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Abstract
The ability to detect infrared radiation is vital for a host of applications that
include optical communication, medical diagnosis, thermal imaging, atmospheric
monitoring, and space science. The need to actively cool infrared photon detectors
increases their operation cost and weight, and the focus of much recent research has
been to limit the dark current and create room‐temperature infrared photodetectors
appropriate for mid‐to‐long‐wave infrared detection. Quantum dot infrared
photodetectors (QDIPs) provide electron quantum confinement in three dimensions and
have been shown to demonstrate high temperature operation (T>150 K) due to lower
dark currents. However, these inorganic devices have not achieved sensitivity
comparable to state‐of‐the‐art photon detectors, due in large part to the inability to
control the uniformity (size and shape) of QDs during strained‐layer epitaxy.
The purpose of this dissertation research was to investigate the feasibility of
room‐temperature infrared photodetection that could overcome the shortfalls of QDIPs
by using chemically synthesized inorganic colloidal quantum dots (CQDs). CQDs are
coated with organic molecules known as surface ligands that prevent the agglomeration
of dots while in solution. When CQDs are suspended in a semiconducting organic
polymer, these materials are known as organic/inorganic hybrid nanocomposites. The
novel approach investigated in this work was to use intraband transitions in the
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conduction band of the polymer‐embedded CQD for room‐temperature photodetection
in the mid‐wave, and possibly long‐wave, infrared ranges. Hybrid nanocomposite
materials promise room‐temperature operation due to: (i) large bandgaps of the
inorganic CQDs and the semiconducting polymer that reduce thermionic emission; and
(ii) low dark current due to the three‐dimensional electron confinement in the CQD and
low carrier mobility in the semiconducting polymer. The primary material system
investigated in this research was CdSe CQDs embedded in the conjugated polymer
poly[2‐methoxy‐5‐(2’‐ethylhexyloxy)‐1,4‐(1‐cyanovinylene)phenylene] (MEH‐CN‐PPV).
Photoluminescence (PL) spectroscopy of MEH‐CN‐PPV thin films was
conducted to determine the dependence of polymer morphology on deposition method
in order to identify a reliable device fabrication technique. Three different deposition
methods were investigated: drop‐casting and spin‐casting, which are solution‐based;
and matrix‐assisted pulsed laser evaporation (MAPLE), which is a vacuum‐based
method that gently evaporates polymers (or hybrid nanocomposites) and limits
substrate exposure to solvents. It was found that MAPLE deposition provides
repeatable control of the thin film morphology and thickness, which is important for
nanocomposite device optimization.
Ultra‐fast PL spectroscopy of MEH‐CN‐PPV/CdSe thin films was investigated to
determine the charge generation and relaxation dynamics in the hybrid nanocomposite
thin films. The mathematical fitting of time‐integrated and time‐resolved PL provided a
v

rigorous and unique model of the charge dynamics, which enabled calculation of the
radiative and non‐radiative decay lifetimes in the polymer and CQD. These results
imply that long‐lived electrons exist in the conduction band of the CQD, which
demonstrate that it should be possible to generate a mid‐ to long‐wave infrared
photocurrent based on intraband transitions. In fact, room‐temperature, intraband, mid‐
infrared absorption was measured in thin films of MEH‐CN‐PPV/CdSe hybrid
nanocomposites by Fourier transform infrared (FTIR) absorbance spectroscopy. In
addition, the hybrid nanocomposite confined energy levels and corresponding oscillator
strengths were calculated in order to model the absorption spectrum. The calculated
absorption peaks agree well with the measured peaks, demonstrating that the developed
computer model provides a useful design tool for determining the impact of important
materials system properties, such as CQD size, organic surface ligand material choice,
and conduction band offset due to differences in CQD and polymer electron affinities.
Finally, a room‐temperature, two terminal, hybrid nanocomposite mid‐infrared
photoconductor based on intraband transitions was demonstrated by FTIR spectral
response measurements, measuring a spectral responsivity peak of 4.32 μA/W at 5.5μm
(5 volts), and calibrated blackbody spectral photocurrent measurements, measuring a
spectral responsivity peak of 4.79 μA/W at 5.7 μm (22 volts). This device
characterization demonstrated that while the novel approach of intraband infrared
photodetection in hybrid nanocomposites is feasible, significant challenges exist related
vi

to device fabrication and operation. Future work is proposed that could address some
of these important issues.
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Chapter 1 Introduction
1.1 Motivation – Room-temperature, Intraband, Infrared
Photodetection
Infrared (IR) radiation is a ubiquitous aspect of our world as all materials radiate
heat. It is difficult to imagine, therefore, that the existence of IR radiation was not
discovered until 1800 when Sir Fredrick William Herschel set up an experiment similar
to the one shown in Figure 1.1 and demonstrated that thermometers placed just beyond
the visible spectrum of refracted sunlight experienced significant heating.

Thermometers

Prism

Visible Spectrum

Figure 1.1: Schematic of experiment conducted by Herschel.

Infrared radiation inhabits the portion of the electromagnetic spectrum just
beyond the visible as seen in Figure 1.2. The IR spectrum can be further separated into
four distinct wavelength regimes that correspond to peaks in atmospheric transmission

1

(inset in Figure 1.2): i) the near‐IR (NIR) from 1‐3 μm; ii) the mid‐IR from 3‐5 μm; iii) the

Transmission

long‐wave IR from 8‐14 μm; iv) the far IR (not shown in the inset) from 14‐100 μm.

NIR

Mid‐IR
3 μm

1 μm

5 μm

Long Wave IR
8 μm

Infrared

UV

0.4 μm

14 μm

Radio

0.8 μm

Visible

Figure 1.2: The electromagnetic spectrum. The inset demonstrates three
regions of the IR spectrum and how they correspond to peaks in atmospheric
transmission.

The ability to detect IR radiation in each of these four regimes is critical for a
wide range of scientific, industrial, medical, and military applications. In the NIR the
dominant application is fiber optic communication, which is designed to occur at 1.3 and
1.55 μm where the fused silica used in the fibers has the lowest signal attenuation.
Infrared photovoltaic devices have also been intensely studied1‐3 to take advantage of the
fact that the majority of the solar spectrum lies in the NIR. Applications in the mid‐IR
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include medical diagnosis of diseases, such as breast and skin cancer, security
operations, such as night vision and search and rescue, and non‐destructive testing.
Long‐wave IR applications are also dominated by surveillance applications as the peak
room‐temperature blackbody response occurs at 10 μm; however, other applications
include atmospheric monitoring for weather prediction as well as fever detection to
prevent the spread of disease in international travel. Atmospheric absorption limits the
applications in the far IR and therefore, these detectors operate in space and are used
primarily for IR astronomy.
Modern IR detection technology can be divided into two main classes: thermal
detectors and photon detectors. Each detector class is designed for a different operating
principle and the choice of detector is determined by the application. Table 1.1
summarizes a few of the advantages and disadvantages of the thermal and photon
detector classes.
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Table 1.1: Comparison of thermal and photon detectors.
Detector Type

Thermal

Photon

Advantages
·Room‐temperature
operation
·Relatively low cost
·Rugged Design
·Sensitive over a large IR
range
·Mature material growth
·Spectral or multi spectral
information
·High Detectivity
·Fast response
·Tunable response

Disadvantages
·Lack of spectral
information
·Slow response
·Low detectivity
(D*~10 8 cmHz1/2W‐1)

·High cost of material
growth
·Large dark current
·Cryogenic operation

Thermal detectors, which include Golay cells, pyroelectric detectors, and
microbolometers (shown in Figure 1.3), operate on the principle that incident IR
radiation is absorbed by the active material increasing its temperature, and this change
in temperature is measured using onboard electronics such that the amplitude of the
signal is proportional to the radiant energy incident on the active material.

Reflector

IR Radiation

Bipolar
Transistor

Active Layer

Substrate
Figure 1.3: Schematic diagram of a microbolometer pixel.
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Since these detectors are measuring the radiant energy from a source they can
accurately measure minute changes in the source temperature. For example,
commercially available microbolometer detectors (Raven‐386 by Xenics) are capable of
measuring temperature differences as small as 0.05°C. Given that the change in the
active material is not dependent on the photonic nature of the incident radiation, the
output signal is wavelength independent so that thermal detectors cannot measure
spectral information for a source. Instead, filters are used to provide spectral
information in thermal detectors. One advantage of thermal detectors is that they
operate at room‐temperature, which eliminates the cost and weight of onboard
cryogenic equipment; however, the speed of detection is limited by the thermal
resistance of the active material so that thermal detectors demonstrate slow temporal
response (order of ms). Furthermore, thermal detectors demonstrate relatively low
sensitivity, which is quantified by the specific detectivity of the detector. The specific
detectivity is a measure of the signal‐to‐noise ratio of a detector assuming the detector is
scaled to a standard size and measured under standardized test conditions. Specific
detectivity is an important metric because it allows for a one‐to‐one comparison of the
performance of detectors with different physical characteristics and is defined as:
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D* =

Signal x Δf
Noise x Incidence x Area

=

S Δf
NE Ad

;

(1.1)

where Δ f is the bandwidth of the detector and Ad is the detector area. Figure 1.4 shows
a comparison of the specific detectivity of various thermal and photon detectors. It is
clear from this figure that the specific detectivity of thermal detectors is much lower
than that of photon detectors.

Figure 1.4: Comparison of the D* of various infrared detectors when operated
at the indicated temperature. Chopping frequency is 1000 Hz for all detectors except
the thermopile (10 Hz), thermocouple (10 Hz), thermistor bolometer (10 Hz), Golay
cell (10 Hz) and pyroelectric detector (10 Hz). Each detector is assumed to view a
hemispherical surround at a temperature of 300 K. Theoretical curves for the
background‐limited D* for ideal photovoltaic and photoconductive detectors and
thermal detectors are also shown (as from Rogalski4).
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The operating principle for photon detectors, specifically photodiodes, is the
creation of electron‐hole pairs (EHPs) across the bandgap of a semiconductor material
due to the absorption of IR photons. As shown in Figure 1.5, for this interband
absorption process, EHPs are separated into free carriers by an internal electric field and
are driven to a contact by an external bias so that the amplitude of the signal is
proportional to the IR photon flux. Given that the creation of carriers in a photon
detector is an optical process the temporal response of these detectors is orders of
magnitude faster than thermal detectors. In addition, because the detector spectral
response is determined by the absorption of the active material the signal includes
intrinsic spectral information and multispectral detection can be achieved through
detector design. The primary drawback of photon detectors is that thermionic emission,
or dark current, which is highly temperature dependent, increases the noise in the
signal. As a result, photon detectors typically have to be operated at cryogenic
temperatures to improve their sensitivity. An important goal of current research of IR
photodetectors is to limit the dark current in photon detectors in order to achieve near
room‐temperature detection. Commercial photon detector technology has been largely
focused on HgCdTe photodiodes, which provide superior performance (i.e. high specific
detectivity), but are difficult to grow epitaxially and suffer from a large dark current due
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to thermal emission, forcing them to be operated at low temperature (<80K) in a
cryogenic system.

Conduction Band

ћω>Eg

Valence Band
Figure 1.5: Schematic of a HgCdTe p‐n photodiode demonstrating an
interband optical transition.

One method to reduce the dark current caused by thermionic emission is
quantum confinement of the electron. In recent years, quantum dot IR photodetectors
(QDIPs) have been the focus of study due to their promise of high‐temperature
operation.5‐8 QDIPs have a distinct advantage over previous IR detection systems given
the three‐dimensional confinement of electrons in the quantum dot (QD), which leads to
a significantly lower dark current as well as sensitivity to normal incidence light. In fact,
room‐temperature operation has recently been observed with novel tunneling QDIP
devices9,10 and QD in a well devices,11,12 but the specific detectivity of these devices is still
well below that of state‐of‐the‐art HgCdTe technology. QDIPs have a Type‐I energy
band lineup and demonstrate IR detection via intraband transitions in the conduction
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band of the QD as shown in Figure 1.6 and are therefore unipolar devices. Furthermore,
occupation of the quantized states in the QD by electrons is controlled by doping during
epitaxial growth. One of the major issues limiting device performance in QDIP devices
is the inability to control the uniformity (size and shape) of QDs in the Stranski‐
Krastanow growth mode used for strained‐layer epitaxy.13 The inability to control the
size of the QDs leads to inhomogeneous broadening of the QD size, which reduces the
absorption coefficient and limits the detectivity of QD devices. Furthermore, the
inability to control the QD size and shape limits the tunability and multispectral
capability of this technology.

GaAs

InAs
Figure 1.6: Schematic of a InAs/GaAs QDIP demonstrating an intraband
optical transition.
The novel approach investigated in this work is to overcome the shortfalls of
QDIPs by room‐temperature, intraband, IR photodetection using chemically synthesized
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inorganic colloidal quantum dots (CQDs) suspended in a semiconducting organic
polymer. These organic/inorganic hybrid materials promise room‐temperature
operation due to the large bandgaps of the inorganic CQDs and the semiconducting
polymer, as well as the low dark current demonstrated by the nanocomposite material
system due to the three‐dimensional electron confinement in the CQD and the low
carrier mobility of the organic polymer. Furthermore, the CQD size or material could be
varied to sensitize the organic polymer in different regimes of the IR spectrum, allowing
for multispectral photodetection. Moreover, the size distribution of chemically
synthesized CQDs can be controlled using chemical methods and size filtering by
centrifuge. The excellent control in the size distribution of CQDs is evident in the much
smaller PL full‐width half‐maximum (FWHM) linewidths of CQD distributions
compared with epitaxial QDs. Finally, the spherical shape of the CQDs lends itself
towards an ease of modeling of the confined energy states in the CQD, which can be
utilized to predict device response and optimize device fabrication.

1.2 Colloidal Quantum Dots
In a bulk semiconductor material EHPs are created when an electron in the
valence band is energetically promoted to the conduction band. These EHPs are bound
by Coulomb forces and tend to maintain an average separation that is known as the
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Bohr exciton radius, which is an intrinsic property of the semiconductor material (order
of nanometers). The large space available in a bulk semiconductor crystal implies that
the EHP energy can range over a continuum of energy levels and there is a continuous
density of states. However, as the volume of the bulk semiconductor crystal is reduced
to less than the Bohr exciton radius, as in the case of CQDs, the EHP becomes bound as
an exciton that is confined and the continuum of energy states resolves into a discrete set
of excitonic energy levels as shown in the schematic in Figure 1.7.
rBohr
Decreasing
volume

rBohr
Eg

Eg
ΔE
Bulk Semiconductor

Quantum Dot

Figure 1.7 Schematic representation of continuous energy bands in a bulk
semiconductor resolving into discrete excitonic states as the dimensions of the
semiconductor crystal becomes smaller than the Bohr exciton radius.

Confining the exciton to such small distances has a profound effect on the optical
properties of CQDs when compared to a bulk semiconductor. Most notably is the
change in the absorbance of the materials. In a bulk semiconductor material the
absorbance is broad and featureless, whereas for distributions of CQDs, the absorbance
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spectrum demonstrates much more structure corresponding to the excitonic states in the
CQD. Furthermore, as the size of the CQD decreases the bandgap (Eg) and the excitonic
level separation (ΔE) increase as seen in Figure 1.8 for distributions of PbSe CQDs
ranging in size from 3‐9 nm. The ability to control the size and size distribution of the
CQDs is important in the design of light emitting diodes14,15 and photovoltaics16,17 as well
as in this work.

Figure 1.8: Room‐temperature optical absorption spectra for a series of PbSe
CQD samples measuring (a) 3.0 nm, (b) 3.5 nm, (c) 4.5 nm, (d) 5 nm, (e) 5.5 nm, (g) 7
nm, (g) 8 nm, and (h) 9 nm in diameter (as from Murray et al.18).
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One of the major advantages of utilizing CQDs is the relative ease of fabrication
when compared to inorganic epitaxial growth techniques. In the past decade, chemical
synthesis of inorganic CQDs has been perfected and commercialized. The majority of
commercially‐available CQDs are synthesized according to the process elucidated by
Murray et al,18,19 which involves three basic steps of nucleation and growth, surface
ligand encapsulation, and size‐selective precipitation. Surface ligands are comprised of
short, organic molecules that coat the surface of the CQD making them soluble in a host
of different solvents and preventing agglomeration of the CQDs when placed in
solution. The choice of the surface ligand material is important for device optimization
as it acts as an insulting material that can effect charge transport.20 Commercially
available CQD products include CdS, CdSe, CdTe, and PbS core CQDs and CdSe/CdS
and CdSe/ZnS core/shell CQDs. Table 1.2 shows the size range and emission
wavelength range of a selection of commercially available CQDs.
Table 1.2 Physical and optical parameters for a selection of commercially
available CQD products.
Material Bohr exciton radius (nm) CQD radius (nm) Emission wavelength (nm)
CdS
2.8
0.8‐2.7
367‐462
CdSe
4.9
0.95‐3.85
460‐653
PbS
18
1.1‐2.65
850‐1500
CdSe/ZnS
4.9
1.6‐2.9
490‐620
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1.3 Conjugated Polymers
Organic semiconductors have been an area of great interest since their discovery
in the 1960s.21 Conjugated polymers are a specific class of organic polymers that consist
of a long chain of alternating single and double bonds between carbon atoms. The
conjugated structure allows the pz orbitals of the carbon atoms to overlap and form π‐
bonds with discrete bonding and antibonding energy levels. As more carbon atoms are
added to the chain, the energy density of these levels increases and the discrete energy
levels merge to form π and π* energy bands that are separated by a forbidden energy
gap, E g , much like an inorganic semiconductor. In a conjugated polymer, the π band
states are completely filled with electrons and it is therefore known as the highest
occupied molecular orbit (HOMO) while the π* band states are empty so that it is known
as the lowest unoccupied molecular orbit (LUMO) as is shown in the schematic in Figure
1.9.
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Energy

LUMO

Antibonding

Eg
Bonding

HOMO

Conjugation Length
Figure 1.9: Schematic representation of the electronic bonding in a conjugated
polymer demonstrating the formation of π‐bonding and π*‐antibonding bands as the
conjugation length increases from (a) two carbon atoms, (b) six carbon atoms, and (c)
many carbon atoms.

Conjugated polymers display many of the same optical and electrical properties
seen in inorganic semiconductors; however they have carrier mobilities many orders of
magnitude smaller than their inorganic counterparts. For example, the best published
hole and electron mobilities range from μe=0.001‐0.01 cm2/V⋅s for perylene‐based
polymers22,23 and μh=0.01‐1 cm2/V⋅s for P3HT, respectively.24 The primary reason for low
carrier mobility in a conjugated polymer is the large binding energy of excitons,25 which
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leads to very short exciton lifetimes. Carrier mobility can be enhanced in conjugated
polymers by dissociating the excitons into electrons and holes. This can be
accomplished by the addition of chemical side chains that have large electron or hole
mobilities or by providing interfaces at which the excitons can dissociate.

