radius
for the energy transfer from green to red QDs is on the order of ~5 nm [75, 76].
Taking into account fairly large QD size on the order of 5-10 nm, these values of
Forster radius indicate that essentially any exciton formed on a blue QD that has a
neighboring red (or green) QD will be transfered, and an exciton formed on a green
QD can be efficiently transferred to a neighboring red QD. Consequently, the white-
light emitting film needs to contain a majority of blue QDs, less green QDs, and the
least amount of red QDs. Hence, the efficiency of the white-light QD-LED is expected
to be similar to that of blue QD-LEDs, as blue QDs dominate the area of the mixed
emissive QD monolayer.

In order to maximize the efficiency of the device, we need to use QDs with the
highest possible PL efficiencies (especially for blue QDs,) and consequently, we choose

the materials synthesized via novel procedures optimized to produce highly lumines-
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cent particles in a particular wavelength range.

Previous reports of blue QD-LEDs quote EQE values of 0.2% using CdS/ZnS
core-shell QDs [33]. While it is possible to fabricate active QD-LEDs using this ma-
terial, the synthetic procedures are not robust with respect to the impurities present
in metalo-organic precursors, often yielding QDs with trap states on the surface man-
ifested in broad deep-trap emission at a wavelength longer than the main QD PL
peak. The quantum yield of CdS/ZnS QDs in solution is on the order of 20% [33],
while the efficiencies of CdSe/ZnS QDs used as red emitters can be as high as 80-90%
[29]. Low solution PL quantum yield is an indication of potential poor performance
of these QDs upon incorporating them into opto-electronic devices, as their quantum
yield (QY) is usually lower in a thin film due to energy transfer from bright (emissive)

to dark (non-emissive) QDs.

Consequently, we see a need for the development of new materials for blue QD-
LEDs with high PL QY, narrow spectra without deep trap emission, and surface
ligands compatible with QD-LED fabrication. To satisfy these requirements, my
collaborator synthetic chemist, Dr. Jonathan Halpert, developed novel ZnCdS alloy
QDs passivated with oleylamine and oleic acid using a synthetic procedure similar to
[34]. For this type of particle the band gap is controlled by both quantum confinement
effects and the ratio of Cd atoms to Zn atoms, i.e. the band gap becomes wider upon
addition of increasing amounts of Zn to CdS. These QDs exhibit PL QYs ~ 50% and
narrow PL spectra tunable between 415-500 nm, for particles of 7-9 nm in diameter.
The simplicity and robustness of the synthesis procedure allows for preparation of
a wide variety of blue QDs with different PL. peak wavelengths that can be tested
inside the QD-LED structures.

For green emission we also use a novel type of QDs - ZnSe/CdSe/ZnS core double-
shell particles synthesized via recently developed procedures [53, 52]. Despite their
complex structure, these QDs, passivated with trioctylphosphine oxide (TOPO) and
hexylphosphonic acid (HPA), are ~4-5nm in diameter. These QDs exhibit high solu-
tion PL QYs (~ 60-70%) and have been previously used to fabricate QD-LEDs with
EQE of 0.5%.
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Finally red emitters are conventional CdSe/ZnS QDs overcoated with trioctylphos-
phine (TOP) and TOPO, produced via well established synthetic routes [28, 29]. We
choose nanoparticles with a particularly thick ZnS shell (~ 2nm) that insures a high
solution PL QY of ~ 90% and yields large QDs ~9 nm in diameter. These QDs are
routinely used in QD-LED structures with EQEs up to 2%.

It is evident from the different QD descriptions above that three different types of
QDs have different sizes and different passivating organic ligands. All the materials
are soluble in chloroform and, consequently, can potentially be processed simultane-
ously from solution. However, we expect some challenges associated with simultane-
ous transfer of different QD types from an elastomer stamp onto an organic thin film
since the affinities of different ligands can be different towards organic charge trans-
porting materials and the parylene-C coating of a PDMS stamp. Another concern
is a potential phase segregation of different QD types into clusters upon spin-casting

onto a stamp.

In order to test the compatibility of different QD types with parylene-C and
aromatic organic films, we first prepare films of red, green and blue QDs by contact
printing onto the TPD (hole transporting material). Figure 3-3 shows AFM images of
separately prepared red, green and blue QD layers. We find that all of the materials
used as ligands for different QD types are compatible with both parylene-C and TPD
surfaces, which is manifested in the formation of complete (when the starting solution
is sufficiently concentrated) or incomplete (when the starting solution is too dilute)

close-packed QD monolayers (Figure 3-3).

This encouraging discovery leads us to proceed with the preparation of mixed
QD monolayers. Based on the ideal white-light source CIE coordinates, corrected
for the different QD QYs and Forster energy transfer within a thin film, we find the
proportion of the blue, green and red emitters in solution to be 1:2:10 (red: green:
blue QDs by the monolayer area). A detailed calculation is presented in a white
QD-LED design subsection. This solution is then spin-casted out of chloroform onto
a parylene-C coated PDMS stamp, and a resulting layer is printed onto TPD. The

film is dominated by blue QDs and it hence appears almost identical to the one in
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Figure 3-3(c).

(a) red CdSe/ZnS ¥ (b) green ZnSe/CdSe/ZnS {c) blue ZnCdS

Figure 3-3: AFM height images of (a) red CdSe/ZnSe TOPO /TOP overcoated
QDs, (b) green ZnSe/CdSe/ZnS TOPO/HPA overcoated QDs, (c) blue ZnCdS oleyl-
amine/oleic acid overcoated QDs on 40 nm thick TPD films on glass substrates.

3.2.2 Designing Efficient Blue QD-LEDs

As we mentioned above, the efficiency of a white-light QD-LED is limited primarily
by the EQE of blue QD-LEDs due to the Forster energy transfer from blue QDs to
both green and red QDs. Consequently, the design of blue QD-LEDs is particularly
important as we can use identical structures for white-light devices.

In our introductory discussion of QD-LED operation we pointed out two main
processes contributing to QD EL: (1) direct charge injection from the charge trans-
porting materials into QDs; (2) energy transfer from organic materials to QDs. Blue
QD-LEDs present a design challenge with respect to both of these processes.

First, quantum confinement effects push the valence band of blue QDs lower in
energy, hence increasing the barrier for hole injection into these materials from organic
hole transporting layers (HTL). The position of the valence band of the CdSe QDs is
approximately between ~-6.7-6.8 eV [13], for ZnCdS alloys we expect it to be below
6.8 eV, and the positions of the HOMO levels for available organic hole transporting
materials vary between -5.4-6.1 eV [79]. While hole injection into QDs is obstructed
by a ~ 1 €V energy barrier, there is no apparent barrier for the electron injection into

QD conduction band beside the thin organic passivating layer (~ 0.5 nm) that carriers
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can tunnel through. The position on the CdSe QD conduction band is between -4.5-
4.8 eV [13], so we expect it to be pushed up for blue ZnCdS QDs, and the position of
the LUMO band of available electron transporting materials varies between -2.0-3.1
eV [79]. The difference in barrier height for the electron and hole injection into blue
QDs leads to charge imbalance at QD sites, which yields to frequent formation of

exciton-electron pairs that can recombine via a non-radiative Auger process [80].
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Figure 3-4: (a) Absorption spectra of red, green and blue QDs are shown with respect
to the ALqz and TPD PL spectra. (b) The Alqs absorption spectrum is shown with
respect to the blue QD PL spectrum.

Second, in order to be able to accept excitons formed in neighboring organic
thin films, QDs should have an absorption spectrum that overlaps with the emission
spectra of the relevant organic materials. F igure 3-4(a) shows a spectral overlap of
red, green and blue QD absorption and emission spectra of commonly used organic
materials TPD (HTL) and Algs (ETL). It is clear that the red QDs can efficiently
accept excitons from both TPD and Alqs, green QDs can only accept excitons from
TPD, and finally blue QDs can only poorly accept TPD excitons. Moreover, the
overlap of the Alqs absorption and blue QD emission in F igure 3-4(b) suggests of a
possible energy transfer from the blue QDs to the Algs molecules, which will result
in a decreased blue QD-LED EQE and the presence of an Alqs signal in the QD-LED
EL spectra.
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Since Alqs only acts as a sink for blue QD excitons, it is beneficial to introduce
a spacer layer between the Algs film and a QD monolayer. It is also important to
impede exciton formation in the Algs film as these excitons cannot be transferred to
the blue QD cites, and hence, they recombine on Alqs molecules leading to undesirable
Alqs contribution to the QD-LED EL spectra. Consequently, we introduce a hole-
blocking layer (HBL) of 3.4,5-triphenyl-1,2,4-triazole (TAZ) that solves both problems
discussed above, acting as a spacer layer that impedes both energy transfer from QDs

to Alqs and the exciton formation in Alqs film.

- (b)

6.5 eV

Figure 3-5: (a) Schematic cross section of a blue QD-LED. (b) Corresponding band
diagram of a QD-LED. Different band gap widths are colored red, green and blue for
red, green and blue QDs, respectively

Figure 3-5 illustrates the design of a blue QD-LED and a corresponding band
diagram. It is evident from the band diagram that the direct charge injection into
blue QDs is the primary mechanism leading to QD EL. The exciton formation is
impeded in TPD by the electron accumulation at QD sites, and the energy transfer
from TPD to blue QDs is not as efficient as it is to red or green QDs; exciton formation
in Algs is impeded by a TAZ HBL. and thus the majority of excitons are forming
directly on QDs.

The HBL thickness critically influences the EL spectra of blue QD-LEDs. Figure
3-6(a) shows the EL spectra of our blue QD-LEDs fabricated with identical TPD
HTL (40 nm) and Alqs ETL (20 nm), but with different thicknesses of TAZ HBL (20
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and 27 nm). We find that the Alqs contribution to the QD-LED EL spectra decreases
with increasing HBL thickness, since wider spacing between blue QDs and Alqs film
impedes the Forster transfer of QD excitons to Alqs molecules. TPD has a minor
contribution to the blue QD-LED EL spectra due to exciton formation in the TPD

layer and incomplete energy transfer to blue QDs.
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Figure 3-6: EL spectra (a) and current-voltage characteristics (b) of a blue QD-LED
fabricated with 20 nm (dashed line) and 27 nm (solid line) TAZ HBL. EL spectra are
shown at a current density of 10 mA /cm?.

The device resistance also increases proportionally to the TAZ layer thickness
since TAZ is essentially an insulator (Figure 3-6(b)), which implies that we cannot
increase the thickness of HBL indefinitely till we fully suppress the Alqs emission,
as the driving voltage increases dramatically and hence the power efficiency of the
device decreases. Consequently, we choose a TAZ layer of 27 nm, since it provides a
spectrum dominated by narrow QD emission and is sufficiently thin for the current

to pass through the device.

3.3 White QD-LEDs

We adopt the structure of blue QD-LEDs developed in the previous section for our
white QD-LEDs, i.e. our design consists of a transparent ITO anode, a layer of

hole injecting polymer poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
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DOT:PSS) deposited via spin-casting, 40 nm thick TPD HTL, a mixed QD monolayer
micro-contact printed onto TPD, 27 nm thick TAZ HBL, 20 nm thick Alqs ETL, 100
nm thick Mg:Ag cathode with 20 nm Ag protective overlayer. In this device all the or-
ganic charge transporting films and a metallic cathode are deposited via evaporation
(i.e. PVD).

The first step in the fabrication of a white QD-LED is finding the correct propor-
tion of QDs in an emissive monolayer. We have to take into account the following
factors: (1) desired QD-LED color coordinates; (2) EL efficiency of different QD
types in a device; (3) energy transfer from blue QDs to red and green QDs and

energy transfer from green QDs to red QDs.

We are interested in fabricating a white QD-LED with CIE coordinates close
to (0.33, 0.35) and CRI as close to 100 as possible. Figure 3-7(b) demonstrates
the EL spectra of red, green and blue QD-LEDs fabricated in the device structure
described above. The EL spectra of red and green and QD-LEDs do not show any
organic emission contribution, since both red and green QQDs can efficiently accept
TPD excitons and do not transfer the exciton energy to Alqs molecules. The potential
white QD-LED spectrum is a linear combination of red, green and blue QD-LED EL
spectra. By iterating the proportions of green and red QD-LED EL components
with respect to the blue QD-LED EL, we find that the best white source that can
be fabricated with these three QD types would have CIE coordinates of (0.34, 0.36)
and CRI=95. The calculated white QD-LED spectrum is shown in Figure 3-7(b).
These spectrum is a linear combination of red, green and blue QD-LED spectra in a
proportion 1(R): 1(G): 1.2(B), assuming the same emission efficiency of different QD
types.

To determine the contribution of a particular QD type to a mixed QD-LED EL
we use the QD EL efficiency in a QD-LED instead of the more obvious PL QY of
QDs in solution, since QDs differ not only by the starting solution PL QY but also
by the efficiency with which they accept or generate excitons in an electrically driven
structure. The EQE of a QD-LED provides a direct measurement of the QD EL

efficiency as the majority of excitons generated in QD-LEDs recombine at QD sites
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Figure 3-7: (a) EL spectra of our white QD-LED are shown at different bias voltages.

An arrow indicates the direction of increasing bias voltage. (b) EL spectra of red,
green and blue QD-LEDs shown at 5 V, 7 V and 10 V, respectively.
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as indicated by the narrow monochromatic QD-LED EL spectra.

Figure 3-8 shows the EQE curves for red, green and blue QD-LEDs plotted vs.
the current density through the devices. The peak EQE of our blue QD-LEDs is
0.35%, which is 75% higher than previously reported values [33]. The peak EQEs
for red and green QD-LEDs are 1.5% and 0.65%, respectively, which is on the same
order of magnitude or slightly higher than previously reported values for QD-LEDs

based on similar QD materials (30, 52].
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Figure 3-8: EQE (a) and IV characteristics (b) of red, green, blue and white QD-
LEDs.

Based on the EQEs of the different color QD-LEDs we find that the ratio of QDs
in a monolayer should be 1(R): 2.3(G): 4.3(B), i.e., inversely proportional to the QD-
LED peak EQE values. Combining this data with the proportion that we obtained
from the best possible white light source calculation, we find that the mixture should
contain 1(R): 2.3(G): 5(B).

Finally we have to take into account Forster energy transfer from blue QDs to
red and green QDs. In a mixed monolayer fabricated with a QD ratio calculated
above, there are 3.3 red/green QD exciton acceptors for every 5 blue QD exciton
donors, which implies that 3.3 out of 5 blue excitons will be contributing to red/green
emission instead of blue emission.

We also note that blue QD-LEDs operate at higher voltages than green and red
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QD-LEDs as manifested in the current-voltage characteristics in Figure 3-8. This
is consistent with the suggested band diagram in Figure 3-5(b), which indicates the
higher barrier for hole injection into blue QDs as compared to red and green QDs.
Consequently, at any given bias past the ”turn-on” voltage, a higher proportion of
green and red QDs are luminescent as compared to the number of blue QDs.

To account for the energy transfer from blue QDs to red and green QDs as well
as for the higher operating voltage of blue QD-LEDs, our final mixed QD mono-
layer contains the following ratio of QD colors: 1(R): 2(G): 10(B) (based on an area

occupied by each QD type).

Figure 3-9: Photograph of our white QD-LED biased at 10 V.

The emission spectrum of the mixed-monolayer QD-LED (Figure 3-7(a)) shows
a pronounced contribution of red, green and blue QD EL components. The TPD
EL signal is largely quenched as compared to blue QD-LEDs due to efficient energy
transfer to the red and green QDs. Alqs still appears to exhibit a weak spectral
feature in the white QD-LED spectrum analogous to the blue QD-LEDs. The mixed-
monolayer QD-LED pixels appear to be uniformly luminescent, look white to the
eye (Figure 3-9), with CIE coordinates (0.35,0.41) at a 9 V applied bias and CRI
of 86, when compared to a 5500K black body reference. Such a high CRI compares
favorably to conventional white light sources such as cool white fluorescent (CRI =
62), incandescent (CRI = 100), and dye enhanced InGaN /GaN solid state LEDs (CRI
> 80) [81].

The peak EQE of white QD-LEDs is 0.36% at 5.0 V (1.51 mA/cm?) (Figure 3-
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Figure 3-10: (a) CIE coordinates of red, green and white QD-LEDs are shown on a
chromaticity diagram. CIE coordinates of a desired (best possible) white QD-LED
source and sunlight are shown for comparison. (b) Evolution of CIE coordinates with
increasing applied bias voltage.

8(a)), which corresponds to 0.9 cd/A and 0.57 lm/W, at a brightness of 13.5 cd/m?.
At 9 V applied bias, and optimal CIE position, the brightness was 92 cd/m?, with
officiencies of 0.28% EQE, 0.7 cd/A, and 0.24 lm/W at 13 mA /em? current. Maximum
brightness topped 830 cd/m” at 14 V and 230 mA /cm?.

The mixed-monolayer QD-LED contains three types of QDs with different re-
sponses to charge injection, leading to a change in the EL spectrum at different driv-
ing conditions. Figure 3-7(a) shows the EL spectrum color shift in a mixed-monolayer
QD-LED as the applied bias increases from 5 V to 9 V, resulting in a small change
of the CIE coordinates and CRI (see Figure 3-10(b)). With increasing voltage we
observe an increase of the red and blue QD spectral components in the EL spectrum
relative to the initially dominant green QD spectral component. This evolution of
spectral features with increasing bias is consistent with the reduced efficacy of hole
injection into blue QDs. At low applied bias (5V) charge injection into the mixed
QD film of the white QD-LED is dominated by injection into the green and red QDs.

Resonant energy transfer from green QDs to red QDs is inhibited by the relatively
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small number of both red and green QDs as compared to blue QDs in the mixed
QD monolayer, so that the probability of locating a green QD next to a red QD is
small. At higher applied biases charge injection into blue QDs becomes more effi-
cient, and the EL component of the blue QDs becomes more significant. Increased
exciton formation on blue QDs also benefits red and green QD luminescence due to
exciton energy transfer from blue QDs to red and green QDs. Note that the energy
transfer to the red QDs is more efficient than to the green QDs due to an increased
spectral overlap. Consequently, with an increase of blue QD luminescence (at higher
operating voltages), the red QD luminescence rises more than the green QD lumi-
nescence. Exciton formation on the more numerous blue QDs governs the overall
efficiency of white QD-LEDs, which closely tracks the efficiency of the monochrome

blue QD-LEDs (Figure 3-8(a)).

3.4 Summary

The operation of the mixed-monolayer QD-LED is enabled by the use of identi-
cal electron transporting, hole blocking, and hole transporting layers in all of our
monochrome QD-LEDs, which also imparts simplicity to color tuning the mixed-
monolayer QD-LED sources. Colloidal QDs demonstrate exceptional PL stability ex-
ceeding 10° turnovers in the most stable QD structures [82]. Consequently, concern
over differential aging of different-color QD samples is minimal, assuring the stability
of spectral emission, as long as the remaining films that comprise the QD-LED stay
unchanged.

Akin to mixing colors in a paint shop, the present work demonstrates that QD
solutions can be precisely mixed to achieve a desired QD-LED spectrum at a desired

driving condition.
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Chapter 4

Energy Transfer from Organic

Donors to Colloidal QDs

In Chapter 3 we discussed the interactions between different QD types. In particular
we introduced Forster energy transfer (ET) as an important mechanism influencing
the performance of QD-LEDs. In this chapter we will extend this discussion by
studying ET between organic materials and QDs. Although we will primarily focus on
ET from phosphorescent organic donors to QDs, the ET between fluorescent organic

materials and QDs will be also discussed in the end of this Chapter.

4.1 Fluorescent and Phosphorescent Organic Ma-

terials

Excitons in organic materials can be classified by their total spin: singlets have total
spin 0 and triplets have total spin 1. The spin of an exciton is simply defined by the
sum of the electron and hole spins. Hence due to the Pauli exclusion principle, the
ground state of an organic molecule is a singlet. When a molecule is excited optically
(i.e. absorbs a photon), an electron is promoted onto a higher energy level leaving a
hole behind, and since photons have spin 0, the total spin of a newly created exciton

is also 0. This implies that all optically generated excitons are singlets. Analogously,
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only singlet excitons can relax to the ground state emitting a photon.

Based on allowed optical transitions, organic materials can be divided into 2
groups: fluorescent and phosphorescent. In fluorescent materials optical transitions
between singlet and triplet states are forbidden due to the spin conservation. Con-
sequently, in these materials the triplet excitons, if generated, can theoretically exist
infinitely long, i.e. triplet exciton relaxation time is oc. In phosphorescent materials
the presence of spin-orbit coupling breaks the spin conservation resulting in a mixing
of different spin states, since only the total angular momentum is conserved. Con-
sequently, in phosphorescent materials triplet excitons can potentially relax to the
ground state within a finite time.

