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Abstract

This thesis presents a new device architecture for photodetectors utilizing colloidally
grown quantum dots as the principle photo-active component. We implement a thin
film of cadmium selenide (CdSe) quantum dot sensitizers, sandwiched between an
electron-transporting titanium dioxide (TiO) layer and a hole-transporting N,N’-
diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)- 4,4’-diamine (TPD) organic small
molecule layer. The wide band gap TiO, and TPD layers are found to block charge
injection under reverse bias, yet serve as transport layers for photo-excited charge
generated in the CdSe. The internal quantum efficiency is approximately 1% at zero
bias and saturates at 3% at -1V. Current-voltage sweeps yield low dark current in
reverse bias and significant hysteresis under illumination. We speculate that the hys-
teresis and low quantum efficiency are due to charge accumulation at the TiO,/CdSe
interface.
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Chapter 1

Introduction

A photodetector is an electronic device that converts incident photons into electric
current. Photodetectors have a wide range of scientific and consumer applications
and have played a central role in the development of modern physics during the last
century. This thesis explores the possibility of fabricating a photodetector based on

a relatively new material genre — colloidally grown quantum dots.

One of the broad hopes of colloidal quantum dot technology is to be able to create
optoelectronic devices with all of the special properties inherent to inorganic semi-
conductors, yet be free of some of the constraints such as epitaxial lattice matching
and small substrate size. Indeed, substantial progress has been made in incorpo-
rating quantum dots into organic light emitting diodes [1] and conjugated polymer
photovotlaics [2]. However, there remain many steps and innovations necessary to
make this technology a reality. In this work, we demonstrate a novel photodetector
architecture which utilizes a pristine film of colloidal quantum dots as the primary

photo-active component.

We begin this introductory section with some background information about quan-
tum confinement, colloidal quantum dot technology and the principles of photode-
tection in general. From there, we explain the potential benefits of quantum dot
photodetectors, including the prospect of more flexible material deposition processes

and enhanced performance.
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1.1 Introduction to photodetectors

Photodetectors have been used since the early 1900’s in industry and scientific labora-
tories to measure light intensity. The earliest application was a light meter for photog-
raphy, which used selenium (Se) as the light sensitive material. In 1873, Willoughby
Smith was the first to discover photoconductivity when his experiments into the re-
sistivity of selenium slabs were confounded by the fact that the resistivity changed
under different lighting conditions [3]. Today, photodetectors are often comprised of
a junction between p-type and n-type silicon — a p-n junction, discovered accidentally
by Russel Ohl at Bell Labs in 1940 [4]. Photodetectors are now ubiquitous in both
research and consumer applications, with the highest profile example being charge

coupled device (CCD) arrays found in modern imaging devices like digital cameras.

Photodetectors can made to be sensitive across a wide range of the electromagnetic
spectrum, depending on the band gap of the absorbing material. Infrared sensitive
photodetectors, for example, are often made of mercury cadmium telluride (HgCdTe),
whose band gap (E,) varies from 0.2 eV to 0.1 eV, depending on the concentration of
each constituent. UV photodetectors can be made out of silicon carbide (SiC) (E, =
3 eV) or even diamond (E, = 5.47 eV). Visible photodetectors are commonly made

out of silicon (Si) (£, = 1.12 eV) [5].

1.1.1 Photodetector performance

Photodetectors are characterized in a number of ways, usually depending on the ap-
plication. The most fundamental metric of photodetector performance is quantum
efficiency n, which is the number of generated electrons per incident photon. In
applications where light intensity is being measured, the most useful metric is re-
sponsivity R, which is the ratio of current per optical power. In applications where
the signal to noise ratio is important, the main metric is the detectivity D*. These

metrics are described below in detail.
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Quantum efficiency 7

Neglecting reflection, the quantum efficiency is given by

n=C¢(1—e )

where ( is the fraction of generated charge extracted from the device, a is the ab-
sorption coefficient and d is the thickness of the device. Generally n is measured at
zero bias, where only photogenerated charge contributes to photocurrent. P-n junc-
tion photodiodes with anti-reflection coatings often have quantum efficiencies greater

than 90%.

Responsivity R

Often photodetectors are strongly reverse biased in order to reduce response times.
Under bias, generated charge can be reduced or amplified. In avalanche photode-
tectors (APDs), for example, charge is multiplied by impact ionization. This loss or
amplification is called gain g and can vary anywhere from a small fraction to greater
than 10%. A useful metric that incorporates gain is the responsivity — the amount of
electrical current I flowing per incident optical power P. The responsivity R is given

by
I A

R:—: _
P~ "%

where ¢ is the charge of an electron, A is the wavelength of incident light, A is Planck’s
constant and c is the speed of light. R is often used to characterize visible wavelength
photodetectors. A typical value of R for a silicon photodiode is 0.4 A/W at A = 600

nm. Gain g in a silicon photodiode is usually close to one.

Background noise current

In the infrared, background radiation can overwhelm the original signal so it is impor-
tant to consider the effect of noise current. Generation of carriers in bulk semiconduc-

tors is instigated by both thermal radiation and optical radiation. Thermal radiation
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originates from blackbody emission of the semiconductor device itself, which always
has a finite temperature. Optical radiation comes from photons in the imaging field

that are not due to the signal. The total generation rate G is equal to

_dn

G = —
dt

where n is the number of generated electrons per unit volume of the semiconductor.

These electrons have an associated charge () equal to

Q = nqgA.d

where ¢ is the charge of an electron, ¢ is the gain, d is the thickness of the light
absorbing film and A, is the electrical area of the device. These generated carriers

can support a generation current /5, which is

dQ d d
le=—-=—+ Acd) = qgAcd—n = qgA.dG.
a= dt(nqg d) = qg eddtn q9A.dG

Some of the generated carriers will recombine before being able to contribute to
current flow. Carriers that recombine will create an opposing recombination current

I that follows the same functional form as I5:

Ir = —qgA.dR

The generation of carriers is random and therefore follows the rules of Poisson
counting statistics. The probability of obtaining r number of carriers over a time

interval 7 is given by

where N is the expected number of carriers counted during time 7 and is given by

N = A.dGT.
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The accuracy with which the value of N can be determined is given by o, the square

o =VN =/A.dGr.

The time 7 taken to count the number of generated carriers sets a limit on the

root of the variance

detectable frequency bandwidth A f according to the Nyquist sampling theorem:

The background current I, measured over the time interval 7, is then known to

within an accuracy of £1I,,, where I,, is the noise current, written as [6]

o VAAGT A.dG
I, = 9 =49~ =49\ —_— =49 A dG2AT.

T

The same logic applies to the recombination current /z. We obtain the total noise
current by adding the contribution from generation and recombination in quadrature,

resulting in:

I, = qg\/Ad(G + R)2Af.

Detectivity, D*

A common way to incorporate the responsivity R and noise current I,, into a single

metric is with the detectivity D*, defined as

VAAS
D = R¥—== !

where A, is the optically active area and A f is the bandwidth. Combining the above

equations for R and I,,, we can reduce the expression for D* to

A 1

"he (G + R

The thickness d of a device is chosen in order to maximize absorption while mini-

| &

D* =

N

e
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mizing generation and recombination losses. It can be shown that setting the device

thickness to

where « is the absorption coefficient, results in the best signal to noise ratio [7].

Using the fact that ¢ o< 1/, we can see the major dependencies of D* by fixing ¢
and noticing that 1 oc

(0%
(G+R)

oy

where we’ve used the fact that G = R in equilibrium. The figures of merit are then

D*oc(

¢ and («/G), meaning that high quantum efficiency should be combined with high
absorption. Absorption is important because of its inverse relationship to thickness.
With greater thickness, there is more material volume to contribute toward unwanted
generation and recombination events, which increase I,, and degrade performance. To

raise D*, one must increase (a/G).

1.2 Low-dimensional semiconductors

A semiconducting structure that limits the motion of charge carriers to two, one or
zero dimensions is often referred to as a low-dimensional semiconductor. For example,
an ultra-thin film allows charge to propagate in the x and y directions, but not in
the z direction, resulting in what’s called a two-dimensional semiconductor. A zero-
dimensional semiconductor constrains an electron in all three dimensions and is often
called a quantum dot [8].

Since the early 1980’s, low-dimensional semiconductors have appeared in opto-
electronic devices such as photodetectors [9], lasers [10] and optical modulators. Their
unique optical and electronic properties stem from the physical phenomenon called

quantum confinement, which occurs when a semiconductor’s dimensions approach the
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de Broglie wavelength of an electron:
A= —
p

where h is Planck’s constant and p is the electron momentum. With decreasing
thickness, the semiconductor’s broad energy level bands collapse into discrete energy
levels E, that can be approximated by assuming an infinite square potential well, as
in the textbook one dimensional quantum mechanics problem. The energy levels are

given by
2
_n (@)2
2m* " L,

n

where i = h/2m, m* is the electron effective mass, L, is the size of the quantum well
and n is an integer. These discrete energy levels can be tuned by changing the width

of the well without changing the materials themselves.

21 A diameter

Optical Density

1.8 20 2.2 24 26 28 3.0 3.2 3.4 3.6
Energy (eV)

Figure 1-1: Absorption spectra of CdSe nanocrystals measured at 10 K. Spectra have
been scaled for clarity. From D. M. Mittleman [11].

Modification of the electronic state density and narrow emission from transitions
between discrete states have enabled quantum well laser diodes [10]. Quantum wells
also exhibit special electronic properties like enhanced electron impact ionization,

as seen in low-noise avalanche photodetectors [12]. An important consequence of
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confinement for photodetectors is the increase in the absorption coefficient (Figure 1-
1). One way to understand this increase is to consider that the same material volume,
unconfined, will experience a similar number of absorption events as the confined
volume. The unconfined volume will absorb across a broad range of wavelengths
and the confined volume will absorb only at discrete wavelengths, but with greater

probability.

