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Abstract

The emergence of nanostructured semiconducting materials enables new approaches
toward the realization of photodetectors that operate in the technologically impor-
tant near- and short-wave infrared (NIR and SWIR) spectral ranges. In particular,
organic semiconductors and colloidal quantum dots (QDs) possess numerous advan-
tages over conventional crystalline semiconductors including highly tunable optical
and electronic characteristics, the prospect for low-temperature processing, and com-
patibility with inexpensive and flexible substrates. Photodetectors based on such
materials may lead to low-cost IR focal plane arrays for night-vision imaging as well
as a multitude of novel applications in biological and chemical sensing. This thesis de-
scribes the development and detailed characterization of several photodetectors that
incorporate colloidal QD and organic semiconductor thin films as active layers. The
electronic properties of PbS QDs are thoroughly investigated in a field effect tran-
sistor (FET) geometry and several QD-based photoconductive structures exhibiting
SWIR photosensitivity are demonstrated. We describe a novel QD-sensitized lat-
eral heterojunction photoconductor in which the functions of optical absorption and

charge transport are dissociated into different physical layers that can be indepen-
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dently optimized. This structure is advantageous because it obviates the need for
aggressive chemical treatments to the QD film that may compromise the quality of
QD surface passivation. Photovoltaic device architectures are addressed, noting their
advantages of being operable without an external applied bias and at fast response
speeds. We present detailed experimental and theoretical characterization of a pho-
tovoltaic structure that is sensitized at NIR wavelengths by a J-aggregating cyanine
dye. The high absorption coefficient of the J-aggregate film, combined with the use
of a reflective anode and optical spacer layer, enables an external quantum efficiency
(EQE) of 16.1£0.1% (A = 756 nm) to be achieved at zero-bias in a device that incor-
porates an 8.140.3 nm-thick dye film. The merits and drawbacks of the various device
architectures and nanostructured material systems are discussed and the outlook for

nanostructured photodetectors that exhibit infrared sensitivity is presented.
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Chapter 1

Introduction

Although invisible to the human eye, infrared radiation is critically important to
a number of industrial, scientific and medical applications. This thesis explores the
use of emerging nanostructured materials to realize photodetectors that are sensitive
in the near- and short-wave infrared (NIR and SWIR) spectral ranges. The spe-
cific materials that are addressed include colloidal nanocrystal “quantum dots” and
J-aggregating cyanine dyes. These materials offer many advantages that are attrac-
tive for photodetection, including highly tunable optical characteristics, the prospect
for low-temperature processing, and compatibility with inexpensive and flexible sub-
strates. The goals of this thesis are two-fold: (1) The detailed characterization of
nanostructured materials of interest, in order to elucidate the fundamental physics
that govern their electronic and optical properties, and (2) the experimental inte-
gration of these nanostructured materials into novel photodetector device structures.
In this chapter, we review the development and recent advances in nanostructured

NIR/SWIR infrared photodetection and present an overview of this thesis.
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1.1 Overview of Nanostructured Photodetectors

This thesis concerns nanostructured materials that meet the following criteria:
(1) Consist of thin semiconducting films (<2 um), (2) incorporate nanometer-scale
materials with excitonic or quantum-confinement character and (3) can be fabricated
entirely with low-temperature (< 300°C) processing techniques, such as solution-
processing or low-temperature thermal sublimation. Encompassed under this defini-
tion are organic semiconductors and several inorganic materials, including colloidal
nanocrystal quantum dots (QQDs) and nanowires. These materials exhibit several char-
acteristics that make them highly attractive for use in optoelectronic devices [44, 31].
In particular, their optical and electronic properties are often highly tunable, enabling
them to be engineered to suit specific applications. They also offer the prospect for in-
expensive processing over large areas and onto arbitrary substrates, including flexible
substrates such as plastic and paper [15].

In the past several decades, research into utilizing nanostructured materials for
optoelectronic device applications has primarily focused on light-emitting diodes for
lighting and displays [16], and photovoltaic cells for solar energy harvesting [17, 18].
Indeed, these efforts have made impressive advances. OLED displays are becoming
increasingly common-place in consumer electronics ranging from cell phones to tele-
visions and nanostructured solar cells with power conversion efficiencies approaching
10% have been reported [19, 50, 51, 52].

It has only been in the past decade that interest in utilizing these materials for
photodetection has emerged as an active area of research in industry and academia.

Early reports highlighted their many advantages for photodetection [53, 54, 55, 56],
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among which are the ability to engineer active layer materials to target specific wave-
lengths, short optical absorption lengths (1/a < 100 nm) enabling ultra-thin device
structures (and therefore potentially fast response speeds), and facile integration with
silicon electronics as well as inexpensive and flexible substrates [57].

More recently, interest in these devices has increased in proportion with progress
in the exploration of nanostructured materials that exhibit sensitivity in the NIR and
SWIR spectral ranges (defined here to span 0.7-1.0 ym and 1.0-3.0 pm, respectively).
Materials that are absorptive in these ranges are highly attractive for photovoltaics,
as they enable harvesting of the considerable solar energy that lies beyond visible
wavelengths. Such materials are also attractive for photodetection, however, where
they can potentially be employed in a multitude of applications [55].

The most common uses for NIR/SWIR photodetection include optical communi-
cation [59] and a variety of imaging applications [I, 2]. Several examples of NIR and
SWIR imaging are shown in Figure 1.1. Many of these applications presently rely
on expensive epitaxially-grown photodetector structures, such as the InGaAs p-i-n
photodiode [60]. The development of low-cost alternatives to such crystalline inor-
ganic structures may therefore greatly expand the scope of applications for infrared
photodetection. For example. several major automobile companies are exploring
the use of infrared imagers (ordinarily reserved mostly for military applications) to
improve a driver’s ability to detect obstacles (animals, pedestrians, cyclists, etc.)
at night [2, 3]. Low-cost nanostructured imagers may enable this vision to become
widely implemented.

The unique attributes of nanostructured materials also suggest entirely new areas
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Figure 1.1: (a) Top: visible versus SWIR imaging of camouflaged vehicle. Bottom:
SWIR night vision image of a man standing in a field in total darkness on a moonless
night (from Goodrich Corporation). (b) SWIR fluorescence imaging for inspection
of defects on silicon photovoltaic module (from Goodrich Corporation). (c¢) Imaging
of NIR-emitting quantum dots in an animal specimin (from Ref. [1]). (d) Top:
Schematic illustrating the use of night vision to augment the visual range of drivers

(from Ref. [2]). Bottom: Depiction of dashboard night vision for automobiles (from
Ref. [3]).
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of application. The ability to inexpensively fabricate devices over large areas, for

example, may enable the realization of next-generation medical instruments for X-

ray imaging [61, 62]. On the other hand, the ability to readily integrate devices onto
a variety of substrates has inspired reports on a wide range of biological [63, (4] and
chemical sensing [65, 66, 67] modalities, including lab-on-a-chip devices for point-of-

care medical diagnostics [08].

Typical photodetector device structures consist of thin films (usually less than
200 nm-thick) of nanostructured materials incorporated into planar photoconductor
or sandwich-type photodiode configurations (i.e. donor/acceptor heterojunction or
Schottky). Reported devices have incorporated a wide variety of nanostructured
materials, including small molecules, polymers, carbon nanotubes and QDs. The
chemical structures for several specific materials are shown Figure 1.2.

In some of these reports, the photosensitivity metric of specific detectivity (D*)
has exceeded 10'2 Jones, thus rivaling conventional inorganic technologies such as the
crystalline silicon photodiode [23, 15]. In the case of QD photoconducting structures,
these advances were attained largely through the engineering of QD surface state pas-
sivation in order to maximize photoconductive gain [23, 69]. As a consequence, these
devices exhibit very slow response speeds. In the case of photodiodes, photosensitiv-
ity is often limited by the electrical noise intrinsic to the device. In some systems,
the use of organic “blocking layers” to significantly reduce dark current has enabled
this limitation to be surmounted [29, 18]. In general, photoconductors enable higher
overall photosensitivity, but photodiodes are advantageous as they can be operated

low or zero-bias, and at much faster speeds. The characteristics of several organic-
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based and QD-based photodetector structures are tabulated in Tables 1.1 and 1.2,

respectively.

1.2 Overview of Thesis

This thesis describes the development and detailed characterization of several
photodetectors that are optically sensitized by thin films of nanostructured materials.
The specific materials that are addressed include colloidal QDs and J-aggregating
cyanine dyes. An overview is as follows:

Chapter 2 reviews the underlying physics that describe the optical and electronic
properties of various nanostructured materials, including organic semiconductors and
colloidal QDs. The basic operation of the devices architectures described in this the-
sis are also discussed, including field-effect transistors (FETs), photoconductors and
photodiodes. Chapter 3 describes the various fabrication and device characterization
techniques that were employed in this work.

In Chapter 4, PbS QD-based photoconductors sensitive at SWIR wavelengths
are introduced and several approaches for improving their performance characteris-
tics described. In Chapter 5, the charge transport characteristics of PbS QD films
are thoroughly characterized in an FET geometry, including a detailed study of the
bias-stress effect in this system. Chapter 6 describes a novel lateral heterojunction
photoconductor, in which the functions of charge transport and optical absorption
are dissociated into different physical layers. Chapter 7 describes a photodiode struc-
ture that is optically sensitized in the NIR by a J-aggregating cyanine dye. Finally,

a summary is presented in Chapter 8, as well as an outlook for nanostructured pho-
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todetectors that exhibit infrared sensitivity.



Chapter 1: Introduction 8

(P3) (P4)

(P5) (P6)
(P7)
"CgH
NS N cm—'—ﬁ:rz s
) N*SN
0 ° TN s A
S S 7S VA AAY
P ! cu
n
(C2) (C3)

(c1)

(c4) (C5) (C6) €n
CI_QS HsG, CH S,Q_C‘ (0 CN/ . X
N 7 z r{\\\ N \i B ©\ :5‘ N N\O @\ = \NI NN
058 /\E—\ 505 //) O o b CraH )
(C8)

(QDb)

passivating ligands

inorganic core
(PbS, PbSe)

K3

Figure 1.2: Variety of nanostructured materials with NIR or SWIR, absorption that
have been utilized as active materials in photodetector device structures: (P1)
PTPTB [1]. (P2) PB30TP [5]. (P3) APFO-Greenl [6]. (P4) APFO-Green2 [7].
(P5) PCPDTBT [§] (P6) PTT [0]. (P7) PDDTT [10]. (C1) CIAIPc [11]. (C2)
CleSnNe [12]. (C3) FiCuPc [13, 11]. (C4) J-aggregating cyanine dye, U3 [15].
(C5) Merocyanine dye [16]. (C6) Alkyl functionalized squaraine, AlkSQ [17]. (CT7)
Glycol functionalized squaraine, GlySQ [18]. (C8) Zinc porphyrin, Pfused [19, 20].
(CNT) Carbon nanotube [21]. (QD) Schematic of a PbS [22, 23, 24, 25, 26, 27] or
PbSe [28, 29, 30] quantum dot.



Table 1.1: Performance characteristics of nanostructured photodetector structures that are sensitized at
NIR/SWIR wavelengths by organic semiconductors.

Material System® Type® Year A Vs EQE (X) D* faan OF Tean©
[nm] V] [% (nm)] [cm Hz'/2 W]
P1/PCq BM PD 2002 [1] 400-800 0 2 (700) - ]
P4:PCq, BM PD  2005[7 400-800 0  8(700) - i
P2/PCs BM PD  2005[5] 400-900 0 3 (800) ; ;
P3/BTPF70 PD  2005[0] 600-1000 0 9 (800) ; ;
P5/PC; BM PD 2007 [8]  400-1000 O 33 (710) - -
P6,/PCs BM PD 2007 [0)] 400-1000 0 19 (850) - 1-4 MHz
CNT:P3HT/Cqp PD 2009 [21] 400-1450 -0.7 2.0 (1300) 1 x 10 7.2 s
P7/PC¢BM PD 2009 [10] 300-1450 0 26 (800) 2.1 x 10%° -
C6 PC 2009 [17] 600-950 60 200 (670) - 3 ms
C8/Ceo PD 2010 [19] 400-1400 0 6.5 (1350) 2.3 x 10 2.1 ns
C2/Ceo PD 2010 [12] 800-1100 0 17 (1000) - ]
C5/PC; BM PD 2010 [16] 400-850 0 16 (750) - -
C3/CuPec PD 2011 [13] 550-850 -9 9.2 (808) 4.6 x 10" 80 ns
C7/PCeiBM PD 2011 [15] 400-850 -1 15 (700) 3.4 x 10" 1 MHz,
C8:Bipy:PCs;BM/Cqy  PD 2011 [20] 900-1500 O 10.5 (1400) 8.2 x 1010 -
C3:PTCDI-C8/TiOPc PD 2011 [11] 200-900 -3 20 (900) 1 x 102 56 ns
C4/7Zn0O PD 2012 [15] 500-800 0 16 (756) 4.3 x 10 91.5 kHz

@ Includes the active materials in the device structure. Electrodes, blocking layers and injection layers are not indicated.
PCg1BM = phenyl Cg; butyric acid methyl ester. BTPF70 =
3’-(3,5-bis-tri-fluoromethylphenyl)-1’-4-nitrophenyl) pyrazolino[70]fullerene. PC7;BM = phenyl C7; butyric acid methyl
ester. P3HT = poly(3-hexylthiophene). CuPc = copper phthalocyanine. Bipy = 4-4’-Bipyridyl. PTCDI-C8 =
N,N’-Dioctyl-3,4,9,10-perylenedicarboximide. TiOPc = oxo-titanium phthalocyanine.

b «PD” indicates a photodiode structure and “PC” indicates a photoconductor.

¢ Tean 18 the time constant describing the decay of photocurrent following a short pulse of illumination. f3qp is the frequency
of modulated light at which the photodetector response is attenuated by 3 dB.
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Table 1.2: Performance characteristics of nanostructured photodetector structures that are sensitized at
NIR/SWIR wavelengths by colloidal quantum dots.

Material System® Type® Year A Vows EQE (N) D* Faap OF Tean©
[nm] V] [% (nm)] [cm Hz'/2 W]

PbS QD:MEH-PPV PD 2005 [22] 400-1600 -5 0.39 (975) - -

PbS QD PC 2006 [23] 400-1500 100 1240 (1300) 1.8 x 1013 <20 Hz

PbS QD:P3HT PD 2006 [28] 400-2200 0 0.006 (1950) - -

PbS QD (Schottky) ¢ PD 2009 [24] 400-1700 0  16.5 (1450) 1 x 102 1.5 MHz

PhS QD/PCBM PC 2009 [27] 400-1300 15 33 (1200) - >2

PbS QD:P3HT:PCs:BM  PD 2009 [26] 400-1800 -5 16.5 (1220) 2.3 x 10° 2.5 kHz

PhSe QD/ZnO PD 2011 [20] 600-1300 -0.5 2 (1220) 1 x 10" ;

PbS QD/TiO, PD 2011 [27] 400-1400 0 28 (1250) - i

PbSe QD/ZnO PD 2011 [30] 400-1600 0 38 (1550) - i

® Includes the active materials in the device structure. Electrodes, blocking layers and injection layers are not indicated.
MEH-PPV = poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene). P3HT = poly(3-hexylthiophene). PCg1BM =

phenyl Cg; butyric acid methyl ester.

b «pPD” indicates a photodiode structure and “PC” indicates a photoconductor.
¢ Ttan 1s the time constant describing the decay of photocurrent following a short pulse of illumination. f;4p5 is the frequency of

modulated light at which the photodetector response is attenuated by 3 dB.
4 The reported value for D* was measured at T = 250 K.
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Chapter 2

Background

In this chapter, we introduce the various nanostructured materials and device
structures that were utilized in this work. Overviews of organic semiconductors, J-
aggregating cyanine dyes, and colloidal quantum dots are presented. We then review
the basic operation of field effect transistors, photoconductors and heterojunction

photodiodes, in preparation for more specific discussion in later chapters.

2.1 Organic Semiconductors

2.1.1 Basic Optical and Electronic Properties

Organic semiconductors of interest for optoelectronic device applications generally
fall into one of two categories: (1) aromatic hydrocarbons and (2) conjugated poly-
mers. The former are low molecular weight materials that contain benzene rings in
their structure. The latter are macromolecules that consist of repeating monomeric

sub-units along a conjugated backbone. Many of the materials used in this thesis

11



Chapter 2: Background 12

(a) Delocalized 7 Orbital

__Z_
— —

"Sc ol i
>C °S
H H
(b) (c)
|
H C _H m—LUMO
| -O0—0—
Y .

Figure 2.1: (a) Schematic depicting delocalized 7 orbitals above and below the plane
of the carbon ring (adapted from Ref. [31]) (b) Chemical structure of a benzene ring.
(¢) Energy band diagram showing HOMO and LUMO energy levels.

fall in the former category. The molecule, spiro-TPD (discussed in Chapter 6), for
example, is an aromatic hydrocarbon.

The key attribute that these material systems have in common is that they pos-
sess conjugated bonds in their structure that give rise to large delocalized electronic
orbitals. This is illustrated in Figure 2.1 with the example of a benzene ring, the
simplest aromatic hydrocarbon. In each of the six carbon atoms in the ring, three

of the four valence electrons form spo-hybridized orbitals at 120° angles from one
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another in the plane of the molecule. These orbitals directly overlap with the orbitals
of adjacent hydrogen and carbon atoms, resulting in strong covalent bonds, called o
bonds. The fourth valence electron, in contrast, occupies a p, orbital that extends out
of the plane of the benzene ring. The side-to-side overlap of adjacent p, orbitals from
adjacent carbon atoms results in the formation of relatively weak 7 bonds between
them. This is represented schematically by alternating single and double bonds in
the benzene ring (see Figure 2.1(b)). In reality, the m bonds between adjacent carbon
atoms are equally distributed and constitute a continuous “m-system” that is delocal-
ized around the entirety of the ring. This 7-system may be delocalized even further
in larger molecules with a greater extent of conjugation.

In an energy band diagram describing the levels of the various electronic states in
the molecule, the highest occupied state, referred to as the highest occupied molecu-
lar orbital (HOMO), and lowest unoccupied state, referred to as the lowest unoccu-
pied molecular orbital (LUMO), are attributed to the ground and excited states of
these relatively weakly-bound 7 electrons (Figure 2.1(c)). The difference between the
HOMO and LUMO energy levels is generally well-defined for a given molecule and
can be thought of as an optical band gap. The absorption of a photon with greater
than the HOMO-LUMO energy, for example, can excite a 7 electron to a 7* excited
state, forming an exciton, or bound electron-hole pair, on the molecule. In many

organic materials, this transition can occur at visible or even infrared wavelengths.
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2.1.2 Organic Thin Films

Films of organic materials are usually prepared in the solid state by either solu-
tion processing or thermal sublimation. These techniques are described in detail in
Chapter 3. Organic semiconductors in the solid state are generally amorphous, with
neighboring molecules held together only by weak van der Waals induced-dipole inter-
actions. As a result, these solids are often soft, easily deformable and have low melting
points. Moreover, they tend to be susceptible to degradation caused by oxygen and
water in the atmosphere.