1.4 Organic/Inorganic Hybrid Nanocomposite Infrared
Photodetectors
Organic/inorganic hybrid nanocomposite materials have been increasingly used
for many optical devices, such as organic light emitting diodes,14,15 organic
photovoltaics,16,17 lasers,26 optical amplifiers,27 and IR photodetectors. To date, IR
photodetectors that have been reported using CQDs18,28,29 or nanocrystals embedded in
conducting polymer matrices demonstrate IR photodetection in the near‐IR regime (1‐
3μm) corresponding to the semiconductor nanocrystal bandgap energy.30‐34 These
devices demonstrate a Type‐I band lineup and rely on bipolar, interband transitions in
the CQD (Figure 1.10) and photoconduction is accomplished through hole transport in
the polymer and/or hopping electron conduction via the CQDs. It is important to note
the effect of the surface ligand material on device operation in nanocomposite IR
photodetectors. As discussed in the previous section, the insulating behavior of the
surface ligand has been shown to limit charge transport into and out of the CQD, which
could lead to trapped charges in the CQD or could prevent charge transfer from the
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polymer to the CQD or from other CQDs. Furthermore, tunneling through the ligand
material requires electron or hole orbital overlap, which is limited by the nanometer
scale thickness of the surface ligand leading to a decrease in the photocurrent in these
devices. The best room‐temperature device parameters reported for bipolar
nanocomposite IR photodetectors is a spectral responsivity of 3 mA/W for a MEH‐
PPV/PbS device17 at 1355 nm (measured at 0 volts) and 160 mA/W for a
P3HT/PbS/PCBM device35 at 1220 nm (measured at ‐5 volts), which corresponded to a
specific detectivity of 2x109 cmHz1/2W‐1

Type I
Lineup
Polymer

Iphoto
Polymer

Incident
Near‐IR Light

Iphoto
CQD
Ligand

Ligand
Figure 1.10: Schematic representation of IR photodetection via interband
transitions across the bandgap of the CQD.
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However, as in the case of epitaxial QDs, in order to reach mid‐ and long‐wave
IR windows, extrinsic photodetection (i.e., Ephoton < Ebandgap), such as that provided by
intraband transitions, is required. The unique focus of this research is to push the IR
detection of hybrid nanocomposites into the mid‐ (3‐5 μm) to long‐wave (8‐12μm) IR
through the use of intraband transitions in the conduction band of the CQD as seen in
Figure 1.11. The conjugated polymer serves two purposes in the nanocomposite films:
(i) providing a potential offset from the CQD, which gives rise to quantized states; (ii)
providing a pathway for transport of free carriers excited out of the CQDs. In addition,
the hybrid nanocomposite selected for intraband, IR photodetection features a Type‐II
band lineup as determined by the electron affinities of the constituent materials. This
energy lineup is important because it enables confined energy levels in the CQD
conduction band while preventing confinement of holes in the CQD valence band.
Photoconduction is accomplished in these unipolar devices by a combination of hopping
electron conduction via the CQDs and electron transport through an electron‐
conducting polymer. While the operating principle of these intraband, hybrid
nanocomposite IR photodetectors is analogous to that of QDIPs, there are significant
differences between the two. First, the organic materials in the hybrid nanocomposite
can serve to impede charge transport. In particular, the surface ligands that encapsulate
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the CQDs could present charge traps. Second, intraband transitions rely on the charge
occupation of the dot confined energy states. While epitaxial QDs are doped with free
charge carriers during growth, carrier occupation of the CQDs is accomplished via
optical or electrical charge injection.

Ligand
Ligand
Type II
Lineup
Polymer

Iphoto
Excited states

Polymer

Incident
Mid‐IR Light

Ground state

CQD
Figure 1.11: Schematic representation of IR photodetection via intraband
transitions in the conduction band of the CQD.

It is important to note that most nanocrystal intraband transitions have been
observed in dissolved CQDs or CQD solids by pump‐probe, photoinduced (visible)
absorption measurements. These intraband transitions are typically in the near‐IR
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regime, corresponding to the 1Se‐to‐1Pe energy gap in the electronic levels of the CQD
excitonic states.36‐40

1.5 Hybrid Nanocomposite Materials Selection for IR
Photodetection
In order to demonstrate room‐temperature, unipolar, intraband, hybrid
nanocomposite IR photoconductors with reasonable device efficiency, the
semiconducting polymer should provide a potential barrier to the CQD in a Type‐II
band lineup and electron conduction to photoexcited carriers. CdSe CQDs were chosen
for use in the nanocomposite IR photoconductor due to their commercial availability as
well as their large electron affinity (Ea=‐4.5 eV) and band gap (Eg=1.94 eV), which allows
for a Type‐II band lineup with a large array of polymer materials. As discussed
previously, semiconducting polymers tend to be hole‐conducting and thus would not be
ideal for use in a unipolar nanocomposite IR photoconductor. Therefore,
photoluminescence (PL) spectroscopy and Fourier transform IR (FTIR) spectroscopy
measurements of several polymer/CdSe nanocomposites were conducted to investigate
the applicability of each for an intraband, IR photodetector. Conducting polymer/CdSe
CQD nanocomposites with 30% CQD concentration by weight were prepared by drop‐
casting on n‐type, semi‐insulating (SI), and p‐type GaAs substrates. The polymers
studied include poly[2‐methoxy‐5‐(2’‐ethylhexyloxy)‐1,4‐phenylenevinylene] (MEH‐
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PPV), a cyano‐substituted derivative of MEH‐PPV, poly[2‐methoxy‐5‐(2’‐
ethylhexyloxy)‐1,4‐(1‐cyanovinylene)phenylene] (MEH‐CN‐PPV), poly(2,5‐pyridinediyl)
(PPY), and poly(3,5‐pyridinediyl) (poly3,5). The final three polymers are electron‐
conducting, but this is something of a misnomer. These polymers still provide hole
conduction, but the electron mobility is enhanced by specific chemical side chains along
the polymer backbone.
Figure 1.12(a) and (b) show the room‐temperature PL spectra for each
conducting polymer and polymer/CQD nanocomposite, respectively, deposited on SI
GaAs. As can be seen from Figure 1.12(a), each set of polymer derivatives behaves
similarly. In addition, the PL peak energies of the polymers correspond to the bandgap,
or energy separation between the HOMO/LUMO levels, as indicated in the inset to
Figure 1.12(a). Figure 1.12(b) demonstrates that the inclusion of CdSe CQDs gives rise to
a sharp peak near the designed energy gap of the CdSe CQDs at 1.94 eV. Further, the
inclusion of the CQDs shifts the polymer HOMO/LUMO peak to higher energy, which is
indicative of a disruption in the conjugation of the polymer. It is important to note that
the interband transitions of the polymer and polymer/CQD nanocomposites shown in
Figure 1.12 correspond to visible light. Furthermore, the measured HOMO/LUMO
separations determined from the PL peak energy indicates that these polymers would
provide a Type‐II band lineup for the hybrid nanocomposite.
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Figure 1.12: Room‐temperature PL spectra of (a) polymers and (b)
polymer/CdSe CQD nanocomposites on SI GaAs. The conducting polymer
HOMO/LUMO peak energies are shown in the inset to (a).
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In interpreting the FTIR absorbance spectra, and in deciding which polymer to
pursue for device fabrication, it is important that the polymer display little absorbance
over the IR energy range of interest. Figure 1.13(a) shows the normalized FTIR
absorbance spectra of the conducting polymers on p‐type GaAs, demonstrating that the
derivative polymers have similar absorbance spectra. Specifically, the PPV derivatives
are relatively flat over the 0.2‐0.5 eV region (with the exception of the main polymer
peak seen from 0.35‐0.38 eV corresponding to C‐H bonds), while the PPY derivatives
display a broad absorbance over this same region. Thus, the PPV derivatives should
enable better demonstration of intraband, IR transitions in CQDs. The flatter absorbance
demonstrated by the PPV derivatives makes them a better choice for the semiconducting
polymer in an intraband, hybrid nanocomposite IR photodetector; however, as
discussed above, in order to increase photoexcited charge conduction, electron
conduction of the polymer should be enhanced for use as a unipolar device. Therefore,
MEH‐CN‐PPV, which has enhanced electron mobility due to the cyano side chain, is
chosen as the semiconducting polymer for use in all intraband, hybrid nanocomposite IR
photoconductors discussed in this work.
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Figure 1.13: Normalized room‐temperature FTIR absorbance spectra of the
various conjugated polymers.

Figure 1.14 shows the electronic structure of the MEH‐CN‐PPV/CdSe
nanocomposite system, as well as the chemical structure of MEH‐CN‐PPV. The energy
levels of the surface ligand, octadecylamine (ODA), are also indicated. While the
electron affinity and bandgap of the surface ligand are unknown, it has been shown to
behave as a short, insulating material.20 The bandgaps, Eg, of CdSe CQDs and MEH‐CN‐
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PPV correspond to visible light. Yet, the MEH‐CN‐PPV/CdSe nanocomposite material
system is well‐suited for the observation of room‐temperature mid‐IR, intraband
absorption due to the large difference in their respective electron affinities (Ea_CdSe ~ ‐4.5
eV41 and Ea,MEH‐CN‐PPV ~3.5 eV42). This 1.0 eV difference in electron affinity corresponds to
a conduction band offset, ΔEc, at the MEH‐CN‐PPV/CdSe interface. Thus, the MEH‐CN‐
PPV matrix provides a spherical finite potential barrier surrounding the CdSe CQD. It is
important to note that 5 nm diameter CQDs have a minimum confinement potential of
~15 meV. Therefore, the MEH‐CN‐PPV/CdSe nanocomposite should have several
confined energy levels in the CQD conduction band (see Chapter 5). The difference in
electron affinity also corresponds to a Type‐II band lineup in the MEH‐CN‐PPV/CdSe
nanocomposite, such that holes are not confined in the CQD valence band.
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CdSe CQD
‐6.4 eV

Figure 1.14: Energy band diagram of MEH‐CN‐PPV/CdSe hybrid
nanocomposite system and chemical structure of MEH‐CN‐PPV. ODA surface
ligands encapsulating the CdSe CQD are indicated. The energy values stated are
referenced to the vacuum energy level.

1.6 Overview of Research
The goal of this research is to investigate the feasibility of room‐temperature,
intraband, IR photodetection in the mid‐ to long‐wave regimes using an
organic/inorganic hybrid nanocomposite. The chosen material system for investigation
is MEH‐CN‐PPV/CdSe. In order to achieve this goal, several studies have been
conducted to understand polymer morphology and charge carrier dynamics in
conjugated polymers and hybrid nanocomposites. Furthermore, intraband IR
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absorption has been demonstrated and compared to calculated absorption coefficients.
Finally, IR photoconductors were fabricated and tested by FTIR spectral response and
calibrated blackbody spectral photocurrent measurements.
In Chapter 2, the effects of deposition technique on polymer morphology in thin
films of MEH‐CN‐PPV are studied by PL spectroscopy. The results demonstrate that
deposition technique has a strong effect on the internal morphology of polymer chains
in thin films, which affects how excitons travel through the polymer. This work also
demonstrates that a vacuum‐based deposition method known as matrix assisted pulsed
laser evaporation (MAPLE) provides a repeatable method for tuning the internal
morphology and controlling the thickness of organic polymer thin films.
In Chapter 3, charge generation and relaxation mechanisms are investigated in
thin films of MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe by time‐integrated
photoluminescence (TIPL), time‐resolved photoluminescence (TRPL), and external
quantum efficiency (EQE) measurements. The results of these measurements confirm
that the inclusion of CdSe CQDs provides a pathway for efficient Förster resonance
energy transfer of excitons created in the polymer. This efficient energy transfer to the
CQDs leads to quenching of the PL signal from the polymer; however, the CQD PL
signal is not appreciably increased. The CQD PL efficiency is low despite efficient
transfer of excitons from the polymer due to photoinduced charge transfer, i.e., the
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excitons are dissociated at the polymer/CQD interface and holes transfer from the CQD
to the surface ligands or back to the polymer. An important aspect of this study is that
the mathematical fitting of TIPL and TRPL spectra provide a rigorous and unique model
of the charge dynamics, which enables calculation of the radiative and non‐radiative
decay lifetimes in the polymer and CQD. The calculated lifetimes imply that long‐lived
electrons exist in the conduction band of the CQD, which demonstrates that it should be
possible to generate mid‐ to long‐wave IR photocurrent based on intraband transitions.
In Chapter 4, intraband, IR absorption is demonstrated in CdSe CQDs embedded
in MEH‐CN‐PPV by FTIR absorbance spectroscopy. This work also demonstrates an
optical charge injection mechanism due to the photogeneration of near‐IR EHPs in GaAs
substrates. The effect of GaAs substrate doping on charge injection into the embedded
CQDs is also investigated.
In Chapter 5, CdSe CQD confined energy levels in the conduction band and the
corresponding oscillator strengths are calculated in order to model the intraband
absorption spectrum. The calculated intraband absorption spectrum is compared with
the measured FTIR absorbance data discussed in Chapter 4, and the absorption peaks
match very well. An important aspect of the model is that it accounts for the effect of
the surface ligand material on the absorption coefficient. Further, the model is used to
predict the intraband absorption spectrum for different surface ligand materials and
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varying CQD size. The results of this study demonstrate the importance of the surface
ligand material on intraband absorption in the hybrid nanocomposite and provide an
important tool for photoconductor device design.
In Chapter 6, room‐temperature, two terminal, hybrid nanocomposite mid‐IR
photoconductors based on intraband transitions are demonstrated and characterized by
FTIR spectral response measurements and calibrated blackbody spectral photocurrent
measurements. The challenges involved in device fabrication, device design, and device
operation are discussed.
Finally, in Chapter 7, conclusions for this work are discussed and future work is
recommended.
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Chapter 2 Dependence of Conjugated Polymer
Photoluminescence on Internal Morphology
2.1 Introduction
In order to register a photocurrent from the photoexcited electrons in the
conduction band of the CQDs it is necessary to transport the electrons through the
conjugated polymer matrix to a metal contact. Therefore, it is important to understand
how charge moves through a conjugated polymer thin film. Although conjugated
polymers have many attributes that are similar to inorganic semiconductors, charge
transport through a conjugated polymer thin film is not straightforward due to the lack
of long‐range order. Moreover, the nature of charge transport in conjugated polymers is
closely related to the internal morphology of the film. A simple analogy for
understanding thin film polymer morphology is a bowl of spaghetti in which individual
polymer chains of random length are twisted around each other and randomly oriented
in and out of the plane of the thin film. Furthermore, polymer morphology, and by
extension charge transport, is greatly affected by the solvent used, the amount of
thermal annealing, and the deposition technique.
Conjugated polymer morphology has a direct effect on the presence of interchain
(involving multiple polymer chains) and intrachain (involving a single polymer chain)
excitonic species in the polymer. Intrachain interactions are composed of singlet
excitons, which radiatively recombine, and triplet excitons, which recombine non‐
radiatively. These excitons are tightly bound along the backbone of the polymer chain,
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which implies that radiative recombination occurs primarily across the HOMO/LUMO
gap. Further, singlet excitons demonstrate a radiative lifetime on the order of 0.5‐1.5 ns.
Interchain interactions occur across two or more polymer chains and are known as
polarons. Polarons occur at energies lower than the HOMO/LUMO gap and
demonstrate lower mobilities than intrachain excitons and longer radiative lifetimes as
large as 16 ns.43 Conformational defects (i.e. bending or twisting of polymer chains)
strongly influence the van der Waals interactions among polymer chains and modify the
interchain optoelectronic properties of the conjugated polymer.44 In the case of
intrachain species, the presence of a local conformational defect in the polymer chain
disrupts the π‐electron network, thereby reducing both the effective conjugation length
and the intrachain mobility. The ability to control the internal morphology of a
conjugated polymer thin film is of great interest because it would enable control over the
extent to which interchain or intrachain species occur, which in turn influence the
optoelectronic properties of the film and its application to photonic devices. For the
intraband, hybrid nanocomposite photoconductors investigated in this work, efficient
photoexcited electron transport through the polymer to the contact is critical to achieve
good device performance. Thus, it is desirable that interchain interactions in the
polymer be the dominant charge transport mechanism.
Studies of solution‐processed conjugated polymer thin films have demonstrated
that the deposition method and solvent choice significantly affect chain conformation

31

and aggregation in the polymer.45,46 While solution‐based polymer deposition methods,
such as drop‐casting,47 spin‐casting,48 ink jet printing,49 and spraying,50 have been used in
the successful fabrication of organic optoelectronic devices, these techniques yield
solvent‐induced conformational defects that cannot be controlled.46 As a result, the
organic thin film properties are extremely sensitive to the solvent used and the way in
which the solvent evaporates from the substrate, thereby introducing large uncertainty
in the morphology of the final film. MAPLE deposition,51,52 which is an extension of
pulsed laser deposition, could potentially eliminate this uncertainty by reducing
substrate exposure to solvents and by providing controlled and repeatable polymer film
deposition. In MAPLE deposition, the polymer is dissolved in a host solvent matrix,
which is subsequently frozen using liquid nitrogen. Ideally, evaporative deposition of
the polymer occurs when the polymer is transparent to the incident laser light while the
host solvent matrix is highly absorbent. In this case, the host solvent matrix is
evaporated by the laser pulse and pumped away by the vacuum chamber while the
polymer is deposited on the substrate without damage. In this study, MAPLE
deposition1, featuring a 2.9 μm IR laser tuned to the hydroxyl vibrational absorption
peak in the solvent matrix, yields evaporative deposition of MEH‐CN‐PPV thin films.
These films were compared by photoluminescence (PL) spectroscopy to those deposited

1

Details of the RIR‐MAPLE deposition system can be found in Appendix A.

32

using drop‐casting and spin‐casting in order to ascertain the internal morphology of the
films by the observation of inter or intrachain recombination peaks.

2.2 Photoluminescence Spectroscopy Measurements of MEHCN-PPV Thin Films
2.2.1 Experimental Procedure
Prior to all deposition techniques, glass substrates were cleaned by
trichloroethylene, acetone, and methanol immersion, and gross surface contaminants
were removed by plasma ashing. A solution of MEH‐CN‐PPV in toluene (1 wt%) was
prepared for drop‐cast and spin‐cast deposition methods, and a portion of this solution
(pristine) was reserved for comparison to the deposited thin films. Spin‐cast deposition
was conducted using a Headway Research, Inc. PW‐M32 spin coater. Spin‐cast samples
were created for speeds of 1000, 2000, and 5000 rpm, which correspond to thicknesses of
200, 100, and 50 nm, respectively. The thickness of the drop‐cast samples is ~1 μm.
After deposition, the drop‐cast and spin‐cast samples were placed under vacuum for
twenty‐four hours to ensure solvent evaporation.
The MAPLE system consists of a Q‐switched Er:YAG 2.9 μm laser and a vacuum
chamber that contains a target cup and a substrate holder. Toluene does not contain a
hydroxyl bond and has little resonant interaction with the laser. Therefore, in order to
achieve evaporative polymer deposition, a solution of MEH‐CN‐PPV in phenol (1 wt%)
was mixed with deionized water at a ratio of 1:5 (20% phenol) by volume and sonicated
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to create an emulsified solution.53 Thus, the laser is resonant with the vibrational stretch
of hydroxyl bonds in the target solvent matrix. The emulsified mixture was injected and
flash frozen in the target cup, the vacuum chamber was pumped to 10 μTorr, and the
frozen target was ablated by the laser. Deposition times varied from 1‐6 hours,
corresponding to samples with film thicknesses of 50‐220 nm. All thin film samples
(drop‐cast, spin‐cast, and MAPLE‐deposited) were annealed under vacuum (1 μTorr) at
200 °C for one hour.
Steady‐state PL spectra of thin film samples of MEH‐CN‐PPV were taken under
excitation at 450 nm (2.76 eV) from a Xe arc lamp. The excitation wavelength was 400
nm (3.10 eV) for the pristine sample of the polymer in toluene (1 wt%). The PL signal
was imaged onto the entrance slit of a 75 cm grating spectrometer with a resolution of 1
nm. A Hamamatsu photomultiplier tube at the exit slit of the spectrometer was used in
conjunction with a lock‐in amplifier for detection.