While optical excitation only produces singlet excitons, electrical excitation yields
a statistical formation of electron-hole pairs with uncorrelated spins, and hence 3
out of 4 electrically formed excitons are triplets that cannot recombine radiatively in
fluorescent materials [83]. Consequently, the maximum internal quantum efficiency
(IQE) that can be obtained in an electrically excited fluorescent film is 25%. In con-
trast, in phosphorescent organic films all generated excitons can potentially recombine

radiatively and IQE of a phosphorescent OLED can be as high as 100% [84, 83].

In organo-metallic materials containing heavy metal or transition metal atoms
(Pt, Ir), the presence of heavy ions enhances the spin-orbit coupling, which results
in decrease of a triplet exciton relaxation time (from oo for fluorescent materials
to 0.5-10 us for phosphorescent materials). In these materials the triplet states are
split-off from the singlet state by the spin-orbit coupling energy, with triplet states
generally having lower energy. Since the transitions between the singlets and triplets
(inner system crossing (ISC)) are allowed in these materials, the higher energy singlet
rapidly relaxes to the triplet state, which then recombines radiatively [46].

The efficiency of OLEDs is greatly improved by introducing emissive layers con-
taining highly luminescent materials between the hole and electron transport layers
(HTL and ETL). The emissive layers consist of fluorescent host materials doped with
small amounts of phosphorescent (or fluorescent) emitter. Using a phosphorescent

emitter in a hybrid film allows for the extraction of the otherwise nonemissive triplet
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excitons generated in a fluorescent host (exciton generating layer). Figure 4-1 shows
the possible scenarios of ET from fluorescent hosts. The advantage of using phospho-
rescent guests is evident from this diagram as all the excitons recombine radiatively

in this case.

ET to Fluorescent Dyes

(a) host singlet — guest singlet

oy TR

ET to Phosphorescent Dyes

(c) host singlet —- guest singlet — guest triplet

0 e+ —/ —+
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Figure 4-1: (a) ET from a singlet host to a fluorescent singlet guest. (b) ET from a
triplet host to a fluorescent triplet guest. (c) ET from a singlet host to a phospho-
rescent singlet guest. (d) ET from a triplet host to a phosphorescent triplet guest.

There are two different mechanisms that participate in ET from fluorescent hosts:
Forster and Dexter. As we discussed in previous Chapters, Forster ET is a long-range
resonant process governed by the dipole-dipole coupling between the donor exciton
and the future acceptor exciton (as the acceptor is originally in its ground state),
which strength is determined by the overlap between the donor and acceptor exci-
ton wave functions (in both energy and space domains). This process involves the
recombination of a donor exciton and non-radiative transfer of its energy to the ac-

ceptor. Consequently, in case of fluorescent donors there can only be Forster transfer
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from donor singlets to acceptor singlets. Dexter transfer is a direct electron exchange
between the two neighboring molecules, and hence, only requires the total spin conser-
vation rather than spin conservation within both donor and acceptor independently.
Consequently, a triplet exciton generated on a fluorescent donor can be transfered to
the triplet state of an acceptor, as shown in Figure 4-1(b) and (d), by exchanging
electrons with different spins and energies.

In addition to being good exciton acceptors in guest-host systems, phosphores-
cent materials can also act as exciton donors to fluorescent materials harvesting both
singlet and triplet excitons. Note, that in case of phosphorescent donors, for which
there is no requirement for spin conservation, ET is not limited by Forster transfer
from singlets to singlets and Dexter transfer from triplets to triplets. Since triplet
excitons can recombine to the ground state, the Forster transfer is allowed for phos-
phorescent donor triplets to acceptor singlets. As Forster transfer rates are higher
than Dexter transfer rates for larger spacings between donors and acceptors, the ET
between phosphorescent donors and fluorescent (or phosphorescent) acceptors is on
average dominated by this mechanism.

Triplet exciton harvesting and transfer to an efficient lumophore has been previ-
ously shown to boost the efficiency of red OLEDs. In these devices phosphorescent
donor fac tris(2-phenylpyridine) iridium (Ir(ppy)s), which has been previously used as
an efficient green emitter in OLEDs with EQE = 12% [84], was used to pump a fluores-
cent laser dye 4-(Dicyanomethylene)-2-methyl-6-julolidyl-9-enyl-4H-pyran (DCM2),
producing red OLEDs with EQE = 9% [85].

4.2 QDs as Exciton Acceptors

The energy structure of QD excited states is complex (as discussed in detail in Chapter
1) and is illustrated in Figure 4-2. Electron-hole exchange interaction in QDs results
in the splitting between the bright (total angular momentum N = 1) and dark (total
angular momentum N = 2) exciton states, and since the dark exciton has a lower

energy than the bright exciton state, theoretically QD excitons should not recombine
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radiatively. However, analogous to phosphorescent materials, transition metal ions
in QDs (such as Cd) promote spin-orbit coupling, which results in allowed radiative
relaxation of the ”Dark Exciton”.

At room temperature the thermal energy associated with phonons in QD crystal
lattice is comparable to the splitting between the N = 1 and N = 2 states, and hence
the excited states of QDs are most likely mixed. Consequently it is advantageous to

use a phosphorescent material donor to be able to transfer energy into any of QD
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Figure 4-2: The schematic diagram shows the fine structure of excited QD states.

QDs have proven themselves as efficient exciton donors in ET experiments with
various organic dyes and bioorganic molecules [86, 87]; however, there remained a
debate in the literature over the demonstration of ET from an organic donor to
CdSe/ZnS core-shell QD (see e.g. [88]). ET to QDs has been studied from organic
fluorescent polymers [89] as well as from crystalline inorganic quantum wells [90].

The main challenge associated with demonstrating the ET from fluorescent organic
materials to QDs is the long QD relaxation time on the order of >10 ns [91] as
compared to short fluorescent organic exciton lifetimes of ~1 ns [46]. The standard
technique used for confirming the ET between two materials is time-resolved PL
spectroscopy, described in detail in Chapter 2. These measurements allow us to find
the PL relaxation times for different materials and hence, one can use them to detect

the differences between the relaxation times of one material in the absence or presence

99



of another material.

In the simplest case when the all the processes contributing to the depletion of
exciton population in a material are active simultaneously, the time dependent PL

intensity I(¢) can be described by:

Ipa(t) ~ Ie " (4.1)

where I is the initial PL intensity at the moment of excitation, ¢ is time and 7 is the

PL relaxation time defined as:

1

"=k + ko

(4.2)

where k, and k,,, are radiative and non-radiative exciton relaxation rates, respectively.
In a presence of ET the donor PL relaxation decreases due to the additional non-

radiative pathway for exciton relaxation:

1
B kv‘ + kn’r + kET

™D (43)

where kgr is the energy transfer rate.

For an acceptor the dependence is slightly more complicated as ET from a donor
effectively creates an additional source of excitons that are supplied to the acceptor
and recombine at the rate characteristic of a donor (with the ET correction present),

i.e., the time-dependent acceptor PL intensity in the presence of a donor is described

by:

IA(t) ~ Lye '™ 4 et/ (4.4)

and here I’ is the initial correction to PL intensity due to the ET from the donor.
When the ET rate is low compared to the donor radiative decay rate, the donor

PL relaxation time does not experience significant changes and hence ET is difficult

to detect. Additionally, when the donor relaxation time is short compared to that

of an acceptor (which is true for ET from fluorescent organics to QDs) and I’ < I,

100



the additional decay component in acceptor PL intensity is overwhelmed by the PL
decay due to direct acceptor excitation. Consequently, the data analysis becomes
cumbersome and no definitive conclusions can be made about the ET in the potential
donor-acceptor system [88].

Since we are interested in using organic donors to increase the PL intensity of
colloidal QDs we have to take into account the long QD PL relaxation times >10 ns.
However, we note that the PL relaxation times of phosphorescent organic materials
are on the order of 0.5-10 us, which is significantly longer than the QD relaxation
time. Hence, time-resolved PL spectroscopy will allow us to draw clear conclusions

about the QD properties as exciton acceptors [92].

4.3 Material Choices and Specimen Design

For the Forster ET to take place, the donor PL spectrum has to overlap with the
acceptor absorption spectrum. Since the goal of this experiment is to determine
whether triplet excitons can be transfered from a phosphorescent organic donor to
colloidal QDs, and hence potentially benefit the performance of QD-LEDs, we choose
materials and specimen geometries that are routinely used in OLED and QD-LED
fabrication.

Colloidal CdSe/ZnS core-shell QDs with their PL peak at 640 nm are used as
exciton acceptors. Ir(ppy)s doped into a wide band gap host 4,4-N,N-dicarbazole-
byphenyl (CBP) is used as a donor, since it was previously shown to transfer excitons
to red-emitting laser dyes benefitting OLED performance [85]. The overlap of the
Ir(ppy)s emission with the QD absorption in Figure 4-3 indicates the potential for
Forster ET.

Our specimens resemble thin film geometry of QD-LEDs (Figure 4-4). We fabri-
cated three thin film structures: Sample I is a 40 nm thick film of 10% Ir(ppy)s doped
into CBP thermally evaporated onto a glass substrate. Sample II is a monolayer of
CdSe/ZnS QDs (7 nm QD diameter) contact printed onto a glass substrate. Finally,
sample III is a hybrid structure consisting of a monolayer of CdSe/ZnS QDs printed
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Figure 4-3: Overlap between the CdSe/ZnS QD absorption and Ir(ppy)s emission
spectra suggests energy transfer from Ir(ppy)s to QDs. (Note: the QD absorption
spectrum was obtained by the direct measurement in a thin film. Consequently, it
exhibits a red tail due to the scattering of the organic ligands in a solid film.) Inset:
Schematic drawing of a ZnS overcoated CdSe QD and the Ir(ppy)s structural formula.

onto a 40 nm thick film of 10% Ir(ppy)s in CBP on glass.

glass

emple!  samplel  samplell

Figure 4-4: Schematic diagrams of Samples 1, I1 and III fabricated for the ET study
between a green phosphorescent donor Ir(ppy)s and QD acceptors.

4.4 Experimental Observations

Comparing the PL signatures of the three samples described in Figure 4-4 we observe
a 21% + 4% decrease of the Ir(ppy)s time-integrated PL intensity in sample III as

compared to sample I and a concomitant 55% + 5% increase in CdSe/ZnS QD film
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PL intensity in sample IIT as compared to sample IT (see Figure 4-5). The change in
PL is calculated by numerically decomposing the sample III spectrum into CdSe/ZnS
QD and Ir(ppy)s components. The PL change suggests ET from the Ir(ppy)s film
to the QD monolayer. We note that simple reabsorption of Ir(ppy)s luminescence
by the QD film does not account for the observed PL change since the 7 nm thick
QD monolayer has very weak absorption (<1.5 %) over the Ir(ppy)s PL spectrum.
Assuming a QD PL efficiency on the order of 10% (typical of QD films), we find that
reabsorption of Ir(ppy)s photons by the QD layer can lead to a small QD PL flux
increase of at most 0.0015 times the Ir(ppy)s photon flux, or a roughly 3 orders of
magnitude smaller than the observed QD intensity. (To provide an upper limit on
the reabsorption effect, we assume that all of the Ir(ppy)s flux is directed through
the QD film.) Consequently, reabsorption does not significantly contribute to the
observed increase in QD PL in Sample III. (Note that because the film thicknesses
are much less than the wavelengths of the emitted light, and the refractive index
contrasts between the layers are small, optical cavity effects are not expected to be

significant.)

Data from time-resolved PL measurements are shown in Figure 4-6. The PL of
CdSe/ZnS QDs in Sample IT (data set E) exhibits two time constants with a shorter
time constant of 7" =10 ns and a longer time constant of 752 =40 ns. The Ir(ppy)s
PL decay also exhibits a bi-exponential behavior, with a dominant time constant of
7I7(PPY)s =610 ns (as obtained from data set A). In sample III, however, the QD PL
decay (data set D) is substantially elongated, leading to a longer time constant of
TgQg ;7= 500 ns, which is identical to the dominant time constant of the Ir(ppy)s PL

from the same sample (data set B), strongly suggesting that this delayed QD PL is
due to the transfer of Ir(ppy); excitons to the QD film.

An investigation of the first 200ns of QD PL (Figure 4-6) reveals a slight increase
in the initial PL intensity and a small increase of the short time constant, yielding
7@” =12 ns. Note that in Figure 4-6, the data are obtained by integrating the PL
spectra over the wavelength ranges specified in the figure caption. Furthermore, the

QD PL decay for Sample III (data set D) is obtained by subtracting the Ir(ppy)s
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Figure 4-5: Time-integrated PL spectra of samples I, II, III. All measurements were
obtained at the same excitation source power of A =395 nm light. The PL spectrum
of sample III can be constructed from a linear superposition of the PL spectra of
samples [ and IIL.

PL spectrum from the total signal, as illustrated in Figure 4-7, and then integrating
the difference signal over the specified wavelength range. We again note that the
time-dependent contribution of reabsorption to the QD PL is at most 0.0015 times
the Ir(ppy)s flux intensity (obtained from Sample I). Therefore, for all times, the

reabsorption contribution is at most 3% of the observed QD PL signal.

4.5 Numerical Analysis

Since reabsorption does not contribute significantly to the QD PL intensity in Sam-
ple TI1, the observed QD PL enhancement and elongation of QD PL lifetime can be
attributed to exciton energy transfer from Ir(ppy)s; molecules to the QD monolayer.
For quantitative analysis of the data, we note that the observed PL time dependence
(Figures 4-6 and 4-7) is shaped by four physical processes that govern exciton dynam-

ics in the Ir(ppy)3:CBP film: Ir(ppy)s exciton radiative decay, nonradiative decay, ET
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Figure 4-6: Time resolved PL measurements for samples I, IT, and III, performed over
(a) a 5000 ns time window and (b) a 500 ns time window (first 200 ns shown). The
colored lines and markers represent the experimental measurements, and the black
lines represent numerical fits using the proposed diffusion model. To obtain data sets
A and B, the sample PL was integrated over the wavelength range of A =511 nm to
A\ =568 nm, to yield in each case the time dependence of the Ir(ppy)s PL. Similarly, to
obtain data sets C and E, a wavelength range of A =600 nm to A =656 nm was used.
Data set C therefore reflects the intensity of combined Ir(ppy)s/ QD PL near the QD
PL peak. Data set E reflects the intensity of solely the QD PL. To obtain data set
D, the intensity due to the Ir(ppy)s PL was subtracted from C to yield just the QD
PL intensity in Sample III. Note that the black fit lines assume a single exponential
time decay for the Ir(ppy)s, and so are only expected to fit the Ir(ppy)s at early times
(where the single exponential decay dominates).

to the QD film, and diffusion. The two decay mechanisms combine to determine the
observed radiative lifetime of 610 ns and a PL quantum efficiency of ~ 15% (as cal-
culated from optimized electroluminescence efficiencies of 12% doped Ir(ppy)s:CBP
OLEDs [93]). The ET mechanism leads to the observed quenching of the Ir(ppy)s PL
and the associated enhancement of the QD PL, and capturing the Ir(ppy)s excitons
that are closest to the QD film. Finally, the diffusion mechanism induces a net flow
of Ir(ppy)s excitons towards the QD film, due to the depletion by ET of Ir(ppy)s

excitons near the QD interface.
To numerically model the combined processes we model the ET mechanism as an

105



L(b) ’ ' 0ns '
100

B 500 n 1

10

PL [a.u.]

1500 n/ m
— 4

1 1 1

" 450 500 550 600 650 700 750550 600 650 700 750
wavelength [nm]

Figure 4-7: (a). PL spectra of sample III are shown at times t = 0 ns, t = 500 ns, t
= 1500 ns after excitation. Ir(ppy)s; integrated PL spectrum is shown for comparison
(not to scale). (b) QD PL in sample III obtained by subtracting scaled Ir(ppy)s
spectrum from the PL of sample III is shown at t = 0 ns, t = 500 ns, t = 1500 ns
after excitation.

instant energy transfer of any Ir(ppy)s exciton that is within a distance, Lpr, from
the QD film. In this model the dynamics of the ET process is controlled entirely by
Ir(ppy)s exciton diffusion, which determines the rate at which excitons are supplied

to the region within Lpr of the QD film.

A reasonable value for Lpp is determined by considering the possible ET mech-
anisms. In the case of Dexter transfer [46], the exciton capture region consists of a
single Ir(ppy); layer adjacent to QDs, since the transfer rate falls off exponentially
with distance, reducing to negligible ET contributions from all the more distant molec-
ular layers. Since the Ir(ppy); molecule is on the order of 1 nm in extent, then we
estimate that Lgr =1 nm for Dexter energy transfer. In the case of Forster transfer,
the capture region can be larger. For Forster transfer, the rate of ET between a donor

(D) and an acceptor (A), is given by (77],

) 1 (Rp\°®
Kpa=> (7’) (4.5)

where R is the distance between the donor and the acceptor, 7 is the donor lifetime,
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and, Rr is a Forster radius,

9 C4nD/FD(w)UA(w)dld (46)

F 87 nd wi

where ¢ is the speed of light in vacuum, n is the index of refraction of the medium,
k is an orientational factor, np is the donor PL quantum efficiency, F)p is the donor
emission spectrum (normalized to integral over frequency to unity), and o4 is the

acceptor absorption cross section.

We calculate Ry = 4.1 nm from Equation 4.6 by inserting the donor Ir(ppy)s PL
and acceptor QD absorption spectra shown in Figure 4-3, setting n =1.7 and «? = 2/3
(which averages the result over randomly oriented donor and acceptor dipoles), and
using np = 0.15 (as estimated above). (Note: We use n =1.7 characteristic of organic
thin films to obtain an upper bound on Rp. Locally the refractive index could be
higher due to the higher QD index, of n ~ 2.1, which would lead to a lower Ry value.)
This Ry value is roughly equal to the center-to-center distance between a QD and an
adjacent Ir(ppy)s molecule, i.e. 3.5 nm (half the QD diameter) + 0.5 nm (half the
extent of the Ir(ppy)s molecule) = 4.0 nm. We, therefore, expect that the Ir(ppy)s-
to-QD Forster ET is dominated by nearest neighbor transfers. However, it is worth
noting that the total rate of energy transfer from a single organic molecule to a QD
layer should be integrated over all of the dots in the QD layer. This calculation yields
a total transfer rate that scales as R™* [78]. For a hexagonally close packed QD

monolayer, the total rate is given by,

1 Ry 1Dp

Ko = TopR =~ 7

(4.7)

where a is the radius of the QD. Using the values for a and Rp, we obtain Dp =3.7
nm. Given that as noted above the transfer distance between nearest neighbors is just
4.0 nm, we conclude, as expected from the Rp calculation, that transfer is dominated
by the layer of donors in immediate contact with the QD layer, and thus we set
Lgr =1 nm. (We note that reabsorption, Forster, and Dexter are the most commonly

proposed ET mechanisms and are, hence, the mechanisms focused on in this paper.
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The following analysis, however, is unchanged even for other ET mechanisms, as long

as Lpr remains of the order of 1 nm.)

We model the emission, diftusion, and ET processes in Ir(ppy)s though a dif-
ferential equation governing the time, ¢, and space, z, dependence of the exciton

population, n(z,t), in the Ir(ppy)s film:

d 1 o, d
—n(z)=— | —n(z)+ LDELEn(m) .0<z<L—-Lgr (4.8)

where L is the total thickness of the Ir(ppy); film and @ = L corresponds to the
Ir(ppy)s/QD interface. For the film region comprising x > L — Lpr, we assume that
any non-zero value of n is instantly lost due to ET to QD film. We further assume that
initially, at ¢ = 0~, the film is uniformly excited and a moment later, at ¢ = 0", for
x > L — Lgyp, all of the exciton concentration is lost to ET. (Because the film absorbs
less than 20% of the incident excitation light. the error incurred in assuming uniform
excitation is small.) Subsequently, the system evolves following Equation 4.8 with
diffusion current through the x = L — Lgr plane comprising the Ir(ppy)s excitons
lost to ET due to diffusion. We perform a discrete time numerical calculation of two
functions of this system: the number of emitted photons per time step, npy(t) , and
the number of energy transferred excitons per time step, ngr(t). Setting L =40 nm,
Lpr = 1.0 nm and 7 =610 ns we find that for a 21% Ir(ppy)s quenching fraction,
we obtain Lp = 8.1 nm. In Figure 4-6 we plot the associated fits (black lines). The
npr(t) function provides the fit to the Ir(ppy)s PL in Sample II1. To fit the QD PL
in Sample I1I, we scale the ngr(t) function by 0.6 relative to the Ir(ppy)s PL curve
(to reflect the reduced PL efficiency of QDs as compared to Ir(ppy)s and the spectral
collection window) and we add to it the QD PL observed in Sample II, which provides
the PL due to direct excitation of the QD film. For comparison, a single exponential

decay with 7 =610 ns is plotted besides Ir(ppy)s PL of Sample I (data set A).