Since their electronic and vibrational states remain localized near individual molecules,
the optical properties of the solid-state film are usually very similar to those of indi-
vidual molecules. Electrical conduction is only possible because of the partial overlap
of m wavefunctions of neighboring molecules. Carrier mobilities of organic semicon-
ductors are generally lower than in inorganic semiconductors and depend on their
particular molecular packing morphology. For example, an amorphous film of spiro-
TPD, which is a hole transporting material used in organic solar cells [70] and light
emitting diodes [71], exhibits a hole mobility of ~ 10~ cm?*V~!s™!. Field-effect mo-
bilities in the range of 1-20 cm?V~!s~! have been achieved, however, in single crystals
of organic materials such as pentacene [72] and rubrene [73].

Despite their inferior electrical characteristics and issues with stability, the many
advantages of organic semiconductors have driven intense interest in employing them
in a wide range of applications. These advantages include high optical absorption
coefficients, a high degree of optical and electronic tunability (afforded by the wide

variety of available materials), inexpensive low-temperature processing, and compat-
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Figure 2.2: (a) Definition of slipping angle between two adjacent dye molecules. (b)
[lustration of brickwork pattern of molecules. (c) Illustration of band-splitting for
two coupled molecules for different slipping angles (adapted from Ref. [32]).

ibility with flexible and large-area substrates.

2.1.3 J-Aggregating Cyanine Dyes

Molecules from a unique class of organic materials tend to form supramolecular
aggregates with optical transition dipole moments that are larger than those of the
constituent molecules themselves. This phenomenon was independently discovered
over 70 years ago by E. Jelley [71] and G. Scheibe [75] in aqueous solutions of the
dye, pseudoisocyanine chloride (PIC chloride). Such aggregating dyes later found use
in the photographic film industry throughout the 20 century [76, 77, 78, 79]. In
honor of their inventors, these materials are today referred to as “J-aggregates” or

“Scheibe aggregates”.
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J-aggregates are characterized by very high absorption coefficients and narrow
absorption features that are red-shifted with respect to their monomeric absorption
spectra. The new absorption band is referred to as the “J-band”. A related type of
aggregate is the “H-aggregate”, in which the absorption feature is blue-shifted relative
to the monomeric absorption spectrum. Here, “H” denotes a hypsochromic shift of
the absorption feature.

To understand the origin of the unique spectral changes that arise with aggrega-
tion, we consider the interaction of two neighboring dye molecules, as in Ref. [32].
When the two molecules are brought into close proximity with one another, their
dipole moments couple, resulting in a splitting of their excited states. The oscilla-
tor strength of these states is expected to depend on the geometry of the aggregate,
as quantified by the “slipping angle”, defined in Figure 2.2(a). For dipoles that are
aligned tip-to-tail (slipping angle of 0°), the higher energy state will correspond to
when the two dipoles are oscillating out of phase while the lower energy state will
correspond to when the dipoles are oscillating in phase (see Figure 2.2(c)). In the
case of the higher energy state, the two dipoles cancel each other resulting in a net
dipole moment of zero. The dipole moment of the lower (red-shifted) energy state,
however, is increased by a factor of V2.

This analysis can be extended to a larger system of N interacting dipoles. The
J-band in this case corresponds to a situation in which all of the N molecules are
oscillating in phase. The dipole strength can be estimated according to the equa-
tion [32]:

15— agg ~ 0.8L(N + 1)pu2, (2.1)
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Figure 2.3: Schematic depicting (a) a Wannier-Mott exciton in a crystal lattice and
(b) a Frenkel exciton tightly bound to a single molecule (adapted from Ref. [31]).

m is the dipole strength of a monomer and f;_444 is the dipole strength of the
J-aggregate.

In an actual film, the slipping angle will likely not be at 0°, but at some interme-
diate angle, resulting in a “brickwork” arrangement like that shown in Figure 2.2(b).
A photodiode that is optically sensitized by a thin film of a J-aggregating cyanine

dye is described in Chapter 7.

2.1.4 Wannier-Mott and Frenkel Excitons

Electrons and holes in a semiconductor may become bound by their mutual
Coulomb interaction to form a quasi-particle known as an “exciton”. An exciton
may be thought of as an electron and hole orbiting around each other in the semicon-
ducting material with some radius, a, and binding energy, Ej,. These characteristics
are strongly influenced by the dielectric environment. In materials with high dielec-
tric constants (e, >10), screening of the Coulomb interaction results in a large exciton
radius and low binding energy. In this case the exciton may extend over many atomic

sites in a crystal lattice as shown in Figure 2.3(a). These are referred to as “Wannier-
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Mott” excitons and are mainly observed in inorganic semiconducting materials. They
are typically characterized by binding energies on the order of 0.01 eV, making them
unstable at room temperature due to phonon collisions.

In materials with lower dielectric constants, such as organic semiconductors (e, ~
3-4), the extent of dielectric screening is much less, resulting in a more tightly-bound
exciton called a “Frenkel” exciton. In this case, the exciton may be confined to a
single molecule, as shown in Figure 2.3(b). The binding energies of Frenkel excitons
are in the range of 0.1-1 eV, depending on the material. They are therefore stable at
room temperature. The dynamics of Frenkel excitons are of paramount concern to the

design of organic optoelectronic devices. This will be discussed further in Section 2.5.

2.2 Colloidal Quantum Dots

Quantum dots (QDs) are a type of low-dimensional nanostructure in which carri-
ers are confined in three dimensions. There are numerous approaches to fabricating
such structures, including chemical synthesis [33, 80] and a variety of epitaxial tech-
niques [31, 82]. In this thesis, however, we are concerned specifically with chemically
synthesized nanocrystal QDs that are processable from solution. The optical proper-
ties of quantum dots may be strongly influenced by the quantum confinement effect,
giving rise to new properties that are not present in the corresponding bulk material.
Of particular interest to this work is the prospect for tunable absorption across near-
and shortwave infrared wavelengths. In this section, the synthesis and basic optical

characteristics of nanocrystal QDs are reviewed.
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Figure 2.4: (a) Schematic of QD synthesis. (b) Photograph of CdSe QDs for a range
of core diameters (photograph by Felice Frankel). (¢) TEM image of a CdSe QD [33].

2.2.1 Quantum Dot Synthesis

Colloidal QDs are usually synthesized according to the procedure initially reported
by Murray et al [33], which is shown schematically in Figure 2.4(a). This procedure
involves first heating a coordinating solvent and organic ligands to a temperature of
300°C. Organometallic precursors for the desired semiconductor (such as dimethyl
cadmium and trioctylphosphine selenium for CdSe) are then rapidly injected into
the reaction vessel, initiating the homogenous nucleation of nanocrystals. QD size

can be monitored by measuring the absorption spectra of aliquots taken from the
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growth solution. The ultimate QD size can be controlled by means of varying the
temperature of the synthesis and by terminating the reaction when the desired QD
size is reached. The latter is accomplished simply by cooling the growth solution to
room temperature.

Following synthesis, QDs are precipitated from the growth solution and recast
into a suitable solvent. Prior to their use in devices, they are usually precipitated
and redissolved several times in order to eliminate excess ligands from the solution.

In this thesis, QDs of PbS (Chapters 4 and 5) and CdSe (Chapter 6) were utilized.
The particular synthesis procedure for PbS QDs is reported in Ref. [83], while the

synthesis of CdSe QDs is reported in Ref. [31].

2.2.2 Optical Properties

The energy of optical transitions in quantum dots are modified by the quantum
confinement effect, enabling size-tunability of their absorption spectra. The confine-
ment energy that arises may be calculated by regarding electrons and holes on the
nanocrystal in terms of a standard three-dimensional particle-in-a-box problem. As-
suming a spherical nanocrystal surrounded by an infinite energy barrier, the quantum

confinement energy can be calculated as [11]:

2 42
eh o h gbl,n

= 2.2
l,n 2me,ha2 ( )

me,, is the electron or hole effective mass, a is the nanocrystal radius and ¢y, is
the nth root of the spherical Bessel function of order [, jj(¢;,,) = 0. For a given
type of semiconductor, the confinement energy increases as the nanocrystal diameter

is reduced. Also, the confinement energy will be greater for the carrier-type that
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has a smaller effective mass. The extent of quantum confinement can be classified
according to the size of the nanocrystal, a, relative the Bohr radius of a bulk exciton
in the semiconductor, given by ap = h®x/ue®. k is the dielectric constant of the
semiconductor and p is the reduced effective mass (1/u = 1/m? + 1/m}). Many of
the QD materials used in this work exist in a regime of strong confinement (a < ap).
In PbS, for example, the exciton Bohr radius is &~ 18 nm [85], while the QD radii are
in the range of 2-5 nm. In the strong confinement regime, optical transitions may be

calculated as [11]:
2

hw, = E, + E"(a) + E*(a) — 1.8— (2.3)

ra

E, is the bulk band-gap of the semiconductor, E" and E¢ are the quantum confine-
ment energies of electrons and holes, respectively, and the term on the right is a per-
turbation theory correction that takes the Coulomb interaction of quantum-confined
electrons and holes into account.

The quantum confinement effect thus increases the optical transition energy over
that of the bulk material. This, in turn, enables the absorption band-edge to be
precisely tuned to shorter wavelengths by reducing QD size. In the case of PbS
(B, ~ 0.4 eV) and PbSe QDs (E, ~ 0.3 eV), spectral absorption can be tuned across
shortwave infrared wavelengths. The absorption spectra for PbSe QDs with a range of
core diameters is shown in Figure 2.5. The ease of spectral tunability combined with
access to near-infrared and shortwave-infrared wavelengths make QDs an attractive
material for optoelectronic device applications. In particular, QDs make an excellent
complement to organic optoelectronic devices, as few organic semiconductors absorb

in the infrared.
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Figure 2.5: Absorption spectra of PbSe QDs as a function of nanocrystal diameter
(adapted from Ref. [31]).

2.3 Field-Effect Transistors

The field-effect transistor (FET) is the fundamental building block of modern
electronics and information technology. It is a three-terminal device that essentially
functions as an electronic switch. A voltage applied to the “gate” electrode induces
a conductive channel that allows current to flow across the other two electrodes (the
“drain” and “source”). Most FETs in modern usage are implemented in crystalline
inorganic semiconductors such as silicon or gallium arsenide [36]. In the past several

decades, however, tremendous research has focused on the development of FETs that
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Figure 2.6: Energy band diagram of metal-insulator-semiconductor structure (a) prior
to Fermi level equilibration and (b) after Fermi level equilibration (adapted from Ref.

[35])-

are based on organic semiconductors [37] and other nanostructured materials [33, 89].
These efforts aim to realize devices for low-cost and flexible electronics. Scientifically,
FETs also serve as a useful tool with which to characterize the electronic properties
of materials. Current-voltage characteristics, for example, can provide a measure of
carrier mobility as well as information about charge traps present in a material. In
this section, we review the basic principles of FET operation and discuss experimental

considerations associated with their fabrication and testing.

2.3.1 Principles of Operation

We begin our discussion of FET operation by first considering the metal-insulator-
semiconductor (MIS) capacitor [30, 35]. The MIS capacitor consists of a semiconduct-
ing material and a metal that are separated by an insulating dielectric. When the
capacitor is formed, the Fermi levels in the metal and semiconductor equilibrate, re-

sulting in bending of the energy bands as shown in Figure 2.6. The flat band voltage,



Chapter 2: Background 24

AN A /
/— EC EC
c ~——E, E (T E,
FM N penTTEEETEET i — L e — — = . E
" eV S E — == E FS
i _____ E.E eVs ¥ £ evel E,
EF.S EM / v E
| v FM
Accumulation Depletion Inversion

Figure 2.7: Different operating modes of a field-effect transistor: (a) Accumulation
mode. (b) Depletion mode. (c¢) Inversion mode.

Vb, is defined as the voltage required to return the energy bands to the flat band con-
dition. V}, may be calculated as the difference between the metal and semiconductor

work functions:
eVip = edp, — ey (2.4)

Regarding the flat band condition to be the neutral state, there are 3 important
regimes to the operation of a MIS capacitor. These regimes are shown schematically
in Figure 2.7 for the case of a p-type semiconductor:

Accumulation: When a negative bias is applied to the gate electrode, the semi-
conductor energy bands bend upward, resulting in the accumulation of holes near the
semiconductor/dielectric interface. The difference in the Fermi levels of the metal
and semiconductor is equal to the applied bias, eVy.

Depletion: If a positive bias is applied to the gate, the semiconductor bands
bend downward, resulting in the depletion of holes from the semiconductor near the
interface.

Inversion: If a sufficiently high positive bias is applied to the gate electrode, the
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Figure 2.8: Different field effect transistor geometries: (a) Bottom Contact / Bottom
Gate, (b) Top Contact / Bottom Gate, (c¢) Bottom Contact / Top Gate. Red arrows
indicate the contact surface of charge injection (adapted from Ref. [30]).

band bending near the interface will be so severe that the Fermi level will begin to
approach the conduction band of the semiconductor. At this point, electrons will
begin to accumulate, effectively forming an n-type channel.

An FET essentially consists of an MIS capacitor, but with two additional elec-
trodes (source and drain) in contact with the semiconductor. Several common FET
geometries are shown in Figure 2.8. The dimensions of the FET can be characterized
by its channel length (L), corresponding to the separation between the drain and
source electrodes, and the channel width (W), corresponding to the distance over
with the electrodes extend “into the page”. The accumulation of charge near the
gate dielectric when the FET is operated, for instance in inversion mode, results in a
conductive channel. The application of a bias across the source and drain electrodes
(Vp) will then result in a drain-to-source current (Ipg). The threshold voltage of
the FET, Vi, can be understood as the gate bias required in order to establish this

conducting channel.
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2.3.2 Current-Voltage Characteristics

The FET current-voltage characteristics can be described analytically by invoking

)

the “gradual channel approximation,” in which we assume that the transverse electric
field in the channel (perpendicular to the direction of current flow) is much larger than
the longitudinal field. This assumption enables the FET to be analyzed as a simple
one-dimensional problem [36, 35].

The amount of induced mobile charge in the channel of the FET (per-unit-area),

as a function of position along the channel (x), may be calculated:
Qs = Ci(Vg — Vr — V() (2.5)

C; is the capacitance of the gate dielectric and V.(z) is the channel voltage as a
function of z; V.(0) = 0 at the source and V.(L) = Vp at the drain. The drain-source

current (Ip) through a cross-section of the channel may then be written:

dVe(z)

Ip = W,UQS (26)

Note that we assume the carrier mobility to be independent of the electric field.
Rearranging this equation,

Ipdz = WuQ.dVe(z) (2.7)

We now plug in the expression for @ (Equation (2.5)) and integrate from x = 0 to

r = L:

[%—W—@%b 2.8)

. pWC;

Ip 7

2

This equation describes the current-voltage characteristics of the FET. For low applied

drain biases (Vp < Vi — Vr), the quadratic term in the brackets may be neglected,
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resulting in a linear relationship between Ip and V;. This operating regime of the

FET is referred to as the linear or ohmic regime:

W,
b:“L(m—wm> (2.9)

As Vp is increased, Ip will begin to deviate from this linear relationship. This is due
to the reduction of induced charge near the drain electrode by the channel voltage.
The point at which the induced charge at (z = L) becomes zero is referred to as
“pinch-off,” occurring when Vp = Vi — V. At this point, Ip becomes saturated with
further increase of Vp and the FET is said to operate in the saturation regime. The
saturation current is obtained by plugging the saturation condition (Vp = Vg — Vi)

into Equation (2.8):
_ uWG;
2L

Ip (Vg — Vp)? (2.10)

Characterization of an FET in the linear or saturation operating regime enables
straightforward extraction of the carrier mobility by Equations (2.9) and (2.10), re-

spectively.

2.3.3 Device Structures

The particular device structure used to implement an FET with a given semicon-
ductor, including the geometry of the device and the choice of dielectric and electrode
materials, is critical in determining its ultimate performance characteristics. A very
common device structure for FETs that incorporate nanostructured materials is the
bottom contact / bottom gate (BC/BG) geometry shown in Figure 2.8(a). This

structure is advantageous because because it can readily be fabricated from a wafer
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of degenerately doped silicon, where the silicon serves as the gate, a thermally-grown
layer of SiOs serves as the gate dielectric (e = 3.9), and patterned metal electrodes
serve as the source and drain. Substrates can be purchased with high-quality SiO,
dielectrics already grown on them, obviating the need to further processing in order to
deposit a gate dielectric. Often, the SiO, is modified with a surface treatment such as
hexamethyldisiloxane (HMDS) or octadecylsilane (OTS) to improve the morphology
of the semiconductor film or passivate electron-trapping hydroxyl groups on the SiO,
surface [90, 91, 92] . High-quality surface passivation has been shown to be critical to
enabling n-channel FET operation in organic FETs [387]. We note that the BC/BG
geometry can also readily be implemented with non-silicon back-gates, as is necessary
for the realization of integrated circuits [93, 94].

Alternative device structures include the top contact / bottom gate (TC/BG) and
bottom contact / top gate (BC/TG) configurations shown in Figures 2.8(b-c). These
geometries are sometimes referred to as “staggered,” due to the fact that the channel
is formed opposite from the source/drain electrodes. One of the main advantages of a
staggered geometry is that the contact resistances at the drain and source electrodes
are often far lower than in a comparable “co-planar” structure [95, 96, 97], such as
the BC/BG configuration. This is due to the fact that in co-planar FETSs, charge is
injected into the channel only from the side walls of the source and drain electrodes.
In contrast, current injection in a staggered geometry occurs from the much larger
top surfaces of the source/drain electrodes (as indicated in Figure 2.8). Consequently,
devices based on staggered architectures often can be operated under lower biasing

conditions than their co-planar counterparts. In Chapter 5, we discuss several FET
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Figure 2.9: (a) Schematic of photoconductor operation. (b) Photoconductor structure
with interdigitated electrodes (Adapted from Ref. [37]).
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structures, including BC/BG and BC/TG devices, that incorporate thin films of PbS

QDs.

2.4 Photoconductors

A photoconductor is essentially a light-sensitive resistor. It consists of a film of
semiconducting material that is contacted with two electrodes. Under illumination,
the absorption of light generates free carriers that increase the conductivity of the
material, resulting in a photocurrent. The generation of carriers may be due to band-
to-band (intrinsic) transitions or, alternatively, transitions involving impurity levels
in the band gap (extrinsic photoconductivity). In this thesis, we are exclusively con-
cerned with intrinsic quantum-dot-based photoconductors in which the transitions are

determined by the band gap of the QDs. Specific devices are discussed in Chapters 4
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and 6.