1.2.1 Quantum well infrared photodetectors

Many inorganic photodetectors operate at near infrared (A = 0.7 to 3 ym) and middle
infrared (A = 3 to 5 pm) wavelengths — a range important for applications like infrared
imaging and automotive sensors. Quantum well infrared photodetectors (QWIPs)
use layered heterostructures of two lattice-matched semiconductors with a significant
energy level offset. By sandwiching a high electron affinity semiconductor (the well
material) between a low electron affinity semiconductor (the barrier material) and
by limiting the thickness of the high electron affinity layer, one can form discrete
energy levels in the resulting electron well. Transition energies between bound states
or bound and unbound states in the well can be in the infrared wavelength range and

can generate photocurrent when excited by an infrared photon [9].

Usually quantum well devices are grown as multi-layered superlattice structures.
Epitaxial deposition techniques such as molecular beam epitaxy (MBE) are required
to achieve precise thickness control and defect-free lattice-matched layer interfaces
[13]. These growth constraints tend to limit the substrate size and the available set
of materials because few material combinations exist that have both a large band
gap offset and minimal change in their lattice constant. The GaAs/AlGaAs material
system is the most widely used. GaAs substrates are generally limited to 6 inches in

diameter.
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s Photocurrent

Figure 1-2: Diagram of conduction band of QWIP structure. Photocurrent is gen-
erated when a bound state electron in a well is excited into the continuum. Three
mechanisms that create dark current are shown: (1) ground state sequential tunnel-
ing, (2) intermediate thermally assisted tunneling and (3) and thermionic emission.
From A. Rogalski [7].

1.2.2 Quantum dot infrared photodetectors

To improve on the performance of QWIPs, researchers have built quantum dot in-
frared photodetectors (QDIPs) that are based on epitaxially grown three dimensional
islands. The QDIP was first proposed in 1996 by V. Ryzhii [9]. Because of the addi-
tional plane of confinement, the density of states increases and the profile becomes a
delta function, in contrast to the step function density of states of 2D quantum wells,
as shown in Figure 1-3. The peaked density of states leads to better absorption, nar-
row band detection and a smaller thermal generation rate. In QDIPs, the quantum
dots are formed by the Stranski-Krastanov (SK) process where a thin layer of mate-
rial is deposited onto a substrate with a much smaller lattice constant. The strain
between the two layers causes nucleation of randomly distributed, but evenly shaped
and sized quantum dots. Generally, the shape of the dots tends to be pyramidal. The
most common QDIP material system is the InAs/GaAs heterostructure. Quantum
efficiencies for quantum well infrared photodetectors (QWIPs) are generally less than

10% because of low absorption and poor charge extraction [9)].
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Figure 1-3: Idealized density of states for one band of a semiconductor structure of
3,2, 1 and 0 dimensions. From Alivisatos [14].

1.3 Colloidal quantum dot technology

Colloidal quantum dot technology arose in the early 1980’s when scientists at both
Bell Labs and in the former Soviet Union noticed that solutions of semiconductor
nanoparticles were colored differently although the semiconductor material was the
same [15]. Since then, high purity semiconductor nanocrystals have been grown
synthetically and processed with organic capping groups so that they can be deposited
from organic solutions [16].

Solution processable colloidal quantum dot systems display many of the special
optical and electronic properties associated with epitaxially grown quantum confined
systems [14]. Their tunable band gap and their higher absorption relative to the
bulk make quantum dots particularly attractive as photogeneration materials. At the
same time, colloidal quantum dots offer much greater material system flexibility than
epitaxial quantum dots because deposition on any substrate is possible [1]. This flex-
ibility is central to our work because it allows us to independently choose a substrate

and a top contact layer that are optically transparent and electrically compatible.

1.3.1 Colloidal quantum dot photodetectors

A photovoltaic effect in quantum dot/conjugated polymer blends was first observed

by Greenham, et al. [17]. In these devices, CdSe quantum dots are used as both an
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absorber and electron acceptor. The efficiency was found to be limited in part by
poor transport through the network of quantum dots [18]. Larger efficiencies have
been reported using CdSe nanorods, in which transport is improved along the extent
of the rods [19] [2]. However, resistive losses remain an issue because the nanorods
tend to lay flat, perpendicular to the direction of current flow [20]. Sun, et al. [21]
have achieved a quantum efficiency of 15% at the quantum dot absorption edge using
branched CdSe tetrapods comprised of four limbs connected at a central core. Their
device structure consists of a CdSe tetrapod/conjugated polymer composite film (86%
Cdse by weight) spun onto a PEDOT film and covered with aluminum as the top

electrode, as shown in Figure 1-4.

Cdse:0C,C,-PPV (160 nm)

\ Ag
< @@ @k

ITO PEDOT/PSS (70 nm)
[

glass

Figure 1-4: Depiction of typical device structure used for CdSe/conjugated polymer
blend photovoltaics.

So far, colloidal quantum dot detectors make use of transitions from electron
states in the valence band to the conduction band, unlike epitaxial GaAs quantum
well and quantum dot infrared detectors which rely on transitions within states in
the conduction band, as described in section 1.2.1. The absorption coefficient «
of intersubband transitions is low (less than 10* cm™!), whereas « for direct band

transitions is usually greater than 10* ecm~!.

For this reason, direct band to band
infrared directors like mercury cadmium telluride (HgCdTe) have higher dectectivities
than QWIPs. It may be possible to use colloidal quantum dot technology to fabricate

large area lead sulfide (PbS) or even HgCdTe infrared detectors.
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1.4 Our device concept

Our goal is to fabricate a device structure that will both function as an photodiode
and facilitate measurement of photoconduction in CdSe quantum dot films. Devices
consisting of a single quantum dot film are rare [22] because it is difficult to deposit
a uniform film of pure quantum dots. Lateral photoconductor geometries, however,
have been used successfully to measure transport and photoconductivity [23].

Our solution is to insert a colloidal quantum dot film into the middle of a bilayer
device that already functions as a rectified diode. In this way, mechanical gaps in the
quantum dot film will not cause the overall device to be shunted. The bilayer device
that we have chosen is a metal-oxide/organic semiconductor heterostructure that has

already been used in organic small molecule photovoltaics [24] [25].

1.5 Structure of thesis

In Chaper 2, we begin with a brief description of each material used in our multi-
layered photodetector device. We give an introduction to the basic device physics
needed to understand photocurrent generation and then discuss the rational behind
our particular material system. The fabrication processes and equipment are de-
scribed in Chapter 3. Chapters 4 and 5 describe the measurement of current-voltage
characteristics and photocurrent spectra. The results show good diode behavior and
modest light sensitivity. In the final chapter, Chapter 6, we describe the measurement
of photocurrent under bias. This data gives evidence for high hole trap densities in
the quantum dot film and affirms one of our initial design goals — that of blocking

charge injection in reverse bias.
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Chapter 2

Theoretical background and
photodetector design

considerations

In the introductory chapter, we described the potential benefits of a colloidal quan-
tum dot system, with its peaked density of states, simple device manufacturability
and potentially low dark current. In this chapter, we will describe the device archi-
tecture used in our quantum dot photodetector design and the essential theoretical
background needed to understand device operation. Our material set draws from an
ordinarily disparate set of semiconductor technologies. We attempt to capitalize on
the hardness and chemical stability of metal oxide semiconductors, on the solution
processability of quantum dots and on the ability of organic semiconductors to be

deposited from the vapor phase.

2.1 Ideal p-n junction diode

As background, we will briefly review the basic theory behind the p-n junction and the
equivalent circuit model of a photodiode. Note that the physics of junctions between
crystalline semiconductors is fundamentally different than that of junctions between

low-mobility amorphous-crystalline semiconductors — the materials which are used in
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this work. However, the idealized device model applies reasonably well and is useful

in understanding the current-voltage characteristics.

2.1.1 Description of the p-n junction

William Shockley was the first to describe the physical behavior of the p-n junction
in 1948. He introduced the notion of minority carriers to explain why opposite charge
can briefly co-exist side by side in a semiconductor. Below, we discuss how minority
carrier injection and extraction across a p-n junction leads to rectified behavior.
The junction between a p-type semiconductor in contact with an n-type semicon-
ductor results in the formation of a depletion region. Higher energy electrons, which
are plentiful in the n-type layer, lower their energy by transfer to the p-type layer.
Likewise higher energy holes in the p-type region transfer to the n-type layer. In the
steady state, this transfer of charge leaves a small region at the junction that is com-
pletely devoid of free carriers and is occupied only by the remaining fixed charge due
to ionized dopants in the semiconductor lattice. Over the whole device, charge neu-
trality is maintained. Ionized donor molecules in the n-region are positively charged
and ionized acceptor molecules in the p-region are negatively charged. The fixed
charge causes an electric field across the junction which is determined by the density
of dopants in each layer. It is important to note that the electric field exists even

though there is no external bias applied across the junction.