2.2.2 Results and Discussion
Figure 2.1(a)‐(e) show the normalized PL spectra for pristine MEH‐CN‐PPV in
solution and for MEH‐CN‐PPV thin films deposited on glass substrates by drop‐casting,
spin‐casting, and MAPLE (two different thicknesses), respectively. In order to
determine, quantitatively, the relative contributions of interchain and intrachain
recombination in each sample, the steady‐state PL spectra were fit to a sum of Gaussian
lineshape functions using a nonlinear least squares fitting routine,
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where Ai is the amplitude of the constituent Gaussian components, E is the PL energy,
Eci is the Gaussian component peak energy, and ΔEi is the Gaussian component peak
linewidth. Therefore, each graph shows the measured PL spectrum (circles), three
Gaussian components representing interchain and intrachain recombination peaks in the
given sample (thin black line), and the corresponding fit (thick black line). Gaussian
lineshapes clearly provided a better fit than Lorentzian lineshapes, suggesting
inhomogeneous broadening mechanism(s).
The three Gaussian components used to fit the measured PL spectra of the
organic thin films were identified from the PL spectrum of MEH‐CN‐PPV in solution.
MEH‐CN‐PPV has a PL lineshape similar to other PPV derivatives and exhibits a high
energy peak (>2.1 eV) attributed to intrachain exciton dynamics and two lower energy
peaks (2.08 eV and 1.88 eV) attributed to interchain interactions.43,54‐56 These features are
observed in Figure 2.1(a), where they are labeled as Peaks 1, 2, and 3, respectively. It is
important to note that, typically, interchain interactions are very weak in solution. The
observation of Peak 3 for MEH‐CN‐PPV in solution, which occurs as a low amplitude
tail at lower energies, is indicative of aggregated species on which interchain polarons
can form.

35

Table 2.1 shows the fitting parameters used for the deconvolution of the
measured PL spectra into Peaks 1, 2, and 3. In the analysis, the guiding principle was to
fit as few parameters as possible and fix as many as possible; therefore, when a
parameter had to be obtained by fitting, it indicated evolution of the underlying
mechanism. First, Ec2 and Ec3 were kept constant for all samples to match the PL
spectrum for MEH‐CN‐PPV in solution, both measured herein and reported in
literature. Ec1, which corresponds to intrachain recombination across the conjugated
polymer bandgap [highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO)], was fit to the measured PL spectra. This parameter was
permitted to vary among values > 2.1 eV because the primary HOMO/LUMO transition
is very dependent upon the specific polymer chain morphology, consistent with
literature.46 Second, ΔEi was obtained by fit for most samples; however, the Gaussian
linewidths for Peaks 2 and 3 were fixed for all MAPLE samples. Finally, Ai was fit to the
measured PL spectra as these amplitudes indicate the relative contribution of the
corresponding interchain (Peaks 2 and 3) or intrachain (Peak 1) processes. To simplify
this comparative analysis, the amplitudes presented in Table 2.1 were scaled by 1/(A1 +
A2), such that |A1| + |A2| = 1. As shown in Table 2.1, these relative strengths vary
dramatically from one sample to another, depending on thin film deposition technique.
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Figure 2.1 Characteristic photoluminescence and absorbance spectra of MEH‐
CN‐PPV (a) in toluene solution (1 wt%) and deposited as a thin film on glass using
three methods: (b) drop‐casting, (c) spin‐casting, and MAPLE. Two MAPLE film
thicknesses of (d) ~50 nm and (e) ~220 nm are represented. The grey circles are the
data and the thick black line is the fit consisting of a sum of Gaussian lineshape
functions. The think black lines are the individual lineshapes. The grey line is the
absorbance spectrum of that sample over the appropriate region.
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Table 2.1: Fit parameters for deconvolution of the PL spectra in Figure 2.1.
Where appropriate, units are in eV. Parentheses indicate uncertainty in the least
significant digit, while absence of parentheses indicates a fixed parameter.
Sample
Solution
Drop Cast
Spin Cast
Thin
MAPLE
Thick
MAPLE

A1

Ec1

0.670 (2) 2.203 (6)
0.114 (4) 2.143 (3)
‐‐‐‐‐
‐‐‐‐‐

ΔE1

A2

Ec2

ΔE2

A3

Ec3

ΔE3

0.698 (6) 0.330 (2) 2.080 (2) 0.089 (1) 0.079 (1) 1.881 (7) 0.098 (9)
0.051 (2) 0.886 (6) 2.08
0.1025 (5) 0.400 (4) 1.881 0.1117 (8)
‐‐‐‐‐
1.000 (4) 2.08
0.1094 (4) 1.135 (4) 1.881 0.1573 (5)

0.553 (2) 2.2098 (6) 0.0766 (7) 0.447 (3)

2.08

0.406 (6) 2.173 (1)

2.08

0.060 (1) 0.594 (6)

0.117 (1) 0.134 (1)
0.117

0.219 (3)

1.881

0.143 (2)

1.881

0.143

For the drop‐cast (Figure 2.1(b)) and spin‐cast (Figure 2.1(c)) deposition methods,
the PL spectra are dominated by Peaks 2 and 3, while Peak 1 has very low amplitude, or
is even absent in the case of spin‐casting. The substantial increase in the relative
intensity of Peaks 2 and 3 demonstrates that recombination in these samples is strongly
influenced by interchain species. Interchain recombination becomes dominant for drop‐
casting and spin‐casting due to increased chain packing in the organic thin film resulting
from agglomeration of the polymer during solvent evaporation. This dense polymer
chain packing leads to the efficient separation of singlet excitons (absorbed across the
energy gap) into polarons that reside on adjacent polymer chains. Therefore, the
interchain recombination peak increases while the HOMO/LUMO transition intrachain
peak is quenched. This enhancement of the interchain peak and quenching of the
intrachain HOMO/LUMO transition peak is even stronger in the spin‐cast samples
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because the centripetal acceleration forces the polymer chains to lie in the plane of the
film, enhancing the internal order of the polymer chains in the sample and allowing for
more efficient separation of intrachain singlet excitons over adjacent polymer chains.
The polymer chain packing is further intensified through the annealing process, which
removes excess solvent and allows twisted polymer chains to untwist.46
In the case of MAPLE deposition, Figure 2.1(d) and (e) show the PL spectra for
MEH‐CN‐PPV thin films with thickness 50 nm (thin) and 220 nm (thick), respectively.
In each case, Peaks 1‐3 contribute to the measured PL lineshape; however, the
amplitudes of their contribution depend on the film thickness. The thin MAPLE film
most closely resembles pristine MEH‐CN‐PPV in solution, featuring a dominant Peak 1
and very low amplitude Peak 3. Therefore, intrachain recombination across the
HOMO/LUMO bandgap is the primary PL mechanism. For the thick MAPLE film, the
amplitude of Peak 1 decreases and the amplitudes of Peaks 2 and 3 increase, indicating
an increasing contribution from interchain recombination. This film thickness
dependent progression for MAPLE deposition is explored more closely in Figure 2.2(a),
which shows the normalized PL spectra for six MEH‐CN‐PPV thin films deposited by
MAPLE with different thicknesses ranging from 50‐220 nm. For each film thickness, the
MAPLE thin film PL lineshape is very similar to that of the pristine MEH‐CN‐PPV in
solution, i.e., PL is dominated by Peak 1, indicating that exciton recombination occurs
predominantly via intrachain interactions. As the film thickness increases, the
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amplitudes of Peaks 2 and 3 increase and the amplitude of Peak 1 decreases, indicating
increasing interchain recombination and quenching of intrachain recombination. As
with the drop‐ and spin‐cast samples, this variation in the measured PL lineshape is
most likely due to changes in the polymer morphology of the thin film, e.g., an increase
in chain packing with increasing film thickness. While the exact change in morphology
with increasing film thickness for deposition by MAPLE cannot be identified at this
time, it is important to note the regular and repeatable progression of the PL lineshape.
In contrast, Figure 2.2(b) shows the measured PL spectra for three different spin‐cast
samples (deposited using different spin speeds to vary film thickness). The measured
PL lineshapes are identical for each thickness, indicating no dependence on film
thickness, as well as an inability to control the film morphology.
Note that the intrachain peak, Ec1, also red‐shifts with increasing MAPLE film
thickness. Although reports in the literature suggest that this red‐shift can be explained
as an increase in the effective conjugation length,57 the absorbance data obtained in this
work suggests this red shift is caused by the increasing role of self‐absorption and
scattering with increasing film thickness. The absolute absorbance of the thin film
samples is overlaid with the scaled photoluminescence spectra in Figure 2.1. For the
thickest (220 nm) MAPLE film, the blue edge of the photoluminescence overlaps a rise in
absorbance, but the amount of overlap decreases with decreasing film thickness until
there is virtually no self‐absorption for the thinnest (50 nm) MAPLE samples.
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Figure 2.2: Normalized PL spectra for (a) MAPLE samples of varying thickness
(I‐think to VI‐thick) and (b) spin‐cast samples for spin speeds of 1000, 2000, and 5000
rpm.
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2.3 Summary
Interchain and intrachain recombination within drop‐cast, spin‐cast, and MAPLE
deposited thin films of the conjugated polymer, MEH‐CN‐PPV, were investigated by PL
spectroscopy. In so doing, the polymer chain morphology of the thin films as a function
of deposition technique and film thickness was elucidated, and the ability to control this
morphology was explored. Drop‐cast and spin‐cast films demonstrated strong
interchain recombination due to dense packing of polymer chains. In contrast, thin films
deposited by MAPLE demonstrated PL spectra that closely matched the lineshape of
pristine MEH‐CN‐PPV in solution, indicating dominance by intrachain recombination.
In addition, the relative amplitudes of intrachain and interchain recombination peaks in
the MAPLE films demonstrate a strong, repeatable dependence on the film thickness.
This dependence enables tuning of the organic thin film morphology by MAPLE, and
subsequently, the optoelectronic properties of the material. Thus, the ability to control
the strength of interchain interactions by repeatable MAPLE deposition of thin polymer
films has been demonstrated. Further, MAPLE is a robust and repeatable deposition
technique that should prove useful for the reliable fabrication of devices. This is a
promising development for device applications, demonstrating a clear advantage in
MAPLE deposition over drop‐cast and spin‐cast techniques for the fabrication of
polymer thin films. Specifically, for the intraband photoconductor device discussed in
this work, these results suggest that MAPLE deposited active layers should be made as
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thick as possible to increase interchain interactions and improve transport of
photoexcited electrons to contacts. A remaining question, however, is related to the
effect that adding CQDs to the polymer matrix will have on the polymer morphology
and resulting charge transport. These issues are addressed in the following chapter.

43

Chapter 3 Ultra-Fast Spectroscopy Characterization of
Temperature-Dependent Charge Carrier Dynamics in
MEH-CN-PPV/CdSe Thin Films
3.1 Introduction
In Chapter 2, the effect of the deposition method on polymer thin film
morphology was investigated. The results of this study demonstrated the importance of
the MAPLE deposition technique as a method for reliably controlling polymer thin film
morphology, and, by extension charge transport; however, the effect on the charge
dynamics in nanocomposite films due to the addition of the CQDs is not well
understood. As discussed in Chapter 1, the unipolar design of the photoconductor
device discussed in this work requires separation of electrons and holes in the CdSe
CQD and long‐lived electrons in the conduction band for efficient device performance.
Therefore, it is important to quantify the relaxation pathways present in the CdSe CQD.
Moreover, understanding how these relaxation pathways behave at different
temperatures could help to determine limits for which device performance is optimized.
In this study, the charge separation and relaxation processes in MEH‐CN‐
PPV/CdSe thin films deposited by MAPLE were investigated using temperature‐
dependent time‐integrated and time‐resolved PL spectroscopy in conjunction with
external quantum efficiency (EQE) measurements. The results of the time‐integrated PL
(TIPL) spectroscopy demonstrate that Förster resonance energy transfer occurs between
the polymer and the CQD and that long‐lived electrons are present in the conduction
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band of the CQD. The results of the time‐resolved PL (TRPL) spectroscopy and the EQE
measurements were then utilized to develop a comprehensive charge relaxation and
transfer model that allows for all of the relaxation processes in the nanocomposite thin
film to be quantified. A unique aspect of this work is that the TIPL was measured using
a pulsed source so that the nanocomposite system is in quasi‐equilibrium and the
recombination lifetimes calculated with the model represent the most probable
relaxation dynamics. This model provides the most complete understanding to date of
the physical processes present in nanocomposite system, and differs from previous
works that have investigated polymer or nanocomposite photophysics with a limited
scope.58‐61

3.2 Time-Integrated PL, Time-Resolved PL, and External
Quantum Efficiency Measurements of MEH-CN-PPV/CdSe Thin
Films
3.2.1 Experiment
MEH‐CN‐PPV polymer powder was purchased from American Dye Source, Inc. and
solutions of polymer in toluene (1 wt%) were created for each deposition. The CdSe
CQDs were purchased from NN Labs, Inc. in toluene (1 wt%) and were 6.95+/‐0.75 nm in
diameter. The CdSe CQDs are coated with an octadecylamine (ODA) surface ligand to
prevent agglomeration of the dots in solution. Thin films of MEH‐CN‐PPV and MEH‐
CN‐PPV/CdSe (3:1, 1:1, and 1:3) were deposited onto quartz glass substrates using the
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MAPLE deposition system, the details of which are described in Appendix A. The
benefits of the MAPLE deposition system are that it limits solvent exposure of the thin
film and, as discussed in Chapter 2, it has been shown to allow superior control of the
internal morphology of thin films. Further, as shown in Appendix A, MAPLE
deposition allows for homogenous distribution of CQDs throughout the nanocomposite
thin film, which limits spatial variations in the PL signal. Each film was annealed under
vacuum at 180°C for three hours. The film thickness and surface roughness was
measured to be 254 ± 35 nm using a Digital Instruments Dimension 3100 atomic force
microscope.
The thin films were excited using a pulsed Ti:sapphire laser‐regenerative
amplifier system with a ~140 fs pulse duration and a repetition rate of 1 kHz. The
majority of the 800 nm wavelength output of the amplifier was used to pump an optical
parametric amplifier (OPA), whose output may be tuned, frequency multiplied, and/or
mixed to generate pulses at any wavelength between 240 nm – 12,000 nm. The
excitation wavelength used in this study was λ=390 nm (3.18 eV) in order to excite the
polymer and CQDs simultaneously. To limit photo‐oxidation effects in the thin films
the samples were placed in a closed‐cycle helium cryostat maintained under dynamic
vacuum (~10‐5 Torr), and the laser fluence incident on the samples was maintained at ~10
μJ/cm2. Temperature dependent measurements were made over 70‐300K using a digital
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temperature controller, and at each temperature the sample was allowed to equilibrate
for five minutes prior to measurement.
TIPL spectra were measured by focusing the PL from the thin films onto a fused
silica optical fiber using a pair of off‐axis parabolic mirrors. The scattered excitation
light was filtered from the PL using a color filter. The fiber was coupled to a 30 cm
spectrometer and the PL signal was spectrally dispersed and imaged on a liquid
nitrogen cooled charged coupled device. TIPL spectra were measured for the MEH‐CN‐
PPV and MEH‐CN‐PPV/CdSe (3:1, 1:1, and 1:3) thin films for temperatures ranging from
70‐300K. It is important to note that the TIPL measurements were made using a pulsed
laser source so that the PL spectra are composed of recombination from dynamically‐
evolving, non‐equilibrated states in the thin films. Therefore, the recombination
dynamics in the TIPL spectra represent the most probable energy transfer and
recombination pathways in the thin films, and are fundamentally different from the
continuous wave PL spectroscopy that is typically conducted.
TRPL spectra were measured using the same source and collection optics as the
TIPL measurement; however, the PL signal was focused on a fused silica fiber that was
coupled to an analog streak camera (Hamamatsu C4334), which disperses the PL signal
spectrally and temporally. The time window and temporal resolution for the streak
camera were 2 ns and ~42 ps, respectively, and TRPL spectra were measured with ~0.2
nm spectral resolution for the MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe (3:1) thin films
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for temperatures ranging from 70‐300K. PL from the other two samples was too weak
for TRPL analysis.
EQE measurements were conducted, using the method described previously,62
with the same excitation source as the TIPL and TRPL measurements, but the samples
were placed in a 10 cm diameter integrating sphere. The EQE was measured at room‐
temperature for the MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe (3:1) thin films and was
found to have a value of η p = 0 . 24 ± 0.05 and η NC = 0.065 ± 0.05 for the polymer and
nanocomposite thin films, respectively.

3.2.2 Results and Discussion
Figure 3.1 and Figure 3.2 show the TIPL spectra for the polymer and nanocomposite
samples for a range of temperatures from 70‐300K, where each spectrum is normalized
to the peak intensity for the MEH‐CN‐PPV sample at T=70K, which demonstrated the
largest PL signal. This normalization allows for a comparison of the decrease in the PL
signal intensity from each sample and readily demonstrates the strong quenching of the
PL signal with increasing CQD concentration.
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Figure 3.1: Time‐integrated PL spectra of (a) MEH‐CN‐PPV and (b) MEH‐CN‐
PPV/CdSe (3:1) thin films for temperatures ranging from 70‐300K. All spectra are
normalized to the peak value of the MEH‐CN‐PPV (T=70K).
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Figure 3.2: Time‐integrated PL spectra of (a) CdSe/MEH‐CN‐PPV (1:1) and (b)
MEH‐CN‐PPV/CdSe (1:3) thin films for temperatures ranging from 70‐300K. All
spectra are normalized to the peak value of MEH‐CN‐PPV (T=70K) in Figure 3.1.
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In order to understand the dynamic, temperature dependent, radiative
recombination in the polymer and nanocomposite samples, each of these TIPL spectra
was fit to a series of Gaussian lineshape functions. An example of this fitting process for
T=70K is shown in Figure 3.3 and Figure 3.4 for the polymer and nanocomposite
samples. In analyzing the fitting results it can be seen that the MEH‐CN‐PPV thin film
TIPL exhibits a high energy recombination peak (~2.1 eV) that may be attributed to
recombination of intrachain singlet excitons across the HOMO/LUMO gap, as well as
two lower energy peaks (~1.85 and ~1.98 eV) that can be attributed to recombination of
interchain excitons (polarons) between closely spaced segments of the polymer side
chains.63 For the nanocomposite TIPL, in addition to the same polymer HOMO/LUMO
peak and lower energy interchain peaks, the CdSe CQD peak occurs at ~1.94 ev.
Interestingly, the CQD PL is resonant with the higher energy interchain peak in the
polymer. This resonance may be important for operation of the photoconductor device
described in this work as it would provide a possible relaxation pathway for
photoexcited electrons in the conduction band of the CQD. The corresponding fitting
parameters (i.e. Gaussian peak amplitude and energy) for all polymer and
nanocomposite spectra at each temperature are detailed in Table 3.1 and Table 3.2.
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Figure 3.3: Time‐integrated PL spectrum and Gaussian fit for (a) MEH‐CN‐
PPV and (b) MEH‐CN‐PPV/CdSe (3:1).
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Figure 3.4: Time‐integrated PL spectrum and Gaussian fit for (a) MEH‐CN‐
PPV/CdSe (1:1) and (b) MEH‐CN‐PPV/CdSe (1:3).
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Table 3.1: Results of the Gaussian fitting for the TIPL spectra in Figure 3.3,
where A is the amplitude of each peak and x is the center energy. Parentheses
indicate uncertainty in the least significant digit.