One of the main advantages of a photoconductor is the presence of an internal
photoconductive gain mechanism. Gain allows for the possibility of extracting several
carriers from the device for a single absorbed photon. To understand this mechanism,
we consider a basic photoconductor structure shown in Figure 2.9(a). We make the
following assumptions about its operation: (1) The device is sufficiently thick to
absorb 100% of the light (device thickness, D > 1/«a) and (2) the contacts are ohmic

for both carrier types. The photocurrent can be described by [60, 86]:

P,
Lphoto = a1 (h—ypt) G (2.11)

Here, P, is the illumination power incident to the device, 7 is the quantum efficiency
(i.e. the number of carriers generated per photon) and G is the photoconductive
gain. G may be greater than or less than unity depending on the configuration of the
photoconductor as well as the bias condition. To determine an expression for G, we

note that the photocurrent may also be written in terms of Ohm’s Law:
Lohoto = 0 EW D = (pun, + p1,) AngEW D (2.12)

E is the applied electric field across the two electrodes (E = Vjs/L) and An is
the excess carrier concentration that results from illumination. The magnitude of
An will depend on the generation and recombination rates that are operative in the

photoconductor. The relevant rate equation may be written:

(B 1o 213)

dt hv ) WLD 1
7 is the excess carrier lifetime. Under steady-state illumination conditions we have:

An _ n(Popt/hv)

T WLD (2.14)
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By combining Equations (2.12) and (2.14), we obtain:

P, o + i) TE
Iphoto =4qn ( h,lit) ( Lp) (215)

Finally, referring to Equation (2.11), we determine the photoconductive gain to be:

(ko + pp)TE 1 1
o (L1 2.16
L "\ T (2.16)

trn and t, are the transit times of electrons and holes, respectively (t, = L/uE).
If the transit time of the minority carrier is much larger than that of the majority
carrier (for instance if it becomes trapped), then G will simply scale with the ratio
of the recombination lifetime and the transit time of the majority carrier. In terms
of device operation, G will directly scale with applied bias (G o Vj;4s) and with the
inverse square of the channel length (G oc L™2). To maximize gain, therefore, the
applied voltage should be as high as possible and the channel length should be as

short as possible.

2.5 Heterojunction Photodiodes

Solar cells and photodetectors that incorporate nanostructured materials must
be engineered to allow for the dissociation of photo-generated Frenkel excitons into
free carriers that can be collected at the electrodes as photocurrent. This is usually
accomplished by utilizing a donor/acceptor hetero-interface to facilitate exciton dis-
sociation [98, 99]. An energy band diagram for a heterojunction photodiode is shown
in Figure 2.10. The total external quantum efficiency (nmpgg) of the device can be

expressed as the product the four processes shown in Figure 2.10: (1) Absorption
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Figure 2.10: Critical processes for the generation of photocurrent in a donor-acceptor
heterojunction diode.

(Na), (2) exciton diffusion (ngp), (3) exciton dissociation, or charge transfer (ncor),

and (4) carrier collection (n¢¢).

NEQE = NaMEDNCTNCC (2.17)

Device performance is often limited by poor exciton diffusion efficiency (ngp),
which results from the fact that excitons in nanostructured materials often migrate
only short distances by random diffusion before recombining. The exciton diffusion
length, Lp, is usually in the range of 3-10 nm in organic semiconductors [100, 98]. This
is far less than the thickness of an active layer material required in order to capture
an appreciable amount of light (1/a ~ 100 nm [101]). Consequently, the exciton
diffusion process imposes a considerable limit to how much light can be harvested
in this type of structure. The thickness and morphology of the active layers must

therefore be carefully designed in order to maximum the exciton diffusion efficiency
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and device performance. These considerations will be discussed in the context of a

J-aggregate photodiode structure in Chapter 7)



Chapter 3

Experimental Methods

This chapter reviews the experimental methods employed to fabricate and char-
acterize the devices that are described in this thesis. We present an overview of the
ONElab growth system, a review of the various specific deposition techniques that
were utilized, and a description of electrical and optical characterization techniques

that were employed.

3.1 ONElab Growth System

The fabrication of nanostructured optoelectronic devices generally involves the
sequential processing of several layers of different materials. For example, organic
active layers may be deposited by thermal sublimation, while indium-tin-oxide (ITO),
a material commonly used as a transparent electrode, is typically deposited by means
of RF magnetron sputtering. A critical concern throughout the processing of active

device layers is that the electrical characteristics of many nanostructured and thin-film

34
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materials are sensitive to oxygen and water, and must therefore be maintained in dry
and inert environments in order to minimize degradation. Even a brief exposure of an
incomplete device to air, which may occur while transferring it from one tool to the
next, may result in drastic and adverse changes to the already-deposited materials’
properties. In ONElab, the inert processing of device layers is facilitated through
the use of the ONElab growth system, shown schematically in Figure 3.1. Samples
may be prepared in a glovebox environment prior to being loaded into the “transfer
line” vacuum system via a load lock. A cart and pulley system facilitates the transfer
of samples among several different deposition tools including thermal evaporators,
a chemical vapor-phase deposition reactor and a sputter-deposition tool. Manually-
operated rack-and-pinion feedthroughs on each of these systems are used to seize
samples from the transfer line and return them following the completion of the process.
In this manner, multi-layer device structures may be built up without the substrate
ever leaving an inert environment. Following the completion of processing, electrical
and optical testing may be conducted in a second nitrogen glovebox system, located

at the opposite end of the transfer line.

3.2 Thin Film Deposition Techniques

This work spans the use of a diverse array of materials including polymeric and
small-molecule organic semiconductors, colloidal quantum dots, metal-oxide semi-
conductors and metals. Consequently, a variety of material deposition techniques
were employed. These techniques can be divided into two categories: (1) solution-

processing and (2) physical vapor deposition.
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Figure 3.1: Schematic and photograph of the ONElab growth system in December,
2011.
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Table 3.1: Spin-coating conditions for several of the materials used in this thesis.

Solution Spin Conditions Thickness*
[material / solvent] [concentration / spin speed] [nm)]

U3’ / water 10 mg mL~' / 4000 RPM  15¢

PbS QDs (oleic acid) / octane 15 mg mL~* / 1500 RPM 15

PCBM? / chloroform 10 mg mL~! / 1500 RPM 55
Microchem A4 PMMA / anisole unknown / 1000 RPM 465
Polystyrene® / butyl acetate 50 mg mL~! / 2000 RPM 330

@ Measured with stylus profilometry unless otherwise specified.

b Purchased from Ryan Scientific.

¢ Measured with optical ellipsometry.

4 Purchased from Polymer Source Inc. with M,, = 221,500 and M, /M,, = 1.04.
¢ Purchased from American Dye Source.

3.2.1 Solution Processing

In this thesis, spin-casting was used extensively for the deposition of polymers, col-
loidal quantum dots and some low-molecular-weight organic materials. This technique
involves dispensing a solution of the desired material onto a substrate that is rotating
at a high speed. The rotation distributes the solution across the substrate resulting
in a high-quality film of nearly-uniform thickness. The solvent typically evaporates
from the film in seconds to minutes [102, |, depending on its particular boiling
point. A solvent with a low boiling point such as chloroform (Zypin, = 61.2°C), for
example, evaporates much faster than a solvent with a higher boiling point, such as
octane (Thoiting = 125.5°C). The film thickness may be controlled by the choice of
solvent, the particular concentration of the solution and the rotation speed (typically
in the range of 1000-6000 rotations-per-minute.) The spin conditions for several of

the materials used in this thesis are presented in Table 3.2.1.
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3.2.2 Physical Vapor Deposition

A number of materials are not readily processible from solution, including the
metals (Al, Ag, Au) and metal-oxide materials (MoOg, ZnO, ITO, Al,O3) that were
used in this work. For these materials, a suitable physical vapor deposition (PVD)
process was used for film deposition. PVD involves physically reducing the desired
material into a vapor (for example by thermal evaporation or ion bombardment) and
allowing it to condense onto a substrate. For some organic materials, such as spiro-
TPD, PVD may be preferable to solution processing as it affords superior thickness

control and film quality.

Thermal Evaporation

A schematic and photograph of the thermal evaporator system used extensively
in this thesis are shown in Figure 3.2. Source materials are contained in tungsten
crucibles (obtained from R.D. Mathis Company) that reside in a high vacuum system.
The base pressure is maintained at <10~° Torr. AC current delivered from an external
power supply heats up the source crucible, resulting in the sublimation of the material
it contains. The substrates to be coated are mounted above the crucible on a rotating
stage. The vaporized source material condenses on the substrates at a rate that is
controlled by the amount of electrical current delivered to the crucible. The rate of
deposition is monitored with a quartz crystal thickness monitor that resides inside
the vacuum chamber. Most of the materials used in this work were deposited at a

rate of ~ 1A /s.
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Figure 3.2: Schematic and photograph of the ONElab thermal evaporator system.
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Figure 3.3: Schematic of RF magnetron sputterering (adapted from [38]) and photo-
graph of the ONElab sputtering system.

RF Magnetron Sputtering

For materials with high melting points, including the metal-oxides ITO and ZnO
used in this work (73, >2000 K), thermal evaporation cannot be straightforwardly
used for film deposition. In these cases, RF magnetron sputtering may be used.
Rather than simply relying on heat to vaporize the source material, this technique
involves bombarding a “target” of the desired source material with energetic ions to
physically eject material from the surface. This ejected material will then be able to
condense onto the substrate to form a film.

The ONElab sputtering system consists of three MAK-300-V magnetron sput-
tering gun (US Inc.). A schematic of a sputtering gun as well as a photograph of
the ONElab sputtering system are shown in Figure 3.3. The sputtering chamber is

pumped down to <10~® Torr and back-filled with Argon to a set pressure that is
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maintained by a feedback-controlled variable gate valve. The application of a suit-
ably high voltage (200-1000 V) to the cathode by an RF power supply ionizes the
incoming Argon gas. Magnets within the gun create a magnetic trap that confines
this Argon plasma to just above the sputtering target, physically isolating it from the
substrates that are mounted on a rotating stage above. The Art ions in this plasma
are accelerated into the target by the applied potential with sufficient energy to eject
material from the surface. Since the ejected particles of the target are electrically
neutral, they are able to freely traverse across the chamber and condense onto the
substrate.

For insulating materials, the surface of the target is prone to become positively
charged during the sputtering process. This build-up of charge will gradually screen
the cathode potential. To avoid this undesirable situation, the voltages applied to
the cathode and anode are reversed at a sufficiently high frequency (f = 13.65 MHz
in our system) to periodically neutralize the built-up charge before it can accumulate
to an appreciable extent.

Control of the working gas pressure and the RF power applied to the cathode
enables precise control of the the rate of deposition. The sputter-deposition of several
materials will be discussed in the context of a hybrid metal-oxide/organic photode-

tector structure in Chapter 7.
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Figure 3.4: Photograph of custom-built test fixture used in this work.

3.3 Device Characterization Techniques

3.3.1 Basic Electrical Characterization

All of the electrical measurements presented in this thesis were conducted in a
nitrogen-filled glovebox environment. Connection to device electrodes is established
with a custom-built test fixture (see Figure 3.4), initially described in Ref. [101]. A
latch secures a 0.5” x 0.5” sample and 10 spring-loaded gold pins make contact to the
device around the samples’ edges. A custom printed circuit board was fabricated to
facilitate easy electrical connection via SMA connectors.

A variety of test equipment was used to study the electrical characteristics of
devices. A Keithley 6487 Sourcemeter was used to measure current-voltage (I-V)
characteristics of photodiodes and photoconductors. These measurements were con-
ducted in the dark as well as under illumination from various light sources including

LEDs and diode lasers.
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Figure 3.5: (a) Measurement of transient photoresponse with a current amplifier and
oscilloscope. (b) Measurement of transient photoresponse with a lock-in amplifier.

For characterization of field-effect transistors (FETS), an Agilent 4156C Semicon-
ductor Parameter Analyzer was used. Transfer characteristics (drain-source current
plotted as a function of gate bias for fixed drain biases) and output characteristics
(drain-source current plotted as a function of drain bias for fixed gate biases) were
measured. Capacitance-voltage (C-V) characteristics were measured with an Agilent
4156C or a Solartron 1260 Impedance Analyzer. All measurements on FETs and
capacitive structures were conducted with a text-fixture that was mounted inside a

custom-built dark box to ensure that ambient illumination was minimized.

3.3.2 Measurement of Response Speed

The speed with which a photodetector can respond to changes in incident illumi-
nation is an important figure-of-merit that qualifies its potential uses. This metric
can be quantified in a number of ways. In this thesis, we measure the response speed
in terms of the fall time (77,;) and the 3-dB bandwidth (fssp). T is the time
constant of the the decay in photoresponse following a pulse of illumination. The

3-dB bandwidth is the frequency at which the photodetector’s response to modulated
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illumination is attenuated by 3 decibels, corresponding to a decrease in magnitude by
a factor of 1/4/2, or attenuation to ~ 71% of its initial magnitude. We note that an
additional commonly used metric is the “10%-90% rise/fall time”, which is the time
required for the photoresponse to vary between 10% of its initial value and 90% of its
initial value in response to a sharp pulse of illumination.

The experimental setup used to measure 77, is shown in Figure 3.4(a). The
device-under-test (DUT), represented in this case by a photodiode, is illuminated
with a pulse of light from a diode laser. The resulting photocurrent is amplified with
a Femto DHPCA-100 current amplifier and its decay monitored on a Tektronix 3054C
oscilloscope. For conducting this measurement, several factors must be considered in
order to ensure that the measured decay time is in fact limited by the DUT: (1) the
rise/fall time of the light source must be faster than the DUT, (2) the speed of the
measurement electronics must be faster than the DUT and (3) the capacitance at the
input of the current amplifier should be considered and minimized.

For the measurements presented in this thesis, a TTL-modulated Newport LQD
laser diode with at rise/fall time of 2 ns was used as the excitation source. The speed
of the Tektronix 3054C oscilloscope is 500 MHz, also corresponding to a rise/fall time
of ~ 2 ns. The speed of the Femto DHPCA-100 is determined by the particular gain
setting (Volts-per-Amp) used; the lowest gain of 10? corresponds to a rise/fall time
of 1.8 ns, although this specification becomes slower at higher gain settings. The
response speed measurement limit is thus expected to fall in the range of 2-25 ns,
provided that the gain on the amplifier is 10* or lower.

To experimentally confirm that the rates of photoresponse decay were not limited
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by the measurement electronics, the response speed of a Thorlabs FDS100 silicon
photodiode was measured in the setup shown in Figure 3.4(a). 77, was measured to
be 610 ns at zero-bias and 22 ns at a reverse bias of -20V. This is close to the diode
specification of 10 ns and confirms that our setup is able to measure a current decay
that is at least as fast as &~ 20 ns. The amplifier gain setting was varied, including
gains of 10% (Tyise/fau = 1.8 1) and 10° (Tise/fan = 4.4 1s), and no effect on the
time constant was observed. Additionally, the parasitic capacitance at the input of
the current amplifier was varied by connecting the DUT and amplifier with varying
lengths of coaxial cable ranging from 2 ft (~ 90 pF) to >20 ft (=~ 670 pF). The decay
time constant was unaffected by these changes, although considerable ringing in the
response was observed as the parasitic capacitance was increased. These tests confirm
that the measured response speed is indeed limited by the DUT.

The 3-dB frequency may be estimated from the measurement of 74,;. A more
direct way of determining f3;5, however, is to measure the photoresponse of the
device to a modulated light source (such as a laser diode or an optically chopped light
source) as a function of the modulation frequency. The point at which the peak-to-
peak amplitude of the photoresponse is attenuated by 3-dB can readily be measured
on an oscilloscope, as shown in Figure 3.4(a). Alternatively, this measurement may
be made with a lock-in amplifier, as shown in Figure 3.4(b). In this thesis, a Stanford
Research Systems Model 830 lock-in amplifier was used, limiting the measurable
bandwidth to 70 kHz (utilizing the lock-in amplifier’s current input with a gain of

109).
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Figure 3.6: Schematic of set-up used to measure photocurrent action spectra inside
a glovebox environment.

3.3.3 Measurement of Photocurrent Spectra

An important technique for characterizing the performance of photosensitive de-
vices is to measure their photoresponse as a function of wavelength. Of particular
interest is the determination of the photon-to-electron conversion efficiency, also re-
ferred to as the external quantum efficiency (EQFE). The experimental setup used to
conduct this measurement is shown schematically in Figure 3.6. Monochromatic light
is first generated by focusing broadband light from a 1000W xenon arc lamp (New-
port Model 66921) or 1000 W quartz tungsten halogen (QTH) lamp (Newport Model
66885) through an optical chopper into an Acton Spectrapro 300i monochromator.
The output from the monochromator is coupled into the glovebox with an optical fiber
and used to illuminate the device under test. A lock-in amplifier (Stanford Research
Systems Model 830), provided with the reference signal from the optical chopper, is
used to extract the AC photocurrent. Following calibration of the spectrally-resolved
incident optical power (P,(A)) with a calibrated photodiode (Newport 818-UV or

Newport 818-IR), the spectral response of the device is measured. The EQE is then
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calculated for a particular wavelength using the equation:

EQE = % (%) « 100% (3.1)

I, is the measured photocurrent, h is Planck’s constant and v is the frequency of
illumination. The related metric of responsivity, in Amps-per-Watt, may readily be

calculated from the external quantum efficiency using the equation:

Ln  ngq
_tpn _ 19 2
i P, hv (3:2)

Here, 7 is the unitless quantum efficiency (EQE/100%).

3.3.4 Noise Equivalent Power and Specific Detectivity

A critical consideration to photodetection is the presence of random fluctuations,
or “noise”, in the current passing through the device. The presence of noise obscures
the detection of the desired signal and should carefully be considered and minimized,
if possible. Several figures-of-merit have been established to quantify the effective
sensitivity of a photodetector, taking noise into account. Among these are the noise
equivalent power and specific detectivity.

The noise equivalent power (N EP) is defined as the incident power (in Watts)
required to realize a unity signal-to-noise ratio over a bandwidth of 1 Hz. N EP may
also be interpreted as the minimum detectable signal power for the detector. NEP
may be calculated by I,,/R, where I, is the root-mean-squared (RMS) noise current
(over a particular bandwidth, Af) and R is the responsivity.