,/ I 9Vforward

QVreverse

Figure 2-1: Energy band diagram in forward bias and reverse bias for a p-n junction.
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Under forward bias (Figure 2-1), the equilibrium is upset and more electrons from
the n-type layer are fed across the depletion region over into the p-type layer. An
injected electron, now a minority carrier, can diffuse through the conduction band
of the p-type layer for a short while (given by the carrier lifetime 7.) and eventually

recombine with a hole. For an electron, the average diffusion distance is the diffusion

L.=+/D.r.

where D, is the electron diffusion constant. Once electrons have successfully crossed

length L., given by

the junction and recombined in the p-region, the process of current flow through the
device is effectively complete, assuming efficient exchange of carriers at the Ohmic
electrodes. The magnitude of the current density due to electron injection J, depends

on the net rate of recombination R:

d d d
_ T LR

J"’_dt_ ¢ dt dt

where p is charge per area, () is charge per volume, ¢ is the charge of an electron and
n is the number of electrons per volume. The recombination rate varies according to

the number of injected minority carriers n:

The concentration of carriers spilling over the interface into the p-type layer must be
equal to the concentration of majority carriers in the n-type layer that have energies
greater than the energy level of the conduction band of the p-region (see Figure
2-1). The distribution in energy of electron states in the conduction band can be
approximated by assuming Boltzmann statistics, where the number of carriers in the
conduction band is given by:

Er — E.

n ~ N.exp T
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where N, is the effective density of states of the conduction band, Er is the Fermi
level and E,. is the conduction band energy level. We can rewrite this equation in
terms of the voltage applied across the p-n junction if we assume that the injection

regime is not far from equilibrium:

n? qV
n~Y—exp —
N, Py

where n; is the intrinsic carrier concentration, /N4 is the acceptor concentration in the
p-region and V is the voltage applied across the junction. As a final correction, we
subtract the equilibrium electron concentration in the p-region because recombination

from these carriers is offset by equilibrium thermal generation:

n? qV
N, (exp T 1)

n =

The electron current density is then:

D, n? qV
L= gt N exp L),
J I NA(exp 7~ 1)

Following the same logic for hole extraction from the p-region to the n-region, we

obtain the total current density:

D.n? Dpn?
J:#+%:“TNA‘iND

v av
Nexp L —1) = J(exp L - 1)

where Jj, is the hole current density, Dy, is the hole diffusion constant in the n-region,
Ly, is the hole diffusion length, Np is the donor dopant density of the n-region and

Js is the saturation current density.

2.1.2 Equivalent circuit model under illumination

When light is incident on a p-n junction, electron and hole carriers are produced
throughout the film. Minority electrons generated in the p-region can diffuse across

the junction to the n-region in order to contribute toward photocurrent. Minority
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holes generated in the n-region can diffuse over to the p-region and contribute to
photocurrent. The total photocurrent is flowing in parallel with the ordinary diode
processes described in the previous section and can be modeled as shown in Figure 2-
2. The parasitic series resistance R, is the resistance experienced by photogenerated
carriers as they travel to the electrodes. R, should be as close to zero as possible
otherwise photocurrent at high intensities becomes subject to resistive losses. The
parasitic shunt resistance R, is due to leakage pathways that bypass the junction.
R, should be large otherwise it will lead to poor rectification. The diode equation

under illumination including parasitic resistances becomes:

qV qJARs} - V + JAR;

J = T — Jy(exp {kT - o

where J,. is the short circuit current density under illumination and A is the area of

the device.

R, large

s sh

R,=0
' R, small

Figure 2-2: Equivalent circuit model of an ideal diode with parasitic resistance. Also
shown are current-voltage characteristics illustrating the limiting cases of infinite
shunt resistance R, and zero series resistance R,.

2.2 Semiconducting metal oxides

One generally thinks of oxides as being insulating. Silicon dioxide (SiOs), for ex-

ample, plays an important role as an insulator in field effect transistors. However,
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metal oxides have been known to be semiconducting ever since the first Schottky
junction was discovered in 1926, when Grondahl and Geiger fabricated a cuprous
oxide (CuO)/copper diode. In fact, many as-grown metal oxide films naturally ex-
hibit semiconducting behavior, most notably zinc oxide (ZnO) and titanium dioxide
(TiOy). Current knowledge of oxide semiconductors is relatively limited, mainly due
to technological difficulties in growing high purity single crystals and the more com-
plex structure of oxides compared to elemental semiconductors. As-grown oxide films
tend to deviate from stoichiometry, leaving oxygen vacancies that cause modest n-type
doping, although some oxides like CuO and nickel oxide (NiO) have metal atom va-
cancies and hence p-type character. The concentration of defects depends on growth
conditions like pressure, temperature and the presence of oxygen. By virtue of the
strong ionic bonds that hold oxide molecules together, oxides tend to have large band

gaps, often greater than 3 eV [26].

Because single crystal growth is difficult, oxide films are commonly amorphous-
crystalline, with grain sizes on the order of tens of nanometers. Compared to single
crystalline semiconductors, amorphous semiconductors have lower mobilities resulting
from reduced long-range order and increased trap densities due to dangling bonds
and lattice defects. In inorganic crystalline semiconductors, conduction is typically
Ohmic:

J=0FE = gqnudV

where J is the current density, o is the conductivity, F is the electric field, ¢ is
the charge of an electron, n is the number of carriers, y is the mobility, d is the
thickness and V' is the voltage. The mobility is influenced primarily by scattering
from phonons and dopant impurities. The temperature dependence of the mobility
can be approximated by [27]

1o (m*)_3/2T1/2

where m* is the electron effective mass and 7' is the temperature. In some metal
oxides, band-like transport has been observed, although with heavy electron effective

masses (on the order of 1x to 10x the mass of an electron, compared to ~0.1x for
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typical semiconductors), indicating narrow energy bands due to limited wavefunction
overlap between neighboring molecules. In other metal oxides, very narrow bands
or even completely localized energy levels exist. In these cases, conduction follows a

thermally activated hopping mechanism, with mobility given by

Ly
X exp ———
H p T

where F; is the activation energy of trapped carriers and k is Boltzmann’s constant.
The localized carrier and the polarization it induces in its surroundings is called a
polaron. Charge transport occurs via tunneling between localized polaron states. In
low mobility semiconductors that are devoid of free carriers, charge must be injected
from an electrode into the bulk in order for conduction to take place. Charge build

up near the injecting electrode usually results is space charge limited current, given

by

9 V2
J = gEILLﬁ

where € is the dielectric constant, p is the mobility and d is the film thickness. In
materials with large trap densities, conduction is trap limited:
V ikt

J X p—5—

2F. .
dwr+1

2.2.1 Electron-accepting TiO,

One of the most common oxides is titanium dioxide (TiOz). Titanium is an abundant
element, accounting for about 0.6% of the earth’s crust by weight and occurs in na-
ture predominantly in the form of ilmenite, which is an ore containing iron, titanium
and oxygen. Ilmenite can be upgraded to TiOy by a synthetic process that removes
the iron. One of the most important uses of TiO, is as a white pigment, often used
in paints, plastic, paper, ink, food and toothpaste. TiOy has a high refractive index
(n=2.4) and a wide band gap (E,=3.0 - 3.2 eV), making it an effective scatterer at

all wavelengths of visible light. TiO, is also an important photocatalytic material
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for decomposing organic compounds. Under ultra-violet light, an electron hole pair
is created and the resulting free-radicals can oxidize organic matter. The photocat-
alytic activity of TiO, is useful in water treatment systems, air purification systems
and antimicrobial coatings. The UV-resistance, chemical stability and mechanical
hardness of TiO, thin films is useful for automotive and building material coatings.
The crystal structure of TiOs assumes three forms: rutile, anatase or brookite.
The rutile phase is the most common, but for device applications anatase is more desir-
able because its lattice structure is denser, yielding greater overlap between molecular
orbitals and hence higher mobilities. Hall-effect measurements of sputtered anatase
films give electron mobilities as high as 20 cm?/Vs [28] [29]. The band gap of anatase
is 3.2 eV, slightly higher than that of rutile at 3.0 eV. Current-voltage measurements
by Stamate [30] of TiO5 sandwiched between aluminum electrodes yield Ohmic con-
duction up to 0.4 mA/cm?, space charge limited conduction between 0.4 mA /cm?

and 1 mA/cm? and trap limited conduction above 1 mA /cm?.

2.2.2 TiO, in photovoltaic devices

TiOy has been used for some time as an electron-accepting layer in dye-sensitized
photovoltaics. In these devices, a 10 um nanoporous TiO, film consisting of sintered
TiO5 nanocrystals forms a high surface area substrate onto which strongly absorb-
ing dye molecules can bind and inject electrons upon photo-excitation (Figure 2-3).
Carrier concentrations in TiOs are low, leading to high resistivities, but electrons
injected into the conduction band are free carriers, able to traverse the film with min-
imal losses. The thick sensitized TiO5 film is submerged in a liquid electrolyte that
serves to replenish electrons to the donor dye molecules, completing the circuit and
allowing for the passage of current. Conversion efficiencies for the first device of this
kind where reported to be 10% [31], but subsequent research has failed to improve on
this number and the theoretical maximum efficiency has yet to be established.

For the bottom contact of our photodetector device, we are interested in a thin,
smooth, dense and transparent n-type film. TiO, satisfies these requirements. As

opposed to organic semiconductors, metal oxides tend to be more stable and have
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Figure 2-3: Schematic of dye-sensitized solar cell. From Durrant, et al. [32] [33].

higher mobilities. Their mechanical hardness and resistance to high temperatures
allows solution deposition, annealing or chemical treatment of overlying quantum dot
films. TiOs can deposited either by radio frequency (rf) sputtering or by spin casing
from a sol gel precursor solution, although sputtering provides greater control over

film thickness, morphology and doping concentration.