Temperature (K)
70
116
162
209
255
300

A1
0.21(3)
0.22(3)
0.29(1)
0.23(2)
0.22(2)
0.23(2)

Temperature (K)
70
116
162
209
255
300

A1
0.416(3)
0.398(3)
0.406(3)
0.36(2)
0.27(31)
0.12(35)

MEH-CN-PPV
x1 (eV)
A2
x2 (eV)
A3
1.80(2) 0.17(3) 1.953(1) 0.068(3)
1.81(2) 0.17(3) 1.960(1) 0.066(3)
1.868(4) 0.14(1) 1.986(2) 0.034(1)
1.85(1) 0.17(2) 2.000(2) 0.045(2)
1.86(1) 0.22(2) 2.026(1) 0.030(1)
1.86(1) 0.17(3) 2.022(3) 0.048(1)
MEH-CN-PPV/CdSe (3:1)
x1 (eV)
A2
x2 (eV)
A3
1.836(1) 0.029(2) 1.967(2) 0.034(2)
1.845(1) 0.036(2) 1.970(2) 0.041(2)
1.844(1) 0.034(2) 1.966(2) 0.039(2)
1.83(1) 0.10(2) 2.000(4) 0.031(4)
1.81(16) 0.17(34) 1.97(1) 0.07(3)
1.71(43) 0.27(38) 1.90(4) 0.13(3)

x3 (eV)
2.084(1)
2.087(1)
2.085(1)
2.098(2)
2.106(1)
2.136(2)
x3 (eV)
2.102(2)
2.111(1)
2.109(2)
2.136(1)
2.121(4)
2.10(1)

Table 3.2: Results of the Gaussian fitting for the TIPL spectra in Figure 3.4,
where A is the amplitude of each peak and x is the center energy. Parentheses
indicate uncertainty in the least significant digit.

Temperature (K)
70
116
162
209
255
300

A1
0.414(4)
0.407(3)
0.399(3)
0.394(3)
0.30(2)
0.19(9)

Temperature (K)
70
116
162
209
255
300

A1
0.421(3)
0.412(2)
0.470(4)
0.21(2)
0.21(1)
0.19(1)

MEH-CN-PPV/CdSe (1:1)
x1 (eV)
A2
x2 (eV)
A3
1.865(1) 0.036(2) 1.994(1) 0.028(1)
1.864(1) 0.039(2) 1.988(1) 0.038(1)
1.867(1) 0.042(1) 1.981(1) 0.047(1)
1.871(2) 0.049(2) 1.979(1) 0.058(2)
1.84(1) 0.17(2) 2.004(2) 0.041(3)
1.78(9) 0.30(9) 2.000(4) 0.054(3)
MEH-CN-PPV/CdSe (1:3)
x1 (eV)
A2
x2 (eV)
A3
1.846(1) 0.030(1) 1.960(1) 0.038(1)
1.861(1) 0.021(1) 1.951(1) 0.052(1)
1.832(1) 0.037(2) 1.977(1) 0.030(1)
1.75(3) 0.27(3) 1.930(2) 0.068(4)
1.76(3) 0.25(2) 1.924(2) 0.11(1)
1.78(2) 0.18(2) 1.908(3) 0.18(1)
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x3 (eV)
2.141(1)
2.142(1)
2.144(1)
2.150(1)
2.174(1)
2.181(1)
x3 (eV)
2.140(1)
2.138(1)
2.143(1)
2.152(1)
2.148(2)
2.134(3)

Table 3.1 and Table 3.2 provide the following picture of dynamic, temperature
dependent, radiative recombination in the polymer and nanocomposites. In general, the
peak locations trend towards higher energy with an increase in temperature, which is
indicative of an increase in the HOMO/LUMO bandgap of MEH‐CN‐PPV with
increasing temperature. Further, for the higher temperature measurements, the PL
signal is dominated by both interchain peaks; however, as the temperature decreases,
the PL signal for the nanocomposite samples becomes overwhelmingly dominated by
the lowest energy interchain peak. Moreover, the CQD PL signal is masked at higher
temperatures and is only weakly present in the lowest temperature measurements. This
coupled with the strong quenching in the overall PL intensity seen in Figure 3.1 and
Figure 3.2 as the CQD concentration increases indicate that excitons are preferentially
transferring to the CQD rather than the higher energy interchain level. The efficiency of
this quenching as a function of temperature can be estimated by the ratio of the
integrated intensity in each nanocomposite sample to the integrated intensity in the
polymer sample, such that:

Q(T ) = 1 −

∫I

∫I

NC

(E)dE

polymer
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(E)dE

(3.1)
.

Figure 3.5 shows the temperature dependence of the PL quenching efficiency for
the nanocomposite samples. This quenching has been shown to be indicative of dipole‐
dipole Förster resonance energy transfer58,59,61,64 from the polymer to the CQDs.
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Figure 3.5: Temperature‐dependent quenching efficiency of the
nanocomposite samples.

It is apparent from Figure 3.5 that increasing the CQD concentration greatly
improves the transfer efficiency of excitons as the number of CQDs within the Förster
radius increases (defined as the distance between a donor and acceptor at which the
probability of resonant energy transfer is 50%). Other energy transfer mechanisms, such
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as Dexter energy transfer,65 may be present in the films and contribute to the quenching
of the polymer PL; however these processes rely on electron orbital overlap58 and occur
over extremely short ranges (sub‐nm) such that they are greatly limited by the surface
ligand material.20
While Förster resonance energy transfer is a well understood process in
nanocomposite films, it would not be expected to occur in the hybrid nanocomposite
photoconductor device described in this work because the excitation radiation would be
in the IR and the HOMO/LUMO bandgap in MEH‐CN‐PPV corresponds to visible light.
However, from Figure 3.5, Table 3.1, and Table 3.2 it is clear that despite the very
efficient energy transfer of excitons from the polymer to the CQD, the CQD PL efficiency
is very low. One possible explanation for the weak CQD PL signal is that the Förster
resonance energy transfer process creates Wannier‐Mott excitons in the CQD, which
have a binding energy typically less than 10 meV so that they are readily dissociated for
T>116K. The dissociated holes then rapidly transfer to trap states in the surface ligand
or back into the polymer, leading to long‐lived electrons in the conduction band of the
CQD. The presence of long‐lived electrons is important for the device design discussed
in this dissertation as it would improve the ability for IR radiation to create a
photoexcited electron, which would lead to an increase in the photocurrent.
In order to measure the charge relaxation lifetimes in the polymer and
nanocomposite films, the temperature‐dependent TRPL was measured for the MEH‐
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CN‐PPV and MEH‐CN‐PPV/CdSe (3:1) samples for a spectral window about the
HOMO/LUMO recombination peak (2.11 +/‐ 0.02 eV). This spectral window allows for
the evolution of charges created in the polymer to be measured due to relaxation
pathways present in the polymer and nanocomposite thin films. It is also important to
note that this spectral window is significantly removed from the PL signal due to
interchain recombination or the CQD. Figure 3.6 shows the TRPL spectra for MEH‐CN‐
PPV and MEH‐CN‐PPV/CdSe (3:1) at room‐temperature and T=70K along with the
pulsed laser temporal response. From this figure it can be seen that the rise time of the
PL signal for each sample is limited by the laser response, but the decay time is
determined by the relaxation dynamics present in each film. In order to determine these
relaxation dynamics the TRPL spectra were fit to a sum of two exponentials in each film:

PL(t ) = A1 e

−t

τ1

+ A2 e

−t

τ2

;

(3.2)

where τ1 and τ2 are the fast and slow decay lifetimes, respectively, and A1 and A2 are the
corresponding amplitudes shown in Table 3.3. The decay amplitudes for the polymer
sample were normalized (A1 + A2 =1), so that the ratio A1/A2 indicates the relative
propensity of the fast decay (A1) compared to the slow decay (A2). It is important to
note that the nanocomposite decay amplitudes were normalized to A1 + A2 =0.465 to
account for the decrease in the PL signal due to quenching. This normalization equates
the integrated TRPL signal given by Eq. (3.2) for the polymer and nanocomposite
samples and allows for a direct comparison of the TRPL spectra. Because there was ~120
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ps of Lorentzian‐distributed temporal jitter in the laser trigger, a deconvolution
algorithm was used to extract the decay constants from the TRPL data. The results of
the time‐resolved fitting are shown in Table 3.3.

MEH-CN-PPV T=300K
MEH-CN-PPV/CdSe (3:1) T=300K
MEH-CN-PPV T=70K
MEH-CN-PPV/CdSe (3:1) T=70K
Laser Response

Normalized Intensity (a.u.)

1

0.1

-0.5

0.0

0.5

1.0

1.5

Time (ns)

Figure 3.6: Time‐resolved PL spectra in the HOMO/LUMO spectral window
(2.11 ± 0.02 eV) for MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe (3:1) at room‐temperature
and T=70K along with the pulsed laser response.
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Table 3.3: Temperature‐dependent time‐resolved PL fitting results for the
MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe (3:1) thin films. The value in parentheses is
the error in the least significant digit(s).

Temperature (K)
70
116
162
209
255
300

MEH-CN-PPV
MEH-CN-PPV/CdSe (3:1)
τ1 (ps)
τ2 (ps)
τ2 (ps)
τ1 (ps)
A1/A2
A1/A2
180 (6) 847 (16) 1.37 (5) 91.6 (23) 472 (12) 4.00 (17)
170 (5) 884 (14) 1.35 (4) 79.9 (18) 462 (9) 4.48 (15)
167 (5) 900 (15) 1.51 (5) 105 (2) 469 (13) 3.80 (18)
164 (4) 863 (13) 1.50 (4) 90.3 (22) 440 (11) 4.18 (18)
157 (4) 804 (13) 1.51 (5) 102 (2) 489 (17) 5.08 (28)
133 (4) 763 (13) 1.99 (6) 101 (2) 501 (13) 4.72 (20)

To understand the biexponential nature of the decay, it is important to note that the
energy of the pulsed laser source (~3.18 eV) is much larger than the HOMO/LUMO gap
of the polymer. During each laser pulse, the photoexcited carriers preferentially form
singlet excitons on the polymer chains with the shortest conjugation (highest
HOMO/LUMO gap). The rapid decay component (τ1) most likely represents an
intrachain transport and equilibration of exciton distributions among polymers of all
lengths. Although some portion of the photogenerated excitons will be destroyed via
exciton‐exciton annihilation because of the relatively high intensity of the pulsed laser
source (~10 μJ/cm2),66 the remaining equilibrated excitons rapidly relax to polymer
chains with the longest conjugation before recombining or transferring to the CQD. The
slower component (τ2) represents the decay of these equilibrated excitons distributed
among all the polymer chains through both radiative and non‐radiative pathways, with
lifetimes τr,p and τr,CQD and τnr,p and τnr,CQD, respectively, as shown in Figure 3.7.
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MEH‐CN‐PPV

τr,CQD

MEH‐CN‐PPV

CdSe CQD

Figure 3.7: Schematic of the nanocomposite system including transfer and
recombination mechanisms in the polymer and CQD.

Although the fast decay process (τ1) in the MEH‐CN‐PPV thin film is dominated by
excitonic equilibration mechanisms, the data suggest that the addition of the CQDs
provides a new mechanism for excitonic decay (τtrans ) through Förster resonance energy
transfer and electron trapping in CQDs that occurs on a faster time scale. From Table 3.3
it can be seen that the ratio of the fast to the slow decay process (A1/A2) are greatly
increased in the nanocomposite thin film, a consequence of this additional excitonic
decay process. In order to quantify each of these relaxation processes, they are fit to the
fast and slow decay lifetimes measured in each film.
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The fast and slow decay lifetimes in the polymer, τ1,p and τ2,p, can be defined as:

τ 1−,1p = τ eq−1 + τ r−,1p + τ nr−1,p
τ 2−,1p = τ r−,1p + τ nr−1, p

(3.3)
;

where τr,p and τnr,p are the radiative and non‐radiative recombination lifetimes and τ eq is
the equilibration lifetime, which describes exciton relaxation to the polymer chains with
the longest conjugation. In defining the fast and slow decay lifetimes in the
nanocomposite, τ1,NC and τ2,NC, it is assumed that the polymer lifetimes described in Eq.
(3.3) remain constant; however, there are three additional decay pathways that
correspond to the radiative (τr,CQD) and non‐radiative (τnr,CQD) decay in the CQD as well
as a transfer lifetime (τtrans) that describes the Förster resonance energy transfer from the
polymer to the CQD:
−1
τ 1−,1NC = τ eq−1 + τ r−,1p + τ nr−1, p + τ r−,1CQD + τ nr−1,CQD + τ trans

τ 2−,1NC = τ r−,1p + τ nr−1,p + τ r−,1CQD + τ nr−1,CQD

(3.4)
.

The EQE for the polymer (ηp) and nanocomposite (ηNC) is the ratio of the total PL
to the radiative component of the PL such that:
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ηp =

∫ A1,p e

−t

∫ (A

1, p

η NC =

τ 1,p

+ A2 , p e

)

+ A2 , p e

∫A e
∫ (A

−t

1, NC

1, p

τ 1 , NC

−t

−t

τ 2 ,p

τ r ,p

)

+ A2 , p e

=

dt

+ A2 , p e
−t

dt

−t

A1,pτ 1,p + A2 ,pτ 2 ,p

(A

1, p

)

+ A2 , p τ r , p
(3.5)

τ 2 , NC

τ r , NC

dt

=

dt

A1,NCτ 1,NC + A2 ,NCτ 2 ,NC

(A

1, p

)

+ A2 ,p τ r ,NC

.

The room‐temperature radiative decay lifetime for the polymer and
nanocomposite can be calculated using Eq. (3.5) along with the slow and fast decay
lifetime values from Table 3.3 and the results of the EQE measurements, which were
stated above. The radiative decay lifetime in the CQD can then be calculated using:

τ r−,1CQD = τ r−,1NC − τ r−,1p

.

(3.6)

Then the values for the non‐radiative, equilibration, and transfer decay lifetimes
can be determined using Eqs. (3.3) and (3.4) for the polymer and nanocomposite
samples, respectively. The temperature dependence of the each of these decay lifetimes
can then be determined by assuming that the radiative decay lifetime in the polymer
and nanocomposite is independent of temperature. The results of the calculated
temperature dependent decay lifetimes are shown in Table 3.4.
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Table 3.4: Calculated decay lifetimes for polymer, nanocomposite, and CQD.
All lifetimes are given in nanoseconds and the value in the parentheses is the error in
the least significant digit(s).
T(K)
70
116
162
209
255
300

τr,p

τnr,p

2.076 (98)
2.313 (101)
2.426 (111)
1.430 (8)
2.174 (87)
1.835 (70)
1.635 (60)

τe q

τr,CQD

0.229 (9)
0.211 (8)
0.205 (7)
8.442 (337)
0.203 (7)
0.195 (7)
0.161 (5)

τnr,CQD

τtra ns

1.217 (84)
1.090 (57)
1.106 (74)
1.006 (61)
1.468 (156)
1.765 (180)

0.226 (17)
0.179 (11)
0.391 (44)
0.259 (21)
0.382 (45)
0.604 (106)

In interpreting these results it can be seen that the radiative decay lifetime in the
polymer is shorter than the non‐radiative decay lifetime for all temperatures, suggesting
that the polymer should demonstrate a high PL efficiency, which is supported by the
EQE measurement. In contrast, the radiative decay lifetime of the CQD is longer than
the non‐radiative decay for all temperatures, suggesting a low PL efficiency in the CQD,
which is supported by the much lower EQE of the nanocomposite thin film and is in
agreement with the results of the TIPL data fitting. Figure 3.8 and Figure 3.9 show the
temperature dependence of the non‐radiative decay lifetime and the equilibration decay
lifetime in MEH‐CN‐PPV, respectively.
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Figure 3.8: Temperature dependence of the calculated non‐radiative decay
lifetime in the MEH‐CN‐PPV thin film.
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Figure 3.9: Temperature dependence of the calculated equilibration decay
lifetime in the MEH‐CN‐PPV thin film.

From these figures it can be seen that the general trend of the decay lifetime
decreases as the temperature increases, which can be explained by an increase in the
diffusion of singlet excitons with increasing temperature, as expected. In contrast to
this, the non‐radiative decay lifetime of the CQD (Figure 3.10) shows a marked increase
in the decay lifetime for temperatures above T=209K. This rapid increase in the non‐
radiative decay lifetime could be explained by a change in the charge dynamics of the
CQD due to the transfer of holes to the polymer, which requires a critical thermal energy

66

(kbT≈18 meV) to occur. This energy is larger than the energy required to separate the
electron and hole in the CQD stated previously (~10 meV), but this difference could be
due to the effect of the surface ligand material, which is considered part of the CQD in
these calculations. It is important to note that the energy required to promote the hole to
the polymer would represent a lower limit on the operating temperature for efficient
device performance of the MEH‐CN‐PPV/CdSe photoconductor device described in this
work.
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Figure 3.10: Temperature dependence of the calculated non‐radiative decay
lifetime in the CdSe CQD.
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Figure 3.11 shows the temperature dependence for the dipole‐dipole Förster
resonance energy transfer term. As can be seen in this figure the general trend is an
increase in the calculated lifetime values with increasing temperature. This implies that
the resonance energy transfer of excitons from the polymer to the CQD is less efficient
with increasing temperature. A possible explanation for this decrease in transfer
efficiency with increasing temperature is the increased mobility of singlet excitons at
higher temperatures, which allows them to diffuse away from CQDs within the Förster
radius before resonance energy transfer can occur.
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Figure 3.11: Temperature dependence of the calculated Förster resonance
energy transfer lifetime from MEH‐CN‐PPV to the CdSe CQD.
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3.3 Summary
In this study, the temperature dependent recombination processes in thin films
of MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe with increasing CQD concentration were
investigated using TIPL, TRPL, and EQE measurements. Strong quenching of the
polymer PL suggest that Förster resonance energy transfer from the polymer to the CQD
is occurring efficiently. This energy transfer is quantified using the TRPL decay
lifetimes. The general trend is that energy transfer decreases with increasing
temperature, which is likely due to an increase in the mobility of singlet excitons in the
polymer at higher temperatures. Further, the strong quenching of the polymer PL
coupled with the lack of a strong CQD PL suggests that energy separation is occurring
after the exciton is transferred from the polymer, likely by transfer of the hole into trap
states in the surface ligand or back onto the polymer chain. This notion is further
supported by the calculated non‐radiative decay lifetime in the CQD, which is shorter
than the radiative decay lifetime suggesting a low PL efficiency in the CQD that is
demonstrated in the TIPL data. This energy separation is of great importance for IR
photodetectors in which efficient charge transport of individual carriers is necessary for
device efficiency. Moreover, the large increase in the non‐radiative decay lifetime in the
nanocomposite for T>209K likely represents the minimum energy required to promote
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the separated holes out of the CQD and represents the minimum temperature for
efficient device performance.