The model generated PL time dependence is consistent with both the Ir(ppy)s
and QD time dependent PL intensity from Sample III. For the Ir(ppy)s PL (data

set B), the deviations mainly occur at longer times (£ > 2000 ns) where the single
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exponential character of the intrinsic Ir(ppy)s PL is no longer valid. For the QD PL
(data set D), the fit agrees to within the experimental error at all times. The fit
suggests that the QD PL is initially due to both PL of QDs excited by incident light
and PL of QDs excited by ET from [r(ppy)s. At later times (¢ > 150 ns) the QD PL
dynamics are entirely due to the Ir(ppy)s exciton diffusion process. We also note that
the value of Lp =8.1 nm obtained from the fit is comparable to exciton Lp values

measured in other molecular organic thin film systems [94, 95].

By considering the scaling factor required to fit the QD PL in Sample III (data
set D) we can calculate the PL efficiency of the QD film. Due to the measurement
windows utilized in generating the intensity profiles in Figure 4-6, the Ir(ppy)s PL
curve (comprising the signal between A =511 nm and A =568 nm) reflects 0.59 of
the total Ir(ppy)s spectral intensity, while the QD PL curve (comprising the signal
between A =600 nm and A =656 nm) reflects 0.86 of the total QD spectral intensity.
Consequently, transferring Ir(ppy)s excitons to the QD layer should yield a corre-
sponding increase in the QD PL curve equal to 0.86/0.59 = 1.46 times the loss in
Ir(ppy)s photons for equal quantum efficiencies. Since we fit our QD PL data by
scaling the ngr(t) curve down by 0.6 relative to the Ir(ppy)s fit, this implies that
the quantum efficiency, 7gp, of the QD film is 0.6/1.46 = 0.41 times the Ir(ppy)s
quantum efficiency, yielding nop =0.41*%0.15 = 0.06, which is consistent with typical
thin film QD PL efficiencies.

Finally, we note that the model employed here is only weakly dependent on Lgr,
with the main effect being that as Lpr increases, Lp decreases because a larger
fraction of the Ir(ppy)s photons are instantly quenched and therefore less diffusion
is required to obtain the desired 21% total quenching. In the rather extreme case
where Lpr =5 nm, the data can still be roughly fit by setting Lp =4.0 nm, yielding
a corresponding calculation of 77gp =0.12. Indeed, we find that this model produces
a similar time dependence to the Ir(ppy)s PL quenching and QD PL enhancement
for a wide range of Lpr values. Consequently, on the basis of only the experiments
shown here, it is not possible to conclusively identify the dominant ET mechanism

(e.g. Dexter or Forster).
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4.6 Energy Transfer from Fluorescent Organic Donors

to QDs

The experiment described above conclusively confirms that QDs can accept triplet
excitons from a phosphorescent organic donor. However, an overwhelming major-
ity of charge transporting organics are fluorescent materials. Since one of the pro-
posed mechanisms of QD-LED operation requires QDs to accept excitons generated
in charge transporting layers, it is essential to investigate this possibility. It is evident
from the overlap between red QD absorption and Algz and TPD PL spectra (Figure
3-4 of Chapter 3) that red QDs could potentially accept excitons from either of the
organic materials. Here we perform time-resolved PL measurements to confirm the
possibility of energy transfer from Algs to CdSe /ZnS core-shell QDs.

For this experiment we fabricate three samples: sample I is a 40 nm Alqs film
on glass; sample 11 is CdSe/ZnS core-shell QDs emitting at A =604 nm on top of 40
nm of TAZ (we found it difficult to print this particular batch of QDs onto glass,
hence we use a wide band gap organic underlayer of TAZ that does not absorb the
excitation light with A =395 nm, but rather provides a low energy surface for QDs to

rest on); finally, sample IIT is a monolayer of QDs printed onto a 40 nm Alqg film.

4 (a) QD monolayer (b) QD monolayer on Algs film

+——Alqg;

energy [eV]

0 10 20 30 40 50
time [ns]

Figure 4-8: Streak camera images show the Alqs PL quenching and QD PL intensity
increase in a hybrid Alqs/QD structure.

We used the same optical setup as was employed in the experiment above (also

shown in Figure 2-11 ) to collect time-resolved PL spectra of our three samples. It
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is evident from the streak camera pictures in Figure 4-8 that the brightness of QD
emission increases and the brightness of the Alqs emission decreases in the presence
of each other (Sample III Figure 4-8(b)). For a more quantitative analysis we need

to investigate the PL spectra in both time and wavelength domains.

Figure 4-9(a) shows the time-integrated PL spectra of Samples I, IT and III. There
is a clear ~ 190% increase in QD PL intensity and a concomitant ~ 70% Alqs PL
intensity decrease, indicating a potential energy transfer from Alqs to QDs. Analogous
to the previous experiment with a phosphorescent donor, the QD PL increase due to
reabsorption of donor emission is negligible due to very low (< 1.5%) absorption of a
QD monolayer. Note, that the number of excitons lost by Alqs seems to exceed the
number of excitons gained by QDs, which implies an additional quenching mechanism

of Alqs PL in the presence of QDs, which we will not discuss here.
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Figure 4-9: (a) Time-integrated PL spectra of samples I, II, III. All measurements
were obtained at the same excitation source power of A =395 nm light. The PL
spectrum of sample III can be constructed from a linear superposition of the PL
spectra of samples I and II. (b) Time resolved PL measurements for samples I, II,
and I11, performed over a 50 ns time window. The colored lines and markers represent
the experimental measurements. To obtain data sets A and B, the sample PL was
integrated over the wavelength range of A =509 nm to A =551 nm, to yield in each
case the time dependence of the Alqs PL. Similarly, to obtain data sets C and E, a
wavelength range of A =583 nm to A =626 nm was used. Data set C therefore reflects
the intensity of the combined Alqz/ QD PL near the QD PL peak. Data set E reflects
the intensity coming solely from the QD PL. To obtain data set D, the intensity due
to the Alqs PL was subtracted from C to yield just the QD PL intensity in Sample
I11.
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As we mentioned earlier in this Chapter, it is difficult to extract information about
ET when the PL relaxation time of a donor is lower than that of an acceptor. From
the PL relaxation curve for Alqs in sample I (data set A) and the PL relaxation
curve for QDs in sample II (data set E) shown in Figure 4-9(b) we find the PL
relaxation times of both QDs and Alqs are ~10-12 ns. Therefore, it is difficult to
detect changes in the PL relaxation times of these materials in the presence of ET.
While Alqs PL is quenched in sample 111, the difference in the PL relaxation time is
on the order of the experimental error (data set B). However, the PL decay taken at
the QD emission wavelength (data set C) matches the Alqs PL decay almost exactly,
confirming the ET nature of Alqs PL quenching. To avoid errors associated with the
Alqs PL contribution to data set C, we subtract the Algs component (akin to Figure
4-7(b)) to obtain the solely QD PL decay curve in sample III (data set D), which also
closely matches the Alqs PL decay profile.

It is evident from the QD PL intensity increase in Figure 4-9(a) that the presence of
neighboring Alqs enhances the QD PL. The ET to QDs is the most likely mechanism
of the Algs PL quenching. Consequently, exciton generation in Algz and ET to QDs
can benefit the performance of QD-LEDs. The analogous argument can be made
with respect to QDs and TPD. However the short TPD PL relaxation time of ~1 ns

complicates the data analysis.

4.7 Summary

Here we clearly demonstrated that colloidal CdSe/ZnS core-shell QDs routinely used
in QD-LED design can accept triplet excitons from an organic phosphorescent donor
Ir(ppy)s, which is manifested in an increase in the PL intensity and an increase in PL
lifetime for a CdSe/ZnS QD thin. The observed ET dynamics are self-consistently
explained by a simple numerical model that combines exciton diffusion in the Ir(ppy)s
film with short-range ET from Ir(ppy)s to the QD layer. The demonstrated transfer
of triplet excitons to luminescent QDs could benefit the development of QD optoelec-

tronic technologies, such as QD-LEDs.
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We have also demonstrated the possibility of singlet exciton energy transfer from
Alqgs to QDs, which implies that the exciton generation in organic charge transporting
layers and subsequent exciton transfer to the emissive QD monolayer is an important

mechanism to consider for QD-LED design and operation.
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Chapter 5

Mechanism of QD-LED Operation:
Experimental Study

Previous chapters have discussed different aspects of the QD-LED operation such as
charge injection into different QD types, energy transfer (ET) between the different
QD types, and ET between the organics and QDs. This chapter is dedicated to gaining
an understanding of the fundamentals of carrier transport and exciton generation in

QD-LEDs through experimental investigation of various QD-LED structures.

5.1 Energy Transfer vs. Charge Injection

To date, QD-LED emission across the visible and near-IR spectrum [17, 54, 96] has
been demonstrated. However, we still find that the external quantum efficiency differs
for QD-LEDs of different color. The best published green, red, and orange QD-LEDs
exhibit peak efficiencies in the range of 1-2% [17, 30, 31, 32|, while the efficiency of blue
QD-LEDs is on the order of 0.3% for QDs of similar starting QD solution photolumi-
nescence (PL) efficiencies [17, 33]. Finding the origins of QD electroluminescence in
QD-LEDs through understanding the differences in performance of various QD-LED
types is essential to the systematic design of more efficient QD-LEDs.

Figure 5-1 illustrates the mechanisms involved in QD-LED operation. When posi-

tive bias is applied to the anode (potential at the anode ¢, = V' > 0) and the cathode
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is grounded (potential at the cathode ¢, = 0), electrons are injected from a metal-
lic cathode (e.g. Mg/Ag alloy) into an organic hole transporting layer (e.g. TPD,
CBP) and holes are injected from a transparent conductive oxide anode (e.g. ITO)
into an organic electron transporting layer (e.g. Algz). The injected carriers then
travel through the organics towards the QD film. These carriers can then form exci-
tons on (I) or near (II) QD sites leading to the QD electroluminescence (EL). Two
mechanisms have been proposed to explain the QD EL in QD-LEDs [17, 54, 74]. In
mechanism I in Figure 5-1, which we will refer to as the ”direct charge injection”,
carriers transported through the organic charge transport layers are directly injected
into QDs, where they can form excitons that can radiatively recombine. In mecha-
nism 11 in Figure 5-1, which we will refer to as the "exciton energy transfer”, excitons
are formed on the organic molecules surrounding the QD film. Excitons then can
resonantly transfer to QDs, where they recombine radiatively. In this chapter we

assess the relative contributions of the two mechanisms to QD-LED EL.

direct charge injection

m

37eV

47eV
ITO?

exciton energy transfer

Figure 5-1: Schematic diagram illustrates the two proposed mechanisms of QD-LED
operation. Mechanism I is referred to as " direct charge injection”, and mechanism II
is referred to as an ”exciton energy transfer”.
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In order to investigate the relative positions of the exciton generation and recom-
bination regions, we fabricate a set of devices shown in Figure 5-2, in which we vary
the position of the emissive QD monolayer within the QD-LED structure. Device 1
is a control OLED [8, 9], device 2 represents a standard QD-LED structure with a
QD monolayer deposited at the interface between the hole and electron transporting
layers, in devices 3 and 4 QD monolayers are embedded into the hole transporting
layer (HTL) 10 nm and 20 nm, respectively, away from the interface. In devices 5
and 6 QD monolayers are embedded into the electron transporting layer (ETL) 10

nm and 20 nm, respectively, away from the interface.

Figure 5-2: Schematic diagrams of device structures 2 through 6 with QD monolayer
deposited at different positions within the device stack. Device 1 is a control OLED,
containing no QDs.

5.2 Experimental Observations

Figure 5-3(a) plots the EQE of the devices 1 through 6. Device 1 exhibits a peak
EQE of 0.8% consistent with previous reports 8,9]. (Note: Throughout this Chapter,
the EQE, by definition, is the number of emitted photons per number of injected

electrons multiplied by 100 %.) Device 2 shows a 1.5% peak EQE, which is on the
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Figure 5-3: (a) EQE measured for devices 1 through 6 as a function of current through
each device. (b) Current-voltage characteristics for devices 1 through 6.

same order of magnitude as in previous reports [30]. Devices 3 and 4 that have QD
monolayer embedded into a hole transporting layer show higher peak EQE values of
2.3% and 1.7%, respectively, while devices 5 and 6 have peak EQE values of 1.1% and
0.8%. From these results it is evident that embedding a QD monolayer into a HTL
improves the device efficiency by ~ 50%, while embedding QDs into an ETL leads to

a decreased device efficiency as compared to the standard device 2 structure.

Normalized EL spectra for devices 1 through 6 are shown in Figure 5-4. The EL

spectrum of the device 1 OLED is solely due to Alqs emission, which is consistent
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Figure 5-4: Normalized EL spectra for devices 1 through 6 are shown at 4 V of applied
bias.

with previous reports (8, 9]. EL spectrum for the device 2 archetypical QD-LED is
solely due to narrow QD emission, which is also consistent with the previous studies
[30]. However, we note that the rest of the devices 3 through 6 have EL spectra
dominated by QD emission despite the variable position of the QD monolayer in
different structures. The EL spectrum of the most efficient device 3 does not exhibit
any organic emission contribution, and the EL spectra of devices 4, 5 and 6 show only
minor Alqs components.

Figure 5-5 plots the energy band diagrams for devices 1 through 6. HOMO levels
of organic materials are obtained from electron photoemission measurements, and op-
tical absorption spectroscopy is used to determine the relative position of the LUMO
levels [97]. The energy band structure of QDs is derived numerically by starting with
the bulk semiconductor energy band structure and confining it to the size of the QDs
while assuming that carriers in QDs retain the effective mass of bulk semiconductors
[13]. It is apparent from Figure 5-5 that QDs provide an energy trap for the mobile
electrons in the structure, and are not likely to trap holes, due to the high ~1 eV

energy barrier for the hole transport from the HOMO levels of TPD and Alqs into
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Figure 5-5: Suggested energy band diagrams for devices 1 through 6.

QDs (see Figure 5-5).

QD charging, due to the accumulation of electrons, can lead to QD luminescence
quenching via the non-radiative Auger recombination mechanism [80]. Auger recom-
bination requires a presence of an exciton and an unpaired carrier (electron or hole)
at a QD site, which can arise when the concentration of one charge carrier type is sig-
nificantly higher than the concentration of the other carrier type at a QD. During the
Auger recombination, the energy released from the exciton recombination promotes
the unpaired carrier to a higher energy level, from which it can thermally relax to
its ground state [98]. Auger recombination occurs on a 100 ps time scale (80|, much
faster than the radiative recombination lifetime of QDs, which is on the order of 10 ns
[45, 75|, resulting in the rapid quenching of QD luminescence. Embedding the QDs
into a HTL can decrease the electron concentration at QD sites, and consequently,
decrease the likelihood of Auger recombination events, consistent with the observed

increase in QD luminescence efficiency for devices 3 and 4.

5.3 Contribution of the Exciton Energy Transfer
to QD-LED Electroluminescence

In Chapter 4 we have demonstrated that thin films of colloidal QDs can efficiently
accept excitons from organic thin film donors, which was manifested as an increase
of the QD luminescence intensity in time-resolved PL experiments [92]. The exciton

energy transfer from organic thin films to QDs can also be responsible for a QD EL
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in QD-LEDs, akin to its contribution to EL of OLED structures. For example, in the
device 1 OLED structure, excitons are formed at the TPD/Alqs interface. Due to the
higher potential barrier for the electron injection from Alqs into TPD, as compared
to the potential barrier for the hole injection from TPD into Alqs, the majority of
excitons are formed on Algs molecules. Furthermore, all excitons formed on TPD
molecules can efficiently transfer their energy via the Forster mechanism [77] to Alqs
molecules due to the spectral overlap of the Alqs absorption and TPD emission,

resulting in an EL spectrum that consists entirely of Alqs luminescence (Figure 5-4).

As we have shown in Chapters 3 and 4 the absorption spectra of orange and red
QDs overlap with the Alqs and TPD PL spectra, which indicates the possibility of
Forster energy transfer (ET) from these materials to QDs. In Chapter 4 we have also
demonstrated the increase of QD PL intensity in the presence of neighboring Alqs
film. Due to the large absorption cross-section of each QD, we find the Forster radius
Rp to be on the order of 7.5 nm for the energy transfer from a single Alqz or TPD
molecule to a single QD. The exciton energy transfer rate from a single molecule to

a plane of QD acceptors is then obtained by integrating over a QD monolayer [78]:

RS, [T=° 9mprdr RS 1 /Dp\*
Kpoa=—L Pa = L (—F> (5.1)
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where a is the QD radius, 7 is the donor PL relaxation time, D is the distance from
a donor to a plane of QD acceptors, and Dp is the Forster distance for the energy
transfer from a single donor to a plane of acceptors. For the energy transfer from
the TPD or Alqs molecules to a monolayer of QDs (a = 2.5 nm), we find a Forster

distance of Dp ~ 11 nm.

This implies that we should observe a substantial energy transfer to QDs of the
Alqz or TPD excitons formed a distance Dp away from the QD layer. This is in
agreement with the QD-LED EL spectra displayed in Figure 5-4: For the devices
2 and 3, that have QDs deposited at the TPD/Alqz interface or embedded 10 nm
into the TPD HTL, we observe no Alqs or TPD contribution to the EL spectra,
which implies a complete energy transfer of the Algs or TPD excitons to the QDs. In
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devices 4 and 6, 20 nm spacing between the QD monolayer and TPD/Alq; interfaces
1s arguably large compared to the Forster distance of 11 nm for the resonant energy
transfer to be observed, but we nevertheless only observe a small Alq; contribution
in the EL spectra of devices 4 and 6. This can be explained by taking into account
the exciton diffusion length, which is on the order of 8 nm in organic thin films
(92, 94, 95]. In devices 4 and 6, the excitons formed at the TPD/Alqs interface have
to diffuse, prior to the energy transfer to QDs, and can recombine on Algs molecules

contributing to the Alqgs spectral signature.

If we assume that the exciton energy transfer is the dominant mechanism in QD-
LED operation, the observed increase in the QD-LED efficiency upon embedding the
QQDs into a hole transporting layer (as in devices 3 and 4) can be accounted for by
the diminished charge accumulation at the QD sites. Since the electron transport
from Alqs to QDs in this case is inhibited by the intervening TPD layer, and a hole
accumulation at QDs is unlikely due to the energy level alignment, the probability of
an exciton transfer to a charged QD is low, which leads to a low occurrence of the

Auger quenching process, and a desired increased EQE.

To form excitons on the organic charge transporting layers of QD-LEDs, holes
have to be able to travel through the TPD layer to the TPD/Alqs interface, but
the proposed band diagrams of Figure 5-5 show that the hole transport should be
impeded in devices 2, 3, and 4 by the presence of the QD monolayer that forms a
potential barrier to the hole transport. We note however, that the one-dimensional
energy diagrams sketched in Figure 5-5, fail to take account of the three-dimensional
shape of the QDs. AFM images of QD monolayers in QD-LEDs show that the 5
nm diameter QDs form hexagonally close packed monolayers on top of TPD surface
after the microcontact printing [15] (e.g. Figures 2-7 and 3-3), producing nm-scale
openings between the QD sites. Deposited organic films fill these openings allowing
for the holes and electrons to pass through the device, bypassing QDs, and reaching
the Alqs/TPD interface where the excitons are formed.

In efficient OLEDs, where Auger recombination is negligible and leakage currents

are small, higher current densities result in higher exciton formation rates. In less
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power efficient OLED structures, charge accumulation (at charge trap sites or het-
erointerface potential steps) results in internal electric fields, driving charge in the
opposite direction to the applied bias voltage, leading to lower space charge-limited
currents [62, 99] at a given externally applied voltage, and consequently, to lower
exciton formation rates. Similarly, the charge transport in QD-LEDs is also governed
by the properties of organic charge transporting layers, so that space charge limited
conduction [62, 99| is the dominating conduction mechanism. As QDs trap electrons
efficiently, we expect electron accumulation at QD sites, which contributes to space
charge build-up and results in lower currents through the device at a given exter-
nal bias, lower exciton formation rates, and higher Auger loss rates at the QD sites,
which is manifested in lower QD-LED EQE. The performance of devices 2, 5 and 6 is
consistent with this analysis, as they demonstrate lower current densities at a given
bias voltage (Figure 5-3(b)) and lower EQEs (Figure 5-3(a)) as compared to devices
3 and 4.

It is assumed in the analysis above that the leakage currents through the devices
are small, which is supported by the OLED EQE value consistent with previous
reports [8, 9]. High leakage currents resulting from short circuit pathways through
the device, typically caused by morphological defects, impede the device efficiency, as
they do not contribute to the device EL. In order to compare the exciton generation
in different LED structures, it is essential to fabricate the devices in a parallel process
conserving the design parameters so that the internal morphology is consistent from

one device to another.