The challenge is that few reports have been published using sputter deposited
metal oxide films in photodetector devices, so deposition parameters conducive to
good working devices are largely unknown. Sol gel TiO, films, on the other hand,
have been widely used in conjunction with organic semiconductors [24, 25, 34, 35, 36,
37, 38, 39]. The advantage of sol gel layers is that they can be patterned with low-cost
stamping [39] or micro-emulsion techniques [38]. Porous nanocrystalline TiO, films
have been sensitized by a wide range of quantum dots including lead sulfide (PbS)
40, 41, 42], cadmium telluride (CdTe) [43], indium phosphide (InP) [44], CdSe [45]
and cadmium sulfide (CdS) [46, 47].
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2.3 The CdSe quantum dot film

Cadmium selenide (CdSe) is an ionically bonded semiconductor with a direct band
gap of 1.7 eV and an electron mobility of 800 cm?/Vs. CdSe crystals with perfect
stoichiometry and crystal structure are insulating with low intrinsic carrier concen-
trations. In this work, CdSe nanocrystals are grown synthetically to a diameter of
4 nm. At this size, quantum confinement increases the band gap to 2.2 eV. During
synthesis, the surface of the quantum dot is functionalized with the organic molecule
trioctylphosphine oxide (TOPO). TOPO capping groups are transparent, insulating
and extend about 1-2 nm beyond the nanocrystal surface (Figure 2-4). The result-
ing large interparticle spacing prohibits interparticle sharing of electron states and
hence the mobility is reduced significantly. Ginger, et al. [48] have obtained low
mobilites of 107* to 107° cm?/Vs from current-voltage characteristics fitted with a
trap limited space charge conduction model, but mobility has not yet been measured
directly. Annealing CdSe nanocrystal films reduces the interparticle spacing, with in
turn increases the mobility [49]. Ridley, et al. [50] found relatively high field-effect
electron mobilities of around 1 cm?/Vs in a transistor geometry where the CdSe film

was synthesized without organic capping groups and sintered at 350C.

Jarosz, et al. [23] found that a butylamine treatment of CdSe quantum dot films
resulted in enhanced photocurrent. It was shown that interparticle spacing decreases
in treated samples. Also, butylamine is thought to passivate recombination centers at
the quantum dot surface. In these experiments, Jarosz observed that the photocurrent
reached saturation at 60 V applied across a 1 micron channel length (corresponding
to an electric field of 6 x 107 V/m) and speculated that all photogenerated charge
was being collected in the saturation limit. This conclusion assumes that charge
cannot enter the device at the electrodes, otherwise photocurrent saturation could
be attributed to some sort of dramatic increase in resistivity. One way to test the
blocking contact hypothesis is to engineer a device with built-in blocking contacts and
identify whether the photocurrent saturates at similar electric fields. We will return

to this issue in section 2.5.1.
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Figure 2-4: Schematic of CdSe system with molecular structure of TOPO and energy
level diagram.

2.4 Organic semiconductors

An organic solid is a molecular material that contains carbon. Research into organic
semiconductors began in 1906 when Pocchetino discovered photoconductivity in solid
anthracene. In the past twenty years, the field of organic semiconductors has ex-
panded rapidly, driven largely by the prospect of knew materials for light emission,
light harvesting, lasing, superconductivity and molecular transistors. Organic molec-
ular solids consist of covalently bonded molecules that are weakly bound to each other
by van der Waals forces. They are characterized by low melting points, low conduc-
tivity, high absorption and soft structural properties. Organic molecules exhibiting
semiconducting behavior are in a special class called conjugated aromatic hydrocar-
bons. Conjugation refers to the the alternating sequence of single and double bonds,
displayed for example by benzene (Figure 2-5), a ring of six hydrogen and six carbon

atoms arranged in a hexagon. Such conjugation along chains of atoms often leads to
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the ability to conduct charge due to the resonant sharing of electron across atoms.

(a) (b) (c)
7 bond ﬁ

[ |
\ C C
o bond /H H H/ N \H

Figure 2-5: Illustration of molecular orbitals in benzene (a) and chemical structure
in explicit form (b) and condensed form (c).

When a carbon atom is brought close to another carbon or hydrogen atom, the
electron wavefunctions change their spatial configuration to accommodate the new
potential energy situation. In the case of benzene, three electrons of the six total
electrons on a carbon atom distribute themselves at roughly 120° increments in the
plane of the molecule. These electrons form covalent bonds with other carbon or
hydrogen atoms, called ¢ bonds. A fourth electron remains distributed in the z
direction, above and below the plane of the molecule, and loosely binds to other z-
distributed electrons from neighboring carbon atoms. These bonds are called = bonds
and the resulting 7 electron system is delocalized over the entire benzene molecule.

Between molecules, van der Waals forces resulting from induced dipole-dipole in-
teractions are responsible for intermolecular attraction. Electron delocalization is
not present over intermolecular length scales, but some electron wavefunction overlap
leads to the possibility of tunneling between molecules and ultimately charge conduc-
tion. Optical absorption occurs when the 7 electron - which is in the highest occupied
molecular orbital (HOMO) - is excited to the next available unfilled state - the low-
est unoccupied molecular orbital (LUMO). This excited electron state is called the
7* orbital. For each molecule, m-7* transitions occur at a well-defined energy level.

But over the whole molecular solid, m-7* transition energies vary broadly because of
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molecular deformations and local electric field variations due to intermolecular dipole

interactions.

2.4.1 The organic hole transport molecule TPD

For the top, p-type contact to the CdSe film, we use the hole transporting organic
small molecule N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)- 4,4’-diamine
(TPD), a common organic semiconductor used in electrophotography and organic
LEDs. The TPD film is deposited by thermal evaporation on top the the CdSe film.
The molecular structure of TPD is shown in Figure 2-6. Transport in TPD takes
place via hopping of holes among TPD molecules, which occurs relatively efficiently,

as reflected in it’s mobility of 103cm?/Vs.

ataUs

Figure 2-6: Molecular structure of TPD.

2.5 Our device architecture

Our proposed photodetector relies on the photoactive nature of the CdSe quantum
dot film, which presents a couple of distinctive device design challenges in that it is
undoped, insulating, and nonuniform. Most likely the CdSe film does not provide
complete coverage of the substrate surface. Our objective is to take this film and
make a device that will suppress unwanted current flow in the dark, yet be able to
efficiently coax excited electrons and holes out of the device when under illumination.

This type of rectification is accomplished quite well by a reverse biased p-n junction,
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which is ubiquitous in the field of photodetectors. However, the quantum dot film,
in its undoped form, cannot form a p-n junction directly and so rectification must be
imposed externally. Without some form of rectification, a low shunt resistance would
arise, either from direct contact between the metal electrodes or direct injection of
carriers into the quantum dots. Low shunt resistance adds a much larger drift current
noise term to the intrinsic thermal generation current noise I,, and thereby reduces

detection sensitivity.

2.5.1 The concept of blocking layers

In Figure 2-7, we illustrate the basic concepts of device operation of our tri-layered
p-i-n-like structure. The contact layers serve the dual purpose of transporting charge
out of the device and blocking charge from entering the device. When the Fermi level
of a semiconductor is aligned with the work function of a metal electrode, charge of
only one polarity can enter and exit freely at that electrode. Charge of the opposite
polarity is blocked by a large energy barrier at the interface. If we combine this
rectifying contact with one at the other contact, we create a rectified device because
charge is blocked at both electrodes in reverse bias, but allowed to enter in forward
bias. An assumption made in Figure 2-7 is that the blocking layers are sufficiently
conductive that there is little voltage drop across these regions, leaving most of the
applied voltage to act on the middle, insulating layer. Another assumption is that
there are no defect states in the blocking layers that could transport charge and
thus limit it’s blocking capability [51]. We will be able to test these assumptions by
analyzing the current-voltage characteristics.

By choosing p-type and n-type contact layers that are appropriate for CdSe, we
form something akin to the p-i-n diode structure in Figure 2-7 and therefore limit
conduction in reverse bias. Non uniformities in the CdSe film will no longer cause
shunting as long as the p-type and n-type layers provide complete coverage. Employ-
ing wide band gap contact layers like TiOs and TPD enables direct measurement of
the CdSe absorption and photoresponse.

Energy level alignment of the ITO/TiOy/CdSe/TPD/Ag or Au photodetector is
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Figure 2-7: Idealized pin heterojunction energy band diagram with bias dependence.
Under reverse bias, photogenerated charge is swept away to the contacts, while in-

jected charge is blocked from entering the device.
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depicted in Figure 2-8. In reverse bias, hole injection from the ITO electrode into
TiO, is suppressed because of the large potential step at the interface. Likewise,
electron injection from the gold electrode into TPD is limited due to the potential
barrier at that interface. Therefore, dark current in reverse bias should be largely due
to generated carriers in CdSe. Note that electron transfer from CdSe to TiO, is not
energetically favorable, at least when neglecting interface effects. In future devices,
it may be possible to select materials such that there is a downward step in energy

upon transfer to the n-type transport layer.
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Figure 2-8: Energy level alignment in our device.

2.6 Summary

This chapter introduced our quantum dot photodetector device architecture and ma-
terial system. We also developed two key concepts for photodetectors. First, the
ideal p-n junction was described and the notions of rectification, series resistance
and shunt resistance were discussed. Second, the concept of charge injection and
charge blocking at electrodes was introduced and the implications for device behavior
were highlighted. These concepts will reappear later in the thesis as we discuss the

empirical data.
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Chapter 3

Device fabrication

In the last chapter, we introduced the materials used in our quantum dot photode-
tector design and touched upon the basic operational principals of the tri-layered
heterostructure device. In this chapter, we describe the processes used to fabricate

the device in the lab.