70

Chapter 4 Intraband, Infrared Absorption in
Organic/Inorganic Hybrid Nanocomposite Thin Films
4.1 Introduction
In Chapter 2, the influence of polymer morphology on the presence of intrachain
or interchain exciton recombination in conjugated polymers was discussed, and the
dominant recombination mechanism indicates the type of charge transport expected for
electrons photoexcited from the CQD by intraband, IR absorption. However, in order to
create photoexcited carriers, free electrons must occupy the quantized energy states in
the conduction band of the CQD. Chapter 3 demonstrated that the lifetime of such
electrons is long enough to enable intraband absorption. In this chapter, an optical
charge injection mechanism is demonstrated to provide free electrons to the confined
energy levels in MEH‐CN‐PPV/CdSe nanocomposite thin films deposited on GaAs
substrates. In addition, the effect of GaAs substrate doping on charge injection is
discussed. Finally, intraband, IR absorption is demonstrated in MEH‐CN‐PPV/CdSe
hybrid nanocomposite thin films by FTIR absorbance spectroscopy.

4.2 Optical Charge Injection by Near-Infrared Absorption in GaAs
Substrates
An integral component of enabling intraband transitions in MEH‐CN‐PPV/CdSe
nanocomposites is providing free electrons to occupy the CQD confined energy levels.
Previously, a charge transfer mechanism was identified by PL and PL excitation
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spectroscopy studies on MEH‐PPV/CdSe/CdS core/shell CQD nanocomposites
deposited on GaAs substrates: i.e. photoexcitation of hot carriers in the GaAs substrate
followed by charge transfer to either surface or confined states of the CQDs.67 A similar
mechanism that enables intraband transitions in MEH‐CN‐PPV/CdSe hybrid
nanocomposites deposited on GaAs substrates is demonstrated by this study. Namely,
CQD electron occupation is achieved by optical charge injection from photogenerated,
near‐IR EHPs in GaAs substrates. It is important to note that both the MEH‐CN‐PPV
HOMO/LUMO gap and the CdSe CQD bandgap are transparent to the near‐IR
wavelengths that photogenerate GaAs EHPs.
The proposed charge injection mechanism is shown schematically in Figure 4.1
for the case of a SI GaAs substrate (Eg ~1.42 eV; Ea ~ ‐4.1 eV) under zero bias, which
essentially has a flat‐band energy lineup with MEH‐CN‐PPV. First, EHPs are
photogenerated in the GaAs substrate by incident near‐IR light. The band line‐up at the
GaAs/MEH‐CN‐PPV heterojunction is such that these photogenerated EHPs are
separated due to the lower energy valence states available to holes in MEH‐CN‐PPV. As
a result, the photogenerated electrons tend to accumulate at the GaAs/MEH‐CN‐PPV
interface and can be injected into CdSe CQD confined energy levels. Holes are blocked
from injection into confined CQD states due to the Type‐II band line‐up of CdSe and
MEH‐CN‐PPV; instead, they tend to occupy CQD surface ligands or the MEH‐CN‐PPV.
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This charge separation of EHPs and the injection/localization of electrons in CQD
confined energy levels enable intraband absorption across a wide IR range.
Vacuum Level

Ea =‐4.1 eV
Electron injection

FTIR Source

Hole conduction
SI GaAs

MEH‐CN‐PPV CdSe

Figure 4.1: Schematic flat‐band energy diagrams of proposed charge
generation and transfer mechanisms in the MEH‐CN‐PPV/CdSe nanocomposite
system.

Controlling the doping of the GaAs substrate is important in that it controls the
Fermi energy (EF), which dictates band‐bending at the GaAs/MEH‐CN‐PPV interface,
thereby influencing electron injection into CQDs and providing a means by which the IR
absorption peak can be tuned. From literature, the Fermi level of MEH‐PPV, EF_MEH‐PPV,
is quoted as ‐4.8 eV with respect to the vacuum level.68 It is expected that the Fermi
energy of MEH‐CN‐PPV is similar to that of MEH‐PPV because the p‐type nature of the
conducting polymer is still maintained; the cyano side chain only enables better
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conduction of electrons. In addition, while the exact conditions of the MEH‐CN‐PPV
(determined by material synthesis and exposure to atmosphere) could alter this Fermi
energy value, the general mechanisms elucidated in this work should still be valid.
Thus, band‐bending at the substrate/MEH‐CN‐PPV interface varies for SI, p‐type, and n‐
type GaAs, as shown in Figure 4.2(a)‐(c). The extent of band‐bending depends on the
doping level, which is indicated in each figure, and the corresponding GaAs Fermi
energies are determined by the Joyce‐Dixon approximation. The Fermi energies of SI
GaAs (EF_SI‐GaAs ~ ‐4.77 eV) and MEH‐CN‐PPV are close and very little band‐bending
occurs at their interface. However, p‐type GaAs (EF_p‐GaAs ~ ‐5.34 eV) provides a small
accumulation region for photogenerated electrons, leading to more efficient occupation
of CQD confined levels and a stronger IR absorbance signal. In contrast, n‐type GaAs
(EF_n‐GaAs ~ ‐4.24 eV) provides a depletion region for photogenerated electrons, resulting in
weaker IR absorbance peaks. It is important to note that as the GaAs p‐ and n‐type
doping levels are increased, the band‐bending in the substrate becomes negligible, yet
band‐bending in MEH‐CN‐PPV increases and is such that p‐type substrates still provide
more efficient electron injection. Finally, it should be noted that Figure 4.2(d) shows the
interfacial band‐bending for a quartz substrate, which acts as an insulator with respect
to the nanocomposite (Eg_quartz ~ 8.9 eV). No band‐bending occurs at the quartz/MEH‐
CN‐PPV interface, and more importantly, quartz does not provide photogenerated
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electrons to occupy CQD confined energy levels. Therefore, no intraband, IR absorbance
should be observed on quartz substrates.
300 nm

100 nm
p‐GaAs‐7.90x1015 cm‐3

SI

GaAs‐1.84x106 cm‐3

Ef

Ef

(a)

(b)

n‐GaAs‐2.00x1015 cm‐3
Quartz‐Eg~8.9 eV

Ef

(c)

(d)

Figure 4.2: Schematic diagrams of substrate/MEH‐CN‐PPV interfacial band
bending of (a) SI GaAs, (b) p‐type GaAs, (c) n‐type GaAs, and (d) quartz. The 300
and 100 nm length scales represent the respective depletion widths of the substrate
and polymer. The total nanocomposite thickness is ~5μm.

4.3 FTIR Absorbance Spectroscopy Measurements of Hybrid
Nanocomposites
4.3.1 Experiment
MEH‐CN‐PPV/CdSe nanocomposites were prepared by mixing a solution of 0.5
wt% CQD in chloroform with a 1.0 wt% solution of conducting polymer in chloroform
such that the conducting polymer:CQD ratio is 70% by weight. The nanocomposites
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were then drop‐cast on n‐type, p‐type, and SI GaAs and quartz substrates. The typical
thickness for these drop‐cast nanocomposite layers is ~ 5 μm. MEH‐CN‐PPV reference
samples are also drop‐cast on all four substrates for comparison of FTIR spectra. The
CdSe CQDs were purchased from NN Labs, Inc. with CQD diameters ranging from 6.2‐
7.7 nm. The specified PL peak wavelength of the CQD ensemble is 640 nm, which
corresponds to a bandgap energy of 1.94 eV (visible range). The MEH‐CN‐PPV
conducting polymer was purchased from American Dye Source, Inc., and the
HOMO/LUMO energy gap corresponds to 2.1 eV (visible range). Epi‐ready n‐type (~
7x1018/cm3‐4x1019/cm3) and SI (~ 1.84x106/cm3) GaAs substrates were purchased from
Wafer Technology. In order to control the doping level of the p‐type GaAs substrate, 0.3
μm bulk GaAs was grown on SI GaAs by molecular beam epitaxy in a Riber 2300 system
at Duke University. The doping level of the p‐type GaAs is 9.95x1016 cm‐3, as determined
by Hall measurements. Prior to drop‐casting, each substrate was cleaned by acetone,
isopropanol, and de‐ionized water immersion. Gross contaminants were removed from
the substrates by plasma ashing, and oxides were removed by buffered oxide etch. After
drop‐cast deposition, all samples were stored overnight in a vacuum chamber to ensure
solvent evaporation prior to measurement.
FTIR absorbance spectroscopy was conducted using a Thermo Electron Nicolet
8700 spectrometer with active nitrogen purging. The FTIR single beam spectra of the
MEH‐CN‐PPV reference sample was used for background subtraction from the MEH‐
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CN‐PPV/CdSe nanocomposite single beam spectrum, thereby extracting the CdSe CQD
absorbance as shown in Figure 4.3. In order to identify CQD intraband absorbance
peaks, the nanocomposite and reference single beam spectra are carefully compared to
the CQD absorbance spectra.

p-GaAs, T=300K
MEHCNPPV/CdSe Single Beam
MEHCNPPV Single Beam
MEHCNPPV/CdSe Absorbance
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Figure 4.3: Normalized absorbance spectra for MEH‐CN‐PPV/CdSe on p‐
GaAs. Normalized single beam spectra of MEH‐CN‐PPV and MEH‐CN‐PPV/CdSe
are provided for reference.

4.3.2 Results and Discussion
Figure 4.4 and Figure 4.5 show the room‐temperature FTIR absorbance of MEH‐
CN‐PPV (referenced to substrate) and MEH‐CN‐PPV/CdSe nanocomposites (referenced
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to MEH‐CN‐PPV/substrate), respectively, for n‐type, p‐type, and SI GaAs and quartz.
As seen in Figure 4.4, MEH‐CN‐PPV features sharp absorbance lines in the 0.35‐0.38 eV
region (C‐H bond stretch), as well as an additional small peak at 0.275 eV due to the
cyano side‐chains. Otherwise, MEH‐CN‐PPV IR absorbance is relatively flat over the
225‐500 meV region. Below 225 meV, weak polymer absorption occurs. It is important
to note that the absorption characteristics of the polymer do not change significantly
with substrate properties.
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Figure 4.4: Room‐temperature, FTIR absorbance spectra of (a) MEH‐CN‐PPV
on n‐type, p‐type, and SI GaAs and quartz substrates.

In Figure 4.5, residual MEH‐CN‐PPV peaks are observed due to the inherent
inconsistency of layer thickness in drop‐cast samples. However, the polymer peaks are
easily distinguished from other IR absorbance contributions, such as the ODA surface
ligand (at 0.20 and 0.41 eV) and intraband absorption within the CdSe CQD conduction
band. CQD intraband, IR absorbance peaks are observed on n‐type, p‐type, and SI
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GaAs, and these intraband transitions depend heavily on the doping properties of the
substrate. The n‐type GaAs sample shows a very weak absorbance peak at 0.401 eV
(3.09 μm), which is reasonable because charge injection is not efficient on these
substrates due to the interfacial band‐bending with MEH‐CN‐PPV that tends to deplete
electrons photogenerated in GaAs. The p‐type GaAs sample shows a very strong, sharp
intraband absorbance peak at 0.215 eV (5.77 μm), and a smaller, broader intraband peak
at 0.429 eV (2.89 μm). The p‐type GaAs yields the strongest absorption peaks because
efficient charge injection of electrons photogenerated in GaAs occurs due to the small
accumulation region at the interface with MEH‐CN‐PPV. The SI GaAs sample
demonstrates two small, broad intraband absorbance peaks at 0.239 eV (5.19 μm) and
0.302 eV (4.11 μm), neither of which is especially strong because the SI GaAs does not
provide an electron accumulation region at the MEH‐CN‐PPV interface. Finally, the
quartz sample does not demonstrate any intraband IR absorbance due to the CQDs, and
shows only MEH‐PPV and ODA surface ligand absorbance peaks.
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Figure 4.5: Room‐temperature, FTIR absorbance spectra of MEH‐CN‐
PPV/CdSe nanocomposites on n‐type, p‐type, and SI GaAs and quartz substrates.
ODA surface ligand absorbance peaks are identified by arrows and intraband
transition peaks are identified by ovals.

This careful comparison of polymer and nanocomposite FTIR absorbance spectra
on four types of substrates for the MEH‐CN‐PPV/CdSe hybrid nanocomposite confirms
that optical charge injection in CQD confined energy levels occurs due to
photogeneration in GaAs and band‐bending at the semiconductor/polymer interface,
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thereby enabling intraband transitions in the nanocomposites. The fact that such CQD
intraband transitions are not observed on quartz substrates is a strong confirmation of
the proposed optical charge injection mechanism shown in Figure 4.1.

4.4 Summary
To conclude, through the detailed study of FTIR absorbance spectra of MEH‐CN‐
PPV/CdSe hybrid nanocomposites deposited on different substrates, room‐temperature,
intraband, IR absorption has been demonstrated. Such absorption in these hybrid
nanocomposites is enabled by optical charge injection from photogenerated near‐IR
electron‐hole pairs in a GaAs substrate.
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Chapter 5 Calculation of Intraband, Infrared Absorption
Spectra in MEH-CN-PPV/CdSe Hybrid Nanocomposites
5.1 Introduction
In Chapter 4, FTIR absorbance spectra were shown to demonstrate peaks in the
IR due to intraband absorption in the conduction band of the CdSe CQD. To verify the
source of these absorption peaks as intraband transitions, in this chapter, the intraband
absorption spectra are calculated by determining the CQD confined energy levels in the
conduction band and the corresponding oscillator strengths of the possible transitions.
D. J. Binks previously demonstrated69 that the quantized energy levels and
wavefunctions of quantum‐confined holes can be determined using an assumption that
the confined holes are in a quasi‐bound state. His calculations focused on CdSe CQDs
and CdSe/CdS core/shell CQDs embedded in poly(N‐cinylcarbazole), which is a hole
conducting polymer. The hole wavefunction under applied external bias was assumed
to be a linear combination of Airy functions and the energy levels were determined
using the transfer matrix method. The calculation of confined energy levels used in this
work follows the same approach, but focuses on determining the quantum‐confined
energy levels of electrons in the conduction band of CdSe CQDs embedded in MEH‐CN‐
PPV. In the first iteration, the influence of the organic surface ligand, octadecylamine
(ODA), is neglected in the calculation under the assumption that the surface ligands
have little effect on the confined energy levels due to their small length (~2 nm). Instead
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the influences of the electron effective mass in the conducting polymer and the CdSe
CQD size are investigated.
While this initial calculation provides useful information, inclusion of the organic
surface ligand in determining the absorption spectrum provides a more realistic picture
of expected IR photodetector performance. As discussed in Chapter 1, the surface
ligand material is a short, organic molecule that coats the surface of each CQD and
prevents them from agglomerating in solution. Figure 5.1 shows the schematic of the
energy band diagram for a MEH‐CN‐PPV/CdSe/ODA surface ligand hybrid
nanocomposite. It is important to note that while the exact value for the ligand potential
offset is unknown, the electron affinity of the ligand material is much lower than the
CQD and the conjugated polymer and is assumed to approximate the vacuum level.
From this figure it can be seen that the surface ligand material acts as a thin, insulating
layer and can greatly affect charge transport into and out of the CQD;20 however, the
effect of the surface ligand material on the quantized energy states in the CQD is
unknown. Therefore, in this chapter the effect of the surface ligand material on the
quantized energy levels, wavefunctions, and intraband absorption of a MEH‐CN‐
PPV/CdSe nanocomposite is investigated. The calculated absorption coefficient for a size
distribution of CdSe CQDs in MEH‐CN‐PPV is compared with measured absorbance
data and the effect of various surface ligand materials is contrasted to determine the
optimum ligand material. Finally, the tunability of the absorption coefficient over a
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broad range of the IR spectrum is demonstrated by calculating the absorption spectra for
varying CQD size.
Vacuum Level
EA=-3.5 eV
EA =-4.5 eV

ΔV
EC (LUMO)

Intraband
transitions

ΔEc =1.0 eV

Eg=2.1 eV
Eg=1.94 eV

MEH-CN-PPV

MEH-CN-PPV

EV (HOMO)

CdSe
ODA

ODA

Figure 5.1: Schematic diagram of the energy band lineup for MEH‐CN‐
PPV/CdSe nanocomposite where the CdSe CQD is surrounded by the surface ligand
octadecylamine (ODA).

5.2 Calculation of Confined Energy Levels in MEH-CNPPV/CdSe: Influence of Electron Effective Mass and CQD Size
The confined CQD electron energy levels are calculated for the MEH‐CN‐
PPC/CdSe hybrid nanocomposite by solving the radial component of the three‐
dimensional Schrödinger equation in spherical coordinates (for the first three values of
the orbital angular momentum quantum number, l ). It is important to note that the
CQDs used in this work are encapsulated by the ODA surface ligand; however, it is
assumed in this model that the surface ligands have little effect on the confined energy
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levels due to their small size (~2 nm). The radial wave equation both inside and outside
a CQD of radius r0 can be defined as:

R(r ≤ r0 ) = An j l ( kr )
R(r > r0 ) = C n+1 hl(1) (iKr ) ,

(5.1)

where jl (kr ) and hl(1) ( iKr ) represent the spherical Bessel and Hankel functions,
respectively. k and K are given by:

k=
K=

2m1 E
h
2m2 ( E − V0 )
h

(5.2)
,

where V0 is the potential height (conduction band offset, ΔEc), E is the confined energy,
and m1 and m2 are the electron effective masses inside and outside the spherical well,
respectively (m1=0.119m0, m2=m0). By imposing that the wavefunction and current
density be continuous at the CQD/polymer interface, the following transcendental
equation for a finite spherical potential well is derived and solved graphically:

⎛ 1 ⎞ j l′ (kr0 ) ⎛ 1 ⎞ hl′(1) (iKr0 )
⎜⎜
⎟⎟
⎟⎟ (1)
= ⎜⎜
⎝ m1 ⎠ j l ( kr0 ) ⎝ m 2 ⎠ hl (iKr0 ) ,

(5.3)

where r0 is the radius of the CQD (~3.475 nm, median size of the CQD ensemble), and
the primes denote the derivative of the spherical Bessel and Hankel functions with
respect to r0 . The calculated confined energy states in the MEH‐CN‐PPV/CdSe hybrid
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nanocomposite are shown in Figure 5.2, and the labeled intraband transitions
correspond to observed absorbance peaks, as seen in Figure 4.5

Figure 5.2: Calculated confined energy levels in the MEH‐CN‐PPV/CdSe
nanocomposite conduction band. The zero energy value corresponds to the
conduction band edge of the CdSe CQDs (4.5 eV below the vacuum level).

The model parameters used to calculate the energy levels and transitions shown
in Figure 5.2 were determined from experimental evidence where possible; however, the
polymer effective mass, m2, and the CQD radius, r0 , are variable. The polymer effective
mass is an unknown quantity and can cover a large range of values depending on the
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polymer material, orientation, doping, etc. The CQD radius was assumed to be the
average value of the size distribution, which was provided by NN Labs. In order to
explore how the energy transitions shown in Figure 5.2 vary with these two parameters,
the value of each of the four energy transitions was calculated as a function of the
polymer effective mass (while keeping r0 constant at the initial value of 3.475 nm) and
the CQD radius (while keeping m2 constant at the initial value of m0).
Figure 5.3 shows how the four energy transitions change as the electron effective
mass in the polymer is varied from a value of 0.25m0 to 2m0. From this figure it can be
seen that there is very little change in the transition energies above a value of ~0.8m0 and
that the overall change for each transition is small.
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Figure 5.3: Plot of the change in the four transition energies shown in Figure
5.2 over a range of values of the conjugated polymer effective mass.