The detectivity (D) is defined as the inverse of the NEP. A normalization of this

metric to the detector area and bandwidth gives the widely used metric of specific
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detectivity, or D* [60]:

. VAPAS[ 12 R
D" =—gp = (ApAf) T (3.3)

Here, Ap is the active area of the device and Af is the bandwidth over which the
noise current is measured.

To measure D*, the responsivity at a particular wavelength and for a particular
biasing condition may be measured using the technique described in Section 3.3.3.
The RMS noise current, I,,, is often calculated from the dark I-V characteristics of
the device with the assumption of a dominant noise mechanism. For photodiodes
operating at zero-bias, Johnson-Nyquist noise, which results from random thermally-
induced current fluctuations, is assumed to be the dominant noise mechanism, giving

a RMS noise current:
I;_n =/4kgTAf/Rp (3.4)

Rp is the differential resistance of the diode, measured about zero-bias. With a bias
applied across the device, the shot noise from the dark current often dominates the

noise. The RMS shot noise current can be calculated with the equation:

[shot =V 2quarkAf (35)

Lyari is the dark current of the diode under a particular biasing condition. The total

RMS noise current in a photodiode may be then be calculated as [30]:

I, = \/ [3—N + Is2hot (3-6)

In photoconductors, the dominant noise mechanism is usually “generation-recombination”

noise, which is due to variations in the conductivity of the device originating from
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the random generation and recombination of carriers. The generation-recombination

noise may be described by the equation:

_ JAqIGAf
le-n =175 (3.7)

G is the photoconductive gain, I is the current flowing through the photoconductor,
w is the modulation frequency and 7 is the carrier life-time.

It is important to note that these calculations for I, represent ideal limits of the
noise level, and may underestimate the total noise present in the system. In par-
ticular, these estimates neglect “1/f” or “flicker” noise, which contributes to noise
at low frequencies [00]. It is thus ideal to measure the noise current in the device
directly, particularly if the low-frequency range is of interest. In this thesis, the noise
currents in PbS QD photoconductive structures were experimentally measured under
dark conditions and at room temperature. Devices were loaded into a Janis ST-
100 cryostat and the noise current was measured as a function of frequency with a
Stanford Research Systems Model SR785 Dynamic Signal Analyzer. These measure-
ments are presented and discussed in Chapter 4. A detailed discussion of noise in QD

photoconductors is also available in Ref. [104].

3.3.5 Cryogenic Measurements

For characterization of field-effect transistors at reduced temperature, a Janis
ST-100 cryostat was used (see Figure 3.7). The sample was mounted directly onto
a copper cold finger with a teflon block and contact was made with spring-loaded
gold pins. Liquid helium was used to reduce the temperature of the cold finger.

A Lakeshore 330 Autotuning temperature controller, in conjunction with a 25 Q
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Figure 3.7: Photograph of Janis ST-100 cryostat used in this work.

cartridge heater and silicon temperature sensor (Lakeshore DT-470-CU-12), was used

to maintain desired temperature points.



Chapter 4

Photoconductors Consisting of

PbS QD Films

In this chapter, several QD-based photoconductors are presented with sensitiv-
ity extending to SWIR wavelengths. The fabrication and characterization of these
devices are described, and several approaches for improving their performance are

investigated.

4.1 Introduction

4.1.1 QD Photoconductors

Thin films of colloidal nanocrystal quantum dots (QDs) have attracted consider-
able interest for a variety of optoelectronic device applications. Much of this interest
pertains to the freedom available to directly engineer their optoelectronic properties

by varying the nanocrystal size [30] as well as by chemically modifying QD surfaces

o1
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with oxidation [105, 83] or ligand exchange [106, 84, 107, 108, , 110]. Of particular
interest is the prospect for QD optical response that extends into the short-wavelength
infrared (SWIR) part of the spectrum (wavelengths of A = 1.0um to 2.0um) with
QDs of low-bandgap semiconductors such as PbS and PbSe. This wavelength range
is largely inaccessible to organic materials yet is critical to efficient photovoltaics [58],
night vision [ 11, 2], biological imaging applications [I12, |, and optical commu-
nication [114, 115].

Photoconductive detectors in a planar geometry (i.e. consisting entirely of semi-
conducting films deposited over laterally arranged electrodes) are particularly attrac-
tive for commercial application due to the potential ease with which they can be
directly integrated with conventional detector read-out integrated circuits [94, ].
Several photodetectors of this geometry have been reported with sensitivity at in-
frared wavelengths (A >700 nm) [23, 9, , 17,21, 25]. In the structure described by
Konstantatos et al, consisting of a single spin-coated film of PbS QDs deposited over
interdigitated gold electrodes [23], a specific detectivity (D*) of ~ 10'3 Jones was
reported. This is comparable to that of state-of-the-art epitaxially-grown InGaAs
photodetectors [60]. A critical shortcoming with this device structure, however, is
that it exhibits a very slow temporal response (f3qp <20 Hz) attributed to long-lived
QD surface traps. This problem precludes its use in applications such as optical

communication in which high speed is required [ 11, 115].
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4.1.2 Interfacial Recombination for Improved
Response Speed

Since there exists a fundamental trade-off between gain and bandwidth in PbS
QD-based planar photoconductive structures, one strategy for enabling faster device
response is to deliberately sacrifice photoconductive gain to an extent that is tolerable
by accelerating carrier recombination. It has been demonstrated, for instance, that
the appropriate selection of QD ligands can limit the presence of trap states to only
those with desired lifetimes [69]. Though effective in reducing the photocurrent decay
time constant to 27 ms, this approach places an upper limit on device bandwidth
associated with the fastest trap state that can be isolated with chemical treatment.

We introduce an alternative approach to controlling the transient response of
planar QD photodetectors through the utilization of an organic/QD heterojunction
to affect the recombination rate of charge carriers in the device. Specifically, we
incorporate a film of the fullerene derivative, [6,6]-phenyl Cg;-butyric acid methyl
ester (PCBM), which creates a type-II hetero-interface with PbS QDs, into a planar
PbS QD photoconductor structure. Charge separation at a QD /fullerene interface was
first reported by [118] and later exploited to realize a planar photodetector structure
consisting of a blend of as-synthesized PbS QDs (insulated with long oleic acid ligands)
with PCBM [25]. In the present study, this fast charge separation process is employed
to transfer photo-generated electrons from PbS QDs into the PCBM layer, where they
may recombine across the PbS QD/PCBM interface rather than be subject to slow

trap-mediated bulk recombination processes in the QD film.
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4.1.3 Chemical Modification of the QD Film

Through the utilization of a bi-layer heterojunction structure [119, | rather
than an organic/QD blend, we also enable the application of aggressive chemical
treatments to the QD film in order to further control device response without affecting
the organic semiconducting layer. Here, we utilize both a chemical treatment in 1,2-
ethanedithiol (EDT), which has been shown to passivate electron traps in PbS QD
films [110, 69] as well as a thermal oxidation treatment, which has been shown to form
insulating oxide shells around the nanocrystals to affect charge transport [105, 83].
Importantly, the EDT treatment also renders the QD film insoluble to chloroform,
which permits the subsequent spin-casting of PCBM (15 mg mL~! in chloroform)
without damaging the underlying QD film. By applying these treatments, we are
able to directly modify the charge transport properties of the QD film as well as
the charge dynamics at the organic/QD interface to enable optimization of device

performance.

4.2 Device Fabrication and Testing

A gold interdigitated electrode array (L = 10um, W = 59 mm) was fabricated on
a substrate of D263 borosilicate glass by e-beam evaporation and liftoff. PbS QDs
with a first optical excitation wavelength of A = 1270 nm were synthesized according
to a procedure described in Ref. [93]. The as-synthesized QDs were precipitated
from solution with methanol and butanol and then recast into n-butylamine (BA)

for 3 days in order to exchange the native oleic acid (OA) ligands with shorter BA



Chapter J: Photoconductors Consisting of PbS QD Films 55

ligands. The QD solution was subsequently precipitated and redissolved into octane
at a concentration of 75 mg mL~!. The spin-cast films of BA-treated QDs were then
treated in a solution of 0.02% EDT in acetonitrile for 30 seconds followed by a short
rinse in pure acetonitrile. Two layers of QDs deposited in this manner resulted in a
total film thickness of 110 nm. For bi-layer devices, a 15 mg mL~! solution of PCBM
in chloroform was spin-cast at 2000 RPM for 60 seconds.

Current-voltage characteristics were measured with a Keithley 6487 Picoammeter
both in the dark and under illumination from a 90 mW Newport LQD-1060 laser
diode (emission centered at A = 1060 nm).

To measure time response, the LQD-1060 laser diode, modulated at 5 Hz, was used
to illuminate the devices and a Femto DHPCA-100 High Speed Current Amplifier and
Tektronix 3054b oscilloscope were used to measure the photocurrent decays.

For quantum efficiency measurements, monochromatic light was generated by us-
ing a 1000 W quartz tungsten halogen (QTH) lamp that was optically chopped and
focused into an Acton Spectrapro 300i monochromator. A calibrated Germanium
photodetector was used to measure the optical power of the spectrally-resolved out-
put. At A = 1060 nm, the optical power density was measured to be 21.54W cm 2. A
lock-in amplifier provided with the reference signal from the optical chopper (f = 30
Hz) was used to measure the AC photocurrent. The absorption data used for the cal-
culation of IQFE was taken with a Cary 5e spectrophotometer. All absorption curves
were base-line corrected at A = 1600 nm.

An Tthaco 1211 Current Amplifier and a Stanford Research Systems Model SR785

Dynamic Signal Analyzer were used to directly measure device noise current (I,,) in
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the dark at f = 10 Hz.

4.3 Basic Operation of a PbS QD Photoconductor

We first characterize the performance of a typical device consisting only of a PbS
QD film (see Figure 4.1(a)). External quantum efficiency (FQFE) >1000% is readily
accessible at Vj;,s>10 V (see Figure 4.1(b)) as was first reported in Ref. [23]. This
high sensitivity is attributed to the presence of long-lived electron traps [69] that
manifest a high photoconductive gain in the structure. Since the response speed is
inversely related to the recombination rate within the photoconductor, the presence
of these long-lived traps also result in a very slow response speed (fs;p <20 Hz).

We next consider the stability of these devices with exposure to air. The measured
EQFE as a function of the time over which the device was exposed to an ambient
environment is shown in Figure 4.2(a). The EQFE is observed to be <100% prior
to any air exposure. A brief exposure of 5 seconds to the ambient environment,
however, is observed to result in a substantial improvement in quantum efficiency
(EQFE >1000%). This change is attributed to the formation of oxidation products
on the QD surfaces (PbSOj3, PbSOy, etc.) that act as electron traps [69]. The
sensitization of PbS QD films by exposing them to air is thus critical to attaining the
high quantum efficiency commonly associated with these structures. The magnitude
of the photoresponse remains fairly stable with further air exposure. The peak in
EQE, however, blue shifts with time as the surfaces of the QDs become further
oxidized and the effective QD core diameter shrinks. The evolution of the device

characteristics with time is shown in Figure 4.2(b)
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Figure 4.1: (a) Section view schematic of a PbS QD photoconductor. (b) EQFE as a
function of wavelength for a range of biasing conditions. (c¢) Normalized response vs.
modulation frequency for a range of biasing conditions.
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Figure 4.2: (a) EQE as a function of wavelength for an EDT PbS QD photoconductor
before and after exposure to ambient air. (b) Peak EQFE, wavelength and dark current
as a function of air exposure time.

4.4 Bilayered PbS QD/PCBM Photoconductor

The hybrid PbS QD/PCBM bi-layer device structure and its energy band diagram
are shown in Figure 4.3. The gold electrodes serve as ohmic contacts to the p-type
PbS QD film. Photoconductive gain in the device can be described by 7/7,., where 7
is the electron-hole recombination lifetime and 7, is the transit time of the majority
carrier across the 10um channel between the gold electrodes. The presence of the PbS
QD/PCBM interface creates an interfacial recombination mechanism that competes
with the bulk recombination processes present in the QD film, thus affecting both
gain and bandwidth (see Figure 4.3(b)).

The long oleic acid ligands on the as-synthesized PbS QDs were first replaced with

butylamine ligands in solution, and then by ethanedithiol ligands (EDT) following
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Figure 4.3: (a) Section view schematic of bilayered device structure. Gold electrodes
were evaporated onto a 2 nm Titanium adhesion layer (not shown). The W/L ratio
of the interdigitated electrode is 5900. (b) Electronic band diagram of the device.
HOMO and LUMO levels for PbS QDs and PCBM were taken from [39] and [10],
respectively. Ry, represents the bulk recombination processes in the QD film (dashed
arrow). The interfacial recombination process (solid arrows) consists of a charge
transfer event (C7T") followed by recombination across the interface (Rinter face)-
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deposition of the QD film (additional details on device fabrication are available in the
experimental section). The EDT-treated QD films were then subjected to exposure
in different environments prior to PCBM deposition. ‘Pristine’ films were maintained
in an inert nitrogen atmosphere at room temperature throughout all fabrication and
testing steps. ‘70°C’ and "110 °C’ films refer to films that were annealed for 30 minutes
in an air environment at 70°C or 110°C, respectively, in order to partially oxidize
the nanocrystals. The annealed films were treated in an EDT solution a final time
just prior to PCBM deposition in order to ensure complete passivation of the oxidized

QDs.



Table 4.1: Summary of photosensitivity figures of merit for devices consisting of pristine and annealed
QD films. All measurements were taken at a bias of 15 V. FQFE,IQF, R and D* are reported at the
wavelength of the first excitonic peak (pristine: A = 1268 nm, 70°C: A = 1156 nm, 110°C: A = 1080

nm) and under an illumination intensity of P, = 21.5uW cm™2.

Device [dark [light/[dark EQE [QE R [na D*

[A] (%] (%] [AW™] [AHz Y2  [Jones]
pristine 1.68 x 107¢ 254 678 8.50 x 10* 6.93 4.62 x 1071 1.15 x 10'°
pristine/PCBM  3.92 x 107 23 o7 7.19 x 10 0.59 1.80 x 10711 2.50 x 10°
70°C 1.27 x 1077 3085 112 1.40 x 10® 1.04 243 x 10712 3.29 x 1010
70°C/PCBM 1.16 x 107" 1963 79 9.96 x 102 0.74 - -
110°C 1.09 x 1079 30364 11 1.46 x 10* 0.09 2.13 x 107 3.33 x 101!
110°C/PCBM  1.02 x 107 27062 5 6.90 x 10! 0.04 - -

¢ Noise current was measured at f = 10 Hz.
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Several key figures of merit were measured in order to assess the performance of
single layer devices, consisting only of the QD film, as well as bi-layer QD/PCBM
devices. The time response, quantified by the 3-dB bandwidth (fssp), is calculated
by taking the inverse of the time required for a pulse of photocurrent to decay to
1/e of its initial value. Several figures of merit to describe photosensitivity were
also measured (see Table 4.4). The spectral photon-to-electron conversion efficiency,
referred to as the external quantum efficiency (EQE), is measured to characterize
device performance across a range of wavelengths. The related metric of internal
quantum efficiency (IQE), representing the extent of internal photoconductive gain
in the device, is calculated according to IQE = EQE/(1 — T), where T is the
percentage of light that is optically transmitted through the film. Responsivity (R),
in units of Amps per Watt, is calculated using the equation: R = EQFE X q/(hv),
where ¢ = 1.602x10(—19) C. Finally, the important photosensitivity metric of specific
detectivity (D*), in units of cm Hz'/2 W=! or “Jones”, is measured. D* is a measure
of the signal-to-noise ratio of a photodetector over a 1 Hz bandwidth normalized to
the detector area and can be calculated using the equation, D* = (\/ApAf)/I,)R
where Ap is the active area of the device, Af is the bandwidth over which the noise

current is measured, [, is the noise current and R is the responsivity of the device.

4.4.1 Current-Voltage Characteristics

The current-voltage characteristics of each device are plotted in Figure 4.4. The
current is measured to a maximum bias of 15 V (corresponding to an electric field

strength of 1.5 x 10* V em™!) both in the dark and under illumination at A = 1060
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Figure 4.4: Current-voltage characteristics for devices consisting of pristine QD films
and films annealed in air for 30 minutes at 70 °C and 110 °C. Dark currents are shown
as dashed lines and light currents, measured under illumination from a 90 mW diode
laser at wavelength A = 1060 nm, are shown as solid lines.

nm. At this wavelength approximately 8% of the light is absorbed, and all of this
absorption is due to the QD film. All devices exhibit a linear response over the
voltage range tested. For the single-layer pristine device (without a PCBM film), a
dark current of 1.7 A is measured, corresponding to a linear current density of 290 nA
per centimeter of channel width (nA cm™'). Annealing at 70°C and 110°C reduces
the current response to 21 nA cm™! and 0.19 nA cm™!, respectively. The reduction
in dark current with annealing is attributed to reduced mobility in the QD film as
insulating oxide shells grow around the constituent QDs [93]. ILiight/laari is found to
increase with annealing temperature from a ratio of 250, for the pristine device, to
3100 and 30,000 for the devices annealed at 70°C and 110°C, respectively. These
observations suggest that the overall photosensitivity of individual QD films can be
improved by means of air-annealing treatments.

The addition of the PCBM layer to the pristine device results in an order-of-
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magnitude reduction in ljgnt/laeri. We attribute this to the introduction of the
interfacial recombination process shown in Figure 4.3(b). Accelerated electron-hole
recombination at the PbS QD/PCBM interface reduces the lifetime of trapped elec-
trons and hence the photoconductive gain. The addition of the PCBM layer to the
devices annealed at 70°C and 110 °C produces only a small difference in Ij;gnt/ Laark,
suggesting that the presence of an oxidized shell around the QDs inhibits the inter-

facial charge transfer and recombination processes.

4.4.2 Transient Response

To further investigate the effects of interfacial recombination and QD oxidation
on device performance, the transient responses of these devices were measured. The
devices were illuminated with a modulated laser source with emission at A = 1060
nm, and the resulting photocurrent decays were recorded on an oscilloscope (Fig-
ure 4.5(a)). A slow modulation frequency of f = 5 Hz ensures that the device response
reaches steady-state under each illumination pulse and that the full photocurrent de-
cay trace can be captured. The photocurrent decays are bias-independent and are
well-fit by double exponential functions (Figure 4.5(b)). The fact that the decay
responses do not shorten with increased bias suggests that photocurrent decay is de-
termined by the recombination processes in the devices and not by carrier sweep-out.
For the single-layer pristine QD device, the dominant time constant is varies from
100 ps to 500 ps with decreasing illumination intensity. A tail with a time constant
of (7 £+ 3) ms is also observed and becomes increasingly significant to the overall

response speed at relatively low light intensities (P, <j mW cm~2). Similar time
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Figure 4.5: (a-b) Normalized photocurrent decay measurements under a bias of Vs =
15 V and modulated (5 Hz) illumination from a 90 mW laser (A = 1060 nm). (c)
Extracted time constants for decays from pristine and pristine/PCBM devices as a
function of device bias. 71 and 7, represent the fast and slow time constants extracted
from a double-exponential fit from the pristine QD device. The pristine/PCBM
device was fitted to a single exponential decay with a time constant of 7. (d) Device
bandwidth versus illumination intensity.
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constants were measured for devices made with annealed QD films, with and without
the presence of PCBM. These time constants are attributed to bulk recombination
processes in the QD film. The pristine QD/PCBM bi-layer device uniquely exhibits
a dominant fast decay with a time constant (0.5 &+ 0.1)us which we attribute to the
fast interfacial recombination shown in Figure 4.3(b). We note that this fast decay
component is substantially diminished in devices that were subjected to an air an-
nealing treatment, again indicating that the presence of oxide shells around the QDs
inhibits the interfacial recombination process.