3.1 The TiO, layer

Two of the most widely used deposition techniques for metal oxide thin films are sol
gel deposition and radio frequency (rf) sputtering. Sol gel processing is a common
way of depositing thin inorganic or inorganic/organic protective coatings. It is a low
temperature synthesis process based on the hydrolysis and condensation reaction of
organometallic compounds in alcoholic solutions. The resulting gel is a dispersion
of nanometer or micron sized cross-linked particles, and is suitable for spin casting.
For device applications, sol gel films are desirable because of their ability to be pat-
terned on the nanometer scale with low-cost methods such as PDMS stamping [39].
Metal oxide films can also be obtained by rf magnetron sputtering, which is a more
reproducible deposition method and affords greater control over thickness and doping

concentrations.
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3.1.1 Solgel deposition of TiO, films

The sol gel deposition process shown in Figure 3-1 is as follows. By volume, 4 parts
of the TiO, precursor Titanium ethoxide, CgH20044Ti (Gelest), is added to a stirring
solution of 40 parts ethyl alcohol, which contains 1 part water and three drops of hy-
drochloric acid. The TiO, precursor reacts with water to form the reactive monomer
(RO)3TiOH that in turn reacts with other monomers to form a sol. Heating the so-
lution for 45 minutes at 60°C aids the gelation (cross-linking) process, during which
the viscosity gradually increases. The TiO5 precursor is spin coated at 2000 rpm onto
a patterned ITO glass substrate that is masked with scotch tape. After deposition,
the tape is removed and the sample is heated at 100°C for 30 minutes to allow fur-
ther cross-linking and dehydration of the TiOs matrix. Annealing under vacuum at
450°C for 30 minutes allows the growth of crystalline regions of the anatase phase
(densification). The resulting films are transparent, smooth and approximately 100

nm thick, with surface features smaller than 8 nm.

10nm
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Monomer formation:
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Figure 3-1: TiO, thin film deposition process via sol-gel and AFM image of the surface
of the resulting film.
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3.1.2 Radio frequency sputter deposition of TiO, films

A magnetron sputter deposition chamber contains two electrodes, two magnets, a

turbo pump with a variable aperture gate valve and gas flow valve (Figure 3-2).
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Figure 3-2: Schematic diagram of RF-powered sputter deposition system.

The material to be deposited (the target) is placed on top of the cathode. The
chamber is filled with an inert gas like Argon (Ar) and several thousand volts is
applied across the electrodes, creating a plasma of equal numbers of positive Ar
ions and free electrons. When the plasma is struck, emission from the relaxation of
excited Ar ions can be seen through the chamber viewport. The positive Ar ions are
accelerated toward the target and, upon collision with the surface, dislodge atoms
from the target. The free atoms then travel throughout the chamber and deposit
themselves on the substrate. The magnets are designed to confine the plasma to the
area above the target, sparing the substrate from ion and electron bombardment. In
rf sputtering, an AC field is applied instead of a DC field. The AC field is useful for
sputtering insulating target materials that will build up charge over a time scale of

a couple of microseconds. An AC voltage in the MHz range is faster than this build
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Figure 3-3: AFM image of a sputtered TiO film.

up, allowing for negative free electrons to neutralize the surface and thereby maintain
current flow. The amount of gas in the chamber is controlled by the rate of gas flow
into the chamber and the aperture of the gate valve. The gas pressure must be high
enough to sustain the plasma, yet low enough that scattering does not prohibit free
atoms from reaching the substrate. The resulting films are dense and smooth, with

feature sizes on the order of a couple of nanometers (Figure 3-3).

3.2 The CdSe layer

The CdSe quantum dots used in this work are prepared by David Oertel from the
Bawendi group, who pioneered in the field of colloidal quantum dot chemistry. For a
detailed description of the quantum dot synthesis, see [23]. Films of CdSe quantum
dots are deposited from hexane onto TiO, coated I'TO-glass substrates by spin coating
under a nitrogen atmosphere. Post-deposition chemical treatment of the CdSe film

is accomplished by immersing the film in butylamine for 10 minutes prior to heating
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at 80,C for one hour in order to drive off the solvent.

3.3 Purification of organic small molecules

Some organic materials contain impurities as received from the supplier. These im-
purities can be removed by thermal gradient sublimation. Appendix D describes the
procedure developed by Debbie Mascaro for purifying organic small molecule pow-
ders. Following this procedure results in high-purity organic material suitable for
device manufacture. We use a turbo pump to maintain high vacuum inside a quartz
purification tube (Figure 3-4). The tube is heated by a tube oven capable of applying

a temperature gradient across the tube.

High-purity material is obtained in the following way. The organic source mate-
rial is heated above its sublimation temperature in Zone 1 and is deposited in Zone
2 where the temperature is kept below the sublimation temperature. Residual impu-
rities remain in Zone 1 and volatile impurities collect in Zone 3, which is kept at a
temperature well below that of Zone 2. The high-purity organic can be collected off

the sidewalls of the quartz insert tube with a clean spatula.

3.4 The complete device growth process

We begin with a half-inch substrate of ITO coated glass. For the case of sol gel
layers, the TiOy is deposited, sintered and then transfered to a nitrogen glove box for
CdSe spin casting. In the case of sputtered TiO,, substrates are transfered from the
sputterer to the glove box via a vacuum line and a load lock. After CdSe deposition
and treatment in the glove box, the substrates are reloaded into the vacuum line and
transfered to the evaporator, where TPD and the top electrode are put down. We

use either gold or silver top contacts. The complete device is shown in Figure 3-5.
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Figure 3-4: Diagram of thermal gradient sublimation system used to purify small
molecule organic powders.
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Figure 3-5: Diagram of colloidal CdSe quantum dot photodetector device.
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3.5 Probe fixture and patterning

In order to test the device in nitrogen or at low temperature, we have designed a
probe fixture and a masking system with displaced contact pads for each device. The
probe fixture (Figure 3-6) is designed to house the substrate and make contact to the
device via spring-loaded gold pins (not shown). The gold pins make contact with the
underlying ITO pads, which in turn are connected to the device top electrode. There
are four devices per half-inch substrate, each of area 0.1 inch x 0.1 inch = 0.064516
cm?. The active device area is located at the intersection between the bottom ITO
layer and the top electrode, as shown in Figure 3-7. The ITO is patterned as described
in Appendix A. The tolerance of the masking setup is well withing the limits of the
substrate holder/mask holder system, ensuring that the active device area is exactly

the same from run to run.

3.6 Summary

Device growth for this work is accomplished using a number of different techniques,
including sol-gel processing, thermal evaporation, rf sputtering and spin casting. The
whole device is manufactured either under vacuum or nitrogen, without being exposed

to oxygen.
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Figure 3-6: Drawings of the probe fixture used to test photodetectors on half-inch
substrates.
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Figure 3-7: Electrodes and active layers of the device are patterned in order to make
contact with gold pins from our probe fixture.
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Chapter 4

Current-voltage characteristics

under illumination

In the previous chapter, we described the fabrication techniques used to build a
quantum-dot-based diode structure. This chapter will focus on the first of three
electrical characterization methods: current-voltage (i-v) measurements. We begin
with a description of the experimental apparatus and then present data showing a

substantial photocurrent.

4.1 Measurement apparatus

We have developed two systems for measuring i-v curves, one in which devices are
measured in ambient atmosphere, and one in which devices are tested in a nitrogen-
atmosphere glove box. Both measurements described below use a white light source.
However, the Xenon source, which provides illumination for the ambient setup, emits

UV radiation while the Halogen source, used in the nitrogen setup, does not.

4.1.1 Measurement in atmosphere

When device characterization is performed in ambient atmosphere, care must be

taken to measure quickly before degradation becomes apparent. Photo-oxidization of
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organic components, oxidation of metal contacts and delamination in humid environ-
ments can all limit device lifetimes. An additional worry, especially when measuring
photo-responsive devices, is that the presence of oxygen trap sites will degrade per-
formance. These traps can hinder photocurrent either by serving as recombination
centers or by generating internal electric fields, counter to those required for proper
device operation.

Incident light is generated by a 40 Watt Xenon bulb powered by a programmable
HP DC power supply, which is used as a 2x voltage amplifier for the output from
voltage source 1 (VS1) of an HP Semiconductor Parameter Analyzer 4145B (Figure
4-1). Current-voltage characteristics of the illuminated device are measured by source-

measurement unit (SMU) channels 2 and 3 of the HP. Channel 1 is not used because

Power

supply

Xenon bulb
>

it is nonfunctional.

Sample

Parameter
analyser

ﬁ Computer

Figure 4-1: Diagram of setup for current-voltage measurements taken in ambient
atmosphere.

To roughly characterize the light intensity incident on a sample, we use a Newport
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818-UV photodiode with an OD 3 filter. The responsivity of the photodiode with filter
attached is 3.5 x 107 A/W across almost all of the lamp emission spectrum. The

surface area of the detector is 1 cm?2.

4.1.2 Measurement in nitrogen

After noticing that our CdSe devices were degrading quickly during measurements,
we built a measurement setup located inside an inert nitrogen-filled glove box. This
setup, depicted in Figure 4-2 allows us to test devices without any apparent degrada-
tion. In the glove box, substrates are placed in a probe fixture (described in section
3.5) and connected via electrical feedthroughs to the output of a Keithley 2400 source-
meter, which is used to apply bias and read current. Illumination is provided by a
halogen lamp located outside the glove box. The intensity of incident light was not

measured.

Halogen lamp

Plexiglass window

/ [ | Probe fixture & sample
Glove box
E] Keithley source-
measure unit
= Computer

Figure 4-2: Diagram of setup for current-voltage measurements taken in a nitrogen-
filled glove box.
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4.1.3 Sign convention

It is worth mentioning that the sign convention we’'ve adopted results in the opposite
electrical connection of that used for organic LEDs. As we’ve seen in section 2, the
p-side of a p-n diode is grounded while the n-side is positive, resulting in positive
current flowing under positive bias and almost no current (the saturation current
I5q) flowing under reverse bias. In order to keep this convention, we ground the ITO
electrode and connect the positive lead of the source-measure-unit (SMU) to the top

metal electrode (Figure 4-3).