Figure 5.4 shows how the transition energies change when the CQD radius is
varied from 3.4 nm to 4 nm. This range does not cover the entire CQD size distribution
provided by NN Labs, Inc. (6.2‐7.7 nm in diameter) because the highest energy level
becomes unbound at a CQD radius of less than 3.4 nm. From this figure it can be seen
that all four energy transitions decrease in the same manner as the CQD radius is
increased and that the overall change is much larger than that seen for the change in the
conjugated polymer effective mass. A summary of these data are shown in Table 5.1
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including the change in the transition energy and wavelength over the range of the
effective mass and the radius.

Figure 5.4: Plot of the change in the four transition energies shown in Figure
5.2 over a range of CQD radii.

Table 5.1: Summary of the data shown in Figure 5.3 and Figure 5.4. units are
in eV unless otherwise stated.
Energy
Transition (eV)
E10 --> E22
E11 --> E20
E22 --> E20
E20 --> E21

Effective Mass
Radius
*
*
m2 =0.25m0 m2 =2m0 ΔE (meV) Δλ (µm) r0=3.4 nm r0=4.0 nm ΔE (meV) Δλ (µm)
0.316
0.299
-17.700
0.233
0.314
0.208
-106.700
2.033
0.402
0.418
16.100
-0.119
0.434
0.287
-147.400
1.471
0.211
0.236
25.200
-0.631
0.242
0.160
-82.300
2.634
0.410
0.401
-9.400
0.071
0.420
0.277
-143.700
1.535
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From Figure 5.3, Figure 5.4, and Table 5.1 it can be seen that a change in the
polymer electron effective mass results in relatively little change in the transition
energies. Importantly, this result demonstrates that the calculation of the confined
energy levels is relatively robust with the selection of electron effective mass in the
polymer, which is significant because a reliable value for this quantity is not available.
In contrast, an increase in the CQD radius has a profound effect on the transition
energies. This large shift in the transition energies will profoundly affect how a
photodetector will operate and highlights the importance of using CQDs with a size
distribution as small as possible.

5.3 Calculation of Intraband Infrared Absorption Coefficient in
MEH-CN-PPV/CdSe: Influence of Organic Surface Ligand and
CQD Size
5.3.1 Confined Energy Levels and Radial Wavefunctions
The radial potential profile for the MEH‐CN‐PPV/CdSe/ligand nanocomposite is
shown in Figure 5.5
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Figure 5.5: Schematic representation of finite spherical potential for MEH‐CN‐
PPV/CdSe/ligand nanocomposite.

The total wavefunction can be defined as a product of a radial and orbital
wavefunction

Ψ (r , θ , φ ) = R nl (r )Ylm (θ , φ ),
where

n, l , and

(5.4)

m are quantum numbers. The Schrödinger equation for the radial

potential can be separated into a radial and orbital term that can be independently
solved.
The orbital wavefunction that is a solution to the orbital term is given as:

Ylm (θ , φ ) = ε

(2l + 1)(l − m )!
4π (l + m )!
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e imφ Plm (cos θ ),

(5.5)

where ε = (− 1)

m

for m ≥ 0 and ε = 1 for m < 0 and Plm (cos θ ) is the associated

Legendre function.
The radial wavefunctions that are a solution to the radial term in each region of
the nanocomposite (CQD, ligand, polymer) can be shown to be defined as:

⎧ A l j l (kr ) + B l n l (kr )
⎪⎪
R nl (r ) = ⎨C l h l(1 ) (iκr ) + D l h l( 2 ) (iκr )
⎪
(1 )
(2 )
⎩⎪ Fl h l (iκr ) + G l h l (iκr )

r ≤ r0
r0 < r < r1
r > r1

⎫
⎪⎪
⎬
⎪,
⎭⎪

(5.6)

where jl and nl are spherical Bessel and Neumann functions, hl(1 ) and hl( 2 ) are spherical
Hankel functions of the first and second kind, and k and κ are defined as

k=

2m * E
h2

(5.7)

2 m * (E − V (r )) .
κ=
h2

By applying the boundary conditions for the qth boundary, which are given as:

( )

( )

Rnl ,q rq = Rnl ,q +1 rq

1 dRnl ,q (r )
1 dRnl ,q +1 (r )
|
=
|r =rq ,
r
=
r
q
mq*
dr
mq* +1
dr

(5.8)

a relationship can be derived between the coefficients in the first region with those in the
last region:

⎛ Fl ⎞ ⎛ Μ 11
⎜ ⎟=⎜
⎜G ⎟ ⎜ Μ
⎝ l ⎠ ⎝ 21

Μ 12 ⎞⎛ C l ⎞ ⎛ M 11
⎟⎜ ⎟ = ⎜
Μ 22 ⎟⎠⎜⎝ D l ⎟⎠ ⎜⎝ M 21
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M 12 ⎞⎛ m11
⎟⎜
M 22 ⎟⎠⎜⎝ m 21

m12 ⎞⎛ Al ⎞
⎟⎜ ⎟
m 22 ⎟⎠⎜⎝ Bl ⎟⎠ .

(5.9)

These relationships can be simplified by forcing the radial wavefunction to go to
zero as r goes to infinity and to be well behaved near the origin, such that Gl = B l = 0 .
With this constraint, Eq. (5.9) can be rewritten as

⎛ Fl ⎞ ⎛ M 11
⎜ ⎟=⎜
⎜ 0 ⎟ ⎜M
⎝ ⎠ ⎝ 21

m 12 ⎞⎛ A l ⎞ ⎛ Μ 11
⎟⎜ ⎟ = ⎜
m 22 ⎟⎠⎜⎝ 0 ⎟⎠ ⎜⎝ Μ 21

M 12 ⎞⎛ m 11
⎟⎜
M 22 ⎟⎠⎜⎝ m 21

Μ 12 ⎞⎛ A l ⎞
⎟⎜ ⎟
Μ 22 ⎟⎠⎜⎝ 0 ⎟⎠ ,

(5.10)

which has non‐trivial solutions when

Μ 21 (E) = 0.

(5.11)

The solutions to Eq. (5.11) are the quantized energy states in the CdSe CQD,
which are then used to calculate the radial wavefunctions by applying the normalization
condition:
∞

∫R

*
nl

r 2 Rnl dr = 1.

(5.12)

0

For this study, the energy levels and radial wavefunctions are calculated for the
first three orbital angular momentum numbers ( l = 0 ,1 ,2 ) as the contribution to the
absorption coefficient is negligible for higher values. Furthermore, only quantized
energy levels below the polymer potential offset (V0) are considered. An example of this
is shown in Figure 5.6 for a CdSe CQD surrounded by an arbitrary ligand material and
embedded in MEH‐CN‐PPV with a CQD radius of 3.3 nm, a ligand length of 1.0 nm, and
a ligand potential of 1.5 eV. The ligand material for this example is an arbitrary one
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used for the purpose of demonstrating the calculation of energy levels and
wavefunctions.

Figure 5.6: Calculated energy levels and wavefunctions for CdSe CQD
embedded in MEH‐CN‐PPV with r0=3.3 nm, r1‐r0=1.0 nm, V1=1.5 eV, V0=1.0 eV,
m1*=0.119m0, m2*=2.2m0, and m3*=m0.

5.3.2 Intraband, Infrared Absorption Coefficient
The transition rate from an initial to a final energy state due to the absorption of
a photon of energy hω is given by the Fermi golden rule:

2
2π
W
M
δ ⎛⎜ E − E − hω ⎞⎟ ,
=
i
i→ f
if
h
⎝ f
⎠
where M if is the interaction matrix element.
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(5.13)

The delta function in Eq. (5.13) can be replaced by a Lorentzian function, L(E), to
model the finite lifetime of an electron in the excited state:

Wi → f =

2π
M if
h

2

(ΓE 2)

2

π (E f − Ei − hω ) + (ΓE 2)
2

2

=

2
2π
M if L(E).
h

(5.14)

The value for ΓE assumed in this work is 25 meV, which corresponds to a lifetime of 26
fs for the excited states.
The interaction matrix in Eq. (5.14) for an incident plane wave is given as:

M if = 〈 Ψ f |

rr
r
e r r
e
ik ⋅r
A
⋅
p
|
Ψ
〉
=
A
〈
Ψ
|
e
εˆ ⋅ p| Ψi 〉 ,
0
i
f
*
*
m c
m c

where A 0 is the electric field strength,

ε̂

(5.15)

is the polarization direction, e is the electron

*

charge, m is the electron effective mass, and c is the speed of light. This equation can
be further simplified by employing the electric dipole approximation, such that:

(

⎛ im * E f − Ei
e
M if = * A 0 ⎜
h
m c ⎜⎝

)⎞⎟
⎟
⎠

r
〈 Ψ f |εˆ ⋅ r | Ψi 〉 .

(5.16)

The integral in Eq. (5.16) is defined as:
∞
r
*
〈 Ψ f |εˆ ⋅ r | Ψi 〉 = 4π 3 ∫ Rn* l , f r 3 Rnl ,i dr ∫ Ylm, f (εˆ ⋅ rˆ )Ylm,i dΩ,
0

where the integration of the radial wavefunctions is calculated using the computer
model and the integration of the orbital wavefunctions gives rise to the transition
selection rules, such that Δl = ±1 and Δm = 0,±1 .
The absorption coefficient is defined as:
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(5.17)

α (hω ) =

hω × transitionrate per volumeand time
.
incidentenergyflux

(5.18)

For this work, the contribution to the absorption coefficient from all possible
energy transitions for a CQD with radius r0 as well as the contribution from a Gaussian
size distribution, g(r0), of CQDs is considered, such that Eq. (5.18) can be rewritten as:

(

2
1 ⎛⎜ 4π E f − E i
α (hω ) = ∑ ∑
⎜ (4 3 πr03 )hc
r0 i , f hω ⎝

)

2

⎞
2
⎟ 〈 Ψ f |εˆ ⋅ rr | Ψi 〉 L(E )g(r0 ) .
⎟
⎠

(5.19)

An example of the calculated absorption coefficient is shown in Figure 5.7 for a
size distribution of CdSe CQDs with a mean radius of 3.7 nm ± 5%, an arbitrary ligand
length 1.5 nm, and a ligand potential of 2.5 eV.
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Figure 5.7: Calculated absorption coefficient for a distribution of CdSe CQDs
in MEH‐CN‐PPV with r0=3.7 nm +/‐5%, r1‐r0=1.5 nm, V1=2.5 eV, V0=1.0 eV, m1*=0.119m0,
m2*=2.2m0, m3*=m0, and ΓE=25 meV.

5.4 Results and Discussion
5.4.1 Comparison of Measured and Calculated Intraband, Infrared
Absorption Spectra
In order to determine the effectiveness of this model, the measured FTIR
absorbance spectrum for a MEH‐CN‐PPV/CdSe/ODA nanocomposite thin film is
compared to the calculated absorption coefficient. The absorbance spectrum for the
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nanocomposite thin film drop‐cast on a p‐type GaAs substrate is shown in Figure 5.8.
The details of the measurement and identification of peaks are described in Chapter 4;
however, the peaks at ~0.22 and ~0.43 eV were determined to be due to intraband
absorption in the conduction band of the CdSe CQDs.
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Figure 5.8: Absorbance spectrum for MEH‐CN‐PPV/CdSe/ODA
nanocomposite thin film drop‐cast on p‐type GaAs. The circled peaks are due to
intraband transitions in the CdSe CQD.
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When comparing the calculated absorption coefficient with the measured CQD
absorbance peaks the parameters shown in Table 5.2 are used in the model. The ligand
length (r1‐r0) for ODA is determined by the C‐C (1.54 Å) and C‐N (1.47 Å) bond lengths,
the effective mass for the CQD is that of bulk CdSe, the potential offset between the
CQD and MEH‐CN‐PPV (V0) is taken from literature,42 the assumed values for the mean
CQD radius and size distribution are provided by the manufacturer, NN Labs Inc., and
the effective mass for MEH‐CN‐PPV is assumed to be that of the free electron.70 When
fitting the calculated data, the mean CQD radius was allowed to vary over a small range
around the assumed value and the unknown variables were used to fit the calculated
absorption coefficient to the measured intraband peaks identified in Figure 5.8. The
comparison of the calculated and measured data is shown in Figure 5.9 along with the
fitting parameters.
Table 5.2: Parameters used to fit calculated absorption coefficient with
measured absorbance.

Known Variables
r1‐r0=2.26 nm
m 1=m CdSe =0.119m0
V0=1 eV

Assumptions Unknowns
<r0>~3.4 nm

m2

m 3=m 0

V1

100

1.2

Normalized Absorption Coefficient (a.u.)

1.1
1.0
0.9

Calculated
Measured

1

r0=3.3475 nm

Peak 1 (meas.)=0.215 eV
Peak 1 (calc.)=0.220 eV

m2/m0=2.203

0.8

V1=2.5 eV

0.7
0.6
0.5

Peak 2 (meas.)=0.429 eV
Peak 2 (calc.)=0.428 eV

0.4
0.3

2
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Figure 5.9: Comparison of mormalized calculated absorption coefficient and
measured absorbance with ΓE=25 meV.

From Figure 5.9 it can be seen that the relative peak heights fit very well and the
peak energies correspond well with a percent error for Peak 1 of 2.27% and for Peak 2 of
0.11%. It should be noted that the full‐width half‐maximum (FWHM) of the calculated
Peak 1 is much larger than that of the measured Peak 1 due to the choice of a constant
energy spread in L(E) for all excited states (ΓE = 25 meV). The agreement in the FWHM
for Peak 1 can be improved by allowing the energy spread for excited states to vary,
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which has a greater effect on the FWHM of Peak 1 because it is the dominant peak for
CQD radii near the mean radius. In contrast, Peak 2 tends to dominate for radii further
from the mean radius, and their contribution to the absorption coefficient is limited by
the Gaussian function. Furthermore, the energy of Peak 1 matches very closely to the
peak responsivity energy (0.226 eV) demonstrated by an IR photoconductor device
discussed in detail in Chapter 6.

5.4.2 Comparison of Ligand Materials
When considering device design and optimization it is important to consider the
effect of the surface ligand material on the absorption coefficient of the nanocomposite
material. The pertinent parameters are the ligand length (r1‐r0), ligand potential offset
(V1), and ligand effective mass (m2). The ligand length is determined by the chemical
bond lengths for C‐C (1.54Å), C‐N (1.47Å), C=C (1.34Å), and C‐O (1.43Å); however, the
lack of values for the potential offset and effective mass in the literature leads to the
assumption that these values are the same as those from the fit shown in Figure 5.9.
This assumption is reasonable because the ligand structures are similar and, thus, the
material parameters should not change appreciably from ligand to ligand. The ligand
materials and parameters compared in this work are shown in Table 5.3 and the
normalized absorption coefficient for each ligand material is shown in Figure 5.10.
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Table 5.3: Model parameters for surface ligand materials.

Surface Ligand Material Ligand Length (nm)
Pyridine
0.308
Butylamine
0.497
Octylamine
1.000
Dodecylamine
1.378
Oleic Acid
2.000
Octadecylamine
2.258

Normalized Absorption Coefficient (a.u.)

1.1

0.9
0.8
0.7
0.6

m2/m0

2.5

2.203

Pyridine
Butylamine
Octylamine
Dodecylamine
Oleic Acid
Octadecylamine

2

1.0

V 1 (eV)

Peak 1 = 0.16 eV = 7.76 um
Peak 2 = 0.22 eV = 5.65 um
Peak 3 = 0.40 eV = 3.11 um
Peak 4 = 0.43 eV = 2.89 um

1

0.5
0.4
0.3

3

0.2

4

0.1
0.0
0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Photon Energy (eV)

Figure 5.10: Comparison of normalized absorption coefficient for various
ligand materials with ΓE=25 meV.

103

From Figure 5.10 it can be seen that, for the shortest ligand materials, Peak 4 is
suppressed and Peaks 1 and 3 are enhanced. As the ligand length increases, Peak 1
disappears and Peak 4 becomes stronger, whereas for all ligand materials the strongest
peak occurs at ~0.23 eV. The normalized absorption coefficient can be utilized to
determine where a device would be sensitive in the IR, however, it is also important to
consider how the absorption coefficient strength changes with an increase in the ligand
length. Figure 5.11 shows how the maximum absorption coefficient value (Peak 2)
changes as the ligand length increases. It should be noted that, for comparison, the
absorption coefficient for epitaxially grown InAs/GaAs quantum dots is ~10‐4 cm‐1.71
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Figure 5.11: Comparison of the peak absorption coefficient for various ligand
materials with ΓE=25 meV.
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From Figure 5.11 it can be seen that the absorption strength of the nanocomposite
material is extremely sensitive to the length of the surface ligand material. This can have
a profound effect on the responsivity of a device and it is clear that utilizing the shortest
ligand material possible is optimal for improving device performance.

5.4.3 Tunability of Nanocomposite Absorption Coefficient
As mentioned in the previous section, the normalized lineshape of the absorption
coefficient determines where a device would measure a spectral response. This is of
great importance when designing an IR photodetector to be sensitive over a specific
region of the IR spectrum. Another advantage of CQDs over epitaxially grown quantum
dots is that the control of the CQD size and size distribution is very precise, which
implies that the absorption of the nanocomposite material can be tuned over a large
range of the IR spectrum simply by changing the mean CQD radius in the size
distribution embedded in the conjugated polymer. An example of this tunability is
shown in Figure 5.12 where the normalized absorption coefficient spectra for MEH‐CN‐
PPV/CdSe/ODA nanocomposites is shown for various size distributions of CQDs with a
mean CQD radius ranging from 2.9‐3.8 nm. From Figure 5.12 it can be seen that the
absorption coefficient of the nanocomposite material can range from ~0.55 eV (2.25 μm)
to ~0.1 eV (12.42 μm).
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5.5 Summary
In this study, the CQD conduction band confined energy levels and
corresponding intraband IR absorption coefficient were calculated to investigate the
electronic structure, wavefunctions, and absorption coefficient for a size distribution of
CdSe CQDs coated with various surface ligand materials and embedded in the
conjugated polymer MEH‐CN‐PPV. The calculated results of this model were fit to FTIR
absorbance measurements of a MEH‐CN‐PPV/CdSe/ODA hybrid nanocomposite thin
film, and the fitting parameters were used to compare the effect of surface ligand length
on the absorption coefficient. Furthermore, the tunability of the nanocomposite material
absorption was demonstrated by varying the size of the CQDs. This model is the first to
realistically calculate the effect of the surface ligand on the optical properties of a
nanocomposite system and is an effective design and optimization tool for the
fabrication of nanocomposite IR photodetectors.
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Chapter 6 Infrared Spectral Photocurrent Measurements
6.1 Introduction
In Chapter 4, room‐temperature, intraband, mid‐IR absorption was
demonstrated in MEH‐CN‐PPV/CdSe hybrid nanocomposite films, which was verified
in Chapter 5 by calculation of intraband, IR absorption spectra. These results
demonstrate that MEH‐CN‐PPV/CdSe is an appropriate material system for the
detection of mid‐IR radiation. Therefore, in this chapter the fabrication of an intraband,
IR hybrid nanocomposite two terminal photoconductor is discussed, including device
architecture and contact metal choice. The introduction of a MEH‐PPV underlayer is
motivated to prevent shorts in vertical devices due to electromigration of the contact
materials. Furthermore, an optimization study of the thermal annealing recipe is
discussed that addresses the inconsistent electrical behavior demonstrated by the
nanocomposite materials. Finally, mid‐IR detection is demonstrated in a MEH‐CN‐
PPV/CdSe hybrid nanocomposite device by FTIR spectral response and calibrated
blackbody spectral photocurrent measurements.
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6.2 Device Fabrication
Device fabrication1 has been the most difficult aspect of this research due to
challenges created by working with conjugated polymer materials, including device
architecture, the choice of contact metal, prevention of electrical shorts due to
electromigration of contact metals, and wirebonding. The most significant of these
issues are discussed in this section.