To characterize the transient performance of these devices, 3-dB bandwidths
(fsap) are extracted from these decay measurements and are plotted in Figure 4.5(c)
as a function of incident light intensity. In the case of single layer devices, band-
width follows a square root dependence with increasing intensity. At approximately
P, =5 mW cm™2, the bandwidth of the bi-layer device begins to exhibit an advan-
tage over the single layer pristine device. At P, >50 mW cm~2, the 3-dB bandwidth
of the bi-layer device increases well beyond 100 kHz, while the single layer pristine
device remains below 10 kHz. This improvement in response speed is due to the
fast bimolecular recombination rate provided by the PbS QD/PCBM interface. The
onset of this improvement with increasing light intensity is attributed to the pres-
ence of electron traps on the PbS QDs. Under higher light intensities the mobility
of electrons increases as these trap states become filled, enabling a greater percent-
age of photo-generated electrons to diffuse to the PbS QD/PCBM interface. For the
110 °C-annealed devices, an advantage in bandwidth with the PCBM layer is observed

for illumination intensities greater than 100 mW cm~2. This higher onset of strong
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Figure 4.6: Responsivity versus illumination intensity.

interfacial recombination is attributed to reduced carrier mobility in 110 °C-annealed

devices.

4.4.3 Intensity-Dependence of Responsivity

The photocurrent response of each device characterized in this study follows a
square-root dependence with intensity, indicating a bimolecular recombination mechanism]|
Consequently, responsivity and therefore specific detectivity follow inverse square-root
dependence with increasing intensity (see Figure 4.6). Thus, we observe a funda-
mental trade-off between bandwidth and photosensitivity: under high illumination
intensities, bandwidth will be high but photosensitivity will be low, and vice-versa
under low intensity. In the case of the pristine bi-layer device, for example, the 3-dB
bandwidth at P, = 21.5uW cm™2 is very low (<100 Hz) while photosensitivity, as

quantified by specific detectivity, is measured to be 2.5 x 10 Jones. This is compara-
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function of device bias. 7 and 7, represent the fast and slow time constants extracted
from a double-exponential fit from the pristine QD device. The pristine/PCBM
device was fitted to a single exponential decay with a time constant of 7. (d) Device
bandwidth versus illumination intensity.

ble in performance to epitaxially grown lead-salt photoconductors operating at room
temperature [60]. Under a much higher illumination intensity of P, = 57 mW c¢m™2,
however, the bandwidth becomes very high (fssp =~ 330 kHz), but the photosensi-
tivity is diminished to 4.4 x 107 Jones. Proper consideration of device application

must therefore take into account the range of intensities under which light is to be

detected.
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4.4.4 Spectrally-Resolved Quantum Efficiency

To characterize the photosensitivity of these devices across SWIR wavelengths, the
spectrally resolved quantum efficiency was measured and is presented in Figure 4.7.
The position of the first excitonic peak is observed to blue-shift with increasing an-
nealing temperature from A = 1270 nm, for the pristine film, to A = 1156 nm and
A = 1080 nm for the 70 °C and 110 °C-annealed films, respectively (see Figure 4.7(b)).
This blue-shift is due to a decrease in the effective core diameter of the QDs as their
surfaces become increasingly converted to oxide compounds [$3]. The single-layer
device consisting only of a pristine film of QDs yields the highest FQE of 680%,
corresponding to a responsivity of 6.9 A W=! or an IQFE of 8500%. The annealed
films exhibit a considerably lower EQE (112% for 70 °C and 10.6% for 110°C at their
first excitonic peaks) due to poorer charge transport which increases the transit time
of holes and therefore reduces gain. The presence of a PCBM layer on top of the
QD film results in small changes to the annealed devices, but a large reduction in the
EQE of the pristine device to 57% (IQE = 718%). This is again consistent with the

occurrence of enhanced recombination provided by the PbS QD/PCBM interface.

4.4.5 Specific Detectivity

In order to determine specific detectivity, the noise current in the device must
first be determined. Measurements of the noise current as a function of frequency
were obtained at room temperature under dark conditions with a noise spectrum

analyzer (see Figure 4.8(a)). Expected internal sources of noise include Johnson-

Nyquist noise (i;_y = 1/4kgTAf/R)), which results from random thermally-induced
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current fluctuations, and generation-recombination noise (ig_p = V4qIGAf), which
is due to variations in the conductivity of the device originating from the random
generation and recombination of carriers. At low frequencies the noise current in each
device follows a f~!/2 dependence, indicating the presence of so-called “1/f” or “pink”
noise, attributed to the presence of surface trap states and commonly observed in
infrared detectors [60]. We note that measured noise currents exceed those predicted
to arise from Johnson-Nyquist or generation-recombination noise, suggesting that 1/f
noise is the dominant noise mechanism at low frequencies (see Figure 4.8(b)).

We next consider the effect of QD oxidation on the noise current for the single
layer devices consisting only of the QD film. Measured at f = 10 Hz, air annealing re-
duces noise current from 4.62 x 10~'1 A Hz~/2, for the pristine device, to 2.43 x 1012
A Hz" Y2 and 2.13 x 10~ A Hz /2 for the 70°C and 110°C-annealed devices, re-
spectively. The decrease in noise with increasing device resistance can largely be
attributed to the reduction of Johnson-Nyquist noise and shot noise. Specific de-
tectivity is calculated to increase with the air annealing treatment from 1.2 x 10'°
Jones for the pristine device to 3.3 x 10! Jones for the device annealed at 110°C.
The reduction in responsivity that results from the air annealing treatment is thus
overcompensated for by the reduction in noise, allowing an improvement in D* of
over an order of magnitude.

In the case of the pristine PbS QD bi-layer device, the QD film is slightly more
conductive than the single-layer device. This would be expected to result in an
increase of both Johnson-Nyquist noise and shot noise. However, the measured noise

current is observed to decrease by a factor of 2.6 (see Figure 4.8(b)). This observation
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suggests that the reduction in the population of trapped electrons in the QD film due
to the PbS QD/PCBM interface directly affects the 1/f noise mechanism. For these
bi-layer devices, D* decreases by almost an order of magnitude to 2.5 x 10° Jones,
despite the reduction in noise.

Measurements of the specific detectivity (D*) are shown in Figure 4.7(c). D*
increases with the air annealing treatment from 1.2 x 10'° Jones for the pristine device
to 3.3 x 10! Jones for the device annealed at 110°C. The reduction in responsivity

that results from the air annealing treatment is thus overcompensated for by the

reduction in noise, allowing an improvement in D* of over an order of magnitude.

4.5 Conclusion

We demonstrated a hybrid organic/QD planar photodetector consisting of discrete
layers of PbS QDs and PCBM. Fast operation (fs3g >300 kHz) is achieved under
sufficiently high illumination power (P, = 57 mW cm™2) with the introduction of a
fast interfacial recombination mechanism to reduce carrier lifetime. We compared the
advantages and disadvantages of the hybrid bi-layer structure with those of single layer
devices, consisting only of the chemically treated QD film. We find that, although
the bi-layer structure allows for improved time response, the single layer structure
is preferred for maximizing photosensitivity. Chemical modification of the QD film
through oxidation enables control over the charge transport properties of the device
leading to a specific detectivity (D*) as high as 3.3 x 10'* Jones. Oxidation of the
QD film, however, is found to substantially inhibit the PbS QD/PCBM interfacial

recombination process, reducing the advantage in bandwidth provided by PCBM. The
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bi-layer photodetector structure facilitates tailoring of the photodetector performance

and exemplifies a convenient device structure for studies of carrier dynamics at hetero-

interfaces in other material systems.



Chapter 5

Bias-Stress Effect in PbS QD

Field-Effect Transistors

In the previous chapter, photoconductors based on chemically-treated films of PbS
QDs were described. The efficient operation of these devices critically depends on the
charge transport properties of the film as well as the presence of charge traps on QD
surfaces. In the present chapter, we thoroughly investigate these properties of the

QD film in a field-effect transistor configuration.

5.1 Introduction

Although much progress has been made in advancing the performance of opto-
electronic devices that incorporate colloidal quantum dot (QD) thin films, aspects
of charge transport in these devices remain poorly understood. In several recent

studies of lead chalcogenide QDs in field-effect transistor (FET) structures, a rapid
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bias-stress effect, or shift in threshold voltage (V) with the application of a gate
bias, was observed [122, , , , , ]. This effect manifests as a stretched
exponential decay in the drain-source current (Ipg) after a bias is applied to the gate
electrode. The instability associated with bias stress precludes practical applications
of QD FETs and even complicates the characterization of their performance at the
research level. For example, in the case of alkanedithiol-treated PbSe QD FETs,
the speed and extent of this decay necessitated Liu and coworkers to perform FET
measurements as rapidly as possible (<500 ms) in order to minimize the distortion
of transfer and output characteristics [124].

The origins of the bias-stress effect have been extensively studied in the past
two decades for FETs containing organic small-molecule [93, |, conjugated poly-
mer [128, , , , , |, metal oxide [134], and amorphous silicon (a-Si:H)
[135, | charge transport layers. In contrast, only a few reports directly address
this phenomenon in QD FETs. In the case of PbSe QD FETs in which the QDs
were passivated by either oleic acid [122], alkanedithiols [123, , , 126], or amine
ligands [125], screening of the gate field by charge trapping at or near the semiconduc-
tor/dielectric interface was identified as the most likely mechanism for the bias-stress
effect. In these studies, however, the dynamics of the stressing process were not quan-
titatively characterized and uncertainty remains regarding the nature of the trapped
charge. In particular, it remains unclear whether the charge that screens the gate
field accumulates in surface states at the QD /dielectric interface or within the QD
film itself. In organic FETSs, hydroxyl groups at the surface of SiOy have been impli-

cated as electron-trapping sites [137] and surface-bound water molecules have been
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identified to act as hole traps [138, ]. On the other hand, the presence of QD
surface defects [139, , , , ] or the organic ligands intended to passivate
QD surfaces [113, , 115], may also act as trapping sites.

In this chapter, we investigate the origin of the bias-stress effect in EDT-treated
PbS QD FETSs by studying the dynamics of the stressing process as a function of drain
bias, gate bias, temperature, and QD size. In addition to a standard bottom-gate
bottom-contact FET configuration, we utilize a top-gate bottom-contact configura-
tion with a series of dielectric materials. Importantly, this approach provides a way
to isolate the influence of the QD/dielectric interface on transistor performance and
thereby enables the study of bulk properties of the QD film. We choose to study films
of EDT-treated PbS QDs because they have been comparatively less well-studied in
FET geometries than PbSe QDs, yet have been central to several recent optoelec-
tronic device demonstrations [19, 26, 24]. From the current-voltage response of the
FETs we find that top-gated structures exhibit ambipolar operation with typical
mobilities on the order of g, = 8 x 1072 cm?V~!s7! in n-channel operation and
pp = 1 x 1072 ecm?V~!s7! in p-channel operation. The bias-stress characteristics
are observed to be qualitatively similar to those reported in EDT-treated PbSe QD
FETs [110, ]. A key observation is that the stress and recovery characteristics
are similar in devices made with a series of different dielectrics, including parylene-
C, poly(methyl methacrylate) (PMMA) and polystyrene, which suggests that charge
trapping occurs within the QD film itself, and is not due to interface states at particu-
lar QD /dielectric interface. The measurements of bias-stress-induced time-dependent

decays in the drain-source current (Ipg) are fit well to stretched exponential functions
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and the time constants of these decays in n-channel and p-channel operation are found
to follow thermally activated Arrhenius behaviour. Our results are consistent with a
mechanism in which field-induced morphological changes within the QD film result
in screening of the applied gate field. Possible specific physical origins for electron

and hole traps in the EDT-PbS QD system are considered and discussed.

5.2 Fabrication and Testing of PbS QD FETSs

Preparation of QD Films: PbS QDs were synthesized according to a procedure
described elsewhere [33]. The diameters of the QDs are estimated according to the
position of their lowest energy absorption peaks. For the fabrication of all FET
structures described in this study, PbS QDs with a band-edge absorption peak at
wavelength A = 1155 nm (corresponding to a QD energy gap of E;, = 1.1 eV and
a QD diameter of d = 4.40 nm [116]) are used, unless otherwise specified. The as-
synthesized QDs were precipitated twice from solution with acetone and butanol and
recast into hexane. Following a third crash-out, the QD precipitate was recast into
octane at a concentration of 25 mg mL™1. A single film was spun at 1500 RPM for
60 seconds to produce a ~ 15 nm-thick film. The gold contacts at the edge of each
sample were swabbed clear with octane to ensure good electrical access. The films
were then treated in a solution of 0.1% EDT in acetonitrile for 30 seconds followed
by a short rinse in pure acetonitrile.

Fabrication of FETs: Gold interdigitated electrode arrays (with length and
width of L = 10 m and W = 12 mm, respectively) were fabricated on substrates of

D263 borosilicate glass as well as on degenerately doped silicon with a 500 nm ther-
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mally grown SiO, layer. The electrode films were deposited by e-beam evaporation
of 2.5 nm thick film of Ti followed by 45 nm thick film of Au and then patterned with
liftoff. Following solvent cleaning, the substrates were subjected to oxygen plasma
for 30 seconds. Glass substrates were submerged overnight in a 0.2 M solution of
(3-mercaptopropyl)trimethoxysilane (MPTMS) in toluene to grow a self-assembled
monolayer to promote adhesion of the QD films. After 1 minute of sonication in
isopropanol, the substrates were dried with nitrogen and transferred into a nitrogen
environment for the deposition of the QD film. The gate dielectric was deposited
as described below and an aluminium gate was deposited by thermal evaporation
through an aligned shadow mask. For the devices on silicon substrates, no surface
treatment was employed prior to the deposition of the QD film. A contact to the
underlying silicon was made by scoring through the top SiOs surface and applying a
small amount of silver paste.

Preparation of Dielectrics: Films of parylene-C were formed using diX-C dimer
from Daisan Kasei in a homemade CVD reactor. The deposition pressure of the vac-
uum system was approximately 107 Torr. Electronic grade polystyrene (Polymer
Source Inc.) with M,, = 221,500 and M,,/M,, = 1.04 was dissolved in butyl acetate
(50 mg mL~!) and spin-cast at 2000 RPM. For poly(methyl methacrylate) dielectrics,
950PMMA A4 Resist, purchased from Micro-chem, was spin-cast at 1000 RPM. Fol-
lowing deposition of PMMA and polystyrene films, the samples were stored in an
ultra-high vacuum environment (10~8 Torr) overnight to remove solvent. Parylene-C,
PMMA and polystyrene film thicknesses were measured to be 478 nm, 465 nm and

330 nm, respectively.
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Field Effect Transistor Characterization: To characterize the capacitance for
each gate dielectric, test capacitors were made consisting of the identically prepared
dielectric films sandwiched in between an I'TO bottom-contact and an aluminium top-
contact. A Solartron 1260 Impedance Analyzer was then used to directly measure the
gate capacitance at a frequency of f = 37 Hz. The capacitances of the parylene-C,
PMMA and polystyrene films were measured to be 6.2, 5.7 and 5.9 nF cm ™2, respec-
tively. An Agilent 4156C Semiconductor Parameter Analyzer was used to acquire
transfer and output characteristics. For extraction of the field-effect mobility, the
total stress time of transfer characteristic sweeps was limited to 400 ms.

For stress and recovery measurements, the Agilent 4156C was operated under
computer control in order to ensure consistency of the measurement sequence. Sev-
eral short (10 ms) pulsed measurements of drain-source current under the desired
bias conditions were taken within a 2 hour period before the application of the stress
condition in order to ensure that the device was in an unstressed state and also to
provide the initial drain-source current level for normalization. The current was mea-
sured continuously while the gate bias was applied in order to capture the decay in
current as the device became stressed. Immediately after, a series of pulsed measure-
ment identical to the initial normalization current measurements tracked the recovery

of the drain-source current level to its initial condition.

5.3 FET Characterization

Bottom-gate / bottom-contact FETs on Si/SiO, substrates were fabricated and

tested in order to establish consistency between the QD materials used in this study
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Figure 5.1: (a) Transfer characteristic for EDT PbS QD FET. (b) Normalized Ipg
under an applied gate bias as a function of time.

and the literature. These devices exhibit ambipolar operation (see Figure 5.1), con-
sistent with recent reports on PbS [123] and PbSe QD-based FETS [121]. We also
note that after the application of the gate bias, Ipg in both n-channel and p-channel
modes exhibits a stretched-exponential decay on a time scale similar to that previ-
ously observed in PbSe QD FETs [110, 124].

To assess the role of the QD/dielectric interface in determining device perfor-
mance, including the occurrence of bias stress, we now investigate a series of top-gate
/ bottom-contact FETs with three different dielectrics: parylene-C [117, 93], PMMA
[87] and polystyrene [118]. Each of these dielectrics has been used in organic FET
transistor studies specifically to avoid the formation of interface states associated

with surfaces of SiO, dielectric layers. The device structure as well as the molecular

structures for each of the dielectric materials used are shown in Figure 5.2.
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Figure 5.2: (a) Schematic of device structure and molecular structures of parylene-C,
PMMA and polystyrene, respectively, which are used as gate dielectric materials. (b)
Ambipolar transfer characteristics of a representative EDT PbS QD FET made with
a PMMA dielectric. The p-channel and n-channel sweeps were measured separately
and with a break of several minutes in between in order to minimize distortion. (c-d)
Output characteristics for negative and positive gate biases, respectively.
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5.3.1 Current-Voltage Characteristics

The output characteristics (Ipg versus Vp) for a representative device that incor-
porates a PMMA dielectric layer are shown in Figure 5.2 for p-channel and n-channel
operation, respectively. Saturation in the magnitude of drain-source current is ob-
served for sufficiently high drain biases, corresponding to the pinch-off of the hole and
electron channels. The transfer characteristics (Ipg versus Vi) in the linear operating
regime for the same device are shown in Fig. 1b. To minimize the influence of bias
stress on FET characteristics, such as threshold voltage (Vr) and mobility (u), the
single current-voltage sweeps are limited to <400 ms. Additionally, sweeps to positive
and negative gate biases are conducted separately and with a break of several minutes
in between. To characterize threshold voltage and mobility, the initial sweep toward
higher |Vg| is used. We note that considerable hysteresis is observed in p-channel
mode, while the forward and backward sweeps in n-channel mode are consistent. The
value that we extract for the mobility in p-channel operation is thus likely to be an
underestimation of the actual hole mobility in the device.