Ag

v C> CdSe (40 nm)

glass

Figure 4-3: To preserve the same polarity as a pn junction diode, we connect the
positive lead of a voltage supply to the top metal electrode and the ground lead to
ITO. Note that this configuration is the opposite of that used to apply voltage to an
organic LED.
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4.2 Experimental results

In this section, we will see how electrical characteristics change in a predictable way
when a quantum dot multilayer and a titanium dioxide anode is present. From these
i-v curves, we can ascertain (a) to what extent charge injection from the electrodes
is blocked in reverse bias; (b) if charge injection is possible in forward bias; and (c)
if transport is affected by the presence of a quantum dot layer. Additionally, we will
show how illumination influences the i-v characteristics.

The devices presented in this chapter are given in Table 4.1.

Table 4.1: Device structures presented in this chapter.

’ Device structure \ Environment \ Comments
ITO/TiO2(100nm)/TPD(250nm)/Au Air solution deposition
ITO/TiO2(100nm)/TPD(100nm)/Ag Air

ITO/TiO2(100nm)/CdSe(80nm)/TPD(100nm)/Ag |  Nitrogen

ITO/TiO2(100nm)/CdSe(40nm)/TPD(100nm)/Ag | Nitrogen | butylamine treatment
ITO/CdSe(80nm)/TPD(100nm)/Ag Air

4.2.1 Characteristics of control devices without a quantum

dot film

We begin with the i-v characteristics of the ITO/TiO2(100nm)/TPD(250nm)/Au de-
vice, shown in Figure 4-4. The TiO, is spin cast via the sol gel method described in
section 3.1.1. The TPD was dissolved in chloroform and spin cast at 2000 rpm. In
reverse bias, the dark current is low, as anticipated, but begins to rise strongly above
-0.2 V. Under white light illumination, the photocurrent saturates at around +0.5 V
and remains nearly bias independent at negative voltages, a trademark of interfacial
exciton dissociation and low parasitic shunt conductance. The open circuit voltage
is around 0.6 V, which is low compared to similar devices structures in the litera-
ture [52, 35]. In forward bias, the dark current follows a V? dependence, which is

indicative of space charge limited current with shallow traps. Under illumination, the
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forward bias current departs from the ideal diode model in that the current becomes
intensity dependent. Essentially, the series resistance is lowered with increasing in-
tensity. There are two possible explanations. First, excited carriers generated in the
TPD or TiO, films or both may be filling traps and thereby changing the distribu-
tion of trapped charge throughout the device, which could lead to increased current
flow. Second, the accumulation of excited charge at the TiOy/TPD interface may be
increasing the rate of recombination across the interface, which may be the current

limiting process.
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Figure 4-4: Log-linear i-v characteristics and linear i-v characteristics of a device
consisting of a TiO, layer spun via sol-gel and a spun TPD layer. Good rectification
and current saturation under illumination indicate that the TiO, and TPD layers
form charge blocking contacts.

The ITO/TiO2(100nm)/TPD(100nm)/Ag device, shown in Figure 4-5, displays
similar characteristics as the previous device, but the fragility of the device prevented

us from taking data at higher voltages. In this device, the TiOy was rf sputtered
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and the TPD was deposited by thermal evaporation. The essential features of the
i-v characteristics are similar to those of the solution cast device. The dark current
is at the instrument noise level in reverse bias and the current in light saturates
readily. One aspect is exceptional, however. The open circuit voltage approaches 0.4
V, although one would expect no open circuit voltage if considering only the work
function difference between TiO; (4.2 V) and Ag (4.2 eV). This value for open circuit
voltage is evidence for the presence of a dipole at the interface between TiO, and TPD

resulting from accumulation of dissociated carriers, as proposed by Ramsdale [53] and

Gregg [54].

Ag
evaporated I 1
\ TPD (100 nm) sputtered
ITo Ti0, (100 nm) —
I 1
glass

10_7 E T T T T T T T T T T T T T
F 11081 M/ g
— —_ oL _
[s\) [s\]
<
108 4 %
< < 108f
g 5
’5 ey
© ool ] & 2108} i
31078
—10 .10-8 1 L 1 L 1 1 ]
10 410 -0.2 0.0 0.2 0.4
Votlage [V] Voltage [V]

Figure 4-5: Log-linear i-v characteristics and linear i-v characteristics of a device
consisting of a sputtered TiO, layer and an evaporated TPD layer. At low voltages
shown here, the device displays low dark current (black line) and current saturation
under illumination (red line).

Figure 4-6 illustrates the inability of the 100 nm TPD devices to withstand mod-

erate applied voltage. After an i-v scan down to -0.5 V, the dark current jumps from
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below the instrument noise level to values that are higher than the initial photore-
sponse in Figure 4-5. One possible interpretation is that the TPD film is damaged
during the evaporation of the Ag contact. Durr [55] has observed that metal filaments
from an evaporated metal top contact can penetrate into organic films. At high bias,
some of these filaments will punch through the organic film, causing a lowering of the

shunt resistance and an increase in leakage current.
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Figure 4-6: Log-linear i-v characteristics and linear i-v characteristics of the same
TiO2/TPD device before and after application of 0.5 V of reverse bias. The change
represents a tendency to break down at low bias voltages.

4.2.2 Devices containing a CdSe quantum dot film

The i-v characteristics of an ITO/TiO2(100nm)/CdSe(80nm)/TPD(100nm)/Ag de-
vice are shown in Figure 4-7 and the i-v characteristics of an I'TO/TiO5(100nm)/CdSe
(40nm)/TPD(100nm)/Ag device, where the CdSe layer has been treated with buty-
lamine, are shown in Figure 4-8. Both sets of measurements were taken under nitrogen
and illuminated through a Plexiglas window that strongly filters the UV components
of the halogen light source. Since TiO, and TPD absorb only in the UV, we expect
the CdSe to be the only photo-active layer.

In the untreated device, we observe a slight sensitivity to light. However, a cou-
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ple of instrumentation issues complicate the interpretation of the i-v characteristics.
First, a large dc offset (~ 5 x 107!% A corresponding to ~ 7 x 1072 A/cm?) is present
in the Keithley 2400 source-meter. Second, the impedance of the device in the dark is
larger than the internal impedance of the source-meter, which is around 2 Gf2. Thus,
the true dark current is less than the measured dark current. The large hysteresis and
absence of open circuit voltage are most likely attributable to the instrumentation

deficiencies just mentioned.
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Figure 4-7: Log-linear i-v characteristics and linear i-v characteristics of a CdSe device
measured under nitrogen. A modest current under illumination (red line) from a
halogen light source is visible, but does not saturate before breakdown. Hysteresis is
most likely due to instrument drift.

The treated device also displays a dark current dominated by the internal resis-
tance of the Keithley, but the current under illumination is more than an order of
magnitude greater than that of the untreated device. The open circuit voltage is

around 0.4 V, in agreement with the control device. Under forward bias, there is no
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effect of light on current. In the linear i-v plot, the photocurrent crosses the x-axis at
a shallow angle, indicating a large series resistance. Since the control device without
the CdSe layer has a low series resistance, we can attribute this large series resistance
to the CdSe layer.

In order to improve device efficiencies, series resistance in the CdSe will have to
be dealt with. We will see in chapter 5 that at 40 nm, the treated CdSe absorbs only
10% of the incident light. To absorb a larger percentage of light, a thicker CdSe layer

is needed and will thereby impose an even larger series resistance constraint.
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Figure 4-8: Log-linear i-v characteristics and linear i-v characteristics of a treated
CdSe device measured under nitrogen. Significant current is apparent under illumi-
nation from a halogen source (red line), but is limited by high series resistance.

Figure 4-9 displays the device structure and i-v curve for the same device contain-
ing an untreated CdSe film, but missing the TiOy layer. As expected, the blocking

characteristics are absent and the i-v characteristics are linear. Holes inject from
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the Ag electrode to the TPD and subsequently either inject into the CdSe or by-
pass the CdSe entirely via pinholes in the CdSe film. At these low current densities,
Ohmic conduction through the TPD is not surprising, but at higher current density
we should observe space charge limited current if indeed the TPD is transporting
charge. Unfortunately, we were unable to reliably probe at higher voltages due to
irreversible breakdown. No light sensitivity is observed because the photocurrent is

drowned out by the dark current.
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Figure 4-9: Current-voltage characteristics of a CdSe/TPD bi-layer device displays
neither rectification nor sensitivity to light.

4.3 Summary

We have presented the i-v characteristics of the quantum dot photodetector and
control devices without a quantum dot layer. From the control device curves, we
obtain good diode characteristics, high shunt resistance and low series resistance. The
addition of a quantum dot layer increases the resistance of the device substantially.
Chemical treatment of the CdSe layer improves the response to light by at least an

order of magnitude.
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Chapter 5

Photocurrent spectra

In the previous chapter, we looked into the current-voltage characteristics of quantum-
dot-based diode structures and found a sizable voltage and current response under
illumination. This chapter will focus on the spectral dependence of the photocurrent
signal, using the second of three electrical characterization methods: photocurrent
spectra. We begin with a description of the experimental apparatus and then present
data showing that the photocurrent spectrum tracts the absorption signature of the

CdSe quantum dots.