6.2.1 Device Architecture: Lateral vs. Vertical
In a lateral device architecture, metal contacts are deposited directly onto the
substrate and are separated by a variable distance, L, as shown in the schematic diagram
in Figure 6.1. The nanocomposite active region is then deposited on the substrate and
metal contacts. This device operates by applying a bias across the contacts, which
creates an electric field in the active layer. Photoexcited electrons created in the active
layer are then swept through the nanocomposite along the polymer or by hopping
conduction along the CQDs to a contact where they are registered as a photocurrent. It
is important to note that photoexcited electrons created near the
substrate/nanocomposite interface for lateral devices deposited on GaAs can transport to
a contact through the substrate. The primary advantage of this device architecture is
that it simplifies device fabrication. One disadvantage of the lateral device architecture
is that the macroscopic contact separation, L, is too large for efficient charge transport

1

Details of device fabrication can be found in Appendix B.
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across the nanocomposite. Instead, the photocurrent collected results from photoexcited
carriers closest to the contacts. Furthermore, for devices deposited on GaAs, the
substrate contributes to the measured current, which makes distinguishing the
photocurrent more difficult.

‐Metal Contact
‐Nanocomposite

L

L
GaAs
Substrate
(b)

(a)

Figure 6.1: Schematic diagram of lateral drop‐cast device design (a) side view
and (b) top view.

In the vertical device architecture, the bottom contact is evaporated onto the
substrate. The nanocomposite material is then deposited, followed by the evaporation
of the top contact onto the nanocomposite thin film. The top contact is located directly
above the bottom contact so that photoexcited electrons would have to travel, at most,
the thickness of the thin film to encounter a contact. As discussed in the next section,
catastrophic shorts occur frequently in vertical devices and therefore four top contacts
are deposited on the nanocomposite layer. A schematic diagram of the vertical device
architecture is shown in Figure 6.2.
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‐Metal Contact
‐Nanocomposite

GaAs
Substrate
(a)

(b)

Figure 6.2: Schematic diagram of the vertical device architecture (a) side view
and (b) top view.

For both the lateral and vertical device architectures, there are two options for
the substrate material based on the charge injection mechanism used to occupy the CQD
confined energy levels. As discussed in Chapter 4, optical charge injection occurs when
near‐IR EHPs are photogenerated in GaAs substrates and injected in the CdSe CQDs.
An indium‐tin‐oxide (ITO) coated glass substrate is used for electrical injection. The
ITO‐coated glass substrate is advantageous in that the ITO serves as a transparent
contact, which eliminates the need for bottom contact deposition in the vertical device
architecture. Instead, nanocomposite samples are deposited onto glass or ITO‐coated
glass and attached to a modified 16‐pin chip carrier, as shown in Figure 6.3, to allow for
backside illumination of the samples, which is an advantage over front side illumination
as it increases the volume of the active layer exposed to incident radiation.
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(a)

(b)

Figure 6.3: Picture of (a) front side and (b) backside of a MAPLE deposited
Glass/MEH‐PPV/MEH‐CN‐PPV:CdSe (1:3) sample wirebonded to a modified 16‐pin
chip carrier.

For both lateral and vertical device architectures, the nanocomposite active layer
can be deposited by drop‐casting, spin‐casting, or MAPLE deposition. Drop‐casting is
challenging in that it is difficult to achieve smooth, thin films, which complicates metal
contact deposition for vertical devices. However, positive device results have been
achieved using this technique as described in Section 6.3. Spin‐casting is challenging in
that it is difficult to achieve a high CQD concentration as these nanoparticles are often
spun from the substrate surface. However, spin‐casting does provide some advantages
in terms of charge transport in MEH‐CN‐PPV as described in Chapter 2. Further, as
discussed in Chapter 2, MAPLE deposition provides reliable control over film thickness,
and is very advantageous for vertical devices. An important advantage of the vertical
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device architecture is that the photoexcited electrons have a shorter distance to travel
before being collected by the contacts. However, an important trade‐off is that device
shorts occur more frequently due to metal contact electromigration. This issue and
others related to the metal contacts are discussed in the next section.

6.2.2 Metal Contacts on MEH-CN-PPV/CdSe Nanocomposites
In order to efficiently remove the photoexcited electrons from the nanocomposite
material it is important to determine the contact metal that creates the best ohmic contact
to MEH‐CN‐PPV, as well as the GaAs substrate when the optical charge injection
mechanism is used. Figure 6.4 shows the energy band lineup for SI GaAs and MEH‐
PPV as well as the work functions for Al, Ti, Ni, and Ge. As discussed in Chapter 3, the
Fermi energy of MEH‐CN‐PPV is unknown, but it should behave similarly to MEH‐
PPV. Furthermore, the value of the Fermi energy in the conjugated polymer is highly
sensitive to synthesis conditions as well as exposure to atmosphere. Lateral devices on
GaAs substrates were fabricated with Ni/Ge/Au/Ti/Au contacts because this contact
recipe has demonstrated ohmic behavior.72 Dark current‐voltage measurements for all
devices were made with a Keithley 4200‐SCS Parameter Analyzer system. Figure 6.5
shows the dark current‐voltage for a drop‐cast MEH‐CN‐PPV/CdSe device and it can be
seen that the device exhibits ohmic behavior as well as very low dark current.
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Figure 6.4: Energy band lineup of SI GaAs, MEH‐PPV, and CdSe as well as
work functions for possible contact metals. The energy values stated are referenced to
the vacuum energy level.
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Drop-cast MEH-CN-PPV/CdSe, T=300K
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Figure 6.5: Dark current‐voltage curve for intial drop‐cast CdSe/MEH‐CN‐PPV
device at room‐temperature.

From Figure 6.4 it is clear that while nickel is an excellent ohmic contact metal for
GaAs, aluminum or titanium would work better as ohmic contact metals for the
nanocomposite layer. Furthermore, it is important to consider the energy lineup of the
CdSe CQD which has an electron affinity of ‐4.5 eV, such that both metals may align
with quantized energy states of CQDs near the contact layer and allow for efficient
tunneling of photoexcited electrons through the polymer layer. However, titanium is
not an ideal contact metal due to the high energy required for e‐beam evaporation,
which leads to in‐situ thermal annealing of the nanocomposite film during metal
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evaporation. Therefore, aluminum is the optimum metal for creating ohmic contacts to
the nanocomposite thin films. It is important to note that for devices on which
aluminum contacts were evaporated, a gold capping layer was not included due to the
prevalence for highly resistive gold‐aluminum intermetallic compounds such as Au5Al2
and Au2Al to form during metal evaporation.
A significant issue that arose with vertical device architecture was the increased
occurrence of catastrophic shorts between the top and bottom contacts. The cause of
these shorts is likely due to electromigration of the metal contacts through pinholes in
the polymer layer.73‐76 Pinholes are formed in the polymer layer due to the highly
amorphous structure of the randomly oriented polymer chains and allow for evaporated
metal to extend into the bulk of the polymer or nanocomposite thin film. In the vicinity
of these pinholes the top and bottom contact are much closer and the localized current
density is large enough during operation to allow for electromigration of the contact
metal through the pinhole as shown in the schematic in Figure 6.6.
V=0

V>0

Pinhole

Short

Substrate

Substrate

(a)

(b)

Figure 6.6: Schematic of (a) vertical device with pinhole in thin film and (b)
creation of a short between top and bottom contacts caused by electromigration due to
the application of an external bias.
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In order to limit the effect of electromigration in vertical devices a MEH‐PPV
underlayer was introduced into the device architecture. MEH‐PPV has been shown to
limit the formation of pinholes77 and the added underlayer thickness (~50 nm) increases
the distance between evaporated metal present in the bulk of the active layer and the
bottom contact, which limits electromigration of the top contact. Thermal annealing of
the polymer or nanocomposite thin films also decreases the number of pinholes as it
provides thermal energy to the polymer chains allowing for conformational defects to be
repaired and improving the short‐range order of the thin film.
Therefore, a study was conducted to determine the optimal thermal annealing
recipe for vertical devices. MEH‐PPV/MEH‐CN‐PPV:CdSe (1:1) thin films were
deposited via MAPLE onto glass substrates. Aluminum contacts were deposited on the
glass substrate and nanocomposite layers before and after the MAPLE deposition,
respectively. A set of four samples were fabricated and annealed at 180 °C for three
hours in vacuum after each step of the fabrication process: (i) bottom contact deposition;
(ii) underlayer deposition; (iii) nanocomposite deposition; (iv) top contact deposition.
Two additional samples were fabricated, one in which no thermal annealing was
performed and one in which thermal annealing was performed after every step (all
anneal) of the fabrication process. Each sample had four top contacts labeled A, B, C,
and D for a total of twenty‐four devices. The dark current‐voltage curve of each device
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was measured using a Signatone S‐1160A‐5 probe station connected to a Keithley 4200
semiconductor analyzer over five bias ranges: (i) ‐1 to 1 volts; (ii) ‐2 to 2 volts; (iii) ‐5 to 5
volts; (iv) ‐10 to 10 volts; and (v) ‐20 to 20 volts. Measuring the dark current‐voltage
curves over different bias regimes is important as the formation of a short is dependent
upon the localized current density experienced by the metal in the bulk of the thin film
and may require a critical external bias. Figure 6.7(a) and (b) shows representative dark
current‐voltage curves for a device that does not demonstrate a short due to an increase
in the external bias and one that does, respectively.
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Figure 6.7: Current‐voltage curve of a device that (a) does not and (b) does
demonstrate a short between the top and bottom contact as the external bias is
increased.
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The large increase in current shown in the device in Figure 6.7(b) is a clear
indication that a short has developed between the top and bottom contacts, and this
measurement provides a metric by which a device can be labeled “good” or “bad”. The
metrics that were considered for determining the optimum thermal annealing recipe
were the percentage of good devices on a sample and the consistency of the dark
current‐voltage curves across all four devices on a sample. The percentage of good
devices for each of the thermal anneal recipes were 25% for no anneal, 50% for bottom
contact anneal, 100% for underlayer anneal, 25% for nanocomposite anneal, 100% for top
contact anneal, and 75% for all anneal. Figure 6.8 shows the dark current‐voltage curves
of the good devices for each of the thermal anneal recipes. From this figure it is clear
that the most consistent current‐voltage curves are demonstrated by the top contact
anneal and the all anneal recipes; however, the complexity and time added to the
fabrication process due to annealing after every step precludes the choice of the all
anneal recipe. The results of this study are important because a method was developed
for determining if a device is good or bad and the thermal annealing recipe was
optimized to allow for consistent electrical behavior in photodetector devices.
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Figure 6.8: Current‐voltage curves for devices fabricated with the following
thermal anneal recipe: (a) no anneal; (b) bottom contact anneal; (c) underlayer anneal;
(d) nanocomposite anneal; (e) top contact anneal; (f) anneal after all fabrication steps.
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6.3 Infrared Spectral Photocurrent Measurements
6.3.1 Fourier Transform IR Spectral Response Measurements
Infrared spectral response measurements were conducted using a Thermo
Electron Nicolet 8700 FTIR spectrometer. A J. K. Henriksen dewar which has a ZnSe
optical window to allow for illumination of the device, an Agilent E3612A direct current
bias controller, and a Keithley 428 current amplifier were connected to the FTIR system
as shown in Figure 6.9. A PbSe detector from Judson Technologies was used to verify
the spectral response setup, as well as provide an estimate for spectral responsivities.
Load Resistor
R=10 kΩ

Dewar

Current Amplifier

Power Supply
Out
+

‐

In

ZnSe

In

Out

In

In

Out

IR Source
Interface Adaptor

Detector Interface

FTIR
Figure 6.9: Schematic diagram of the FTIR spectral response measurement
setup.

122

Room‐temperature FTIR spectral response measurements of lateral, drop‐cast
MEH‐CN‐PPV/CdSe (1:4) devices deposited on SI GaAs substrates were conducted. For
these devices, nickel was used as the contact metal because an aluminum source was not
available for e‐beam evaporation. The lateral, drop‐cast hybrid nanocomposite device
demonstrated a weak interferogram and a corresponding noisy signal, but a prominent
spectral response peak was observed at 0.226 eV (5.50 μm) for an external bias of 5 volts
as shown in Figure 6.10.

CdSe/MEHCNPPV (4:1)
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Figure 6.10: Normalized room‐temperature FTIR spectral response of a lateral
drop‐cast device for an external bias of 5 volts. The normalized spectral response
spectrum of a GaAs control device is included for reference.
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Despite the noisy signal, this peak corresponded well to the E22 to E20 calculated
energy transition and calculated absorption coefficient peak discussed in Chapter 5.
Unfortunately, this device lacked reproducibility of the measurement with time, which
could be due to degradation of the nanocomposite thin film due to evaporation of
trapped solvent in the thin film. This lack of reproducibility led to the use of MAPLE as
the nanocomposite deposition method. However, FTIR spectral response measurement
of the MAPLE‐deposited lateral devices did not demonstrate an interferogram, implying
that the response of the active layer was too weak to be measured.
The lack of a clear spectral response from the CQDs in the active layer is likely
due to two limitations: (i) a material limitation due to the surface ligand material, ODA,
which was shown in Chapter 5 to have a profound effect on the absorption strength of
the CQDs and which has been shown in the literature to inhibit charge transport into
and out of the CQD;20 (ii) a measurement limitation due to the low intensity of the
broadband IR source in the FTIR system. The weak absorption of the CQDs implies that
the noise equivalent power, which is defined as the power that must be incident on the
device to cause a signal‐to‐noise ratio of unity, is much larger than the power available
from the FTIR source and the response of the MEH‐CN‐PPV/CdSe devices are buried in
the noise. Therefore, to address the limitations of the measurement system shown in
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Figure 6.9, spectral photocurrent measurements were conducted using a calibrated
blackbody, as described in the next section.

6.3.2 Calibrated Blackbody Spectral Photocurrent Measurements
Another method that is commonly used to determine the spectral response of a
photoconductor device is to measure the photocurrent generated due to incident
radiation versus wavelength. Figure 6.11 shows a schematic diagram for the system
used to measure the spectral photocurrent of hybrid nanocomposite devices. A Xe lamp
source (Newport, Inc.) was used for visible measurements and a calibrated blackbody
source (Santa Barbara Infrared Technology) was used for measurements in the IR. Each
source was aligned to a Newport Inc. MS257 monochromator that included two filter
wheels and an optical chopper. Four optical gratings, blazed at 500 nm, 1600 nm, 4000
nm, and 8000 nm, were attached to a rotating grating wheel internal to the
monochromator and were used to select the excitation wavelength of the radiation
incident on the device.
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Figure 6.11: Schematic diagram of the spectral photocurrent measurement
system.