Threshold voltages for both n-channel and p-channel operation are extracted by
extrapolating the Ips — V7 sweeps shown in Fig. 1b to a current level of zero. Field-
effect mobilities are then calculated assuming a linear drain-source current given by
the equation [30]:

W
[DS = INCZG/G — VT)VD (51)

The parameters L and W are the length and width of the FET channel, respectively,

and C; is the dielectric capacitance (F cm™2). We obtain mobilities of p, = 8 x

1

1073 em?V~1s7! in n-channel operation and p;, = 1 x 1073 cm?V~!s7! in p-channel
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Figure 5.3: (a-b) Transfer characteristics for a top-gated device that incorporates
a PMMA dielectric in n-channel and p-channel operation, respectively, exhibiting a
shift in threshold voltage, AVr, following sustained gate bias.

operation (averaged over 8 devices). Similar ambipolar characteristics are observed

in devices consisting of parylene-C and polystyrene dielectrics.

5.3.2 Bias Stress

We next characterize the bias-stress effect in top-gated FET structures with differ-
ent dielectric materials. We again first consider a representative FET with a PMMA
dielectric. The threshold shift, AVr, is illustrated in Figure 5.3 for different stressing
conditions. We note that for sufficiently high |V/|, the slope of the transfer character-
istic remains approximately unchanged with stress, indicating that carrier mobility
remains largely unchanged by the stressing process. We also note that these shifts
do not represent the ultimate AV7 reached during the stressing cycle due to a delay
before acquiring the transfer curves, during which time the device is able to recover
to an extent.

To more accurately characterize the bias stress effect, we measure the decay in

Ips continuously under an applied gate bias. The decay in Ipg, normalized to its
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Figure 5.4: Drain current of EDT-treated PbS QD FET with PMMA dielectric in
n-channel (a) and p-channel (b) operation. The black curves represent measurements
in which Vg = £40 V and Vp = —5 V are applied simultaneously. The red curves
represent measurements in which the application of Vp is delayed by a mechanical
switch. The delay is represented by the gray box.

initial value, under an applied gate bias of Vi = £40 V and drain bias of Vp = £5 V|
is shown in Figure 5.6. In <30 seconds, the currents in both n-channel and p-channel
modes of operation decay by over an order of magnitude. We find that these decays
occur regardless of whether or not a drain bias is applied to the device, as shown
in Figure 5.4. Moreover, the rates of current decay are largely unchanged by the
magnitudes of Vi and Vp, as shown in Figure 5.5.

The decay in Ipg is well fit by a stretched exponential function (fit to the data in

Figure 5.6(a) is shown in black) of the form:

Luvess = To - eap ((=t/7)°) (5:2)

Iy is the pre-stress drain-source current and 7 and [ are the fitting parameters.
Stretched exponential functions have been used extensively to characterize bias-stress
in various FET systems [93, , , ; |, in which 7 is a characteristic time

constant and 3 is a dispersion parameter related to the distribution of time constants
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different drain biasing conditions.

that characterize the trapping process. The decay in p-channel operation (7 = 0.7 s, 3
= 0.38) is observed to occur faster than in n-channel operation (7 = 2.6 s, 3 = 0.56).
We note that, although the fitting parameter ( is similar to that observed in other
systems, the time constant 7 is faster by several orders of magnitude (7 typically
varies from 10% - 10® s in organic FETs [133]). For example, in pentacene-based
FETs, the reported fitting values are 3 ~ 0.4 and 7 ~ 10* s [93]. One explanation for
this difference is that trapping in the present QD system is relatively energetically
favorable, whereas the long time constants for organic and a-Si:H FETSs have been

attributed to energy barriers that mediate the rate of trapping [136, 93].

5.3.3 Estimate of the QD Trap Density

The fast evolution of the bias-stress effect may suggest that there are a relatively
large number of traps in the present system. To further assess this possibility, we
estimate the amount of charge trapped during bias stress according to the equation:

Qtrapped = CVir [93, ]. The value for AVr is calculated from measurements of Ipg
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Figure 5.6: (a) Normalized drain-source current under a continuous applied gate bias
and recovery with time upon the release of that bias. Black lines are stretched expo-
nential fits to the data. (inset) Semi-logarithmic plot of the recovery of normalized
drain-source current following stress. (b-c¢) Normalized stress and recovery on log-log
plots for devices made with different gate dielectrics at a drain bias of -5 V. Lines
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Figure 5.7: (a-b) Transfer characteristics in n-channel and p-channel operation ex-
hibiting a shift in threshold voltage, AV, following sustained gate bias. (c-d) Calcu-
lated shift in threshold voltage with time.

under fixed bias conditions using the following equation [129]:

1(t)

AVy|=(1- =2
AVr| = (-

) Ve — Vo (5.3)

Iy is the initial drain-source current and Vpg is the initial threshold voltage. The
resulting plots of AVy versus time, for a device consisting of a PMMA dielectric,
are shown in Figure 5.7(a) and Figure 5.7(b) for stress at positive and negative gate
biases, respectively. For the range of V; tested, AVy begins to saturate after several
minutes to a value approaching Vi — V. This corresponds to complete screening of
the gate field and a turn-off of the device.

Since we do not observe an upper-bound to AVy, we conclude that the density
of trapped charges in both polarities is greater than the density of injected carriers,
the magnitude of which is given by C(Ve — Vig)/q. We can nevertheless estimate a
lower-bound for the trap densities in the QD film by considering the amount of charge
being trapped for the highest biasing condition tested before the onset of permanent
degradation of device performance (Vg = 50 V). AVy was measured to be 24.2 V

for n-channel operation and 38.0 V for p-channel operation, corresponding to trap
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densities of approximately 8.6 x 10! carriers-per-cm? and 1.4 x 102 carriers-per-cm?,
respectively. Assuming that all of this charge is trapped in the first QD monolayer
adjacent to the dielectric layer and that the QDs are packed in a FCC (111) structure
(2-dimensional density can be calculated by Dog = 1/(2v/3 - r2) [149], where r is the
sum of the QD radius (2.2 nm) and half of the interparticle spacing (0.8 nm) [109]),
we estimate a QD density of 3.2 x 10'? QDs-per-cm?. Thus, the calculated lower

bound for trap density is less than 0.5 traps-per-QD.

5.3.4 Recovery from Bias Stress

The recovery of EDT-treated PbS QD FETs following the bias-stress condition is
also shown in Figure 5.6. These data are measured by periodically pulsing the gate
bias from zero to V¢, and maintaining Vg for only 10 ms to record Ipg. Recovery

data are found to be well fit by a stretched exponential function of the form:

Lconery = To - (1= eap ((=/7)°)) (5.4)

The recovery occurs faster after operation in p-channel mode (7 = 4 s, § = 0.22)
as compared to n-channel mode (7 = 163 s, § = 0.36). At the first data point,
collected at 2 seconds after the end of the stressing cycle, the hole current recovers to
approximately 60% of its initial level. It subsequently approaches its initial value in
a rapid, stretched exponential manner. Recovery from stress in n-channel operation,
in contrast, is slower, taking several hours to fully return to its initial condition. This
indicates that the detrapping of electrons in this system is slower than the detrapping
of holes and may imply the presence of deep electron traps and relatively shallow hole

traps. As shown in Figure 5.6(b-c), stress and recovery characteristics are similar for
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devices made with all three dielectrics. We therefore conclude that the bias-stress
effect in this system is a bulk phenomenon and not due to a particular QD /dielectric
interface (i.e. the charge accumulation that is responsible for the change in Ipg occurs

within the QD film itself).

5.3.5 QD FET Operation at Low Temperatures

To investigate the specific bulk mechanisms responsible for the bias-stress effect,
transistor characteristics and measurements of the bias-stress effect were taken as a
function of temperature (T = 90 K - 295 K). Samples were loaded into a Janis ST-100
optical cryostat and cooled with liquid helium. A cartridge heater controlled by a
Lakeshore 330 temperature controller was used to maintain a desired temperature set
point. Thirty minutes were allowed in between stress measurements in order to allow
the device to recover and for the temperature to stabilize at the next temperature
point. Linear transfer characteristics (Vp = +5 V) taken as a function of tempera-
ture are given in Figure 5.8(a) and 5.8(b) for n-channel and p-channel operation,
respectively. In n-channel operation, the extracted conductance follows an Arrhenius

temperature dependence and is well fit to the equation:
G(T) = Gy - exp(—E./ksT) (5.5)

Gy and F, are fitting parameters. This indicates that the transport mechanism is
thermally activated hopping (see inset of Figure 5.8(a)), as has recently been observed
in EDT-treated PbSe QD FETSs [126]. We extract an activation energy of E, = 0.13
eV. The shapes of the transfer characteristics in p-channel operation are distorted

by the faster bias stress effect (see Figure 5.8(b)), preventing the extraction of a
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Figure 5.8: (a) Transfer characteristics in n-channel mode as a function of tempera-
ture. (inset) Extracted conductance as a function of inverse temperature. (b) Transfer
characteristics in p-channel mode as a function of temperature.
meaningful trend in the conductance.

The bias-stress effect is substantially diminished at reduced temperature, partic-
ularly in n-channel mode (see Figure 5.9(a-b)). We quantify these observations by

extracting the stretched-exponential fitting parameters from the normalized Ipg de-

cays at different temperatures, which are shown in Figure 5.9(c-d). The time-constant
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of the current decay, 7, is found to follow thermally-activated Arrhenius behaviour of
the form:

r=v""exp(E,/kpT) (5.6)

E, and v~! are fitting parameters. Also, the dispersion parameter, (3, is observed to
slowly and linearly increase with temperature. Such a temperature dependence has
previously been noted in FETs based on several other material systems, including
the polymer PTAA [133], ZnO [131] and amorphous silicon (a-Si:H) [135, 136]. Bias
stress in these systems was ascribed to the creation of defects or traps within the
semiconductor layer or at the semiconductor/dielectric interface; the activation energy
can be interpreted as the energy required to create the trapping defects. In the present
system, we determine the activation energy in n-channel mode, to be 0.63 eV and the
frequency prefactor, v, to be 1.4 x 10'° Hz. These parameters are similar to those
reported in organic and a-Si:H systems, where E, is typically ~ 0.6 eV and v varies
from 10® Hz to 10° Hz [15]. In contrast, the relatively weak temperature sensitivity
of the bias stress effect in p-channel mode is described by the fitting parameters FE,

= 0.09 eV and v = 57 Hz.

5.3.6 QD FET Operation as a Function of QD Size

To further investigate the bulk mechanisms for bias stress, we prepared and char-
acterized PbS QD FETS as a function of QD size. QD diameters were determined
by measuring the position of the first QD excitation peak and relating it to the QD
diameter based on the experimental data presented in Ref. [110]. Field-effect mobil-

ities were extracted and are plotted as a function of QD size in Figure 5.10. Note
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Figure 5.9: (a-b) Drain current in n-channel and p-channel operation, respectively,
as a function of time for different temperatures. (c-d) Stretched exponential fitting
parameters as a function of inverse temperature. See text for definition of fitting
parameters.

that for the two smallest QD sizes, measurements were conducted in the saturation
regime (Vg = Vp = +60 V) in order to ensure sufficient current to extract mobil-
ity. All other measurements were conducted in the linear regime as described above.
Electron and hole mobilities are observed to be highly sensitive to QD size for smaller
core diameters. In n-channel mode, the field-effect mobility peaks at approximately
d =4.5 nm and declines for larger QD sizes. In p-channel mode, the mobility plateaus
at approximately the same core diameter and remains constant for larger sizes. This
is qualitatively what was observed in the case of PbSe QD FETSs in Ref. [121]. As
we will show below, however, these measurements are subject to varying degrees of
hysteresis as a function of QD size. Mobility measurements for smaller QD sizes are

thus likely to underestimate the mobility that would be observed prior to any bias
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Figure 5.10: Field-effect mobilities measured in n-channel and p-channel modes of
operation for a range of QD sizes. Lines serve as a guide to the eye.

stress, particularly in p-channel mode, relative to measurements for the larger QD
sizes.

We next study the effect of QD size on the bias stress characteristics. The stress
and recovery characteristics for devices made with QDs of 3.7 nm, 4.4 nm and 5.4 nm
diameters are shown in Figure 5.11. In n-channel operation, the time constant of Ipg
decay under bias stress is observed to decrease with QD size from 14.4 s for 5.4 nm
QDs to 0.4 s for 3.7 nm QDs (5 =0.5). In p-channel operation, on the other hand,
the speed of the decay is observed to be invariant to QD size. These observations may
be understood in terms of the relative positions of the trap levels with respect to the
conduction and valence bands as a function of QD size. Specifically, several recent
reports suggest that the HOMO levels in PbS QDs are relatively isoenergetic with QD
size with respect to the LUMO levels. As a result, the activation energy for trapping

in p-channel mode may be essentially independent of QD size, thus explaining the
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Figure 5.11: Normalized drain-source current stress and recovery in n-channel (a-

b) and p-channel (c-d) operation for devices made with PbS QDs of different core
diameters.

observed invariance of the bias-stress effect with QD size. An alternative possibility
is that the bias stress mechanism in p-channel mode may not directly be associated
with the presence of QD surface defects, but instead may be due to trapping on the

EDT ligands present within the QD film.

5.4 Possible Trapping Mechanisms

Though our investigation thus far suggests the presence of deep electron traps as
well as shallow hole traps that reside within the QD film, the precise physical cause
of these traps remains elusive. Electrons traps in PbS QDs have been attributed

to unpassivated Pb?* sites [139] as well as to oxide species (PbSO3z and PbSO,)
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resulting from the oxidation of surface sulfur anions on the QDs [09]. Rigorous air-
free conditions were maintained throughout the synthesis of the QDs as well as the
fabrication and testing of the FETs. Nevertheless, we cannot rule out the presence of
oxide compounds on the QD surfaces. Exposure of devices to air indeed results in a
loss of n-channel operation, which we attribute to the formation of electron-trapping
oxidation products on the QD surfaces [150, 83]. As for the source of hole traps,
temperature-dependent photoluminescence studies have identified sulfur anions on
the PbS QD surface to act as hole traps [110, |. Another possibility is that the
thiol ligands themselves are responsible for the hole traps, as has been observed in
CdSe QD systems [143, , |. This scenario would also be consistent with the
lack of an observable change in the p-channel stressing characteristics as a function of
QD size, as the density of available EDT-based hole traps may be expected to remain

relatively invariant to QD size.

5.5 Conclusion

We characterized the performance of FETSs consisting of 1,2-ethanedithiol (EDT)-
treated PbS QD films and studied the strong bias-stress effect observed in these
devices. Top-gated devices exhibit ambipolar operation with typical mobilities on
the order of p, = 8 x 1073 cm?V~s7! and pj, = 1 x 1073 cm?V~!s7. The particular
choice of dielectric was found to have little effect on the evolution of the bias-stress
effect, leading us to conclude that the mechanism for bias stress originates in the
bulk of the QD film and is not due to a particular semiconductor/dielectric interface.

The extent of the bias-stress effect, as well as the very high speed of the stress and
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recovery processes that we observe, suggests that a large quantity of trapping states
are available within EDT-treated PbS QD films. Measurements as a function of
QD size reveal that the stressing process in n-channel operation is faster for QDs of
a smaller diameter. These results are consistent with a mechanism in which field-
induced morphological changes within the QD film result in screening of the applied
gate field. This work elucidates aspects of charge transport in chemically treated lead-
chalcogenide QD films and is of relevance to on-going investigations toward employing

these films in optoelectronic devices.



Chapter 6

A QD-Sensitized Heterojunction

Photoconductor

In the PbS QD photoconductors described in Chapter 4, the exchange of the
insulating native ligands on QD surfaces with much shorter passivating ligands was
integral to enabling charge transport and efficient photodetector operation. The use
of such aggressive chemical treatments, however, comes with the disadvantages of
reducing the quality of QD surface passivation and the environmental stability of the
QD film. In this chapter, we describe an alternative approach to enable the efficient
extraction of photo-generated charge from QDs with the use of a lateral heterojunction
photoconductor architecture. In this structure, the functions of charge transport and
optical absorption are dissociated into different physical layers, obviating the need for

chemical treatment of the QD film.

97
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6.1 Introduction

Organic semiconductors and colloidal nanocrystal quantum dots (QDs) are promis-
ing candidate materials for realizing photovoltaics (PVs) and photodetectors (PDs)
that can be fabricated near room temperature and that are scalable to large-area
substrates. Organic semiconductors, including small molecules and polymers, possess
a number of desirable attributes for optical sensing including high absorption coeffi-
cients over visible wavelengths and compatibility with large-area deposition processes
such as ink-jet and screen printing. Various artificially nanostructured materials have
also become available that possess large transition dipole moments and consequently
strong optical absorption. Of particular interest among these artificial nanostructures
are chemically synthesized QD nanocrystals, which, like organic semiconductors, can
be processed from solution and which have a broad optical response that can be
tuned from the visible to the infrared by selection of the type and physical size of the
nanocrystals. [341, 58].

The unique attributes of QD materials (i.e. size-tunability of absorption and the
requirement of surface-passivating ligands for solubillity) suggest the need for new
device architectures to fully take advantage their properties. In this chapter, we
demonstrate a hybrid organic/QD PD in which the optical absorption and electrical
charge transport are physically separated into different layers, enabling their inde-
pendent tuning and optimization. This desirable capability is rare among organic
photodetecting device structures, with the main exception being the dye-sensitized
solar cell [151]. Owing to its unique geometry, the present device also provides direct

insight into the exciton dissociation mechanism that is crucial to the operation of QD
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PDs.

Previously, several organic PV and PD structures incorporating QDs were re-
ported [152, , 70, , , , , 34]. One class of these structures employs
thin films containing QDs that are sandwiched between top and bottom contact elec-
trodes. In the sandwich geometry, current flows vertically between the electrodes
after photogenerated excitons dissociate into free carriers at a type-II heterojunction

interface between the organic and QD semiconductors. Hybrid organic/QD PVs of

this type have been demonstrated both in bulk heterojunction [152, | and bilay-
ered heterojunction [70] configurations. A second class of photosensitive structures
employs thin films of organic semiconductors [154, , | or QDs [156, 84] that

are contacted by lateral in-plane electrodes. To generate current flow in the lat-
eral geometry, voltage is applied across the electrodes facilitating extraction of the
photogenerated charge.