5.4 Contribution of the Direct Charge Injection to

QD-LED Electroluminescence

While the experiment described above provides evidence for the exciton energy trans-
fer contribution to the QD-LED operation, the observed trends also appear consistent

with the direct charge injection model for the QD-LED operation. The increase in the
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QD-LED EQE upon embedding the QDs into a HTL, as in devices 3 and 4, may imply
better electron and hole balance. In these structures electrons travel through a thin
HTL before reaching the QDs, which slows down the electron arrival to the QD sites,
lowering the number of electron-exciton complexes at QDs, reducing the occurrence
of Auger recombination events and therefore increasing the overall QD luminescence
efficiency. Conversely, embedding QDs into an ETL, as in devices 5 and 6, leads to
an increase in the electron concentration at QD sites leading to higher probability of
formation of the electron-exciton complexes, and consequently, a decreased QD-LED
efficiency. In order to test the charge balance hypothesis and to investigate electron
transport in QD-LEDs, we fabricated QD-LED structures shown in Figure 5-6, in
which we insert a TPD electron blocking layer (EBL) inside Algqs ETL and we vary
the thickness of TPD from 0 nm to 16 nm inside the Alqg ETL. The presence of the
barrier to the electron transport may result in a reduced electron concentration at
QD traps, leading to more balanced electron and hole concentrations at the QD sites

and consequently reduced formation of undesirable electron-exciton complexes.
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Figure 5-6: Schematic device structure for devices la through 5a. Thickness of the
TPD electron blocking barrier, d, is varied for the devices, while the total thickness
of the electron transporting layer is kept equal to 50 nm, and the TPD blocking layer
is separated by 20 nm of Alqs from the QD monolayer. d = 0 nm for device la, d =
2 nm for device 2a, d = 4 nm for device 3a, d = 8 nm for device 4a, d = 16 nm for
device 5a.

All the devices of Figure 5-6 are fabricated on glass substrates, and have an ITO
anode with a PEDOT:PSS hole injecting layer, with a 40 nm TPD layer for hole

transport, on top of which an emissive colloidal QD monolayer is deposited via contact
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Figure 5-7: (a) EQE of devices la (red), 2a (orange), 3a (green), 4a (cyan), and 5a
(blue) as a function of the current density through each device. (b) Current-voltage
characteristics for devices 1a (red), 2a (orange), 3a (green), 4a (cyan), and 5a (blue).

printing [16]. The 50 nm electron transporting layer consists of Algs for device 1a; for
the remaining devices, the electron transporting layer is built of a 20 nm thick Alqs
film on top of the QD monolayer followed by the TPD EBL of varying thickness (2,
4, 8 and 16 nm) and an Alqy layer with its thickness chosen to result in a total 50 nm
thick electron transporting layer (28, 26, 22 and 14 nm,). Mg:Ag cathodes protected
with Ag overlayers are deposited on top of the structures.

Figure 5-7(a) shows EQEs for devices la through 5a. Devices la, 2a and 3a
have EQEs of 1.8, 1.7 and 1.6% respectively. The EQE of device 4a is significantly
lower ~ 1%, and finally device 5a is the least efficient with its EQE of ~ 0.14%.
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The IV-characteristics (Figure 5-7(b)) for devices la through 5a show that device
la is the least resistive and device 5a is the most resistive. The resistance of the
devices gradually increases with increasing thickness of the electron blocking TPD
layer, which is in agreement with the device structures and band diagrams of Figure
5-6 that illustrate an increasingly impeded electron transport with the increasing
thickness of the inserted TPD layer. However, the decrease of EQE with increasing
thickness of inserted TPD layer is unexpected, as the inserted TPD layer should
improve the balance of electron and hole densities at QD sites, reducing the Auger
process and increasing EQE. This surprising finding implies that the charge balance at
QD sites, and consequently, the direct charge injection into QDs does not contribute
significantly to the QD-LED efficiency. In contrast, the exciton energy transfer plays

a more significant role in the QD-LED operation.

5.4.1 Effects of the QD Charging on QD-LED efficiency

We also performed repeated EQE measurements on each of the devices of Figure 5-6,
using 4 measurement cycles with a 30 sec interval between the cycles (Figure 5-8(a)
plots). For devices la, 2a, 3a, we find a nearly 50% decrease in EQE from the first
to the second measurement, with an additional ~ 20% decrease in EQE on the third
measurement cycle, and ~ 10% decrease on the fourth cycle. A smaller decrease in
EQE is observed for the sequence of measurements on device 4a (~ 40% decrease on
the second measurement, ~ 10% on the third, and ~ 5% on the fourth cycle); while
for device 5a there is no noticeable change of EQE with consecutive measurement
cycles. We also notice that EQE of the originally most efficient device la decreases
the most in the second, third and fourth cycles, which makes it less efficient in those
cycles than the devices 2a and 3a.

We repeated the test cycling of our devices on the following day and found EQEs
nearly the same as for the fresh devices (Figure 5-8(b)), prior to cycling. The observed
decrease in EQE of the cycled devices, and subsequent recovery after a one day wait
period, can therefore be attributed to the charging of the QD monolayer with excess

electrons during operation, and a slow release of charge that was trapped on QQDs as
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the devices rested for one day. (Note: We perform all of the QD-LED testing in the
N, glovebox, and a small number of oxygen and particularly water molecules may
accumulate in the glovebox environment. A minor permanent decrease in QD-LED
EQE can be attributed to the potential morphological modifications in the organic
films due to the aggressive testing conditions and the presence of oxygen and water
molecules in the surrounding environment. In addition the presence of oxygen and
moisture may cause the oxidation of Mg/Ag contacts, which decreases the active area
of the device pads.)

The charging of the QDs in the QD-LED structure contributes to the decrease in
EQE, and from the above cycling experiment it is apparent that structures 2a through
5a reduce the QD charging as compared to device la, with the most pronounced
decrease in charging observed for devices 4a and 5a. However, while in these structures
we can controllably eliminate electron accumulation at the QD sites, we do not observe
an increase in QD-LED efficiency upon inserting thicker TPD EBL into the Algs layer.
Instead, the QD-LED peak efficiency is the lowest for devices 4a and 5a.

@ ' ' 1 by

EQE [%]
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Figure 5-8: (a) Peak EQE for devices la through 5a, taken in four consecutive cycle
measurements separated by ~30 seconds. In every measurement cycle the bias voltage
is scanned from 1 V to 15 V (devices 1a through 4a) or from 1 V to 20 V (device 5a).
(b) Peak EQE for devices la, 2a, 3a and 5a measured in an experiment identical to
the one in (a) performed on a next day.

cycle number cycle number

To explain the observed data, we note that the EQEs of these devices are not solely
governed by the QD charging but also by exciton generation. Charge accumulation

in Algs at the TPD EBL interface located closer to the cathode results in a decreased
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current through the device, and consequently, a decreased exciton formation. Thin
TPD EBL of devices 2a and 3a does not lead to a significant charge accumulation
at the Algs/TPD interface and consequently does not have a major impact on the
peak EQE. The thick TPD EBL of devices 4a and particularly 5a significantly impedes
electron transport through these devices (which is in agreement with the observed IV-
characteristics of Figure 5-7(b) that show higher resistance for these devices) reducing
exciton formation and consequently lowering EQE.

Another important factor contributing to QD-LED EQE is the distribution of in-
ternal electric fields within a structure. It has been previously demonstrated that in
the structures that incorporate single QDs into hole transporting organic thin films
the field induced exciton dissociation is the primary mechanism for QD luminescence
quenching [100]. In those structures QD charging is not expected to significantly con-
tribute to QD luminescence quenching, since QDs are well separated from each other,
providing low resistance pathways for carrier transport. Additionally, the current in
those devices is dominated by the holes that are not trapped efficiently by QDs. In
our study a close-packed QD monolayer provides an electron trap, and the proximity
of the electron transporting layer results in a high probability of the electron capture
by QDs. While incorporating the TPD EBL may cause a change in the distribution
of internal electric fields in QD-LED structures, we do not expect the field across the
QD monolayer to change by the several orders of magnitude needed to significantly
Impact the exciton dissociation rate. Consequently the QD charging with electrons
is expected to have a more dramatic effect on the QD luminescence efficiency in our

devices.

5.4.2 Exciton Formation in QD-LEDs

To investigate the exciton formation mechanism in devices 2a through 5a we perform
EL measurements at different applied bias conditions (Figure 5-9). The EL for devices
2a through 4a was measured at bias voltages between 3 V and 15 V, and for device
5a the EL was measured at bias voltages between 6 V and 20 V, since this device

has a significantly higher resistance and a higher turn-on voltage. Figure 5-9 shows
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Figure 5-9: (a), (c), (e), and (g) Normalized EL spectra for devices 2a, 3a, 4a, and da
taken at different bias voltages. EL intensity increases with increasing applied bias.
(b), (d), (f), and (h). Normalized EL spectra for devices 2a, 3a, 4a, and 5a taken at
different bias voltages. In these plots EL intensity decreases with increasing applied

bias. The arrow shows the direction of the increasing bias voltage.
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normalized EL spectra for each of the devices divided into two groups. The first set of
EL spectra (Figure 5-9 (a), (c), (e), (g)) corresponds to the voltages, at which the EL
intensity increases with the increasing applied bias voltage, and the second set (Figure
5-9 (b), (d), (f), (h)) corresponds to the voltages, at which the EL intensity decreases
with the increasing applied bias. All the devices reach a maximum brightness at
similar driving current densities J ~ (3 £+ 1) mA/cm? that correspond to 9 V for the
device 2a, 11 V for the device 3a, 12 V for the device 4a, and 15 V for the device 5a.
The decrease of the EL intensity with higher applied currents (voltages) is atypical of
OLEDs, and in these QD-LED structures can be caused by the charge accumulation

at QD sites and at the TPD (EBL)/Alq; interface.

We also notice that the contribution of the Alqs emission to the device EL spectra
increases consistently with increasing applied bias for the devices 2a, 3a and 4a. For
the device ba EL spectra, we first observe the decrease in the Alqs component at bias
voltages between 6 V and 13 V, followed by an increase at bias voltages above 13 V,
akin to that of the devices 2a through 4a. The evolution of the EL spectra appears
consistent with the energy transfer model and can be explained by the position of the
exciton formation region within the devices. In devices 2a, 3a, and 4a, where the TPD
EBL is sufficiently thin for electrons to transport through, the majority of excitons
form in the Algs layer next to a QD monolayer, from where they resonantly transfer
to the QDs. At higher currents through the device, the concentration of electrons
at QD sites significantly increases, leading to the Auger-facilitated quenching of the
QD emission. In addition, the exciton generation region becomes wider occupying a
larger volume of Alqs, and consequently, some excitons form further than a distance
Dp away from the QD monolayer, which increases the probability of their radiative
recombination on Algs molecules [101]. In device ba, where the TPD EBL is thick, at
lower bias voltages a majority of electrons are slowed down by the barrier, and do not
reach the Alqs/QD interface. Consequently, the exciton formation region is shifted
towards the Alq;/TPD (EBL) interface, which is more than 2Dz away from the QD
monolayer, leading to a significant radiative recombination of the excitons on Alqs

molecules. At higher bias voltages, the electrons have a higher probability of reaching
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the Alqs/QD interface, thus contributing to exciton generation near QD sites, and
hence, resulting in a more efficient energy transfer and a higher QD emission intensity.
At very high bias voltages >13 V we observe the same trend as for devices 2a, 3a and
4a, where the exciton formation region at higher bias voltages occupies the bulk of
the Algs layer adjacent to QDs.

The spectral purity of the QD-LED emission is very sensitive to the device struc-
ture and can differ with respect to different fabrication methods. Factors such as the
closeness of the QD-to-QD packing in the QD monolayer, or number of QD mono-
layers in a QD-LED structure have a significant impact on the QD-LED EL spectra.
The morphology of a monolayer depends on both the QD size distribution and on
the average QD size, i.e. smaller QDs tend to provide denser films. In archetypical
QD-LED structures, akin to the device la in Figure 5-6, organic components of the
EL spectra tend to increase with increasing bias voltage [101]. However this effect
may not be apparent at low voltages (<10-15 V) in devices with a high QD pack-
ing density or multiple QD layers. In order to investigate exciton generation regions
in QD-LEDs in our work, we only compare devices fabricated in parallel that have

identical design parameters, such as the QD film morphology.

5.5 Summary

Our experiments suggest that charging of the QDs with electrons significantly con-
tributes to a decrease in the QD-LED efficiency. One method to improve the per-
formance of these devices is to embed the luminescent QD monolayer into a hole
transporting layer <10 nm away from the exciton-generating interface. We also sug-
gest that resonant energy transfer makes a significant contribution to the device
performance, and exciton formation within the Forster distance away from the QD
monolayer can be beneficial for increasing the device efficiency. Having a precise con-
trol over the position of the exciton formation region enabled us to monitor energy
transfer processes within the device structure, which is crucial for applications where

the contribution to the EL spectrum by each emitter type is important. While exci-
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ton formation through direct charge injection could potentially lead to more efficient
devices (since this process eliminates exciton losses associated with an incomplete
energy transfer), it demands a precise electron and hole concentration balance, and a
similar barrier for electron/hole injection into the QDs. In the case of a charge imbal-
ance, or if one carrier is trapped by QDs more efficiently than the other, the EQE of
the device would be reduced by QD charging and consequent Auger recombination.
Designing devices that rely on the precise charge balance and exciton formation
on QDs can be difficult and requires a hole transporting material with a lower HOMO
level than the QD valence band and a bandgap larger than that of QDs. Designing
devices that mostly rely on the exciton generation within the organic layers and
their resonant transfer to QDs does not call for the design and synthesis of new
organic materials, while gives an opportunity to use efficient donors (for example

phosphorescent materials) for the exciton generation and a subsequent transfer to

the QDs.
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Chapter 6

Mechanism of QD-LED Operation:
Physical Model

In our experimental effort described in detail in Chapter 5 we investigate the con-
tribution of two main mechanisms to the QD-LED operation, the first, based on the
direct charge injection into QDs followed by exciton formation and recombination
on QD sites, and the second, relying on the exciton formation in organic films in
the vicinity of QDs and a subsequent exciton energy transfer to QDs. We find that
maximizing the exciton energy transfer from organic donors to QDs as a primary
device operating mechanism may result in more efficient QD-LEDs, as it eliminates
QD charging, and thus Auger recombination, which is one of the main processes
contributing to QD luminescence quenching. Our experiments show that embedding
QDs into a hole transporting layer <10 nm away from the interface between a hole
and an electron transporting materials results in a 50% QD-LED efficiency increase,
which we attribute to both decreasing QD charging and improving exciton generation

at the interface between the hole and electron transporting materials.

This Chapter is dedicated to a physical model for the carrier and exciton transport
in QD-LEDs that allows us to calculate numerically carrier and exciton concentration

profiles, and local electric fields, for a variety of QD-LED device structures.
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6.1 Theoretical Background

6.1.1 Carrier Transport

As we discussed in Chapter 1, organic semiconductors are characterized by carrier
mobilities lower than those of crystalline inorganic semiconductors such as silicon (Si)
or gallium nitride (GaN). In contrast to crystalline semiconductors, in amorphous
organic thin films, carriers are localized at any given moment in time, and carrier
transport is dominated by molecule-to-molecule hopping rather than by an in-band
travel process [102]. Since the molecules composing organic charge transporting films
are electrically neutral in equilibrium, the concentration of free charges in organic
semiconductors is low (~ 10° ¢cm™?) [46] compared to the intrinsic concentration in
Si (10'° cm™3), and therefore the current through the device at a given externally
applied bias voltage is dominated by the injected carriers. As carriers move slowly
through the organic devices and can potentially be trapped on organic molecules with
relatively lower LUMO (or higher HOMO), the field across the device depends on the

net charge present inside it. According to Poissons law in one dimension [62]:

dE  4rm .
yr —e(p—n) (6.1)

=
=

where E is the magnitude of the electric field, z is the position, ¢ is the dielectric
constant of the organic film, e is the electron charge, n and p are electron and hole

concentrations, respectively.

If we only consider our devices after the "turn-on” and, hence, neglect the ef-
fects of charge trapping, then, in the simplest approximation, we can describe carrier
transport through an organic device with the field-driven (drift) and concentration
gradient-driven (diffusion) fluxes. The total carrier flux is a sum of the drift and

diffusion carrier fluxes [103]:

Jo = nEu, B, + D, B,

lddz C (6‘2)
J, = pEu,B, + D, 2B,
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where J, and J, are electron and hole fluxes, respectively, i, and p, are electron and
hole mobilities, D, and D, are electron and hole diffusion constants, and B, and B,
are scaling factors used to describe carrier transport between materials with different
HOMO and LUMO levels. For simplicity we can use Einstein relation to approximate

the carrier diffusion constants [103]:

pin kT
Dpp= =22 (6.3)

In order to describe the carrier transport in an optoelectronic device such as an
OLED, we have to take into account the differences in energies between the HOMO
and LUMO bands for different materials comprising the device. We use the Boltz-
mann distribution coefficients to represent the probabilities for carriers to be trans-
ported from one material to another material with a different energy of the corre-
sponding band. Boltzmann coefficients here represent a portion of the carriers that
have higher energies at a given temperature with the average carrier energy corre-
sponding to that of the band. This approximation is likely an underestimate of the
number of carriers transporting charge from a material with lower LUMO (higher
HOMO) into a material with higher LUMO (lower HOMO) as material interfaces
may be interdiffused, hence reducing the effective barrier height by creating a poten-

tial staircase:

_AEB
e =T AFE,>0
B, =
1, AE. <0
A (6.4)
esT  AFE,. <0
B, =
1, AE. >0

Here E, and E, are the energy values for the conduction (LUMO) and valence
(HOMO) bands, kg is the Boltzmann constant and 7" is the temperature in K. This
definition implies that for the number of electrons hopping from molecules with a
lower LUMO band onto molecules with a higher LUMO band is scaled according to

the Boltzmann distribution B,. Number of electrons hopping from molecules with a
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higher LUMO band to molecules with a lower LUMO band is not subject to scaling,
i.e. there are no energy barriers for electron transport into that material. By analogy,
the concentration of holes hopping from molecules with a higher HOMO band onto
molecules with a lower HOMO band is scaled by the Boltzmann factor B,. When

there is no energy barrier for the hole transport onto a molecule the scaling factor is

1.

Finally to determine the carrier concentrations in a device we use continuity equa-
tions that include a recombination term, since in an active opto-electronic device elec-
trons and holes can form pairs and eventually recombine. We assume that in LEDs
there is no significant, charge generation and we do not include the generation terms
into the following continuity equations. Note that in photovoltaic devices, generation

terms have to be taken into account (see Appendix C for details).

‘;—’t‘z%—npR (6.5)
dp _ dJp oR '
dt — dz PR

Here t is time and R is the recombination rate.

Together with Equations 6.1 and 6.2 for the electric field and carrier fluxes in
the device, Equation 6.5 provides a simple description of the behavior of an active
optoelectronic device.

While analytical solutions exist for simple single-carrier single-film systems [62,
99], in order to model complex devices, such as hybrid organic-QD LEDs, we need
to employ numerical simulation methods [104]. QD-LEDs consist of multiple layers
of different organic and QD materials deposited between an anode and a cathode.
Thus it is valuable to model the carrier concentration and electric field profiles along
the anode-cathode direction. We approximate all device design parameters to be uni-
form across the plane perpendicular to the anode-cathode direction, which essentially
yields a one-dimensional model. We break our devices into Az = 1 nm layers that
correspond to an approximate size of a single organic molecule or a colloidal QD. We
assign various parameters such as carrier concentrations, mobilities, diffusion con-

stants and recombination rates in every 1 nm layer, as well as Boltzmann scaling
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Figure 6-1: Illustration of model parameters with respect to the molecular layers.

factors for carrier transport in different directions (towards the cathode or towards
the anode), and we define electric fields between the layers in order to keep track of
the direction of the drift current (Figure 6-1).