The spectral photocurrent was measured by varying the excitation wavelength
with the monochromator and sampling the measured current for a given bias. At each
wavelength, the current was sampled twenty‐five times and averaged to limit the effect
of variations in the current. The power spectra for the Xe and blackbody sources were
measured using calibrated Si and Ge detectors (Newport, Inc.), respectively, and the
responsivity of each device was calculated by normalizing the photocurrent spectra to
the peak power measured by these detectors. It is important to note that the blackbody
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source has a variable temperature controller, but that the temperature was maintained at
1000 °C for all IR measurements corresponding to a peak power density at λ=2.28 μm.
In order to verify this measurement system, MEH‐PPV/PbS (2:1) thin films were
spin‐cast onto ITO‐coated glass substrates. As discussed in Chapter 1, MEH‐PPV/PbS
devices demonstrate a Type‐I band lineup and rely on bipolar, interband transitions in
the CQD for photodetection. The PbS CQDs were purchased from Evident Technology
and have a bandgap of 1550 nm. Therefore, the photocurrent of each device was
measured from 300‐1800 nm under short‐circuit conditions (V=0). Figure 6.12 shows the
responsivity of a MEH‐PPV/PbS (2:1) device in the visible and near‐IR. The absorbance
of the MEH‐PPV and PbS CQDs were measured using a Shimadzu UV‐3600
spectrophotometer and are included in each figure for comparison.
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Figure 6.12: Room‐temperature responsivity curves (a) in the visible and (b) in
the IR for a spin‐cast ITO/PbS:MEH‐PPV (2:1) device measured at V=0 volts.
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MEH‐PPV has two responsivity peaks in the visible at 470 nm (6.67 μA/W) and
755 nm (2.40 μA/W); however, the absorbance spectrum demonstrates only a single peak
at 490 nm. The smaller, broader peak at 755 nm is likely due to secondary reflections
from the optical grating and is therefore not a real effect. In the IR, the PbS CQDs
demonstrate responsivity peaks at ~1150 nm (4.89 μA/W) and 1500 nm (4.98 μA/W),
which correspond well with features seen in the absorbance spectrum. From this figure
it is clear that the spectral lineshape of the MEH‐PPV/PbS device determined by the
spectral photocurrent measurement closely matches the features seen in the absorbance
spectrum.
MEH‐PPV underlayer and MEH‐CN‐PPV/CdSe (1:3) active layer thin films were
deposited by MAPLE on glass and ITO‐coated glass substrates for fabrication of vertical
and lateral intraband IR photoconductors. Spectral photocurrent measurements on the
vertical devices deposited on ITO‐coated glass substrates did not demonstrate any
spectral response peaks in the IR, most likely due to the efficient injection of holes into
the devices by the ITO contact. As discussed in Chapter 1, MEH‐CN‐PPV/CdSe devices
demonstrate a Type‐II band lineup and rely on unipolar, intraband transitions in the
CQD for photodetection. Therefore, the holes injected by the ITO contact create a space
charge layer that severely limits electron conduction in the thin film. Depositing the
nanocomposite materials on glass eliminates this space charge layer. Lateral devices
were fabricated on the glass substrates, and two top contacts were deposited on the
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hybrid nanocomposite active region. The macroscopic scale between the top contacts is
~1mm and therefore the photocurrent is much lower than in the vertical devices so that
the spectral photocurrent is measured with V=22 volts. Figure 6.13 shows the spectral
response of a MEH‐CN‐PPV/CdSe (3:1) device in the visible and mid‐IR measured at a
bias of V=22 volts. From this figure it can be seen that the spectral response lineshape in
the visible closely matches that of the MEH‐PPV/PbS device shown in Figure 6.12, but
that the peak responsivity is ~55 times lower due to the much lower photocurrent
demonstrated by the lateral device design. This device also demonstrated a peak
responsivity of 4.79 μA/W at 5.67 μm (0.219 eV), which closely matches the peak
absorption shown in the FTIR measurements discussed in Chapter 4, as well as the
lateral, drop‐cast device characterized by FTIR spectral response measurements and
shown in Figure 6.10. It is important to note that a baseline correction was performed on
the curve in Figure 6.13(b) to correct a negative slope in the current. This decrease in
current is likely due to degradation of the nanocomposite thin film due to exposure to
atmosphere that occurred during the measurement.78‐80
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Figure 6.13: Room‐temperature responsivity curves (a) in the visible and (b) in
the IR for a MAPLE Glass/MEH‐PPV/MEH‐CN‐PPV:CdSe (1:3) device mesured at
V=22 volts.
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6.4 Summary
In this chapter the fabrication of a two terminal photoconductor device is
described including device architecture and the choice of contact metal to create ohmic
contacts with the nanocomposite material. The prevalence for catastrophic shorts due to
electromigration of the top contact in the vertical device design was discussed and
motivated the use of a MEH‐PPV underlayer as well as an optimization study of the
thermal annealing recipe. The results of this optimization study provided a method for
determining good and bad device operation by measuring the current‐voltage curves of
devices under increasing external bias. Furthermore, the most consistent electrical
device behavior was demonstrated by devices that were annealed after the fabrication
process was complete.
Infrared photodetector characterization of MEH‐CN‐PPV/CdSe devices was
demonstrated using two measurement techniques: (i) FTIR spectral response and (ii)
spectral photocurrent. For both measurements a spectral response peak was
demonstrated in the mid‐IR that corresponds well with the measured peak FTIR
absorption discussed in Chapter 4 and the calculated intraband IR absorption coefficient
peak discussed in Chapter 5. These spectral response measurements represent the first
demonstrations of room‐temperature intraband IR detection using hybrid
nanocomposites.
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Chapter 7 Conclusions and Future Work
7.1 Conclusions
Organic/inorganic hybrid nanocomposites have become a material system of
great interest in room‐temperature IR photodetection. These materials combine the
advantage of three‐dimensional confinement in the CQD, which limits the dark current,
and low cost chemical synthesis, which has many advantages compared with inorganic
detectors that require epitaxial growth. Despite the advantages of these material
systems progress towards developing a commercial IR photodetector has been slow and
the research has been focused on photodetection in the near‐IR (1‐3 μm). The unique
contribution of this research is the demonstration of a novel organic/inorganic hybrid
nanocomposite intraband IR photodetector. Namely, MEH‐CN‐PPV/CdSe was
investigated for its promise to push the detection into the mid‐ to long‐wave IR through
the use of intraband transitions in the conduction band of the CQD. Multiple studies
were conducted in the process of demonstrating this device feasibility, and the most
important results are summarized.
Photoluminescence spectroscopy measurements of thin films of MEH‐CN‐PPV
deposited by drop‐ and spin‐cast techniques, as well as MAPLE, demonstrated that the
solution‐based deposition techniques were dominated by interchain dynamics. In
contrast, the MAPLE films demonstrated tunability in the contribution of intrachain or
interchain dynamics depending on the film thickness. This trend demonstrated that the
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MAPLE deposition technique provides repeatable control of thin film morphology and
thickness, which is critical for the reliable fabrication of devices.
Understanding the effect of the CQD in the hybrid nanocomposite on charge
relaxation and transport is vital for demonstrating efficient photoconductor device
operation. Ultra‐fast PL spectroscopy measurements on MAPLE deposited thin films of
MEH‐CN‐PPV/CdSe with increasing CQD concentration were conducted to determine
charge dynamics in the nanocomposite thin films. Analysis and mathematical fitting of
time‐integrated and time‐resolved PL were used in conjunction with external quantum
efficiency measurements to develop a rigorous and complete model of the relaxation
dynamics in the nanocomposite. The results of this model demonstrated that the CQD
has an effect on the polymer that is important for demonstrating the efficacy of this
material system for use as an IR photodetector. Namely, highly efficient transfer of
excitons from the polymer to the CQD demonstrated by the polymer PL quenching as
well as the calculated transfer lifetime does not lead to an increase in the CQD PL signal.
This implies that separation of the exciton occurs in the CQD. Furthermore, the
temperature dependence of the non‐radiative decay lifetime in the CQD suggests that
these dissociated holes are efficiently transferred to the surface ligand or back to the
polymer for T>209K, which would serve as a lower limit on the temperature for efficient
device operation. This is important for the photoconductor device design described in
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this work because it implies that long‐lived electrons are present in the conduction band
of the CdSe CQD, which improves the ability for this material to absorb IR radiation.
The operation of intraband hybrid nanocomposite IR photodetectors is
predicated on electronic states existing in the conduction band of the CdSe CQD for
these long‐lived electrons to occupy. FTIR absorbance measurements of MEH‐CN‐
PPV/CdSe drop‐cast films on doped GaAs substrates were shown to demonstrate
absorbance peaks in the IR that matched calculated energy transitions between confined
energy levels. The location and strength of these absorption peaks also demonstrated
the effect of the doped GaAs substrate on band bending near the
nanocomposite/substrate interface. This band bending in p‐type GaAs created an
accumulation region at the substrate/polymer interface for electrons in the conduction
band of the GaAs substrate, which led to more efficient optical charge injection of
electrons into the CQD. This efficient charge injection led to the strongest absorbance
signals being observed for the nanocomposite deposited on the p‐type GaAs substrate.
The demonstration of IR absorption that is due to intraband transitions in the
conduction band of the CQD is important for proving the efficacy of this material system
for use as a photoconductor device.
The observed intraband FTIR absorption peaks in MEH‐CN‐PPV/CdSe were
further verified by calculation of intraband, IR absorption coefficient spectra.
Importantly, this model accounted for the effect of the surface ligand material on the
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optical properties of the nanocomposite. This computer model was based on the
transfer matrix method and calculated the electronic states and radial wavefunction in
the CdSe CQD, as well as the absorption coefficient for a Gaussian distribution of CQDs.
The results of the absorption coefficient calculation were used to model the absorbance
spectrum of the nanocomposite drop‐cast on p‐type GaAs and this model demonstrated
a good fit to experimental data. The parameters from this fit were then used to compare
the effect of a selection of surface ligand materials on the absorption coefficient
lineshape and strength. The results of this comparison demonstrated that absorption
strength is inversely proportional to ligand length and that optimal device performance
can be expected for the shortest surface ligand materials.
Finally, room‐temperature intraband IR photodetection was demonstrated in
MEH‐CN‐PPV/CdSe hybrid nanocomposite photoconductors for the first time by FTIR
spectral response and spectral photocurrent measurements. The peak wavelengths of
5.50μm (4.32 μA/W) and 5.67μm (4.79 μA/W), respectively, agreed well with the
observed FTIR absorption peak and the calculated intraband absorption coefficient peak.
The demonstration of these novel devices elucidated several challenges related to the
fabrication of two terminal photoconductors in the hybrid nanocomposites. In
particular, the presence of device shorts for vertical architectures due to electromigration
of the contact metals was discussed and motivated the use of an MEH‐PPV underlayer
to prevent shorts. The inclusion of this underlayer is only possible by the MAPLE
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deposition technique and demonstrates the ability of this deposition system to create
high quality layered films.

7.2 Recommendations for Future Work
From the current‐voltage measurements described in Chapter 6, it is clear that
the electrical behavior of MEH‐CN‐PPV/CdSe is not robust. One reason for this
inconsistency is the amorphous nature of the conjugated polymer and the complex
interaction between interchain and intrachain dynamics in the thin films. While varying
the conjugated polymer or the deposition method can provide some control over these
intrinsic properties, another, more controllable, cause of the electrical inconsistency is
degradation of the nanocomposite material due to oxidation. Much of the fabrication
process discussed in this work was done in atmosphere by necessity. In order to limit
degradation of the nanocomposite thin films an effort should be made in the future to
complete the fabrication steps in an inert environment (nitrogen glove box) and then
transfer the samples to a vacuum chamber for optoelectronic characterization. Electrical
degradation of the nanocomposite materials due to oxidation is an important limitation
to the realization of commercially viable detectors composed of these materials.
A major issue of IR detection using the MEH‐CN‐PPV/CdSe material system is
the unipolar nature of its operation. As was discussed in Chapter 6, the photocurrent in
vertical devices is severely limited by the space charge layer created by excess holes
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injected into the polymer by optical injection from the GaAs substrate in the FTIR
spectral response measurement and by electrical injection in the spectral photocurrent
measurement. One method for eliminating this space charge layer in future devices
could be to include a third terminal that could be biased to electrically sweep out the
excess holes and prevent them from recombining with photoexcited electrons. This
would allow for more of the photoexcited electrons to be swept to a contact and register
as a photocurrent and would improve the performance of photoconductor devices.
As discussed in Chapter 5, one possibility for improving the absorption in the
CdSe CQDs is to utilize a shorter surface ligand material, such as pyridine or
octylamine; however, CdSe CQDs are only commercially available with ODA or
trioctylphosphine oxide (TOPO) surface ligand materials, which are much longer.
Surface ligand exchange is a method that could be used to replace the longer surface
ligand materials with shorter, more conductive ligand materials, but this requires
specialized equipment and chemicals and this possibility was not investigated in this
research.
Finally, the computer model developed in Chapter 5 is an important tool for
predicting and optimizing the response of a photodetector and it can be tailored for a
host of CQD, surface ligand, and conjugated polymer material systems. One limitation
of this computer model is the lack of measured values for the potential offset and
electron effective mass in the surface ligand material. These values could be determined
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by repeating the FTIR absorption measurements described in Chapter 4 with CQDs
coated with the surface ligands compared in Chapter 5. The unknown ligand material
parameters could then be determined by fitting the model to the experimental data. A
more robust model would also provide better direction for the best way to achieve long‐
wave IR absorption by intraband transitions in the hybrid nanocomposite.
Furthermore, this computer model could be expanded by including a program
that models electronic transport in an amorphous thin film. The combination of both
models would allow for the optoelectronic behavior of a nanocomposite thin film device
to be predicted. The ability to predict the optoelectronic behavior in nanocomposite thin
film devices would be an important tool for optimizing material parameters and
improving device performance.
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Appendix A. MAPLE Deposition System
As discussed in Chapter 2 the ability to control thin film morphology has a great
effect on the optoelectronic behavior of polymer or nanocomposite materials. Solution‐
based deposition methods, such as drop‐ and spin‐casting, suffer from solvent‐induced
conformational defects, which effect thin film morphology in a complicated manner and
are difficult to control. Therefore, there is a motivation to develop a deposition
technique that limits solvent effects in the thin film and provides repeatable control of
thin film morphology. Thermal evaporation has been shown to be a solutionless
deposition method for depositing highly ordered films of short chain oligomers, but this
deposition method is inappropriate for long chain conjugated polymers.81 Pulsed laser
deposition is another solutionless deposition technique that has been utilized to deposit
inorganics82 as well as organic polymers;83,84 however the energy required to ablate the
solid target used in this technique requires a UV laser source, which photochemically
destroys the polymer material. MAPLE is an extension of the pulsed laser deposition
technique with the key difference that instead of a solid target, the polymer or
nanocomposite material is dissolved in a host solvent matrix and flash frozen using
liquid nitrogen. Ideally, evaporative deposition occurs when the polymer or
nanocomposite material is transparent to the incident laser wavelength and the host
solvent is highly absorbent. Thus, when the laser pulse strikes the frozen target the host
solvent is evaporated and pumped away under vacuum while the polymer or
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nanocomposite material is deposited on the substrate without damage.85 Figure A.1
shows a schematic of the MAPLE system and Table A.1 lists the system parameters of
the MAPLE system.
Z‐Axis
Controller

Heating
Element

Rotating
Substrate Holder

Raster
Mirror
Polymer

Material
Plume

Lens

Load Lock
P=1 μTorr

Er:YAG
Target
‐196 °C

‐196 °C
P=760 torr =1 atm

Solvent

LN2
Turbo
Pump

LN2

Rotating
Target Cup

Figure A.1: Schematic diagram of MAPLE deposition system.

Table A.1: Parameter space of MAPLE deposition system.
Parameter

Value

Laser Fluence

0.5‐2 J/cm 2

Laser Repetition
Rate

1‐2 Hz

Parameter
Value
Parameter
Value
Substrate‐to‐Target
4‐7 cm Base Pressure 1‐10 μTorr
Distance
Substrate
25‐250 °C
Temperature
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The pulsed Er:YAG laser source is a unique aspect of the MAPLE deposition
system and is designed to be resonant with the O‐H vibrational bond at 2.9 μm. The
materials studied in this research demonstrate excellent solubility in toluene and
chloroform, which do not contain any O‐H bonds such that depositions using these
solvents as host matrices are off‐resonant and the solvent matrix shows little absorption.
Although MEH‐CN‐PPV and CdSe CQDs are only soluble in aromatic solvents it is
possible to create a stable emulsion of polymer, solvent, and water, which would greatly
increase the number of O‐H bonds in the target matrix and improve absorption of the
laser source. Stable emulsions were created using solutions of polymer or
nanocomposite mixed with phenol or benzyl alcohol in deionized water with a 1:1:4
ratio. It is important to note that nanocomposite emulsions utilizing phenol
demonstrated significant segregation of the CQDs likely due to chemical stripping of the
surface ligand material and benzyl alcohol was the solvent used for creating emulsions
with nanocomposite solutions. The emulsions created using this recipe had long
standing times and were easily flash frozen in the cooled target cup of the MAPLE
system. Polymer and nanocomposite thin films deposited using this emulsion recipe
demonstrated uniform, evaporative deposition as is shown in the optical micrograph
and atomic force microscope (AFM) scans of a MEH‐CN‐PPV film shown in Figure A.2.
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Figure A.2: (a) Optical micrograph at 150x magnification. (b) AFM image of
0.25 wt% MEH‐PPV in a 50% phenol:50% water emulsified host matrix. (c) AFM of the
same film with a portion of the polymer removed to demonstrate film uniformity and
thickness.

While MAPLE deposition was shown in Chapter 2 to demonstrate control of the
morphology of polymer thin films it is also important to note that the limited solvent
exposure demonstrated by this deposition also allows for superior distribution of CQDs
within a nanocomposite thin film. Nanocomposite solutions tend to segregate into
polymer rich and CQD rich domains and this segregation is preserved by solvent‐based
deposition methods. MAPLE deposition limits this segregation by freezing the solution
and limiting the solvent exposure during the deposition process. Figure A.3 shows
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transmission electron microscopy images of drop‐cast and MAPLE deposited thin films
of MEH‐CN‐PPV/CdSe (10:1). It is clear from this figure that the MAPLE deposition
process demonstrates homogenous CQD distribution. The superior CQD distribution
demonstrated by the MAPLE technique is important for the unipolar MEH‐CN‐
PPV/CdSe device design discussed in this work as the lack of polymer rich domains
improves the chances for photoexcited electrons to reach a contact via hopping
conduction.

(a)

(b)

Figure A.3: Transmission electron microscopy images of CQD distribution in
MEH‐CN‐PPV/CdSe (10:1) thin films deposited by (a) drop‐casting and (b) MAPLE
techniques. The white scale bar represents 100 nm.

The MAPLE deposition system is an important and unique aspect of this
research due to the excellent control and reproducibility of polymer or nanocomposite
thin films produced using this technique. Furthermore, the ability to limit solvent
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contamination of thin films deposited using this technique makes it possible to develop
layered devices with smooth, abrupt interfaces, and composed of a variety of materials
making this deposition technique much more flexible than solution‐based deposition
techniques.
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Appendix B. Device Fabrication
Device fabrication follows a four‐step process. First, the substrate is cleaned by
trichloroethylene, acetone, isopropanol, and methanol immersion. Surface contaminants
are removed by plasma ashing and surface oxides are removed by buffered oxide etch.
Once the substrate is prepared, the bottom metal contact is evaporated using a Kurt
Lesker PVD 75 e‐beam evaporator system. The metal contact recipe varied from device
to device, but the top layer metal was always Au to provide a surface for wirebonding.
Second, the MEH‐CN‐PPV/CdSe nanocomposite material was deposited on the
substrate surface by drop‐cast, spin‐cast, or MAPLE deposition techniques as discussed
in Chapters 2 and 3. Drop‐cast and spin‐cast deposition samples were placed under
vacuum for a period of 8‐24 hours to ensure solvent evaporation was complete. To
facilitate device fabrication the initial drop‐cast devices were annealed using a Jipilec
JetFirst 100 Rapid Thermal Annealing system under a nitrogen atmosphere at
250/400/250 °C for 30/120/30 seconds. With the introduction of the MAPLE system, all
further samples were annealed under vacuum (1 μTorr) for 1‐3 hours at 180 °C. Next,
the top contact was evaporated onto the surface of the nanocomposite using a shadow
mask. Since the MEH‐CN‐PPV/CdSe devices are unipolar, both the top and bottom
contacts had the same recipes. Finally, to facilitate conducting temperature dependent
measurements with a cryogenic dewar, the samples were connected to a 67‐pin chip
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carrier using a fast drying silver paint and the contacts were wirebonded using a West
Bond 747677E wire bonder in ball bonding mode.
The process of wirebonding involves passing a high electric current through a
gold wire that is threaded through a needle‐like capillary. The tip of the gold wire is
melted and the surface tension of the molten gold causes the tip of the wire to form into
a ball. The capillary is then manipulated to make contact with the device top or bottom
contact and when a pressure of 12‐45 grams is applied an internal transducer passes a
brief (order of milliseconds) pulse of ultrasonic energy into the wire tip creating a weld
between the wire and the metal contact. With semiconductor materials, the crystalline
structure provides stability to resist the pressure produced by the wirebonder capillary.
Furthermore, the contact metal can be chosen to provide excellent adhesion between the
semiconductor material and the metal contact and provide highly reliable wirebonding
results. One of the primary challenges with working with conjugated polymers is that
the lack of long‐range internal order means that the polymer is very soft and pliable.
This consistency can be improved by annealing the polymer above its glass temperature,
but it will never have the stability of an inorganic semiconductor material. The result of
soft polymer consistency is that the wirebonder capillary tends to push through the
metal contact layers without registering the minimum pressure required to activate the
internal transducer. Another major issue involved in wirebonding to metal contacts on
conjugated polymers is that the contact metals that provide an ohmic contact, i.e.,
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aluminum or nickel, demonstrate poor adhesion to the conjugated polymer. The result
of this is that if a ball bond is successful, the metal contact layers tend to pull away from
the polymer or nanocomposite surface when the gold wire is threaded out to create the
tail bond to the chip carrier.
A more consistent method to overcome these wirebonding difficulties is to create
a metallurgical contact between the gold wire and the metal contact using quick drying
silver paste suspended in iso‐butyl methyl ketone (Ted Pella, Inc.). Using the West Bond
wire bonder a ball bond is created to a finger electrode on the chip carrier, the tail is then
thread out until it is the appropriate length and cut. The loose end of the wire is then
manipulated using tweezers until it is directly above the metal contact and a drop of the
silver paste is applied to the metal contact and the loose end of the wire. The iso‐butyl
methyl ketone quickly evaporates and secures the gold wire to the metal contact creating
a metallurgical contact without the need for heat, pressure, or ultrasonic energy that
damages the metal contact or nanocomposite material. Figure B.1 shows an optical
microscopy image of a silver paste wirebond to a metal contact evaporated on a
nanocomposite material. The efficacy of the silver paste wirebonds was verified by first
measuring the current‐voltage curve of a device using a Micromanipulator 6000 probe
station in conjunction with a Keithley 4200‐SCS Parameter Analyzer. The device was
then silver paste wirebonded to a chip carrier and the current‐voltage curve was
measured using the probe station, but making contact to the finger electrodes on the
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chip carrier. The results of the current‐voltage measurements with and without the
silver paste wirebond were identical.

Figure B.1: Optical microscopy (5x) image of silver paste wirebonding
technique.
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