In this chapter, we describe a bilayered lateral heterojunction photoconductor that
is comprised of a molecular thin film of N N’-Bis(3-methylphenyl)-N N’-bis(phenyl)-
9,9-spirobifluorene (spiro-TPD) and a thin film of trioctylphosphine (TOPO)-capped
CdSe colloidal QDs. The device structure is shown in Figure 6.1. The selection of
spiro-TPD was based on its morphological stability [10] and its favorable energy band
alignment with CdSe QDs [70]. The hole mobility of 107* cm? V~! s7! in spiro-TPD
is several orders of magnitude higher than the electron mobility in the film of TOPO-
capped CdSe QDs [155, |. Therefore, in the lateral heterojunction geometry the
organic layer predominantly serves as the charge transport layer. Also, because spiro-

TPD does not absorb across much of the visible spectrum, it is the absorption of the
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Figure 6.1: (a) Section view of the device structure. The thickness of the spiro-TPD
layer is 200 nm. The Au layer is 50 nm thick on top of a 20 nm thick chrome adhesion
layer (not shown). For each device there are 30 pairs of Au electrodes arranged in an
interdigitated array forming a serpentine channel (not shown). The channel length
is 10 pm and the electrode width is 1000 gm. (b) Chemical structure of the hole-
transporting material, spiro-TPD. (¢) Schematic of CdSe nanocrystal passivated with
TOPO ligands.

QD layer that determines the long wavelength edge to the spectral sensitivity of the
device.

Under illumination, excitons are generated in the organic and QD layers, which
together form a type-II heterojunction (see inset of Figure 6.3). Excitons within a
diffusion length of this interface may be dissociated, resulting in the transfer of free
electrons to the QDs and holes to the organic charge transport layer. The increase in
carrier concentration results in an increase in current when a bias is applied across

the electrodes.
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Figure 6.2: Cartoon describing the microcontact printing process used to deposit a
thin film of CdSe QDs onto a thermally evaporated film of spiro-TPD.

6.2 Device Fabrication

To form the lateral photodetector structures, interdigitated chrome/gold elec-
trodes (of 20 nm / 50 nm film thickness, respectively) forming a serpentine channel
with a length of 10 pym are first deposited by thermal evaporation onto a substrate
of D263 borosilicate glass (refractive index of 1.52). A 200 nm thick spiro-TPD film
(thickness measured by stylus profilometry) is then thermally evaporated over the
electrodes. Subsequently, the samples are transferred directly into a nitrogen-filled
glove box without exposure to air.

CdSe QD cores with a lowest energy absorption peak at wavelength A = 590 nm are
synthesized and passivated by TOPO ligands to provide solubility in chloroform [31].
Microcontact printing from a polydimethylsiloxane (PDMS) stamp is used to deposit

the QDs onto the device [70), , ]. Stamps are cleaned with chloroform prior
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to spin-coating with QDs at 4000 rotations per minute for 60 s. The stamps coated
with QDs are then placed in a vacuum environment (=~ 10~3 Torr) for approximately
1 hr to evaporate the solvent, after which a small amount of force is applied between
the PDMS stamp and the device substrate to transfer the QD film (see Figure 6.2).
The thicknesses of transferred QD films were measured with a Digital Instruments
Dimension 3000 Scanning Probe Microscope to be approximately 50 nm. Completed
devices were tested immediately after fabrication at room temperature in a nitrogen

environment.

6.3 Device Characterization

6.3.1 Current-Voltage Characteristics

Current-voltage characteristics were measured with a Keithley 6487 Picoammeter
both in the dark and under illumination by a Lamina green light emitting diode (LED)
light engine (emission centered at A = 521 nm) at 78 mW cm 2. -V measurements
are shown in Figure 6.3 for a control device, consisting only of the spiro-TPD film,
and for a QD Device with both heterojunction layers. We note that since spiro-
TPD absorption is minimal at wavelengths greater than A = 400 nm, visible light is
primarily absorbed by the QDs (see Figure 6.4). If we approximate the electric field
distribution across the device as being constant, a bias of 100 V translates to the
electric field strength of 10° V em™!. At this bias, the ratio of the light current to the
dark current increases from 1.1, measured for the control device, to 3.5 for the QD

device.
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Figure 6.3: Current-voltage characteristics measured for a control device and a QD
device. Dashed lines show dark currents. Solid lines show the device response under
illumination from a green LED with an intensity of 78 mW cm ™2 and with emission
centered at A = 521 nm. The inset shows the energy band diagram for the QD device.
The energy levels for the spiro-TPD were taken from Ref. [10]. Energy levels for the
CdSe QDs were calculated following the approach reviewed in Ref. [11] and using
bulk CdSe parameters obtained from Ref. [12].

We note that unencapsulated devices suffered little degradation after being stored
in a nitrogen environment for over 2 months. After approximately 1 week of exposure
to ambient conditions, however, we observed an increase in the dark current (bias

of 100 V) of greater than an order of magnitude as well as a reduction in the ratio

of the light current to the dark current from 4.3 to 1.8 under identical illumination

conditions.

6.3.2 Spectrally-Resolved Quantum Efficiency

Device performance can be better understood by considering the monochromatic

photon-to-electron conversion efficiency or external quantum efficiency (EQE) as a
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Figure 6.4: Absorption spectra of spiro-TPD (dashed line) and CdSe QDs (solid line)
measured with an Aquila NKD-8000 spectrophotometer. Emission from the LED
(dotted line) is absorbed exclusively by the QD film.

function of wavelength. For this measurement, the broadband light from a 1000 W
Xe lamp was optically chopped and focused into an Acton Spectrapro 300i monochro-
mator. A calibrated silicon PD was used to measure the optical power of the output,
which was subsequently focused onto the device under study. A lock-in amplifier pro-
vided with the reference signal from the optical chopper (45 Hz) was used to extract
a measurement of the AC photocurrent.

Figure 6.5 shows the EQE of the QD device for a variety of biases. A large response
peak that occurs between A = 300 nm and A = 400 nm is attributable to light that
is absorbed in the spiro-TPD layer. There is also a strong photoresponse for A >400
nm that closely follows the absorption spectrum of the QDs. A maximum in the EQE
occurs at A = 590 nm, the lowest energy absorption peak of the QDs, which reaches

13% at 300 V. The EQE is related to the internal quantum efficiency (IQE) by the



Chapter 6: A QD-Sensitized Heterojunction Photoconductor 105

125 L 10 §k=590nn1
j g |
100 300y, w 1L
r g E V
— W
o 75L L
E 5 250V 0.1 1 llllllll 1 11 1 111
5 5 10 100
L Voltage [V]
25
0

35 400 450 500 550 600
Wavelength [nm]

Figure 6.5: EQE spectra for a variety of biases. Inset shows EQE at A = 590 nm
as a function of bias. Responsivity at 400 and 590 nm are 0.41 and 0.061 A/W,
respectively. Photocurrent follows a nearly V? power law indicative of space charge
limited conduction in spiro-TPD.
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absorption efficiency of the device 1-T-R, where T" and R are the percentages of light
that are transmitted and reflected under illumination, respectively. This relationship

can be written as

EQE=(1-T-R)x IQE (6.1)

At A =590 nm, 1-7-R was measured using an Aquila NKD-8000 spectrophotometer
to be 16% resulting in an IQE of approximately 80%.

For a sufficiently high bias applied across the electrodes an EQE of greater than
100% may be realized, which suggests that the device is operating in a regime of
photoconductive gain. The inset reveals that the EQE measured at A = 590 nm
follows a V2 power law dependence with bias. This is consistent with space charge
limited conduction in the ideal case of a trap-free low-mobility semiconductor, first
described by Rose [160] and Lampert [161], and often utilized in the analysis of charge

transport in organic thin films.

6.3.3 Antibatic Photoresponse

We note that there is a strong peak in the photoresponse at A = 400 nm, which
is also where the spiro-TPD absorption begins to fall off (see Figure 6.4). A photore-
sponse that is strongest at wavelengths for which absorption is weakest is described
as “antibatic”. In sandwich devices, this behavior is a consequence of greater charge
generation efficiency near the rear interface (the interface farthest from the source of
illumination) than within the bulk. The effect is strongest if the active layer is suf-

ficiently thick to absorb most of the incoming light [162, 163]. Since the spiro-TPD
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film is optically thick!, the presence of an antibatic peak at A = 400 nm indicates

that the spiro-TPD/QD interface is likely the primary site of exciton dissociation.

6.4 Conclusion

This study demonstrates an efficient lateral photodetector that utilizes an evapo-
rated film of an organic material as a charge transport layer and that is sensitized by
the optical response of CdSe QDs. A Type-II heterojunction at the organic/QD layer
interface facilitates the dissociation of excitons and results in a large photoresponse.
An antibatic peak is observed in the EQE spectrum, which suggests that exciton dis-
sociation in the device is dominated by charge transfer at the heterointerface. Since
charge generation is largely isolated to the organic/QD interface, this device structure
enables the direct study of charge separation at that interface. This is in contrast to
devices of the sandwich geometry, in which interfaces between active layer materials

and the electrodes may complicate the interpretation of device performance.

!The spiro-TPD film thickness is 3.2 times greater than 1/, where « is the absorption coefficient
measured to be 1.6 x 10° cm™! at A = 375 nm.



Chapter 7

NIR Photodiode Sensitized with a

J-Aggregating Cyanine Dye

Previous chapters have concerned different photodetecting structures that incor-
porate colloidal QDs. As noted in Chapter 1, however, there are a variety of organic
semiconductors that are also very attractive for infrared photodetection. In this
chapter, we describe the characterization of a NIR photodiode that is sensitized by
an ultra-thin film of J-aggregating cyanine dye. In contrast to the photoconductors
described in previous chapters, the present device may be operated at zero bias and

with a relatively fast response speed.

7.1 Introduction

Photodetectors consisting of organic semiconductors, including solution-processed

[164, 18] and thermally-sublimed molecular materials[55] have attracted tremendous

108
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research interest due to their potential for low-cost processing as well as their com-
patibility with inexpensive and arbitrary substrates [15, 91, ]. To date, efforts
to improve the efficiency of such devices have primarily focused on the exploration
of new molecular materials with desirable electronic and optical properties [21, 19],
as well as on more sophisticated device structures. An additional approach toward
improving the performance of organic photodiodes is to engineer the organic semi-
conductors at the supramolecular level [166], which entails controlling the molecular
arrangement of organic materials to realize desirable optical and electronic properties
distinct from the molecular constituents. The formation of J-aggregates from cyanine
dyes enables quantum mechanical manipulation of energy level splitting, resulting in a
range of interesting properties for optoelectronic devices [79]. For example, a red shift
and narrowing of the absorption feature accompanies the aggregation of cyanine dye
monomers into a J-aggregate crystal structure. Additionally, the peak absorption co-
efficients of J-aggregate thin films may be considerably higher than non-J-aggregating
organic semiconductors, with values for a exceeding 10% em™! [167, 32].

Several photovoltaic devices that incorporate J-aggregating cyanine dyes have
been demonstrated, including dye-sensitized solar cells (DSSC) [168, : , 171]
and solid-state solar cells with active layers consisting entirely of thin films of or-
ganic materials [172, , , , 16]. The narrow and intense absorption fea-
tures of J-aggregates, however, are especially desirable in photodetector applications
where wavelength specificity may be important. Moreover, the variety of available
J-aggregate materials can enable photodetectors to be engineered to operate specif-

ically at desired wavelengths [176]. Of particular interest in this regard is to realize
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Figure 7.1: (a) Molecular structure of U3. (b) Device structure with direction of
illumination indicated with arrows.

detectors that operate at near-infrared wavelengths, which would enable a variety of
applications including night-vision imaging and biochemical sensing applications [57].

Special consideration is warranted in the design of photodetectors that incorporate
J-aggregate films rather than more conventional organic materials. Due to their high
optical absorption coefficients, very thin active layer films (<10 nm) may be used to
absorb nearly all incident light. Also, in order to take advantage of the narrowness of
J-aggregate absorption, device structures with transport layers that are transparent
at wavelengths outside of the J-aggregate peak are desirable. Finally, directionality
in the ordering and packing of J-aggregate films may result in highly anisotropic
exciton diffusion [177, 100], which can have significant implications on the efficiency

of donor-acceptor heterojunction devices.
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In this chapter, we demonstrate a photodetector that employs metal-oxide charge
transport layers and that is sensitized at near-infrared wavelengths by a thin film
of the J-aggregating cyanine dye, U3. The J-aggregate of U3 exhibits an absorp-
tion peak at A = 790 nm and possesses excellent photostability relative to other
J-aggregating cyanine dyes [178]. The molecular structure of U3 is shown in Fig-
ure 7.1(a). The structure of our U3 photodetector is shown in Figure 7.1(b). ITO
acts as both a top and bottom contact, while ZnO and MoOj3 act as electron and hole
transport layers, respectively. The MoOg3 layer also serves to pin the Fermi level of
the top contact to facilitate the extraction of holes from the U3 layer [13]. Together,
the MoO3 and top-ITO layers also constitute a transparent optical spacer between
the U3 layer and the silver mirror, the thickness of which can be used to optimize the
optical field distribution within the device. An external quantum efficiency (EQE) of
16.14£0.1% (and IQE = 25.8+£0.1%) at A = 756 nm is achieved at zero-bias in a device
consisting of an 8.1 £+ 0.3 nm-thick dye film. The specific detectivity (D*) and re-
sponse speed (f34p) of the fully optimized device are measured to be (4.340.1) x 10
cm Hz'Y/? W' and 91.5 kHz, respectively. Modeling of our structure reveals that
photocurrent is limited by the diffusion of photo-generated excitons to the ZnO/U3
hetero-interface and we determine the exciton diffusion length in the U3 film to be

L;=20+0.4 nm.

7.2 Determination of U3 Energy Levels

Electrochemical measurements on solutions of U3 dissolved in either ultrapure

water (monomeric U3) or in 0.01M aqueous NaCl (J-aggregated U3) were made
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with an Autolab PGSTAT 20 potentiostat (EcoChemie) using a quasi-internal Ag wire
reference electrode (BioAnalytical Systems) submersed in 0.1M aqueous NaCl. Cyclic
voltammograms were recorded using a platinum button electrode as the working
electrode and a platinum coil counter electrode. The ferrocene/ferrocenium (Fc/Fe+)
redox couple in dichloromethane was used as an external reference. A quasi-reversible
oxidation peak and an irreversible reduction peak are observed (see Figure 7.2(a)).
The half potential of the first oxidation peak is measured to be 1.04 V vs. Ag/AgCl,
or equivalenly 0.64 V vs. Fc/Fc+ (the ferrocene redox couple occurs at 400 mV
vs. Ag/AgCl). To convert this oxidation potential to the vacuum highest occupied
molecular orbital (HOMO) level, we employ the linear relationship between oxidation
levels established by cyclic voltammetry and HOMO levels obtained from ultraviolet
photoemission spectroscopy that was established in [179]. We arrive at a HOMO level
of 5.5+0.1 eV. In order to determine the lowest occupied molecular orbital (LUMO),
we first use the empirical relation described in [180] to relate optical bandgap (A = 790
nm) to the transport bandgap (F:) of U3. We then add E; to the HOMO level. E;
is calculated to be 1.7+ 0.6 eV and the LUMO level is calculated to be 3.8 £ 0.7 eV.

The frontier energy levels for the U3 film were determined by cyclic-voltammetry
and suggest the formation of a type-II heterointerface between the ZnO and U3 layers,
suitable for the transfer of photo-generated charge. A cyclic-voltammogram and the

band diagram of the U3 photodetector structure are shown in Figure 7.2.
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Figure 7.2: (a) Cyclic Voltammogram of J-aggregated U3 in 0.01 M aq. NaCl,
measured with a platinum button electrode and a Ag/AgCl reference electrode at
a scan rate of 100 mV/s under ambient conditions. (b) Energy band diagram of
the device structure. HOMO and LUMO levels for U3 were determined by cyclic-
voltammetry. The remaining energy levels were taken from ref. [13].
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7.3 Device Fabrication and Testing

To fabricate the U3 photodiode structures, pre-patterned ITO substrates (ob-
tained from Thin Film Devices, Inc.) were first cleaned and treated in oxygen plasma.
ZnO was deposited at a rate of 0.05 nm/s by RF-sputtering at a power of 150 W and
in an Argon atmosphere of 20 mTorr. Films of U3 (purchased from Ryan Scientific
and used without any further purification; CAS Number 202135-09-9) were prepared
by dissolving U3 powder in ultrapure water and spin-casting at 4000 RPM for 60
seconds onto the ZnO layer, which was pre-treated in oxygen plasma. The thickness
of the U3 film is varied from 1 nm to 15 nm by varying the concentration of the U3
solution from 2 mg mL~! to 10 mg mL~!. Excess material was swabbed away from the
edges of the substrate in order to ensure good electrical contact to the ITO electrodes.
Film thickness was determined by ellipsometry measurements on separate films pre-
pared on silicon substrates. All of the subsequent processing and testing steps were
conducted under rigorously air-free conditions. The MoOgs hole transporting layer
was thermally sublimed at a rate of ~ 0.1 nm s~! and at a base pressure of 1 x 1076
Torr. The 25 nm ITO top-contact was deposited via RF-sputtering at a rate of 0.005
nm s~! and in an Argon atmosphere of 5 mTorr. A low sputtering power of 7 W
was used in order to minimize damage to the MoO3 and organic layers, as described
elsewhere [181, 13]. Finally, a silver mirror (200 nm thickness) was sputtered on top
of the ITO at a rate of 0.05 nm s™! to complete the device. The combined thickness
of the MoO3 and ITO layers can be chosen such that the U3 layer would be situated
at the anti-node of the optical electric field, thus maximizing absorption of the inci-

dent light [182]. The device area, as defined by the anode-cathode overlap, is 1.21
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Table 7.1: Parameters extracted from fits to the ideal
diode equation for devices consisting of U3 films of dif-
ferent thicknesses.

U3 Thickness R, R, Js n
[nm] [ cm?]  [Qcm?] [A cm™?

15.0 3793900 28 1.4x 1077 2.9
10.5 607650 11 1.1x107" 24
8.1 35083 ) 1.5x107% 2.8
4.0 41940 17 7.7x 1077 3.0
1.0 338 3 2.7x 1077 1.2

mm?. Current density-voltage (J-V) measurements were recorded by a Keithley 6487
picoammeter both in the dark and under illumination, for which a Newport LPM-785
laser diode directed through a beam expander was used. The illumination intensity
at A = 785 nm was 1.7 mW cm~2. For external quantum efficiency measurements,
the sample was illuminated with optically-chopped light from a monochromator that
underfilled the device area, and the AC photocurrent was measured with a SRS-830

lock-in amplifier.