Equations 6.1 and 6.5 provide a complete description for the nearest neighbor
carrier transport in a drift and diffusion model. For a more realistic description
of QD-LEDs we do not limit our model to the nearest neighbor interactions, as in
addition. we may observe tunneling and long-range carrier hopping. For the thin
energy barriers, tunneling dominates over the in-band hopping, since the fraction of
tunneling carriers in this case may be higher than the fraction of carriers defined by a
Boltzmann transport coefficient. To describe the tunneling through a thin continuous
energy barrier, such as the tunneling of electrons (holes) through an organic material
with a higher LUMO (lower HOMO) band, we use the WKB approximation, which
defines the tunneling probability as [105]:

B o @20 (6.6)

where d is the total tunneling distance, and the coefficient « is given by the following

expression:

_ \ﬁtan.p(Vo s Ecﬂ,)
n h

«

(6.7)
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where m,, , is an electron or a hole mass, Vj is the height of a potential barrier, and
E. is the energy of an electron or a hole. Here the + sign corresponds to the electron
tunneling and — sign corresponds to the hole tunneling. The tunneling rate from the

j™ layer to the it" layer separated by an energy barrier d layers (or nm) thick is then:

1
[= —e2d (6.8)

Tt
T¢ 1s a characteristic tunneling time, which can be estimated for both field and con-
centration driven tunneling. Based on the drift flux contribution to the continuity
equation, we can estimate the field-driven tunneling time using the carrier mobility
and electric field:
1 pnpE

~ — y C
Tf AZL‘ (6‘))

Analogously, based on the diffusion flux contribution to the continuity equation,
we estimate the concentration-driven tunneling time using the diffusion constant:
1 D

o A—Ij (6.10)

While the WKB approximation provides a satisfactory formalism for calculation
of the tunneling probability through the thin continuous energy barriers, such as
organic thin films, it is not necessarily the best approximation for the hole tunneling
through a monolayer of colloidal QDs. In a typical QD-LED the QD conduction band
(for red CdSe QDs, E, ~ 4.7 eV below the vacuum level) lies lower than the LUMO
levels of any of the organic charge transport materials (typically 2-3.5 eV below the
vacuum level), providing a deep trap level for electrons. In contrast, the QD valence
band (for red CdSe QDs, E. ~ 6.8 eV below the vacuum level) lying lower than the
HOMO levels of the organic materials (typically 5-6.5 eV below the vacuum level)
provides a significant barrier for the hole transport. Tunneling rates calculated by
the WKB approximation provide an underestimate for the number of transported
carriers, since an energy barrier of ~ 1-2 eV results in a negligible penetration of

holes beyond the QD layer. This contradicts the previous experimental observations
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that show significant emission from organic electron transport layers in QD-LEDs at

high applied bias voltages, which implies exciton formation in layers separated from

the anode by a hole-blocking QD layer (101].

(a)

Figure 6-2: (a) Schematic diagrams illustrating two potential scenarios of hole trans-
port through a QD monolayer. (b) This picture shows the area of a close-packed QD
monolayer and the area of a gap between QDs.

The morphology of a QD monolayer plays a key role in hole transport in QD-
LEDs. Unlike a thin organic film, a QD monolayer is not continuous, but rather is
a hexagonally close-packed (hep) layer with gaps between the spherical QDs (Figure
6-2). These gaps are most likely filled with organic molecules from the neighboring
organic charge transporting films. Since the HOMO band of the organic molecules
in the gaps between QDs is significantly higher than the valence band of QDs, the
holes are likely to hop through these low resistance channels. Then the probability
for the hole to be transported through the gaps in the QD layer is proportional to the
relative area not covered by the QDs, P ~ Agap/A, where A is the total area, which
for a hep film is ~ 3a?; here a is the QD radius, and Aggp is the fraction of the
total area not occupied by QDs, Agep = A — Agp = (v/3 —m/2)a’ (see the schematic

shown in Figure 6-2). Then the hole transport rate through a QD monolayer is given
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where 7, is the characteristic tunneling time determined by Equations 6.9 and 6.10.
We multiply the expression by the exponential coefficient, since by analogy with
tunneling, the hopping rate decreases exponentially with distance. We also include
a Boltzmann transport coefficient for the valence band, since for some of our devices
the QD layer is deposited between two different organic films with ditferent HOMO

levels.

6.1.2 Exciton Transport

Due to the high exciton binding energy and relatively long exciton lifetime ranging
from 1 ps - 10 ns for fluorescent organic semiconductors to 10s of s for phosphorescent
materials [106], excitons can travel significant distances in an active optoelectronic
device before recombining [94, 95]. Exciton transport between nearest neighbors
can be treated within the diffusion framework using the exciton lifetime and exciton
diffusion length to determine the exciton diffusivity.

In addition to exciton diffusion, we take into account the energy transfer between
different types of organic materials and QDs. In a majority of OLEDs, different
organic charge transporting materials have different band gaps. Consequently, the
emission spectrum of a wider band gap material may overlap with the absorption
spectra of the other, narrower band gap, materials. For example, as we briefly dis-
cussed in Chapter 1, in a TPD/Alqs OLED, the TPD molecules near the material
interfaces act as the exciton donors, while Algy molecules act as the exciton acceptors
8, 9]. We note that the organic materials used in QD-LED fabrication generally have
higher band-gap values than that of the red CdSe/ZnS QDs used in the experimental
study of Chapter 5. This implies that there can only be energy transfer from the
organic molecules to the red QDs, and not from the QDs to the organics (Note: the

energy transfer from QDs to organic materials should be included when modeling

140



blue or green QD-LEDs). Within the assumption of thin film geometry characteristic
of OLEDs and QD-LEDs we can use the Equation 5.1 to describe the donor-to-film
energy transfer between different organic materials. Taking all the energy transfer
and exciton diffusion processes into account, we formulate the continuity equations

for exciton concentrations in organic materials and QDs:

d OA OA L d2 0OA an ane
SRS D p § plane §OA+kaz e ()P + GO — kO

dt T 404 ,,-OA 9 dr? m’y QD
d€OD §0D d2£0 lane lane oD oD oD
dt 70D TOD Bg dr? kgrg QD§ Zkg"g Corg(2) | £+ G = kg
dgeP P L} 9P s gOA+OD | QD _ @D
dt ~ 7@D QD By dx? org-@n(2 zd
organic

(6.12)

Here €94, €9P and £9P are exciton concentrations in "organic acceptors” (organic
molecules that accept excitons from the molecules of the other organic material),
”organic donors” (organic molecules that donate their excitons to the ”organic ac-
ceptors”) and QD films, respectively; 704 70D and 79P are exciton relaxation times
for the organic materials and QDs; Lp is the exciton diffusion length defined as the
characteristic distance that an exciton can diffuse until it recombines; G4, GOP
and G@P are the exciton generation rates in organic materials and QDs. Exciton

generation rates can be obtained from the charge transport model, knowing the car-

rier concentrations n and p and recombination rate R; in a simplest approximation

k_plane plane

ra-0D> Korg—org r€ the energy transfer rates between

G ~ Rnp. The quantities
organic molecules and QDs and between ”organic donors” and ”organic acceptors”.
k97, kOP and kS d are the exciton dissociation rates in organic materials and QDs,
while the B, coefficients account for the proportion of excitons that can diffuse from
one material into another material with a different value of band gap (HOMO-LUMO

gap). We approximate these coefficients with Boltzmann factors, as they represent

exponential tails of the exciton population centered at the energy equal to the band
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gap. (Note that akin to the B, and B, coefficients for carrier transport from one
material into another, the By coefficients have different values dependent on the di-
rection of transport, since the diffusion into different neighbors may be accompanied

by different energy barriers.)

AFE
G_E?fl', AE; >0
B, = (6.13)
1, AE, <0

where F, is the width of a band gap (HOMO-LUMO gap).

In our work, we consider the field-induced (Onsager) exciton dissociation [107] as
the predominant mechanism of the exciton dissociation in QD-LEDs. We model the
exciton dissociation process as an escape of one or both carriers into the neighboring

molecules or QDs. In this case the exciton dissociation rate can be described by [108]:

1 1

where 77, (E) and 77 (E) are field-dependent hopping times for electrons and holes
described by Equation 6.9; B.(F) and B,(E) are the Boltzmann factors that describe
the potential barriers for the transport of field-driven electrons and holes into the

neighboring layers:

AEct+Ey—eEAx

e kpT , AE. + Ey —eFAx >0

B, =
1, AE. + Ey—eEAz <0 (6.15)
AEC~Ea+eEA.r .
B e  FBT , AE, — Ey+eEAr <0

1, AE, — E,+eEAx >0

where Fj, is the exciton binding energy and Az is the distance between the neighboring

molecules.

6.2 QD-LED Design and Parameters of the Model

In the experimental part of this work described in Chapter 5 we studied the operation

of QD-LEDs that employed TPD for the hole transport and Alqs for the electron
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transport [109]. Parameters of these materials are shown in the Table 6.1.

material fin, cm?/Vs fp, cm?/Vs E. eV | E, eV

TPD | 1.88 x 1077, [110] | 1.25 x 1073, [110] | 2.1 5.4
Algs 1073, [111] - 3.1

Table 6.1: Electronic parameters of commonly used organic materials TPD and Alqs

In our model we make an approximation for the Alqs hole mobility to be on the or-
der of 1077 cm?/Vs, i.e. comparable to the electron mobility in TPD. Being crystalline
inorganic semiconductors, CdSe QD cores can potentially have higher mobilities than
organic films, but since colloidal QDs are surrounded by insulating organic ligands
that provide their solubility in organic solvents, we approximate the average carrier
mobilities in the QD layer to be comparable to those of the worst organic conductors,
i.e. tn, pp ~1077 cm?/Vs [112]. E, ~ 4.7 eV and E, ~ 6.7 eV provide estimates for
the energy values of the QD conduction and valence bands [13]. We use Equation 6.3
to approximate the carrier diffusion constants in organic materials and QDs.

We use the data from our previous experiments [109] to estimate the boundary
conditions for the electron and hole concentrations at the cathode and the anode.

Considering only drift current, we can find approximate injected carrier concentra-

tions in a typical QD-LED:

J 16 .00 —3
n=——=~25x10"cm
b (6.16)
p= g 2 2x 10 em™

here we use J ~ 0.04 A/cm? as the current density in a QD-LED at 10 V of applied
bias. In our model though for simplicity we used a hole injection concentration
of 10" ¢m™3 and an electron injection concentration of 1.25 x 106 ¢m~3. Higher
electron injection accounts for the difference in the majority carrier mobilities in
Alqs (ftn ~ 107° ¢cm?/Vs) and TPD (u, ~ 1.25 x 10~% cm?/Vs) maintaining spatially
continuous current from the anode to the cathode and device neutrality.

The carrier recombination rate R is the only variable parameter of our model, and

in the calculations presented in this Chapter R was chosen to be ~ 1071 ¢m?/s as it
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resulted in satisfactory agreement with the experimental data. We acknowledge that
the carrier recombination rate varies depending on the material, but in order to avoid
the use of an excess number of parameters in the model, we keep the recombination
rate constant across the entire device.

For the exciton transport model we choose exciton diffusion lengths of 1 nm and
8 nm for TPD and Alqs, respectively, consistent with experimental studies [94, 95
and the exciton relaxation times in these materials (777? ~ 1 ns and 74/% ~ 10 ns).
For QDs we choose an exciton diffusion length of 1 nm due to exciton confinement
within a QD site; the exciton relaxation time is chosen to be 792 = 20 ns, consistent
with previous experimental observations [45, 92]. For the exciton dissociation rate
calculations, we choose a lower limit value of the exciton binding energy E, ~ 0.1 eV
(13, 108].

In Chapter 5 we experimentally investigated carrier and exciton transport in QD-
LED structures with the QD monolayer placed at different positions within the device
stack [109]. In this Chapter we focus on the modeling of a typical QD-LED structure
(device 2 in Figure 5-5) and QD-LEDs with higher values of EQE (devices 3 and 4 in
Figure 5-5), in which the QD monolayer is embedded into a hole-transporting layer

10 nm and 20 nm away from the TPD/Alqs interface.

6.3 Modeling Results

Figures 6-3(a) through 6-3(c) display the carrier concentration profiles at applied bias
voltages from 1V to 5 V obtained from our numerical simulations. Note that the bias
voltage in our numerical simulations does not include the voltage drop at the injecting
contacts arising from the differences in Fermi levels of the cathode and the anode.
In order to compare the voltages used in our model to the experimentally applied
voltages, one needs to take that difference into account.

We verify the consistency of our model by first calculating the carrier concentra-
tion profiles in an OLED consisting of a 41 nm TPD hole transporting layer and a

40 nm Alqs electron transporting layer as shown in Figure 5-5. We find that the
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electrons accumulate in Algs and the holes accumulate in TPD at the TPD/Alqs
interface (Figure 6-3(a)) due to the interface energy barriers. As a result of the car-
rier accumulation, an electric field has a spike at the interface, which is shown in
Figure 6-3(g). Consequently, there is a steeper potential drop across the interface,
as seen in Figure 6-3(j). According to Figure 6-3(d), which plots the exciton gener-
ation rate proportional to the product of electron and hole concentrations, the bulk
of exciton generation in an OLED takes place in the first several nanometers of Alqs
film adjacent to the TPD/Alqs interface. The exciton generation rate profile appears
consistent with the experimental observations of OLED electroluminescence spectra

solely consisting of Alqs emission [8, 9].

Figure 6-3(b) shows the electron and hole concentration profiles in a typical QD-
LED structure (device 2 in Figure 5-5). We find that electrons accumulate at QD
sites, which is consistent with the QD electron-trapping properties. We also observe
a hole accumulation in TPD at the TPD/QD interface due to the barrier for the hole
injection from TPD into QDs or Alqs, i.e. even if the holes were to travel through
the spaces between the QDs, there still is an energy barrier for their transport into
the Alqs layer. The carrier accumulation at the TPD/QD interface is manifested
in a spike in the electric field between the TPD layer and QDs, as shown in Figure
6-3(h), and a steep potential drop across the interface shown in Figure 6-3(k). The
exciton generation profile in Figure 6-3(e) shows relatively uniform exciton generation
throughout the Alqs film and negligible exciton generation at QD sites resulting
from charge imbalance. The observed QD charging with electrons leads to the high
probability of Auger recombination events and thus impedes the QD-LED efficiency.
The high electric field across the QDs results in higher rates of field-induced exciton
dissociation, which also has a negative impact on the QD-LED efficiency. In contrast,
electron concentration profiles in QD-LEDs, where QDs are embedded into the TPD
hole transporting layer (Figure 6-3(c)), exhibit no electron accumulation at QD sites.
The electrons accumulate in Algz at the TPD/Alqs interface, and holes travel through
the spaces between the QDs to the TPD/Alqs interface. As a result there is a spike
in the electric field and a consequent potential drop at the TPD/Alqs interface rather
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Figure 6-3: (a), (b) and (c) Carrier concentration profiles inside an OLED, a QD-LED and a QD-
LED with a QD monolayer embedded into the TPD layer 10 nm away from the TPD/ Alqs interface.
(d), () and (f) Exciton generation rate profiles inside an OLED, a QD-LED and a QD-LED with
a QD monolayer embedded into TPD. (), (h), (i) Electric field distributions inside an OLED, a
QD-LED and a QD-LED with a QD monolayer embedded into TPD. (j), (k), (1) Potential profiles
across an OLED, a QD-LED and a QD-LED with a QD monolayer embedded into TPD. Multiple
curves correspond to bias voltages between 1-5 V. Arrows indicate the direction of increasing bias
voltage.
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than at the TPD/QD interface (Figures 6-3(i) and 6-3(1)). In these structures the
exciton generation rate at the TPD/Alqs interface is not obstructed by the presence of
QDs (Figure 6-3(f)). The increased exciton generation rate in the device, the reduced
electric field across the QDs, and the reduced QD charging with electrons provide a
plausible explanation for the experimental observation of an increased EQE of these

devices as compared to conventional QD-LEDs [109].

Figures 6-3(e) and 6-3(f) show high exciton generation rates in Alqs and com-
paratively negligible exciton generation rates in QDs, while our previous experiments
demonstrate QD-LED spectra dominated by narrow colloidal QD emission. In order
to compare the results of our model to the experimental EL measurements we use
Equation 6.12 to calculate exciton concentration profiles in an OLED and QD-LEDs
using the exciton generation rates (Figures 6-3(d) through 6-3(f)) obtained from the

carrier transport model.

Figure 6-4(a) displays exciton concentration profiles in an OLED at bias voltages
1-5 V. The bulk of the exciton population is concentrated in the Algs film result-
ing from the higher exciton generation rate (Figure 6-3(d)) and energy transfer of
occasional excitons formed on TPD molecules. Based on the exciton concentration
profile in Figure 6-4(a) we can calculate normalized EL spectra for an OLED using the
exciton population normalized by the spectral area and photoluminescence quantum
efficiency in different materials as scaling factors for the relative spectral contributions
of these materials. The calculated OLED EL spectra solely consist of Algs emission

(Figure 6-4(d)), which is consistent with experimental observations [8, 9.

Exciton concentration profiles in Figures 6-4(b) and 6-4(c) and the corresponding
calculated EL spectra in Figures 6-4(e) and 6-4(f) emphasize the importance of energy
transfer from organics to QDs in a typical QD-LED (device 2 in Figure 5-5.) Exciton
concentration profiles and EL spectra in Figures 6-4(b) and 6-4(e) are calculated
based on the exciton generation rate profile in a typical QD-LED (Figure 6-3(e))
using Equation 6.12 and setting the energy transfer rate from organics to QDs to
Zero (kgf;’fQ p = 0). In the absence of the exciton energy transfer from the organics

to QDs, the majority of excitons reside in the Alqs film. This results in calculated
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Figure 6-4: (a) Exciton concentration profiles calculated for an OLED at bias voltages
1-5 V. (b) and (c) Exciton concentration profiles calculated for a typical QD-LED
without (b) and with (c) energy transfer from organics to QDs included. (d) Normal-
ized EL spectra calculated for an OLED based on the exciton concentration profile
in (a) (Note that the OLED spectra look identical at bias voltages 1-5 V). (e) and (f)
Normalized EL spectra calculated for a QD-LED based on the exciton concentration
profiles in (b) and (c), respectively. Arrows indicate the direction of increasing bias
voltage. Dashed lines correspond to the experimentally measured spectra.

QD-LED EL spectra dominated by Alqs emission (Figure 6-4(e)), inconsistent with
the experimental EL spectra dominated by the narrow QD emission. In contrast,
exciton concentration profile in Figure 6-4(c) calculated for a typical QD-LED in the
presence of energy transfer from the organics to (QDs has a spike at the QD site, while
the exciton concentration in organics is negligible. The corresponding calculated EL
spectra in Figure 6-4(f) are dominated by the QD emission and exhibit only a minor
Alqs emission contribution, which increases at higher applied bias voltages consistent
with experimental observations [3, 101]. An Alqs contribution in experimental QD-
LED EL spectra is not typically observed at low voltages <10-15 V. This quantitative

inconsistency originates from the lack of geometrical factors in our calculation that
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would take into account the QD size and shape. In the exciton transport model we
treat QDs as a single continuous 1 nm thick layer, while realistically QDs occupy a
larger volume. Additionally the energy transfer rates to QDs are dependent on the

relative positions of small organic donors with respect to comparatively large colloidal

QDs [92].
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Figure 6-5: EL spectra calculated for QD-LEDs with QD monolayer embedded into
TPD HTL 10 nm (a), 20 nm (b), 3 nm (c) and 5 nm (d) away from the TPD/Alqs
interface. Dashed lines correspond to the experimentally measured spectra. Multiple
overlapping lines correspond to the bias voltages 1-5 V.

While the energy transfer from organics to QDs is sufficient to explain the QD-
dominated EL spectra of a typical QD-LED, including energy transfer into the exciton
transport model does not yield calculated EL spectra of QD-LEDs with QD monolayer
embedded into the TPD hole transporting layer 10 nm and 20 nm away from the
TPD/Algs interface to match the experimentally measured spectra for these devices.
The calculated EL spectra of the QD-LED with the QD monolayer embedded into
the TPD layer 10 nm away from the TPD/Alqs interface show a significant Alqs
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contribution in addition to the QD peak (Figure 6-5(a)). The experimental EL spectra
of this device do not contain any Alqs signal at low bias voltages. The calculated
EL spectra for the QD-LED with the QD monolayer embedded into the TPD film 20
nm away from the TPD/Alg; interface are dominated by the Alqs emission (Figure
6-5(b)), while the experimental EL spectra for this QD-LED exhibit only a minor

Alqgs contribution and are dominated by the QD emission.

Figure 6-6: AFM image shows 10 nm Alg film evaporated onto a monolayer of
colloidal QDs.