5.1 Measurement apparatus

Photocurrent spectra provide two important pieces of information about the operation
of a photodetector: wavelength dependence and quantum efficiency. We have built a
custom LabView-based program that interfaces with a monochromator and a lock-in
amplifier, and coordinates the measurement of photocurrent at wavelengths in the 300
nm to 800 nm range of the electromagnetic spectrum. Quantum efficiency (described
below in more detail) is obtained by comparing the signal to that of a calibrated

reference photodetector.
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5.1.1 Description of measurement

A narrow wavelength band of light is generated by a white Oriel Instruments Xenon
arc lamp light source and an Oriel Instruments Cornerstone 1/8 m 74000 monochro-
mator. The monochromatic light beam is chopped by a Stanford Research Systems
SR540 Chopper and is focused down to a small point at the sample surface (Figure
5-1). The chopping frequency is output by the chopper to the Stanford Research
System SR830 DSP lock-in amplifier’s reference channel. The lock-in’s circuitry acts
as a narrow band filter, measuring only the current from the input signal that is os-
cillating at the reference frequency. Thus, the lock-in amplifier provides a convenient
way to measure photocurrent while excluding electrical noise and stray signal due to

the room lights.

(a) (b)

Xenon lamp

[ ]

>
’ Monochrometer
Chopper ITO
—

Organic
= Sample Metal
E Lock-in amplifier Incident

beam
ﬁ Computer spot size

Figure 5-1: Diagram of setup used to measure photocurrent spectra (a) and illustra-
tion of incident beam spot size on a pad of the sample device (b).
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5.1.2 Quantum Efficiency

We calculate quantum efficiency by referencing the sample photocurrent I to the

photocurrent obtained by a calibrated photodiode I, with a known responsivity R at
a wavelength . Responsivity is defined as

R

ael

where P is the incident power and is given by

dE  d d

e =0, h
T R TR L W W

B ¢ hc dny,

where n,, is the number of incident photons, A is Planck’s constant, v is the frequency

of light and ¢ is the speed of light. Solving for dn,,/dt gives

dnph o A A L
dt hc he R

The sample photocurrent [ is given by

,_dQ _ d dn,

ot @t Ty

where n, is the number of photogenerated electrons and q is the charge of an electron
Solving for dn./dt gives

dn, 1

dt ¢
The quantum efficiency % is defined as

QE% =100 -

Npn

Solving for n,;, and differentiating with respect to time gives

dng, 100 dn,
dt  QE% dt’
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Solving for QE% and substituting gives

dn I
- p heR I
QE% =100+ 42— =100 5% = 100'£X7‘
dt hc R q r

Therefore, the quantum efficiency at wavelength A is then

QE% = 100 - 1240 -

I
7

> =

<

where )\ is in nanometers.

5.2 Experimental results

In this section, we will show that the photoresponse in the visible can be attributed
to charge generation in the quantum dot layer. Additionally, we find that chemical
treatment of the quantum dot layer results in an increase in quantum efficiency by

over an order of magnitude.

5.2.1 Control device without a quantum dot layer

The vacuum evaporated control device with the structure ITO/TiOy/TPD/Ag dis-
plays no response below the absorption edge of the TPD or TiO,, as shown in Figure
5-2. The band gap of both TiOy and TPD is roughly 3.2 eV [56]. Beyond the absorp-
tion edge, we observe a broad photocurrent peak and it is impossible to distinguish
the relative contribution of the TPD or TiO, layers.

One might ask why the quantum efficiency is fairly low, given that (a) TiOs
particles are efficient photoreactors for photocatalysis and (b) TPD is an efficient or-
ganic photoconductor for electrophotography. The answer is that photocatalysis and
electrophotography rely on the generation and transport of only one charge species,
whereas photodetectors depend on the transport of both charge carriers. In the case
of a TiOy particle in photocatysis, a photogenerated hole can remain deep in the

particle core while the electron travels to the surface in order to participate in oxi-
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Figure 5-2: Quantum efficiency % versus incident photon energy in eV of an
ITO/TiO2/TPD/Ag device without a quantum dot layer. The photoresponse above
3 eV is due to photoexcitation in both the TiO, film and the TPD film. No signal is
observed below 3 eV.

dation. In electrophotography, photo-excited electrons stay trapped in the bulk film
while holes can travel and accumulate at the drum surface. But in a heterojunction
photodetector, one charge species must cross the heterojunction border while the
other must travel the length of the film to the opposite electrode. Usually this occurs
according to the sequence of exciton generation, exciton diffusion to the junction in-
terface, dissociation at the interface and then transport of individual carriers to the

electrodes.

A number of issues can interrupt the excitonic process. In the bulk, the exciton
diffusion distance is limited by dissociation or recombination at traps sites. Often
the presence of oxygen will cause trapping and hence a lower quantum efficiency.
At the interface, intimate contact between films is necessary in order to promote
wavefunction overlap, which leads to efficient transfer of charge. Presently, we have

not characterized the morphology of the TiOy/TPD interface.
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5.2.2 Devices with a quantum dot layer

The photocurrent spectra of devices with an untreated CdSe layer (Figure 5-3b) and
with a treated CdSe layer (Figure 5-4b) largely mirror the absorption of the CdSe
quantum dots. The quantum efficiency of the treated device is greater than the
quantum efficiency of the untreated device by over an order of magnitude at the 550

nm absorption peak of the CdSe.

We obtain the absorption of the CdSe film by measuring the transmission of an
area of the substrate that is covered only by the CdSe film (Figures 5-3a & 5-4a).
The internal quantum efficiency is the quantum efficiency divided by the absorption,
shown in Figures 5-3c¢ & 5-4c. Note that the Ag back contacts are semitransparent
and we were unable to measure their reflection. The internal quantum efficiency is

low for both samples.

Compared to previous work by Ginger, et al. [22], the efficiencies presented here are
somewhat lower. In a simple ITO/CdSe/Al structure, Ginger observed a 4% quantum
efficiency at the first CdSe absorption peak of a 200 nm film with an absorption of
60%, which gives an internal quantum efficiency of around 7%. As we saw in chapter
4, resistive losses in our samples significantly limit the photocurrent, but at these low
illumination intensities, resistive losses shouldn’t play a significant role. However, the
presence of oxygen in the CdSe film may be trapping a large amount of charge in the
CdSe film. Additionally, trapped charge is likely to accumulate at the TiOs interface,
due to the potential barrier of approximately 0.4 eV (Figure 2-8). One way to test
if there is a charge transport bottleneck at the TiO, interface is to replace the TiO,

with a higher work function metal oxide like zinc oxide (ZnO) or tin oxide (SnO).

The increase in efficiency with butylamine treatment is consistent with the work
by Jarosz, et al. [23] on colloidal CdSe films (see section 2-4). As the CdSe film is
compacted by butylamine treatment (from 80 nm to 40 nm), the electronic interaction
between neighboring confined states is enhanced somewhat. Thus, we observe a slight
10 nm redshift in the absorption of the CdSe film due to a reduction in wavefunction

confinement. This redshift is also reflected in the photocurrent spectrum. It is pos-
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Figure 5-3: Absorption spectrum (a) of an 80 nm CdSe film. The quantum efficiency
% (b) of our ITO/TiO,/CdSe/TPD/Ag device is weak but measurable. The resulting
internal quantum efficiency is low (c).
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sible that greater wavefunction overlap results in longer exciton diffusion lengths, in
addition to increased conductivity as observed in chapter 4. At this point, we can-
not distinguish between the relative contributions of bulk and interfacial dissociation.
Nor can we evaluate the effect of butylamine on charge generation via passivation of

surface states.

5.3 Summary

We have presented the photocurrent spectra for quantum dot heterojunction pho-
todectectors and a control device without quantum dots. The magnitude of the
quantum efficiency is low, but displays distinct spectral traits of the CdSe film. Treat-
ment of the CdSe quantum dot film increases the photocurrent quantum efficiency by

over an order of magnitude.
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Figure 5-4: Absorption spectrum (a) of a 40 nm treated CdSe film. The quantum
efficiency % of an ITO/TiO,/CdSe/TPD/Ag device with treated CdSe is significantly
higher than that of the previously untreated device. The corresponding internal
quantum efficiency (c) is relatively even across the CdSe absorption.
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Chapter 6

Photocurrent-voltage

characteristics

In the previous chapter, we saw how the photocurrent spectrum can help us iden-
tify which device layers are photo-active. These measurements were performed at
zero bias to ensure that gain doesn’t interfere with the determination of quantum
efficiency. This chapter will focus on the voltage dependence of the photocurrent sig-
nal, using the third of three electrical characterization methods: photocurrent-voltage
characteristics. We begin with a description of the experimental apparatus and then

present data showing that the photocurrent saturates at around 1V of reverse bias.

6.1 Measurement apparatus

All of the device structures that we’ve studied in this work display a tendency to
develop large leakage currents when biased at only moderate (1 or 2 Volts) bias. This
complicates i-v measurements at low intensities because the dark current can drown
out the current in light. To address this problem, we’ve built a custom LabView-based
program that interfaces the monochromator and lock-in amplifier, and sweeps voltage
bias for a particular wavelength. The result is a measurement of the photocurrent
versus voltage that is less sensitive to dark current and other noise than regular i-v

measurements.

5



6.1.1 Description of measurement

This measurement is similar to photocurrent spectra, except that a Keithley 2400
source-measure unit is connected to the positive lead of the sample (Figure 6-1). The
response time of the 2400 is 30 us, much less than the chopping period used (usually
around 45 Hz, 22 ms). First, a wavelength is specified and the monochromator is
set. Then the Keithley applies a voltage to the sample and waits one second for the
lock-in to settle and another 0.5 seconds while the lock-in takes a current reading.

This process repeats until a full voltage scan is completed.