7.3.1 U3 Photodetector Current-Voltage Measurements

A representative J-V curve for a device consisting of a 10.5 nm-thick U3 film and
a 60 nm-thick MoO3 film is shown in Figure 7.3(a). In forward bias, the J-V curve

in the dark is well-fit to the generalized Shockley equation [183], given below:

S (e (IR LYYy

Js is the reverse-bias saturation current, n is the diode ideality factor, and R, and
R, are the series and shunt resistances of the diode. The extracted ideality factor

is 2.4 £ 0.1, indicating that carrier recombination within the device is a significant
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Figure 7.3: (a) Current-voltage characteristic of a typical device in the dark and under
illumination of 1.7 mW cm™2 at A = 785 nm. U3 thickness is 10.5 nm and the MoOs
thickness is 60 nm. (inset) Jgc as a function of illumination intensity. A linear fit to
the data is shown in red. (b) External quantum efficiency of the same device as in
(a), shown in red. Also shown are the absorption spectra of monomeric U3 (dotted
line), measured in a 3.3 ug mL~! solution of ultrapure water, and J-aggregated U3
(black line), measured in a thin film spun-cast at a concentration of 8 mg mL™!.
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Figure 7.4: J-V characteristics for devices consisting of U3 films of different thick-
nesses. The MoOj3 thickness is 60 nm. Fits to the ideal diode equation are shown in

black.

contribution to the dark current. J-V characteristics under dark conditions for devices
with different thicknesses of U3 are shown in Figure 7.4. Fits for these data are
provided in Table 7.3.1.

The differential resistance (Rp), which is defined as the slope of the J-V curve
about zero-bias, is measured to be 170 k2 cm?. A high differential resistance is
desirable, as it results in lower electrical noise and, consequently, a higher signal-
to-noise ratio for a given value of responsivity, as will be discussed later. Under
illumination at 785 nm, we measure an open-circuit voltage (Voc) of 0.4 V, a short-
circuit current density (Jsc) of 1.12 x 107* A em™2 and a fill factor of 0.43, making
the device suitable for operation as a photodetector without an applied bias. The
magnitude of Jg¢ is found to follow a linear relationship with illumination intensity
(see inset), which is also desirable in photodetector applications.

These performance characteristics are found to be highly sensitive to the thickness
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of the U3 film. For example, Rp varies with the thickness of the U3 film from
5.8 & 1 kQ cm? for devices consisting of a 1 nm U3 film to 790 & 160 kQ cm? for
devices consisting of a 15 nm-thick U3 film. Moreover, devices with a U3 film
thickness of <8.1 nm suffer a large reduction in Vpe (see inset of Figure 7.5(a)).
These observations indicate that the presence of a high-quality U3 film is integral in
this structure to realize high rectification as well as a photovoltaic response, both of

which are critical to photodetector performance.

7.3.2 External Quantum Efficiency

To characterize the photosensitivity of the device, we conducted spectrally-resolved
measurements of external quantum efficiency (shown in Figure 7.3(b)). Broadening of
the U3 EQE peak relative to the J-aggregated U3 absorption spectrum is attributed
to enhanced off-peak absorption due to the optical half-cavity present in the struc-
ture. This broadening results in a blue-shift in the peak EQE from A = 790 nm to A =
756 nm. The magnitude of the peak EQE is found to be highly sensitive to the thick-
nesses of both the MoOj optical spacer layer and the U3 film (see Figure 7.3(a-b)).
A maximum EQE of 16.1 +0.1% is obtained in a device consisting of a 60 nm MoOj3
film and a U3 thickness of 8.1 £+ 0.3 nm. The peak in EQE magnitude is observed to
trail off for increasing thickness of U3 and MoO3 due to optical interference effects.
The downward trend in EQE for thinner U3 film thicknesses (Figure 7.5(a)) can be
attributed to the reduction in film quality and the associated reduction photovoltaic

performance, as shown in the inset of Figure 7.5(a).
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Figure 7.5: (a) EQE as a function of U3 layer thickness with the MoOj thickness
fixed at 60 nm. Black line is a fit to the EQE based on the model described in the text
with U3 exciton diffusion length, Lp = 2.0 £ 0.4 nm. Grey circles indicate that the
obtained EQE is influenced by a loss of photovoltaic performance in the device, and
are not due to optical interference effects (see inset). (inset) J-V characteristics for
devices with different U3 thicknesses under illumination of 1.7 mW cm™2 at A = 785
nm. (b) EQE as a function of MoOjs spacer layer thickness with U3 thickness fixed
at 8.1 nm. Black line is a fit with Lp = 2.0£0.4 nm. (c¢) Contour plot showing EQE
as a function of the U3 and MoOj layer thicknesses predicted by the model described

in the text.
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Figure 7.6: (a) Absorption calculated from 1-R in structures consisting of spun-
cast U3 and sputter-deposited Al;Oj (reference) films. (b) Absorption and internal
quantum efficiency in structures consisting of U3 films for different MoOj3 thicknesses.

7.3.3 Internal Quantum Efficiency

The peak internal quantum efficiency (IQE) is calculated by dividing the EQE
measured in completed photodetector devices by the fraction of light absorbed in the
U3 film. The latter is determined from measurements of optical reflection in test
structures identical to the device structure shown in Figure 7.5(a) and in structures
in which the U3 film was replaced by a transparent film of sputter-deposited Al,Os.
The thickness of the Al,O3 layer was selected to approximately match its optical path
length with that of the U3 film near the U3 absorption peak (A = 790 nm). This

ensures that, apart from its lack of optical absorption, the AlyO3 layer will mimic the
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Figure 7.7: Schematic describing the photocurrent generation process in the U3
photodetector structure. (a) Excitons generated within Lp from the ZnO interface
are able to dissociate into free carriers that can be extracted from the device. (b)
Excitons generated further than Lp from the ZnO interface recombine (indicated by
the red ‘X’) and do not contribute to photocurrent.

presence of the U3 film so that non-active layers will be subjected to nearly identical
optical fields in both structures. By taking the difference between the magnitudes of
the optical absorption in these structures, the fraction of light absorbed within the
U3 film can be determined. The absorption within the U3 film and the IQE are
shown for devices with varying MoQOg thickness in Figure 7.6. The peak in IQE of
25.8 + 3% suggests that there is a substantial loss of photocurrent in the device. This
loss is attributed to the generation of excitons too far from the particularly narrow
photoactive region of the U3 film (further than Lp from the ZnO/U3 interface). Such
photo-generated excitons will recombine rather than contribute to photocurrent. This
loss mechanism would imply that the exciton diffusion length in the direction normal
to the U3 film is very low, since the total U3 film thickness is only 8.1 + 0.3 nm.

This situation is depicted in Figure 7.7.
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Figure 7.8: (a) Peak responsivity and differential resistance, Rp, as a function of U3
layer thickness. (b) Specific detectivity as a function of U3 layer thickness. (c) Bode
plot showing roll-off of device performance. (inset) response of device at 10 kHz.

7.3.4 Specific Detectivity

To characterize the performance of this structure for photodetector applications,
we calculate the specific detectivity (D*), which is measured in units of cm Hz'/2 W~!

or “Jones.” D* is a metric that describes the signal-to-noise ratio of a photodetector
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and that is normalized to the detector area. It can be calculated using the equation,
D* = (/(ApAf)/I,)R [60] where Ap is the active area of the device, I, is the
noise current, Af is the bandwidth over which the noise current is measured, and
R is the responsivity. The responsivities for devices of varying U3 thickness are
shown in Figure 7.8(a). Since the present device is characterized with no external

bias, the only internal source of noise that we consider is Johnson-Nyquist noise

(ij-n = /(4kpTAf/Rp)) [60], which results from random thermally-induced current
fluctuations. Measurements of the Rp for different U3 thicknesses are also plotted in
Figure 7.8(a). The resultant calculations for D* are shown in Figure 7.8(b). Despite
the fact that the peak responsivity occurs with a U3 thickness of 8.1 nm, D* is found
to increase monotonically and plateau for greater U3 thicknesses. The maximum
D* achieved is (4.3 £ 0.4) x 10" Jones at A = 756 nm for the device consisting of a
15 nm-thick U3 film and a 60 nm MoOj film. This performance in photosensitivity
approaches that of comparable inorganic technologies. For example, commercially
available silicon p-n photodiodes exhibit specific detectivity >10'? Jones in the near

infrared wavelength range [134].

7.3.5 Response Speed

Finally, we characterize the response speed of the device. A Newport LQA-785
diode laser (3.1 mW cm™2 at A = 785 nm) was modulated with a square wave from
a function generator and the response from the device was recorded on a Tektronix
TDS3054B oscilloscope. The frequency roll-off at zero applied bias for a device em-

ploying an 8.1 nm U3 film is shown in Figure 7.8(c). The frequency for which the
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Figure 7.9: Optical constants for spun-cast U3 films derived from spectroscopic
ellipsometry.

response is attenuated by 3-dB is found to be f;;5 = 91.5 kHz, making the device

suitable for a wide range of photodetector applications.

7.4 Optical Modeling to Determine Exciton

Diffusion Length

To quantify the exciton diffusion length and to better understand the dependence
of device performance on layer thicknesses, experimental EQE data was modeled us-
ing the optical transfer matrix formalism coupled with the one-dimensional diffusion
equation [958, |. Optical constants for U3 films were measured using a Woollam
WVase spectroscopic ellipsometer (see Figure 7.9) and calculations were performed
using a custom MATLAB code. The model takes into account optical interference

effects within the structure as well as exciton diffusion to an idealized U3/ZnO dis-
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sociating interface, as described by a parameter for the U3 exciton diffusion length
(Lp). Exciton diffusion lengths were fitted from experimental EQE data using a
least-squares algorithm as a function of both U3 and MoOj3 thickness. We determine
the exciton diffusion length within the U3 film to be Lp = 2.0 + 0.4 nm (see Fig-
ure 7.5(a-b)). We note that EQE data for devices consisting of the two thinnest U3
films were omitted from this fit as the low performance of these devices is related
to degradation of diode rectification (and correspondingly high reverse-bias leakage
current), which is not accounted for by our simple model. The data sets representing
peak EQE as functions of U3 thickness and MoOj3 thickness were fit separately and
found to be consistent within the reported error. The theoretical EQE as a function
of layer thickness, shown in a contour plot in Figure 7.5(c), agrees with our experi-
mental results and suggests that higher EQE could be obtained if U3 thickness could
be reduced further without sacrificing the photovoltaic performance of the device.
We emphasize that the low exciton diffusion length extracted from our model
applies for diffusion in the direction normal to the plane of the J-aggregate film. A
high exciton diffusion length (>10 nm) is generally expected in J-aggregate materials
due to the high degree of crystalline order relative to disordered organic materials
[100]. A recent study of exciton-exciton annihilation within a different J-aggregate
material, for example, identified Lp in the lateral direction to be greater than 100
nm [177]. The low value for Lp in the present case is likely due to a high degree
of directionality in Lp that arises from the lamellar arrangement of the film, with
diffusion in the more ordered lateral direction being much more favorable. We note

that if J-aggregate systems that possess both large exciton diffusion lengths in the
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direction normal to the film and high optical absorption coefficients can be identified,
IQEs approaching 100% should be readily achievable in the simple planar architecture

described here.

7.5 Conclusion

We have demonstrated a photodetector that employs ZnO and MoOj3 charge trans-
port layers and that is sensitized at near-infrared wavelengths by a thin film of the
J-aggregating cyanine dye, U3. The magnitude of the EQE is found to be highly
sensitive to both the thickness of a MoOj3 optical spacer in the structure as well as to
the thickness of the U3 film itself. A maximum specific detectivity of (4.34+0.4) x 10!*
at A = 756 nm is obtained for a device consisting of a 15 nm-thick U3 film and a 60
nm MoOj film. Modeling of experimental EQE data as a function of layer thicknesses
reveals that photocurrent is limited by the diffusion of photo-generated excitons to
the ZnO/U3 hetero-interface, and the exciton diffusion length in the U3 film was
determined to be Lp = 2.0 & 0.4 nm. This work provides insights relevant to the use
of J-aggregating dyes in photodetector and photovoltaic applications and highlights
the importance of engineering the optical field profile within such structures in order

to maximize performance.



Chapter 8

Conclusion

8.1 Thesis Summary

This thesis describes the development and detailed characterization of several
photodetectors that incorporate colloidal QD and organic semiconductor thin films.
Chapter 1 reviews the history of nanostructured NIR/SWIR photodetection. It in-
cludes a discussion of potential applications and a comprehensive survey of advance-
ments in the literature. Chapter 2 describes some of the key underlying physics
related to the nanostructured materials used in this work, and Chapter 3 describes
the experimental techniques that were employed.

In Chapter 4, several SWIR photoconductor structures consisting of PbS QDs
are described, and several approaches for improving their performance are investi-
gated. We explored the use of air-annealing treatments to reduce dark current in
the QD film and demonstrate that such treatments enable an improvement in pho-

tosensitivity. We also introduce an approach for improving the transient response
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through the utilization of an organic/QD heterojunction to affect the recombination
rate of charge carriers in the device. Specifically, we incorporate a film of the fullerene
derivative, [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM), which creates a type-
IT hetero-interface with PbS QDs, into a planar PbS QD photoconductor. Fast carrier
recombination across the PbS QD /PCBM interface outpaces the slow trap-mediated
bulk recombination processes in the QD film, resulting in an improvement in response
speed at the expense of photoconductive gain.

The critical importance of charge transport and trapping processes to the perfor-
mance of QD photoconductors motivates the detailed study of the electronic charac-
teristics of QD films. In Chapter 5, thin films of ethanedithiol-treated PbS QDs are
thoroughly investigated in an FET geometry. In particular, we investigate the origin
of threshold voltage shifts (bias stress) in top-gated FETs in order to gain insights
into the trapping mechanisms present in this system. The FETs exhibit ambipolar
1

operation with typical mobilities on the order of p, = 8 x 1072 ecm? V~! s71 in n-

channel operation and p;, = 1 x 1072 cm? V-1 71

in p-channel operation. When
the FET is turned on in n-channel or p-channel mode, the established drain-source
current rapidly decreases from its initial magnitude in a stretched exponential decay,
manifesting the bias-stress effect. The choice of dielectric is found to have little ef-
fect on the characteristics of this bias-stress effect, leading us to conclude that the
associated charge trapping process originates within the QD film itself, and not at
the dielectric interface. Measurements of bias-stress-induced time-dependent decays

in the drain-source current (Ipg) are well fit to stretched exponential functions and

the time constants of these decays in n-channel and p-channel operation are found
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to follow thermally activated (Arrhenius) behavior. Measurements as a function of
QD size reveal that the stressing process in n-channel operation is faster for QDs
with a smaller core diameter. These observations are consistent with a mechanism in
which QD surface-related traps are responsible for the bias-stress effect. This work
elucidates aspects of charge transport in chemically treated lead-chalcogenide QD
films and is of relevance to on-going investigations toward employing these films in
optoelectronic devices.

Chapter 6 introduces a novel lateral heterojunction photoconductor that utilizes
an evaporated film of an organic material (spiro-TPD) as a charge transport layer
and that is sensitized by the optical response of CdSe QDs. With an electric field
of 3.0 x 10° V em~! applied across the electrodes we measure the external quantum
efficiency at the first QD absorption peak (at wavelength A = 590 nm) to be 13%
corresponding to an internal quantum efficiency of 79%. The advantage of this device
structure is that it enables the optical and electronic processes in the photoconductor
to be dissociated into different physical layers, which can be independently optimized.
It therefore serves as a convenient approach for the realization of photosensitive de-
vices that incorporate absorbing materials with poor electrical characteristics. It is
particularly suitable with regard to colloidal QD-sensitized photoconductors, as it ob-
viates the need for aggressive chemical treatments that may compromise the quality
of QD surface passivation.

Finally, Chapter 7 presents a photodiode consisting of ZnO and MoOj3 charge
transport layers and that is sensitized at NIR wavelengths by a thin film of the

J-aggregating cyanine dye, U3. The high absorption coefficient of the U3 film, com-



Chapter 8: Conclusion 130

bined with the use of a reflective anode and optical spacer layer, enables an external
quantum efficiency (EQE) of 16.1 £ 0.1% (A = 756 nm) to be achieved at zero-bias
in a device consisting of an 8.1 £+ 0.3 nm-thick dye film. This is among the highest
values of EQE reported for a photovoltaic device that incorporates a neat film of
J-aggregating cyanine dye. Modeling of experimental EQE data as a function of layer
thicknesses revealed that photocurrent is limited by the diffusion of photo-generated
excitons to the ZnO/U3 hetero-interface. The exciton diffusion length in the U3 film
was determined to be Lp = 2.0 4+ 0.4 nm. This work provides insights relevant to the
use of J-aggregating dyes in photodetector and photovoltaic applications and high-
lights the importance of engineering the optical field profile within such structures in

order to maximize performance.

8.2 Outlook and Future Work

Several nanostructured photodetector architectures already exist with key perfor-
mance metrics that approach those of crystalline inorganic technologies. In particular,
PbS and PbSe QD-based photoconductors and photodiodes, as well as several organic-
based photodiodes, have been reported with specific detectivities greater than 10
Jones, with a few devices exceeding 10'? Jones at infrared wavelengths (see Tables 1.1
and 1.2).

Further improvements in the specific detectivity may be expected as new tech-
niques for increasing responsivity and reducing dark current become established. In
the case of photodiodes, future advancements made in the sister field of nanostruc-

tured photovoltaics, through the engineering of new active layer materials and device
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structures, for example, will likely be directly applicable to efforts to realize high-
performance photodiodes. Moreover, the engineering of new materials to serve as
blocking layers may enable further reductions in dark current with minimal sacrifice
of quantum efficiency [29, 18]. In the case of QD-based photodetectors, one partic-
ularly exciting direction is through the use of novel ligand materials. Improved QD
surface passivation will likely enable substantial improvements in both detectivity and
response speed, as has been shown for CdSe QD-based visible photoconductors [180].

As this field matures, it will become increasingly necessary for groups to collec-
tively adhere to a consistent characterization protocol, in order to ensure meaningful
comparisons of device performance. The measurement of specific detectivity, for
example, is particularly susceptible to error. It is fairly easy to overestimate respon-
sivity by testing the device under overfill illumination conditions without the use of
an aperture to define the device area [101]. Additionally, the assumption of idealized
noise sources (i.e. Johnson-Nyquist, Shot, Generation-Recombination, etc.) in the
calculation of noise current often results in an underestimation of the total intrinsic
noise in the device [104]. These sources of error together may result in a substantial

overestimation of the specific detectivity.
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