In our simulation we neglected the morphology of the QD monolayer and a thin
TPD layer deposited on top of it. According to our AFM images (Figure 6-6), aro-
matic organic molecules are chemically repelled by the aliphatic ligands surrounding
QDs leading to high surface roughness and discontinuities of thin organic films de-
posited on top of QD monolayers [3, 101]. (Note: TPD layers >30 nm thick regain
low roughness and continuity of the amorphous organic films.) As a result, in a real
QD-LED, excitons formed in Alqs, travel through thinner parts of the TPD film and
the apparent EL spectrum does not correspond to a 10 nm (or 20 nm) spacing between
QDs and the exciton generation region but rather to a shorter distance. Figure 6-5(c)

plots the calculated EL spectra for a hypothetical QD-LED with the QD monolayer
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embedded into TPD 3 nm away from the TPD/Alq; interface. These spectra, which
are dominated by the QD emission at bias voltages from 1 V to 5 V, are close to
the experimentally measured EL spectra of the QD-LED where QDs are embedded
into TPD 10 nm away from the TPD/Alqs interface. The rough morphology of a
thin TPD layer on top of a QD monolayer effectively reduces the spacing between
QDs and the exciton generation region from 10 nm to <3nm. The calculated spectra
of the QD-LED with the QD monolayer embedded into TPD 5 nm away from the
interface (Figure 6-5(d)) are similar to the experimental EL spectra of the QD-LED
with 20 nm spacing. The TPD film morphology on top of a QD monolayer in this
case again results in the effective decrease of the distance between the QDs and the

exciton generation region.

6.4 Summary

A physical model based on carrier drift, diffusion and recombination allows us to
numerically calculate the carrier concentration and electric field profiles in hybrid
organic-QD LEDs. Furthermore, the results of the carrier transport model are used
in the calculation of exciton concentration profiles and EL spectra based on exciton
generation, diffusion, dissociation, and exciton energy transfer. We find that the
bulk of the exciton generation in QD-LEDs takes place in Alqs at the TPD/Alqs or
QD/Alqs boundary. Insertion of a QD monolayer at the TPD/Alqs interface impedes
the exciton formation by trapping electrons and reducing the electron concentration
in Algs. High electron accumulation in QDs initiates frequent Auger recombination
events decreasing the QD-LED efficiency. Accumulation of holes in TPD and elec-
trons in QDs at the TPD/QD interface results in an electric field spike across the
interface, which enhances the probability of field-induced Onsager exciton dissoci-
ation, which impedes QD-LED performance. Our model confirms that embedding
QDs into a hole transporting layer <10 nm away from the TPD/Alq; interface is
beneficial for the QD-LED performance, as we previously observed experimentally.

First, it eliminates QD charging with electrons thereby reducing the probability of
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Auger recombination events; second, it separates the QD monolayer from the spike in
the electric field associated with the charge accumulation at the TPD/Alq; interface
reducing the potential of exciton dissociation; finally, it eliminates the obstruction
of exciton generation in Algs at the TPD/Alqz interface by the electron-trapping
QD monolayer. Exciton concentration profiles obtained from our calculafions are in
qualitative agreement with the experimental QD-LED EL spectra. The quantitative
differences between calculated and experimental EL spectra can be explained by the
morphological nonuniformity of QD monolayers and thin TPD films deposited on top
of them. The morphology can be taken into account in our model by introducing ge-
ometric factors into energy transfer rates, which would effectively reduce the spacing
between QD monolayers and exciton generation regions.

The key components of our physical model that yield a realistic prediction of

QD-LED operation are:

e Taking account of the discrete structure of the colloidal QD monolayer in the

carrier transport equations.
e Introducing exciton energy transfer from the organics to QDs.

e Using AFM images to account for the non-uniform nature of thin aromatic

organic films on top of QD monolayers.
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Chapter 7

Material Choices for

High-Performance QD-LEDs

The work described in this Chapter builds upon findings of all the previous Chapters
as we use our understanding of the processes contributing to QD-LED operation to
design devices with superior performance and colors tunable across the entire visible
spectrum. Here we introduce a single device structure that can be used for different
QD-LED colors, which simplifies fabrication of multi-color flat panel displays, making
this technology commercially viable [113].

Designing of a QD-LED can be broken into 3 steps: (1) choice of colloidal QDs;
(2) choice of organic charge transporting layers; (3) choice of deposition techniques.
In the following sections we will discuss our approach to solving the issues associated

with each step.

7.1 Step I: Colloidal QDs

While the EQEs for QD-LEDs reported in the literature do not exceed 2%, ultimately
the EQEs of these devices are limited by the photoluminescence efficiency (or quantum
yield) of QDs in a thin film, which can be as high as 10% [114]. Consequently,
independent of the device design it is very important to use the QD materials with

the highest available quantum yield (QY) values. Most of the previously reported
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work employed QDs with CdSe cores overcoated with wide bandgap material shells.
These QDs have high PL QYs only in the yellow and red parts of the visible spectrum
3, 31, 32], and consequently, are not the most desirable materials for blue and green
QD-LEDs. In this work we employ materials optimized to produce QDs with the
highest available PL QY in each part of the visible spectrum (Figure 7-1).

For deep red emission we choose CdZnSe alloyed QD cores passivated with oleic
acid, synthesized in a procedure similar to Zhong et al. [35, 115] with a PL peak at
647 nm in chloroform and a QY of 50%.

For orange emission we choose CdSe/ZnS core-shell QDs passivated with tri-
octylphosphine (TOP) and trioctylphosphine oxide (TOPO), prepared via well-established
procedures [28, 29], with a PL peak at 600 nm in chloroform and a QY of 75%.

For green emission we use ZnSe/CdSe/ZnS core-double-shell QDs passivated with
hexylphosphonic acid and TOPO synthesized via procedures similar to Ivanov et al.
[53] and Steckel et al. [52] with a PL peak in chloroform at 540 nm and a QY of 65%.

For blue emission we choose ZnCdS alloyed QD cores passivated with oleylamine
and oleic acid produced in a synthetic route similar to Zhong et al. [34, 115] with a
PL peak at 460 nm in chloroform and a QY of 50%.

Finally, we use cyan emitters with a solution PL QY of 80% prepared in a novel

synthetic procedure by overcoating 7nCdS alloyed cores emitting at 490 nm with a

ZnS shell [115].
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Figure 7-1: Types of colloidal QDs used in our study: ZnCdS cores emitting at
A =460 nm, ZnCdS/ZnS core-shell QDs emitting at A =490 nm, ZnSe/CdSe/ZnS
core-double-shell QDs emitting at A =540 nm, CdSe/ZnS core-shell QDs emitting
at A =600 nm, ZnCdSe cores emitting at A =650 nm. QDs are shown to scale with
respect to each other. QD sizes were obtained from AFM images of the corresponding
QD monolayers. The length of the organic ligands corresponds to the approximate
length of the actual molecules.



7.2 Step II: Organic Charge Transport Layers

Figure 7-2 summarizes the four main processes that determine the efficiency of QD-
LEDs, which we discussed in detail in previous Chapters. There are two main pro-
cesses contributing to the QD EL [109]: (1) carriers can be directly injected into QDs
where they form excitons, which recombine producing saturated QD emission (Fig-
ure 7-2(a)); (2) carriers can meet in organic layers and form excitons that can then
transfer to QDs non-radiatively [77] yielding QD emission (Figure 7-2(b)). Similarly,
there are two main processes limiting QD-LED efficiency: (1) QD charging [109] and
consequent non-radiative Auger recombination [80] (Figure 7-2(c)), during which an
exciton recombines to donate its energy to an unpaired carrier, which then relaxes

to the ground state via interactions with phonons; (2) field-induced Onsager exciton

dissociation [100, 107] (Figure 7-2(d)).

Processes Contributing to QD EL
(a) charge injection (b) energy transfer

Mechanisms of EL Quenching
(c) Auger recombination (d) exciton dissociation

Figure 7-2: Top: schematic diagrams illustrate the main processes contributing to
QD-LED EL: (a) charge injection and (b) energy transfer from organic thin films.
Bottom: processes responsible for QD EL quenching: (c¢) Auger recombination and
(d) field-induced exciton dissociation. Courtesy of Dr. Jonathan Halpert.

As of today, despite the advances in design and synthesis of organic charge trans-
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porting materials, the HOMO level of available hole-transporting materials is po-
sitioned between 5.0-6.1 eV below the vacuum level [79], consequently there is a
significant energy barrier for the hole injection into a valence band of QDs positioned
>6.5 eV below the vacuum level [13]. The LUMO bands of organic electron trans-
porting materials are usually found between 2.7-3.1 eV below the vacuum level [79],
and consequently, there is no potential barrier for electron injection into the QD
conduction bands found between 4.0-4.8 ¢V below the vacuum level [13] (see Figure
7-3). The only obstacle for the electron injection (and is also a barrier for the hole
injection) into QDs is the insulating barrier consisting of organic ligands passivating
the QD surface. The ligand layer is usually <0.5 nm thick, hence carriers can tunnel
through it. This dramatic difference in barriers for hole and electron injection into
QDs results in carrier imbalance at QD sites and the formation of electron-exciton
pairs that recombine via the Auger mechanism (Figure 7-2(c)). Since the organic
hole transporting materials with a low HOMO level are not readily available, we can
improve the QD-LED performance by improving the energy transfer from the organic
films to the QDs [109]. This route requires finding materials that: (1) can efficiently
transfer excitons to QDs via the Forster mechanism [77]; (2) do not accept excitons

formed on QD sites (or transferred to QD sites).

Figure 7-4(a) shows the absorption spectra of all the QD types (from red to blue)
used in our study, as well as the PL spectra of TPD and Algs, which we previously
used in QD-LED fabrication in Chapters 3 and 5, for hole and electron transport
respectively. It is evident from the spectral overlap between Algs emission and red
and orange QD absorption that Alqz can transfer its excitons efficiently to red and
orange QDs [109]. We find that there is a lack or an absence of overlap between
the green, cyan and blue QD absorption and Algz emission, and consequently these
QDs cannot act as efficient acceptors of Alqs excitons. In addition, Alqs can accept
excitons from blue QDs; acting as an exciton sink rather than a source (e.g., Figure 3-
2). In previously reported work, including our own experiments described in Chapter
3, it was common to use hole blocking layers [17, 33, 52] (HBLs), such as TAZ or

extremely thick (up to 7 monolayers) QD films [32] to prevent exciton formation
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Figure 7-3: Schematic diagrams summarizes the positions of the energy bands of
organic carrier transporting materials and colloidal QDs. Each colored block on the
diagram represents a range of energies found for a particular band within a class of
materials. Here HTL refers to the hole transporting layer and ETL refers to the
electron transporting layer.

on Alqs molecules in green and blue QD-LEDs, which was manifested as a large
Algs emission contribution to the QD-LED EL [101]. Consequently, Alqs is not an
optimal electron transport material for hybrid organic/QD LEDs. If we now examine
the spectral overlap of TPD emission with QD absorption, we find that TPD could
potentially transfer its excitons to all of the QD types with the energy transfer to
blue QDs being the least efficient process. However, due to its low glass transition
temperature 65 C° [79], TPD is prone to rapid crystallization upon exposure to OXygen
and moisture, which results in a poor film morphology that degenerates the device

performance.

To improve the transfer of excitons formed in QD-LED ETL to QDs, we re-
place Alqs with 2,2’,2”-(1,3,5—benzenetriyl)-tris(l-phenyl—l—H-benzimidazole) (TPBi)
31] (Figure 7-4(b)). It is apparent from the spectral overlap between TPBi PL and
QD absorption spectra (7-4(a)) that TPBi can potentially transfer its excitons to all
the QD types (Figure 7-4(b)). In addition, due to its wide band gap (Figure 7-4(c))
TPBi cannot accept excitons formed on blue QD sites. Hence, we do not need to
use HBLs or thick QD films to achieve narrow QD-LED EL spectra dominated by

QD emission. Additionally, we can now take advantage of excitons formed in TPBi
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ETL. TPBi also has a higher glass transition temperature of 122 C° than the glass
transition of Algs (85 C°), and consequently TPBi is less likely to crystallize during
the device operation, which improves the QD-LED shelf life. To improve the stability
of the devices, we replace TPD with spiro-N, N'-diphenyl-N, N’-bis(3-methylphenyl)-
(1, 1-biphenyl)-4, 4’-diamine (spiroTPD), as its larger (non-flat) molecules (Figure
7-4(b)) are less likely to realign into poly-crystalline structure, and hence the film
morphology is less likely to change during the device operation (this is indicated by
spiroTPD high glass transition temperature of 103 C°). The overlap of the spiroTPD
PL spectrum with the absorption spectra of all the QD types makes it a suitable
exciton donor during QD-LED operation (Figure 7-4(a)).

7.3 Step III: Deposition Techniques

The final important step in QD-LED fabrication is the choice of deposition techniques
for organic thin films and QDs. Thermal evaporation is the preferred method of the
deposition of organic thin films as it allows us to deposit essentially any low molecular
weight organics including those that do not dissolve in organic solvents, and hence,
are incompatible with solution processing methods such as spin-casting. Thermal
evaporation also yields superior film purity and thickness control as the specimens
are kept under high vacuum conditions, and the growth rates are monitored in real
time. Additionally, this deposition method avoids the exposure of the device to
potentially harmful effects of organic solvents.

In Chapters 2 and 3 we already discussed the challenges associated with simul-
taneous deposition of different QD types in a single reliable step. In those chapters
we found that contact printing can be used to deposit different QD types onto CBP
and TPD HTLs. Here we choose a contact printing technique to deposit close-packed
monolayers of different QDs onto evaporated spiroTPD HTL without exposing the
structure to solvents. AFM images in Figure 7-5 demonstrate the compatibility of all
the QD types with the spiroTPD surface as well as with the surface of parylene-C

coated PDMS stamps used for contact printing.
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(@) ZnCdS - blue (B) ZnSe/CdSe/ZnS - green

.(c) ZnCdSe - red (d) €dSe/ZnS - orange

Figure 7-5: Atomic force microscope height images show close packed monolayers of
different QD types on top of a 40 nm spiroTPD film: (a) CdZnS alloyed cores pas-
sivated with oleylamine and hexylphosphonic acid; (b) ZnSe/CdSe /ZnS core double-
shell QDs passivated with oleic acid and TOP; (c) CdSe/ZnS core-shell QDs passi-
vated with TOPO/TOP; (d) ZnCdSe alloyed cores passivated with oleic acid. Inset
shows simultaneous emission from orange, green and blue QD-LEDs fabricated on

the same substrate.
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In Figure 7-5 close-packed monolayers of different QD types are deposited onto a 40
nm thick spiroTPD layer evaporated onto a layer of hole injecting polymer poly(3, 4-
ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) on top of the indium-
tin oxide (ITO) coated glass (this surface exactly replicates the bottom part of our
QD-LED structure). Structures identical to those shown in Figure 7-5 are then com-
pleted by evaporation of a 40 nm TPBi film and a 100 nm Mg:Ag cathode with a 20

nm protective Ag overlayer.

7.4 QD-LED Performance

Figure 7-6(b) shows normalized EL spectra of the red, orange, green, cyan and blue
QD-LEDs fabricated using 40 nm thick spiroTPD HTL and TPBi ETL and the
printed close-packed monolayers of QD types described above. While red, orange,
green and cyan QD-LEDs exhibit narrow EL spectra solely due to QD emission, blue
QD-LEDs show an additional organic contribution, presumably due to an incomplete
transfer of excitons formed on spiroTPD molecules.

It is not apparent from the spiroTPD PL spectrum, that this material can pro-
duce a significant contribution to a QD-LED EL spectrum, as it only exhibits a minor
shoulder at ~480 nm. However, this peak, which most likely corresponds to the emis-
sion of one of the spiroTPD aggregate complexes, becomes amplified in an electrically
driven structure. Figure 7-7 shows the PL and EL spectra of an OLED that consists
of 40 nm thick spiroTPD and TPBi films between an ITO/PEDOT:PSS anode and a
Mg:Ag/Ag cathode. We find that the PL spectrum of this OLED, obtained using an
excitation from a 337 nm Nitrogen laser, consists of a linear combination of spiroTPD
and TPBi PL spectra. In contrast, EL spectrum of this OLED (taken at 7 V of ap-
plied bias) shows a negligible TPBi contribution. The proportional contribution of the
molecular and aggregated spiroTPD emission peaks is changed dramatically as com-
pared to the spiroTPD PL spectrum. We note, that according to the suggested band
diagram in Figure 7-4(c), in a spiroTPD/TPBi OLED most of the exciton formation

takes place in the spiroTPD HTL, since the ~0.7 eV barrier for the electron injection
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Figure 7-6: (a) Photographs of QD-LED pixels at an applied bias voltage of 6 V for
blue and cyan, 4 V for green and orange, and 5 V for red. (b) Electroluminescence
spectra of QD-LEDs at applied bias voltages of 10 V for blue, 5 V for cyan, green,
orange and red. (c) Photograph of the chloroform solutions of different QD types

used in this study. PL is excited by a UV lamp.
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into spiroTPD is lower than the ~1 eV barrier for the hole injection into TPBi. In
addition, excitons formed in TPBi can be transferred via a Forster mechanism to
the spiroTPD molecules, as the spiroTPD band gap lies within the TPBi emission
spectrum. Since excitons in an electrically driven spiroTPD/TPBi OLED form at
the materials interface, and a chemical incompatibility between slightly polar TPBi
and non-polar spiroTPD may promote spiroTPD aggregation at the interface, the EL
spectra are dominated by the emission of spiroTPD aggreates. In contrast, during
optical excitation excitons form throughout the structure, and hence, properties as-
sociated with the material interfaces are overwhelmed by the intrinsic properties of
the bulk films.

Because the low energy aggregated spiroTPD excitons generated in the electrically
driven structures cannot be transferred to blue QDs, the EL spectra of blue QD-LEDs
exhibit a lower energy shoulder. The amplification of the 460 nm spiroTPD aggregate
peak in electrically driven structures makes this material non-ideal for QD-LEDs with

target emission wavelengths <500 nm.

spiroTPD/TPBi OLED

PL
BE
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Figure 7-7: PL spectra for 80 nm TPBi and spiroTPD films are shown to-
gether with PL and EL spectra of a ITO/PEDOT:PSS/spiroTPD(40 nm) /TPBi(40
nm)/Mg:Ag/Ag OLED.

Photographs of QD-LED pixels are shown above the corresponding EL spectra
(Figure 7-6(a)). Despite the minor organic emission contribution, QD-LED pixels
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based on ZnCdS and ZnCdS/ZnS QDs appear blue and cyan to the eye. The photo-
graph in Figure 7-6(c) shows solutions of the QDs used in the current study as well as
other QD types that can potentially be used in QD-LED fabrication. The materials

are indicative of the highest PL QY reported for QDs within a certain spectral range.

The EQEs of our QD-LEDs are displayed in Figure 7-8(a). Since EQE is defined
as a number of the emitted photons per number of the injected electrons, it is the only
measure of the efficiency, with which a particular QD-LED converts injected current
into the output light. The peak EQE values are 1% for red, 2.7% for orange, 2.6%
for green, 0.2% for cyan and 0.4% for blue QD-LEDs. Corresponding peak values
of power efficiency (Figure 7-8(b)) are 0.25 lm/W for red, 2.4 Im/W for orange, 5
Im/W for green, 0.1 Im/W for cyan, 0.2 lm/W for blue QD-LEDs. The EQE and
power efficiency values for orange, green and blue QD-LEDs represent record values
reported so far for QD-LEDs. It is not surprising that despite almost equal EQE
values, the power efficiency of green QD-LEDs is >2 times higher than that of orange
QD-LEDs as in this case the overlap between the QD-LED EL spectrum and the
standard luminosity function, which reflects the sensitivity of a human eye (Figure

2-12), is much higher.

While the EQE of our green QD-LEDs is >4 times higher than previously reported
values, we observe only a slight increase in the blue QD-LED EQE. This result is
consistent with our previous observations, where we find that the QD EL in QD-
LEDs is primarily due to the excitons that have been non-radiatively transferred to
QDs from organic materials [109]. In previous QD-LED designs, green QD-LEDs
could only operate via direct charge injection and energy transfer from TPD (or
polymer TPD derivatives) HTL [17, 32, 52]. Exciton formation in organic HTL is
inhibited by electron accumulation in neighboring sites and exciton formation in Alqs
ETL was purposely eliminated by a HBL to any avoid Alqgs contribution to the QD-
LED spectrum. Consequently the EQEs of these devices did not exceed 0.5-0.6%
(17, 32, 52]. In our design we eliminate the HBL and allow exciton formation in both
the spiroTPD HTL and the TPBi ETL, that can both transfer its exciton energy
to green QDs. The operation of blue QD-LEDs is still limited by charge injection,
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Figure 7-8: (a) The EQE and (b) power efficiency in lm/W for red, orange, green, cyan
and blue QD-LEDs are plotted vs. current density. (c) Current-voltage characteristics
of the different color QD-LEDs. The inset shows the schematic cross section of the
device structure used in this study.
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which is manifested in the low EQE value of 0.4%. The charge injection into cyan
ZnCdS/ZnS core-shell QDs is further inhibited by a thick wide band gap ZnS shell,
and consequently the EQE of cyan QD-LEDs is 2 times lower than that of blue
QD-LEDs, despite the increased solution PL QY of the overcoated QDs.

7.5 Summary

We demonstrate that through the novel synthetic procedures for colloidal QDs and
optimized organic charge transport layers, the EQE of hybrid organic/QD LEDs can
be pushed towards the fundamental efficiency limit associated with QD luminescence
efficiency in a thin film. While we can routinely obtain EQEs between 1-3% for QD-
LEDs emitting in the green and red parts of the visible spectrum, achieving a high
EQE in blue QD-LEDs remains a challenge. The final step towards achieving efficient
tull color red-green-blue QD-LED displays is the design and synthesis of wide band
gap hole and electron transporting materials for improved exciton energy transfer and
direct charge injection into blue QDs.

We also emphasize the importance of electronic characterization of the organic
materials considered for hole and electron transport layers in QD-LEDs. Since mate-
rial interfaces play a significant role in electrically driven structures, measuring the EL
spectra of organic materials provides us with information more relevant to QD-LEDs

than the information obtained from PL measurements.
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Chapter 8

Conclusions and Future Directions

LEDs based on organic charge transport layers and emissive colloidal QD monolayers
are a natural extension of OLEDs and potentially a next step towards the development
of thin, bright and efficient flat panel displays and general lighting sources. QD-
LEDs exhibit narrow electroluminescence (EL) spectra characteristic of colloidal QDs,
leading to saturated color pixels. Unlike doped OLEDs, QD-LED pixels of different
emission colors can be fabricated on the same substrate in one simple solvent-free
contact printing step. Multiple color QDs can be mixed in solution and then deposited
as a single emissive layer inside a QD-LED structure, leading to essentially unlimited
tunability of QD-LED colors. The main challenge on the way to QD-LED commercial
adoption is the efficiency of these devices, which, to date, is 3-10 times lower than
that of OLEDs. Understanding the fundamental processes governing the QD-LED
operation is a key step to improving the efficiency of these devices through intelligent

design.

8.1 Guidelines for Hybrid Organic/QD LED De-
sign

This thesis was dedicated to the development of the experimental guidelines and

theoretical insights for the design of QD-LEDs. Below are the steps that I found
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essential for improving the performance of these devices:

e Choice of colloidal QDs. It is crucial to use materials with the highest
possible solution (and, hence thin film) photoluminescence (PL) quantum yield,
as the external quantum efficiency (EQE) of QD-LEDs is ultimately limited by

this number.

e Choice of organic materials: band gap. In Chapter 5 we found that
exciton formation on organic materials and subsequent energy transfer to QDs
is the dominating mechanism of QD EL in QD-LEDs. Maximizing the energy
transfer dramatically improves the EQE values of QD-LEDs. Consequently, it
is essential to use organic charge transporting materials with emission spectra
that overlap with the absorption spectra of all the QD types and colors from
blue to deep red. The band gap of organics should be sufficiently high so that

they cannot accept QD excitons.

e Choice of organic materials: HOMO and LUMO levels. For improved
hole injection into QDs we need to find hole-transporting layers (HTLs) with
the lowest possible HOMO level, since the valence band of QDs is generally po-
sitioned below -6.6 eV. Unlike hole injection, electron injection into QDs is not
obstructed by energy barriers. Hence QDs tend to charge efficiently with elec-
trons, which then results in a high probability of formation of exciton-electron
complexes that recombine via non-radiative Auger mechanism. Consequently,
electron transporting materials with low LUMO levels < —4.5 eV can poten-

tially improve the charge balance at QD sites.

e Material characterization. Organic materials are often characterized by
their optical properties in solution. However, optical and electronic properties
differ drastically in a thin film, as molecules of the material are brought in im-
mediate contact with each other. For example, polar organic materials exhibit
different solvato-chromic shifts upon dissolution in different organic solvents.
Hence, prior to device fabrication, it is essential to measure the thin film ab-

sorption and PL spectra of organic charge transporting layers. In Chapter 7, we
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found that the material behavior can also differ between optical and electrical
excitation, as optical excitation probes bulk properties of the thin film while
electrical excitation probes the properties of materials interfaces (i.e. exciton

generation regions).

e QD charging. While direct charge injection can potentially yield superior
QD-LED efficiencies, as it avoids exciton loss during the energy transfer step,
it requires accurate carrier concentration balance at the QD sites due to a high
probability of Auger recombination events. Since QDs charge with electrons
more efficiently than with holes, it is beneficial to isolate QDs from ETL by
embedding them into the HTL less than a Forster distance away from the

HTL/ETL interface, i.e. the exciton formation region.

e Morphology of hybrid interfaces. In QD /organic optoelectronics the mor-
phology of different device layers governs the device performance. Rough films,
resulting from chemical incompatibility of the materials, yield electrically shorted
devices. Change in morphology of an organic thin film is usually a sign of crys-
tallization, which yields fundamental changes of material properties, such as
conductivity. The morphology of the QD layer determines the color purity of
the QD-LED EL, i.e. hexagonally close-packed defect-free QD films result in
narrow QD-LED EL spectra dominated by QD emission, while poorly packed
and incomplete QD layers allow for an organics emission contribution to the
QD-LED EL. The morphology of different QD layers can be characterized by

atomic force microscopy (AFM) or scanning electron microscopy (SEM).

e Device Modeling. In Chapter 6 we developed a numerical model that pro-
duces carrier concentration, exciton concentration, and electric field profiles in
hybrid organic/QD devices. Using a simple numerical model may shorten the
device design "trial-and-error” process by providing the possible EL spectra and

carrier accumulation regions for the hybrid structures of interest.

While, the experimental design guidelines proposed above apply most directly to

QD-LEDs, our numerical model described in Chapter 6 can be used for the develop-
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ment of any hybrid organic/QD opto-electronic devices, such as solar cells, photode-

tectors, and chemical sensors.

8.2 Possible Future Directions for Hybrid Organic/QD

Optoelectronics

Despite a more than ten year old history, the field of hybrid organic/QD electronics
has not reached its maturity. This is indicated by the rapid and significant im-
provements in the efficiency of the QD-LEDs and photovoltaic (PV) devices, which
increased by two orders of magnitude over the last decade. External quantum ef-
ficiency (EQE) values of up to 2.7% and power efficiencies of up to 5 Im/W have
been achieved for QD-LEDs [32, 113]; EQE values of up to 60% and power conver-
sion efficiencies of up to 2.8% have been observed in hybrid PV devices [40, 116).
Despite this rapid progress, the efficiencies of hybrid QD-LEDs and PV devices have
not reached the fundamental limits set by the material properties. For example, the
solution quantum yield (QY) of high quality luminescent QDs is approaching 90%,
which implies that the internal quantum efficiency of QD-LEDs may be as high as
the QY. However, currently the QY of colloidal QDs in thin film is 10-20 times lower
than that of the same QDs in solution. It is reasonable to expect that this drastic
difference between the solution and thin film QY of colloidal QDs will be reduced or
completely eliminated by the synthesis of more robust organic ligands and wide band
gap shells coating the QD cores. These chemical modifications would reduce the exci-
ton dissociation due to carrier loss to the deep trap states formed by dangling bonds
on the QD surface. In addition thicker shells may prevent energy transfer between
the QDs within a thin film, which will reduce the exciton loss due to energy transfer
from bright (neutral) to dark (charged) QDs. Device design plays a dramatic role in
QD-LED performance. The record QD-LED efficiencies are 3-10 times lower than the
QD QY in thin film, which means that significant improvements to currently used

QD-LED structures and, potentially, novel QD-LED structures can be introduced to
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close the existing efficiency gap.

An overwhelming majority of the QD-LED and QD-PV device design research
focuses on the employment of novel organic materials for carrier transport [31, 32, 33,
40, 68, 74, 116]. A variety of small molecule organic materials as well as polymers have
been employed as carrier transporting films in QD-LEDs and hybrid PVs. Novel types
of colloidal semiconductor nanoparticles have been synthesized to suit a particular
purpose in PV devices or QD-LEDs. A variety of semiconductor materials, as well as
shapes and sizes of nanoparticles have been tested in hybrid optoelectronic devices
(e.g. mnanorods, tetrapods and hyperbranched nanocrystals have been employed in
hybrid PV devices [2, 40, 116], while core-multishell structures [17, 52] and several
semiconductor alloys [17, 115] have been used for highly luminescent QD-LEDs). Less
research has been dedicated to novel fabrication methods, such as film deposition and
packaging techniques. Despite that, a controlled deposition of QD monolayers (30],
multilayers [31, 32] and organic-nanoparticle blends [2, 40, 74] has been demonstrated,
and the contact printing method allows us to deposit high resolution patterns of QD
films [16]. Finally, significantly less effort has been dedicated towards studying the
fundamental physical properties of organic/QD interfaces as well as the properties
of QDs as electronic components [104, 109, 117]. Mechanisms for the operation of
hybrid optoelectronic devices are often discussed briefly in the device design literature
(17, 31, 68, 74]. However there is little research dedicated specifically to understanding
the physical processes in hybrid optoelectronic devices, particularly QD-LEDs.

Below, [ propose several research projects aiming to improve the efficiencies of QD-
LEDs an hybrid PV devices through studying the fundamental physical processes in

hybrid material systems:

e Computer-based device design tools. Optical and electronic properties of
organic materials and QDs have been studied independently from each other
over the past twenty years [13, 47]. Despite that, we only now start to apply this
knowledge to the design of hybrid optoelectronic devices. Still, the approach to
device design remains rather empirical and inefficient (i.e., based on trial and

error). To expedite the design process, it is essential to create databases of the
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available materials and their properties, such as positions of their energy bands,
carrier mobilities, glass transition temperature, PL efficiency, absorption cross
section etc. We can then create search algorithms that would find materials sys-
tems optimized to be efficient at a particular function, e.g. charge separation
for solar cells or exciton generation for LEDs. We can also take into account
less obvious properties such as the possibility of energy transfer in the mate-
rials systems. The resulting materials systems or suggested devices structures
obtained by the search engine can then be analyzed using a physical model, for
example the model described in this thesis. Based on the carrier and exciton
concentrations and electric field profiles in the hypothetical devices, we can then
pick the structures that promise the highest available efficiency (most photons
per injected carrier in an LED, or most extracted carriers per absorbed photon
and the highest open circuit voltage for PV devices). We can then study these
materials systems with respect to their interface properties, such as chemical

and structural compatibility, environmental stability.

Relative energy band positions in hybrid devices. We can perform opti-
cal measurements to find band offsets between the organic materials and QDs.
For instance, we can optically excite QDs in contact with an organic material,
and based on the change in the QD PL relaxation time and QD PL intensity
we can determine whether QDs act as exciton donors or acceptors with this
material, and whether this material contributes to the QD exciton confinement
or dissociation. If we find that the QD conduction band is lower than the con-
duction band of our organic material, we can then use induced IR absorption
measurement to find the exact difference in energy. In induced IR absorption
experiments QDs can be first excited with a visible light pulse to create an exci-
ton, which is then followed by an excitation with an IR pulse of variable energy.
An additional absorption peak that may arise corresponds to the conduction
band offset between QDs and the organic material. Measuring energy band off-

sets between the different materials within an active optoelectronic structure is
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fundamentally different from finding the energy band structure of every material
constituting the structure, since electronic and mechanical constraints that dif-
ferent materials impose onto each other may alter the positions of energy levels
of each of the materials. For example, recent studies suggest that the positions
of QD conduction and valence bands can be shifted by up to 1 eV from their
equilibrium positions when QDs are blended into a conductive polymer matrix

[118].

Optical properties of charged QDs. Scanning tunneling probe microscopy
(STM) can be used to determine the position of conduction and valence bands of
individual QDs in contact with a conductive surface such as a metal or a highly
doped semiconductor [119]. Low temperature measurements can even provide us
with the information about the fine structure of electron and hole energy levels
in QDs. STM combined with a single QD optical spectroscopy could provide
us with unique information about the optical properties of charged QDs, which

are most likely present in hybrid optoelectronic devices.

Similar ensemble measurements can be applied to QD films. Such measurements
are enabled by the hybrid devices, which can be excited electronically, enabling
carrier injection into QDs. The charged QDs can be concomitantly excited

optically in order to measure their PL and absorption spectra.

The role of spin symmetry in hybrid devices. The effects of the magnetic
field on the performance of hybrid organic/QD devices have not been explored.
Such experiments can provide us with insights into the importance of the spin-
symmetry in these devices, i.e. whether different spin states of QDs interact

differently with organic materials with respect to carrier and exciton transport.

Using surface plasmons in hybrid devices. Interactions between colloidal
QDs and metal films have not received much attention. It was shown that
the PL intensity of epitaxial QDs can be amplified through energy transfer
from surface plasmons of metallic films [120]. Similarly, we could use surface

plasmons for long distance energy transfer between the different components of
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a hybrid organic/QD device [121]. For example, one can imagine a LED, in
which excitons are generated efficiently in phosphorescent organic films. This
exciton energy can then be transferred through a surface plasmon to QDs that
are otherwise isolated from the rest of the structure, and are not susceptible
to charging. One can also imagine a PV device, where excitons generated in
QDs are then transferred through a surface plasmon to an exciton-dissociating

interface.

Parallel design and synthesis of novel organic materials and QDs. The
development of novel organic materials should be performed in parallel with
the development of novel QDs. Currently organic materials are being devel-
oped specifically for OLED applications, and, in most cases, lack the properties
desirable for successful interactions with the colloidal QDs. For example, the
HOMO level of the majority of available organic hole transporting materials
lies below the valence band of the majority of colloidal semiconductor QDs.
This property, naturally, results in poor hole injection into QDs and leads to
charge imbalance that impedes the performance of QD-LEDs. On the other
hand, the QD conduction band lies below the LUMO level of the majority of
organic electron transporting materials. Consequently, in hybrid PV devices,
photogenerated electrons cannot be extracted from QDs, which results in the
loss of a significant portion of the photocurrent. In addition, excitons generated
on QDs populated with electrons recombine rapidly via an Auger mechanism
rather than dissociating and contributing to the photocurrent. Chemical com-
patibility between the organics and QQDs should also be taken into account, as
chemically strained surfaces would most likely be unstable when exposed to

atmospheric oxygen and water.

Environmental stability and life-time of hybrid devices. Significant
effort should be dedicated to studying the environmental stability of the hybrid
organic/QD structures. The fragility of organic materials constitutes a major

obstacle on the way to industrial development and potential commercialization
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of optoelectronic devices containing organic thin films. Currently, there has
been only a few, mostly anecdotal, observations of hybrid optoelectronic device
lifetimes [32]. Until this point, we primarily relied on the data available for
organic optoelectronic devices. While this data is somewhat relevant to the
bulk properties of organic films, the stability of hybrid interfaces has not been

thoroughly characterized.

Here I discussed only the most obvious directions in hybrid organic/QD optoelec-
tronic devices research. I expect the field to change dramatically within next several
years, as we take advantage of novel chemical procedures and physical concepts that
have been developed for both organics and QDs, and that are yet to be applied in
active optoelectronic devices.

Hybrid interfaces provide us with an inexhaustible wealth of challenges and re-
search opportunities. The basic physics approach to studying these novel hybrid
materials systems may yield discoveries of properties that are fundamentally different
from those of neat materials and hold keys to understanding issues associated with

energy production, efficient utilization, and storage.
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Appendix A

QD-LED Fabrication Step-by-Step

The process flow described in this Appendix is an example of a standard QD-LED
fabrication process. All the QD-LEDs discussed in this thesis were fabricated in a
process identical or similar to this one. The detailed description provided here is

supposed to facilitate further development as well as reproducibility of QD-LEDs.

A.1 Preparation of QD Solutions

In this section we outline the steps associated with QD solution preparation. Since
colloidal QDs are synthesized in a hot bath of organic molecules, which then serve
as their ligands, simply dissolving QDs, extracted from growth solution, in organic
solvents is not sufficient for QD use in active optoelectronic devices. Dilutions of QD
growth solutions contain excess organic ligands, which impede the carrier transport
through optoelectronic devices, as well as yield poor QD layer morphology. Below
we describe the procedures that eliminate excess ligands from QD solutions. These
procedures produce QD solutions that yield high quality close-packed QD films and
efficient QD-LEDs.
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A.1.1 Purifying TOPO/TOP Coated QDs

Typically CdSe/ZnS core-shell QDs emitting in the yellow or red parts of the visible

spectrum, are coated with TOPO and TOP. Below is the procedure (”crash-out”) for

cleaning these types of QDs.

[y

. Start with QDs in hexane solution

For 4 ml of QD solution, add 1 ml of butanol and 2 ml of methanol. You may
need to add more methanol. Stop immediately after solution becomes cloudy.

Cloudiness corresponds to QDs precipitating out of solution.

Centrifuge for 4 min at 4000 rpm. You should find QDs precipitated on the
bottom of the centrifuge tube. The supernatant should be clear or almost clear.

The more transparent the supernatant is the cleaner are the QDs.

Pour out the supernatant carefully into the hazardous waste bottle. Dry the

QDs under air or nitrogen flow for ~30 sec.

Redissolve QDs in 2-4 ml of hexane. If QDs dissolve easily you may perform

steps 2 through 4 up to two more times (recommended for electronics quality

QDs).

. After final drying step, redissolve QDs in 2-4 ml of any non-polar solvent of

your choice (e.g., hexane, chloroform, chlorobenzene, toluene etc.)

Sonicate the resulting solution at room temperature for ~ 1 min or until it is

translucent.

Filter QDs through a 0.2 ul PTFE filter.

A.1.2 Purifying Oleic Acid Coated QDs

Typ

ically ZnCdSe and ZnCdS alloyed QDs emitting in the red (ZnCdSe) or blue

(ZnCdS) parts of the visible spectrum, are coated with oleic acid. Below is the

procedure (”crash-out”) for cleaning these types of QDs, which also may work for
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ZnSe/CdSe/ZnS core-double-shell QDs emitting in the green part of the visible spec-

trum or PbSe and PbS QDs emitting in the infra red. Note: the crash-out of the

alloyed QDs should be performed in a nitrogen or argon glovebox. Alloyed QDs are

prone to degradation in air and will loose their luminescent properties if exposed to

oxygen and light at the same time. After the purification alloyed QDs should be

stored in a glovebox in a dark container (you may simply wrap the vial in aluminum

foil).

1.

10.

Start with QDs in hexane solution

For 4 ml of QD solution, add ~ 4-8 ml of acetone. Stop immediately after
solution becomes cloudy. You may need to use a lot of acetone to reach the

precipitation point.

Centrifuge for 4 min at 4000 rpm. You should find QDs precipitated on the

bottom of the centrifuge tube. The supernatant should be clear or almost clear.

Pour out the supernatant carefully into the hazardous waste bottle. Dry the

QDs for ~30 sec.
Redissolve QDs in 2-4 ml of hexane.

For 4 ml of QD solution, add 1 ml of butanol and 2 ml of methanol. You may

need to add more methanol. Stop immediately after solution becomes cloudy.

. Centrifuge for 4 min at 4000 rpm. You should find QDs precipitated on the

bottom of the centrifuge tube. The supernatant should be clear or almost clear.

. Pour out the supernatant carefully into the hazardous waste bottle. Dry the

QDs for ~30 sec.

After final drying step, redissolve QDs in 2-4 ml of any non-polar solvent of

your choice (e.g., hexane, chloroform, chlorobenzene, toluene etc.)

Sonicate the resulting solution at room temperature for ~ 1 min or until it is

translucent.
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11. Filter QDs through a 0.2 ul PTFE filter.

The ”crash-out” procedures described above are most likely to be sufficient for
most of the standard QDs used in QD-LEDs and hybrid PVs. However, the novel
QD types often have a combination of multiple ligand types coating their surface
(TOPO, TOP, oleic acid, hexylphosphonic acid, oleylamine etc.). In the case of
combination ligands you might need to combine the procedures described above with

the procedures from the relevant synthetic chemistry literature.

A.2 Preparation of Substrates
1. Solvent cleaning of ITO coated glass substrates

e Sonicate for 5 min in de-ionized (DI) water with detergent
e Spray with DI water
e Sonicate for 5 min in DI water
e Spray with DI water
e Sonicate for 2 min in acetone I
e Sonicate for 2 min in acetone II
e Immerse for 2 min into boiling isopropanol I
e Immerse for 2 min into boiling isopropanol 11
e Dry each substrate under Nitrogen (Ny) or dry air flow
2. Expose clean substrates to Oxygen plasma for 5 min. This step removes any

residual organics that were not dissolved in the solvent cleaning step as well as

creates a hydrophilic surface, crucial for the next step.

3. Spin-cast an aqueous solution of resistive PEDOT:PSS (Baytron CH 8000) onto
the substrates. Spin for 60 sec at speed of 4000 rpm with a 1000 rpm/sec
ramp. The PEDOT:PSS smoothes out occasionally rough ITO surface, and
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thus eliminates electrical shorting. In addition, it facilitates the hole injection

from the ITO anode.

4. Bake PEDOT:PSS coated substrates for 7-8 min at 120°C in a Ny glovebox to

eliminate residual water from the film.

A.3 Deposition of the Organic Films and QD mono-

layers

1. Deposit a hole transporting layer (HTL - e.g., TPD, spiroTPD etc.) of desired
thickness (often 40 nm) in a thermal evaporator. For better film quality, deposit

at a starting evaporator pressure < 5 x 1077 torr and rate < 0.15 nm/sec.

2. Print a monolayer of colloidal QDs onto HTL in a N, glovebox. Prior to device
fabrication, the solution has to be calibrated to produce a desired number of QD
layers (usually 1 monolayer) upon spin-casting onto parylene-C coated PDMS
(60 sec at 3000 rpm with a 10000 rpm/sec ramp) and consecutive printing onto a
HTL. This can be achieved by preparing multiple dilutions of stock QD solution.
These solutions are then spun-cast onto parylene-C coated PDMS and printed
onto a HTL identical to the one used in the target QD-LED. AFM images of
the resulting films provide information about the thickness and morphology of
each of the films. Consequently, they can be used to choose the solution with

an appropriate QD concentration.

3. Deposit an electron transporting layer (ETL - e.g., Alqs, TPBi etc.) of a desired
thickness (often 40 nm) in a thermal evaporator. For better film quality, deposit

at a starting evaporator pressure < 5 x 1077 torr and at a rate < 0.15 nm/sec.

4. Deposit metallic cathode in a thermal evaporator. For a Mg:Ag alloy use the
rate of 0.3 nm/sec for magnesium and 0.03 nm/sec for Ag when thickness moni-

tor is set to Mg parameters. This produces a Mg:Ag alloy with an element ratio
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of ~100:1. In this thesis, I used 100 nm thick Mg:Ag cathodes with 20 nm Ag

protective layers deposited on top (at a rate of ~ 0.15 nm/sec).

Devices should not be exposed to ambient conditions after step 4. QD-LEDs then
can be tested in Ny glovebox. For testing in ambient conditions QD-LEDs should
be packaged in a Ny glovebox, for example, using glass coverslips attached to the

substrates with UV-curing epoxy.
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Appendix B

Calculation of the Color Rendering

Index

The color rendering index (CRI) is a quantitative measure of the ability of a light

source to reproduce colors of illuminated objects accurately in comparison to sunlight

(black body radiator at 5500 K).

In order to find the CRI, we use 8 test sample functions (TSCs) (Figure B-1(b)),

that represent subtle colors: TSC, - light greyish red, TSC; - dark greyish yellow,

TSCj3 - strong yellow green, TSC, - moderate yellowish green, TSCs - light bluish
green, TSCs - light blue, TSC7 - light violet, and TSCs - light reddish purple.
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Figure B-1: (a) Spectral responsivity functions. (b) Test sample functions.
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The CRI calculation then follows the steps listed below:

1. Find the CIE color coordinates for reflected sunlight in uwv-color space

e To find the spectra of sunlight reflected from TCS-colored objects we sim-

ply multiply the spectrum of sunlight S(\) by the TSCs:

Si(A) = S(N)TSC;i(N) (B.1)

e Calculate the eye response functions for the sunlight using spectral respon-

sivity functions in Figure B-1(a):

X5 = [o #(N)Si(A\)dA

1

Y5 = [0 9N Si(A)dA (B.2)

Z5 = [1Z(\)Si(A)dA

2

e Find the CIE coordinates of reflected sunlight in zy-color space:

_ X
- X§+Y,-3+Zi3
Y,S

-
XS+ TS

xr

Sty

Y

e Convert the CIE coordinates into uv-color space [122]:

Azd

S
Y=l
Ui =227 +12y7 43

6y°

S _
U = s (B4)

S _1_yS—_pS
wy =1—wu) —v;

2. Find the CIE color coordinates of the light source of interest in uv-color space.
Follow the steps presented above, replacing the sunlight spectrum S (A) with

the spectrum F()) of the light source of interest.

3. Find the difference between the color coordinates of your light source and sun-
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light:

where R; can be found from the following equation:

Ri=1- 4.6\/£u,2 + Av} + Aw?

Naturally the CRI of sunlight is 100.
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Appendix C

Structure of Carrier and Exciton

Transport Models

As we are interested in modeling complex hybrid organic/QD devices, optimizing
the numerical model is essential for decreasing the computational time. To reduce
the computational load, we first break our model into charge transport and exciton
transport parts. The solution to the carrier transport model is then taken as an input
for the exciton transport model. Note, that for modeling photovoltaic devices, the
exciton transport model should be applied first, and the solutions should be used as
an input for the charge transport model. As photo-action is the process opposite
to electroluminescence, it is natural that the charge and exciton models should be

applied to these problems in the opposite order.

C.1 Charge Transport Model

The charge transport part is dedicated to a self-consistent solution of the continuity
equations 6.2 and 6.5 that can be rewritten in a discrete form for each layer i of the

device:

dn; _ AJny
R R o
dp; _ AJpi R :

dt — Az — NPl
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here n; and p; are electron and hole concentrations in layer i of the device. J,; and
Jp,i are electron and hole fluxes through layer i, R; is the recombination rate in layer 7,
and Az = 1 nm is the thickness of each layer. Note, that the equations above are most
applicable for hybrid LEDs. In the case of photovoltaic devices these equations should
include a carrier generation rate proportional to the exciton dissociation rate obtained
from the exciton transport model. In the case of negligible carrier recombination in

photovoltaic devices the equations C.1 take the following form:

dng _ Aus B n o Ani o om
dt — Ar n1p1Rg+Gi ~ Ar +Gz (C 2)
dpi _ Ay , p o, AJp.i '
W= ae bR+ GY R T+ G

Independent of the device structure or purpose, in the most simple case the local

carrier fluxes are defined by:

Jn,i = niEi,U'n,ch + Dn,i%Bc,i (C3)
Jpi = piEipy i By + Dp.i%%B‘v,i
Plugging Equations C.3 into Equations C.1 results in a set of equations that can

be written in a matrix form:

dn — - =1

= S, 1n—npR
a = (C.4)
71‘5 = S,p — 1ipR

g

Here 7i = (ny,...,ny) and = (py,...,pn), R = (Ry, ..., Rn), 5, and S, are electron
and hole transport matrices. Carrier transport matrices are mostly tri-diagonal since
we only take into account nearest neighbor interactions with the exception of the

tunneling through thin energy barriers (e.g., hole tunneling through a QD monolayer).

The boundary conditions for these equations are such that the hole concentration
at the anode p; and the electron concentration at the cathode ny stay constant. Initial
conditions then are py = (p1,pi, .., pi) and 7y = (ny,...,n;, ny), where the intrinsic

carrier concentrations are p; = n; = 10° cm™3,

Local electric fields in our model obey Poisson’s equation:
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Eiiv1— By Am
= (i) (C5)
Then the electric field between layers ¢ and ¢ + 1 is defined by the following ex-
pression:

k=i

E; i1 = AnlAze Z (p—kgﬂ (C.6)
k=1 k

Since in our experiments we usually apply a voltage to our devices and then we
measure the current, we then set the boundary conditions for the electric field such
that the potential at the anode is ¢9; = V and the cathode is grounded: ¢on n41 = 0,
where the anode is the 0% layer and the cathode is the (N + 1) layer. These bound-

ary conditions translate into the condition for the electric field:

N+1

Eoy == |V—-Az) Eiy,
=2

(C.7)

1
d
Here Ej, is the electric field between anode and the 1% device layer, and d = NAz
is the total device thickness. To simplify the notation in the future we will refer to
Ei 1;as E;and Ej; as Eiy .

Since we have a system of non-linear differential equations for both electrons and
holes in a matrix form, we choose MATLab as a programming interface for our model
due to its efficiency in operations with matrices.

Equations C.3 are a primitive representation for the equations for carrier fluxes. In
our model, we define fluxes across the interfaces analogous to local electric fields. In
order to avoid lengthy definitions of multiple cases for different carrier concentration
relationships in neighboring layers and different signs of electric fields at the borders
of each layer, we use simple algorithms to create carrier transport matrices.

First we break the transport matrices into drift and diffusion parts (this follows
directly from the definition of flux): S, = S&7/* + §%//. In both the drift and diffu-
sion matrices, elements S, ;; represent the dependence of the carrier concentration

in layer 7 on the carrier concentration in the neighboring layer j.
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C.1.1 Carrier Drift Matrices

The flux direction at each of the borders of any layer is determined by the signs of

the local electric field at the borders of the layer. Conventionally a positive electric

field implies

to the cathode.

electron flux from the cathode to the anode and hole flux from the anode

Understanding of the basic operation of the model code is facilitated by the ex-

ample in Figure C-1.

E>0 E>0 E<O E<0 E>0 E<0 E<0 E>0 E>0

anode

d e —

516

7

- -

-

- . electrons
- holes
cathode

Figure C-1: Schematic diagram showing the 8layer device with electron and hole
fluxes marked with red and blue arrows, respectively.

Electron and hole drift matrices for the electric field profile shown in Figure C-1

have the following structures:

o O

S;tlrift - 0

CA
Sn

—SCA(2) - 829(2)
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(2)
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0 0
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—s/°1) 0 0 0 0 0 0 0

SAC(1) 0 SSA(3) 0 0o 0 0 0

0 0 —S54@3) SEA(4) 0 0 0 0

it _ 0 0 0  -S§44)-S2M4) 0 0 0 0
0 0 0 SAC(4) 0 S54(6) 0 0

0 0 0 0 0 —S54(6) SyA(T) 0

o 0 0 0 0 0  —SSNT) - Si°(T) 0)
00 0 0 0 0 SpC(T) 0

(C.9)

In these matrices the diagonal elements are always negative as they represent
carrier escape from the layer. Labels "CA” = "from cathode to anode” and "AC” =
”from anode to cathode” indicate the direction of a carrier flux, as Boltzmann factors
contributing to the matrix elements can be different for the carrier transport from a
layer into each of its neighbors.

Off-diagonal elements for the electron drift matrix are constructed similarly to the

following:

1 .
Sn,3‘2 = 520(2) = A—z|E3|Mn,2B§§ (C.10)

Here Ej is the electric field that drives electrons from layer 2 to layer 3 (Fy 3 = E3),
we use the mobilities and the Boltzmann factors of layer 2 since the electrons start
their transport from this layer (Figure C-1), i.e. the electron flux between layers 2
and 3 is in the direction from the anode to the cathode.

By analogy, off-diagonal elements for the hole drift matrix are constructed in the

following way:

1
Spaz = SS4(3) = K:E|Ea’|Mu,315'$:§4 (C.11)

Here we use the mobilities and the Boltzmann factors of layer 3 since the holes

start their transport from this layer (Figure C-1). Here the hole flux between layers
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9 and 3 is in the direction from the cathode to the anode.

A diagonal matrix element S;/p i is 0 when there is carrier in-flux from both
neighbors into the layer i. When there is carrier flux out of the layer into the neighbors,
the matrix elements are negative and equal with the ”.” sign to the matrix elements
determining the flux into the neighbors from the layer (compare Equations C.12 and
C.9 with carrier fluxes in Figure C-1).

To find these matrices in the code of our model we first find all the layers, into
which there is carrier flux from left and/or right neighbors (i.e. for electrons E; < 0
and/or E;; > 0 and the opposite for holes). We then find the indexes of these layers
and the corresponding parameters that construct the matrix elements (mobilities,

Boltzmann factors).

n1 > I’\2 >n3 >n4< n5< n6

1= electrons
112]13|14|5]6
anode cathode
BC.J=0 BC.J=0

Figure C-2: Schematic diagram showing a 6-layer device with electron fluxes marked
with red arrows.

C.1.2 Carrier Diffusion Matrices

Unlike the case of the carrier drift matrices, where the sign of the electric field de-
termines the directions of the electron and hole fluxes (note that the same sign of
the electric field results in the hole and electron fluxes in opposite directions), for the
carrier diffusion matrices, the concentration gradients determine the directions of flux
for both carrier types, and therefore the hole and electron diffusion matrices are built
in an identical manner. In addition, since the fluxes are determined by the concen-
tration differences between the neighboring layers (see Equation 6.2), the diffusion
matrices are always tri-diagonal (with all non-zero elements in all three diagonals)

and hermitian (Sfjif F = S;.iiif h.
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Analogous to the previous section, here we again employ a simple example in
Figure C-2 to illustrate the basic structure of the diffusion matrices. We only consider
electron fluxes, since the identical arguments can be made with respect to hole fluxes.

The electron diffusion matrix for the device state shown in Figure C-2 has the

following form:

[_gac(y) SAC(1) 0 0 0 0
SHC(1) =871 - 85792 Si€(2) 0 0 0
0 57¢(2) —87¢(2) - 5°(3) S7¢(3) 0 0
0 0 S2C(3) —SpC(3) = SFA(5) SA(5) 0
0 0 0 SeA(5) ~SEA(5) — STA6)  SA(6)
|0 0 0 0 S5A(6) ~S554(6) |

(C.12)
The off-diagonal matrix elements here are constructed as follows (see Equation

6.2):

1
Spas = S29(3) = an}Bé’? = Sn43 (C.13)

Here the diffusion constant D, 3 and the Boltzmann factor Bg}g indicate that the
diffusive flux is from layer 3 into layer 4. Naturally all the off-diagonal elements are
positive as they connect the concentration change in a given layer to concentrations
in neighboring layers, and high concentrations in neighboring layers both reduce the

flux out of a given layer or induce the flux into the given layer.

The diagonal elements are simply the negative sums of the neighboring elements:

di di di
Sz‘z'w = -Si,ﬁffx - z:ifl (C-14)

This directly follows from the difference representation of a second order differ-
ential. All the diagonal elements are negative since a high concentration in a given

layer promotes the flux out of that layer as well as reduces the flux into the layer.

The code automatically finds the layers which will have flux out of them and into
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their neighbors and builds the corresponding matrix elements (Equation C.13). The
Hermitian property of the matrix and Equation C.14 are then used to build the rest

of the matrix elements.

C.1.3 Tunneling

Finally, in the absence of tunneling, the carrier transport matrices are: Snp = Sglt + S,‘ff,{f :
If our device has thin energy barriers so that electrons or holes can tunnel through,
we need to include additional matrix elements that describe tunneling (Equation 6.8
for carrier tunneling through organic barriers and Equation 6.11 for hole tunneling
through the QD barrier).
For carrier (for example electrons) tunneling through a thin organic barrier from

layer ¢ into layer j, we need to introduce corrections to the matrix elements Sh,ji and

Sn.ii (note, that due to flux conservation S, ; = —~5n.ji):
1 1 —2ali—j—1|Az w
AS, i = i (C.15)
T Tji

Here the field assisted and gradient assisted hopping times iji and Tj? can be found

from Equations 6.9 and 6.10.

C.1.4 Numerical Solution Process

1. Start with initial conditions for electron and hole concentration vectors.
2. Calculate the local electric fields using Equations C.6 and C.7

3. Calculate the carrier transport matrices

Note, that the boundary conditions for the transport matrices are different for
different modes of device operation. For example, hybrid LEDs have inject-
ing contacts. Consequently it is convenient to set the electron concentration
constant at the cathode and set the hole concentration constant at the anode,

since there is a bath of carriers at each injecting contact. This assumption is
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implemented in the carrier transport matrices by setting S,1; = Sp12 = 0 and
Spnn = Spnv-1) = 0 (For our devices we assume that layer 1 is adjacent to
the anode and the last layer N is adjacent to the cathode.) Different boundary
conditions should be considered for photovoltaic devices, since in these devices
the drift and diffusion currents do not necessarily counteract each other at the
injecting contacts, and hence the boundary conditions need to be considered

separately for the drift and diffusion matrices.

4. Calculate the change in the carrier concentrations using the transport matrices

and recombination rates

5. Repeat steps 2 through 4 until the concentrations in the layers and the local

electric fields reach the steady state

C.2 Exciton Transport Model

The exciton transport model is focused on finding the steady state solution to Equa-
tion 6.12 written in a matrix form based on the initial conditions posed by the results

of our carrier transport model.

C.2.1 Exciton Transport Matrix

The core of the exciton transport matrix is identical to the carrier diffusion matrices as
the excitons move through the device driven by the exciton concentration gradients
(Here the diffusion constants D = %21, where Lp is the diffusion length and 7 is
the exciton relaxation time). However, we need to include three important exciton
processes: (1) exciton generation; (2) exciton relaxation; (3) Forster energy transfer;

(4) Onsager field-induced exciton dissociation.

1. Exciton Generation

For hybrid LEDs the exciton generation rates are obtained from the charge

transport model as G= ﬁﬁssﬁgs, where 7igs and psgs are steady state electron
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and hole concentration vectors. For photovoltaic devices the exciton generation
rate should be calculated based on the illumination density and the material

absorption coefficients.

The generation rates are included as a separate constant vector in the exciton

transport equation:

S = ME+G (C.16)

where ¢ is the vector of exciton concentrations in the device layers, and M is

the transport matrix.

. Exciton Relaxation

Exciton relaxation is included by adding the relaxation rates to the diagonal

elements of the transport matrix:

M= L (C.17)

i

where M is the exciton diffusion matrix and M! is exciton transport matrix

corrected for exciton relaxation.

3. Forster Energy Transfer

This part of the matrix has to be ” custom-built” for every device, depending on
the different donors and acceptors present in the structure. However, the basic
structure of these energy transfer matrices remains the same. Consequently,
here we demonstrate how the energy transfer matrix is set up in the case of
transfer from a thin film of donors placed between layers i and j to a thin film

of acceptors placed between layers k and I, where & > ;.

In the most general case, we consider energy transfer from each donor to each
acceptor, so that the off-diagonal terms F,, (i <p < j and k <v <), that
indicate excitons transfered to the acceptor in layer v from a donor in layer p,

have the following form:
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7w \(V — )
The diagonal terms F),, (i < p < j) indicate excitons lost by the donor in layer

i due to the energy transfer to all the acceptors between layers k and I:

v=|

Fpu=-Y ki} (C.19)
v=k

We then simply add the energy transfer matrix F' to the exciton transport

matrix:
M*=M"+F (C.20)
where M? indicates the energy transfer-corrected exciton transport matrix.

4. Exciton Dissociation

Analogous to exciton relaxation, exciton dissociation is included by adding the

dissociation rates to the diagonal elements of the transport matrix:
M;; = M7, — k¢ (C.21)

Exciton dissociation rates are calculated based on the electric field profiles ob-

tained from the charge transport model using Equations 6.9 and 6.14.

C.2.2 Numerical Solution Process
1. Start with the initial condition for the exciton concentration vector, i.e. £ 0)=0
2. Calculate the exciton transport matrix

3. Calculate the change in concentration using the transport matrix and the gen-

eration rate

4. Repeat steps 2 and 3 until the exciton concentrations in the layers reach the

steady state.
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Appendix D

Contributions Associated with

This Thesis

D.1 Publications

1.

(&3]

P. O. Anikeeva, C. F. Madigan, J. E. Halpert, M. G. Bawendi, V. Bulovié.
Electronic and Excitonic Processes in Hybrid Organic-Quantum Dot LEDs.

Phys. Rev. B, 78:085434, 2008.

L. Kim, P. O. Anikeeva, S. A. Coe-Sullivan, J. S. Steckel, M. G. Bawendi, V.
Bulovi¢. Contact Printing of Quantum Dot Light Emitting Devices. Nano Lett.,
8:4513, 2008.

P. O. Anikeeva, J. E. Halpert, M. G. Bawendi , V. Bulovi¢. Electroluminescence
from a Mixed Red-Green-Blue Colloidal Quantum Dot Monolayer. Nano Lett.,
7:2196, 2007.

P. O. Anikeeva, C. F. Madigan, S. A. Coe-Sullivan, J. S. Steckel, M. G. Bawendi,
V. Bulovié. Photoluminescence of CdSe/ZnS core/shell quantum dots enhanced
by energy transfer from a phosphorescent donor. Chem. Phys. Lett., 424:120,
2006.

J. S. Steckel, P. Snee, S. A. Coe-Sullivan, J. P. Zimmer, J. E. Halpert, P. O.
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Anikeeva, L. Kim, V. Bulovi¢, M. G. Bawendi. Color-Saturated Green-Emitting
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6. S. A. Ivanov, J. Nanda, A. Piryatinski, M. Achermann, L. P. Balet, I. V. Bezel,
P. O. Anikeeva, S. Tretiak, V. I. Klimov. Light Amplification Using Inverted
Core/Shell Nanocrystals: Towards Lasing in Single-Exciton Regime. J. Phys.
Chem. B, 108:10625, 2004.

D.2 Patents
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(Application PCT/US2007/003677).

3. J. E. Halpert, P. O. Anikeeva, M. G. Bawendi, V. Bulovi¢. Blue Light Emitting
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