Xenon lamp

L]

>

: Monochrometer
Chopper
—

Sample

Keithley source-measure unit

Lock-in amplifier

Computer

Figure 6-1: Diagram of setup used to measure photocurrent-voltage characteristics.
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6.2 Experimental results and discussion

In this section, we will show that the photocurrent saturates at around 1 Volt. Ad-
ditionally, we find evidence that charge is being trapped in the quantum dot layer.
In figure 6-2, we plot the photocurrent versus voltage of the ITO/TiOy/CdSe/TPD
/Ag device with a treated CdSe layer. The photocurrent is given as the response,
which is essentially equal to the external quantum efficiency, but contains an impor-
tant distinction. The term quantum efficiency - the number of electrons generated in
the device per incident photon - is reserved for photocurrent measured at zero bias.
In contrast, we define the response as the number of electrons flowing through the
device per incident photon, aided by the application of voltage. This distinction is
relevant when the photocurrent gain is greater than 1. In this case, under applied
voltage, the number of generated electrons is not equal to the number of electrons

flowing through the device.

0al 550 nm |

Response [%)]

Voltage [V]

Figure 6-2: Response % of the ITO/TiO,/CdSe/TPD/Ag treated device, illuminated
at 450 nm and 550 nm.

Figure 6-2 shows the response at two different wavelengths, 550 nm (the first

absorption peak of CdSe) and 450 nm. The response is voltage dependent and falls
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to zero at 0.5 V| the built in voltage of the device. The voltage dependence can be
attributed to either field-dependent dissociation, a large series resistance, a low shunt
resistance, or a strongly field-dependent injection current. From our analysis of the
i-v characteristic in chapter 4, we know that injection current is blocked by the TiO,
and TPD transport layers. We also know that a large series resistance is present.
Because of this series resistance, we cannot distinguish between field-dependent or
field-independent dissociation.

Scanning to greater negative bias, as shown in Figure 6-3, reveals three important
qualities of the device. First, beyond a voltage of -1V, the photocurrent saturates
sharply. Second, a reversible hysteresis develops when saturation is reached. And

third, repeated scans yield lower and lower current values.
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Figure 6-3: Scanning to higher voltages reveals saturation of the photocurrent re-
sponse %. Illumination is at 550 nm. Both hysteresis and noise due to device insta-
bility at higher voltages are apparent.

Photocurrent saturation occurs when field-independent charge generating mecha-
nisms become dominant. For instance, the total number of photoexcited electron-hole
pairs is field-independent, whereas transport through a highly resistive layer is field-

dependent. We can interpret the saturation as a transition from Ohmic transport to
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a carrier-limited regime. The electric field at which saturation occurs is comparable
to that observed by Jarosz [23] in a planar device structure (described in section 2-4).
Assuming that the CdSe film is highly resistive, most of the applied voltage will be
dropped across this layer, leaving a lesser field drop across the TiO, and TPD films.
For a 40 nm CdSe film, the electric field is 4 x 10" V/m (considering a -1V applied
bias and -0.5V of built in bias), compared to a saturation field of 6 x 107 obtained by

Jarosz.

The magnitude of the saturation current is influenced by trapped charge at the
interface between CdSe and TiO,. Electrons that have accumulated at the interface
cannot tunnel into the TiO; layer unless a significant field (on the order of 108 V/m)
is applied across the TiOs. However, the field across the TiOs layer is likely to be
several orders of magnitude smaller, since the n-doped TiO, layer is expected to be
several orders of magnitude more conductive than the intrinsic CdSe layer. In this
case, the percentage of electrons that can inject into the TiOs film is determined solely
by thermal excitation over the potential barrier, which is independent of bias voltage.
The potential barrier at the TiO,/CdSe interface also effects exciton dissociation.
Excitons generated in the CdSe layer that diffuse to the TiO,/CdSe interface can exist
only briefly before recombining. The large potential barrier forces longer residence

times at the interface, resulting in a lower dissociation efficiency.

To get a sense for the reduction in efficiency associated with electron trapping, we
can compare the extraction efficiency of electron-hole pairs generated in the TPD in
the control device (Figure 6-4) versus the extraction efficiency of electron-hole pairs
generated in the TPD in the device with a CdSe layer (Figure 6-5). The efficiency
drops from 5% to 2.5% when the CdSe layer is inserted. This factor of two, however,
does not completely account for the low quantum efficiency observed when exciting
charge in the CdSe layer. Even considering 10% absorption in the CdSe film, the
internal quantum efficiency saturates at only around 3%. Multiplying by a factor
of two would bring the internal quantum efficiency up to the levels observed by
Ginger [22] (around 7%), but is still below the quantum efficiency of bulk inorganic
photodetectors, which is around 90%.
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Figure 6-4: Response % versus voltage of an ITO/TiOy/TPD/Ag device without a
quantum dot layer. The sweep was repeated several times with no degradation.
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Figure 6-5: Response % at 360 nm shows saturation, hysteresis and signal degradation
between sweeps.

80



Further evidence that the photocurrent signal is dominated by trapped charge is
given by the strong hysteresis observed in all samples containing a quantum dot layer.
When scanning from negative bias upward, the photocurrent drops off precipitously
and flattens out as the voltage approaches zero. Note that we have repeated this
procedure by hand with long wait times between voltage steps and obtained identical
results. Hysteresis is also observed when exciting only the TPD film (Figure 6-5) in
devices containing the CdSe layer, which implies trapping of electrons as they pass
through the CdSe layer on their way to the TiO, film. No hysteresis is observed in
the control device without a CdSe layer (Figure 6-4).

Devices containing the CdSe layer also exhibited a decaying signal from scan to
scan that did not seem to recover with time. We speculate that the CdSe layer is
experiencing oxidization. The i-v measurements taken under nitrogen (described in
chapter 4) did not show any form of degradation. Further measurements are needed

in order to characterize the effect of oxygen on the charge generation efficiency.

6.3 Summary

We have presented photocurrent versus voltage measurements for a photodetector
with and without a quantum dot layer. We observe photocurrent saturation at an
applied bias of -1V. Hysteresis is present in devices containing a quantum dot layer,
but absent in devices without a quantum dot layer. We propose that the hysteresis and
low quantum efficiencies are due, to some extent, to trapped charge at the CdSe/TiOq

interface.
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Chapter 7

Conclusion

This thesis has explored the use of colloidal quantum dots in a novel heterojunction
photodetector. The photodetector, consisting of a solution processed layer of CdSe
quantum dots sandwiched between TiO, and TPD, is the first colloidally-grown quan-
tum dot based device to exhibit low dark current in reverse bias, an essential feature
of high performance photodetectors.

From current-voltage measurements, we have identified high internal resistance
of the CdSe film as a major limitation to device performance. We found that treat-
ment with butylamine improves the film conductivity, but further work is needed
to either (a) reduce the resistance of CdSe films or (b) fabricate high surface area
structures that can accommodate ultra-thin CdSe films. From photocurrent spectra,
the quantum efficiency of the device is found to be slightly lower than that reported
by other groups. We suspect that trapping at the TiO,/CdSe interface is interfering
with the charge separation process. Under applied bias, we found that the photocur-
rent signal saturates in reverse bias, which is consistent with charge blocking at both
electrode interfaces. We also observed strong hysteresis when scanning the applied
voltage, which is consistent with trapped charge in the CdSe layer. In order to reduce
trapping in the CdSe film, future device designs should use an alternative electron
transport layer with a larger electron affinity, thus reducing the potential barrier at
the quantum dot/electron transport layer interface. Zinc oxide (ZnO) or tin oxide

(SnO) are good candidates.

83



The idea of surrounding a quantum dot film with wide-band-gap amorphous semi-
conducting contact layers in order to achieve superior device characteristics is widely
applicable to other photosensitive material genres, such as organic small molecules,
conjugated polymers, j-aggregates and biological photosystems. Without the need for
expensive epitaxial techniques, device structures of this sort could lead to inexpensive,

large area and efficient photodetection or light harvesting systems.
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Appendix A

Procedure for pattering I'TO-glass

substrates

This document describes the procedure developed by John Kymissis for photolitho-
graphically patterning [TO-coated glass substrates, beginning with large 13”7 x 13”
ITO-glass sheets. Following this procedure results in 4%” X 4%” patterned I'TO glass
slides that can then be cut into one inch or half inch substrates with the dicing saw.
The 4%” glass fits perfectly into our 170 x 90 mm pyrex crystallization dishes, which
is useful when etching the ITO and stripping off the resist film. The 13” x 13”7 ITO-
glass sheets and pyrex beakers are generally kept in the cabinet in the instrument

TOO0111.

A.1 Supplies
e 13”7 x 13”7 ITO-glass sheet
e Diamond scribe
e 2 containers suitable for developing resist

Acid-resistant wafer tweezers

Sodium carbonate

2 170 x 90 mm pyrex crystallization dishes
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ITO etchant

Hot plate

Butyl gloves

Face shield

Isopropanol

Ohmmeter

A.2 Procedure

1. Cut 13” x 13” sheets to size

(a) Roughly measure out and mark 4%” X 4%” sized pieces

(b) Scribe and break by hand

2. Pre-clean ITO-glass
(a) Wipe with texwipe wetted with 2% micro90 in HyO
(b
(c

(d) UV-ozone for 5 minutes

Rinse with H,O and then with isopropanol
Blow dry

)
)
)
)

3. Lamination

(a) Mark ITO side
(b) Turn on laminator and set temperature to 110C at speed = 1

(c) Wait until roller is heated (display with say “ready”) and press “run” to
laminate

(d) Cut sample out of film, leave 1 cm margin around edge

4. Exposure and development
(a) Mix up developer: 1% sodium carbonate in HoO (10 g in 11)
(b) Fill second tank with Hy,O
(c) Place sample in drawer, safe from UV exposure

)

)

(d) Set exposure to 14 units on the photolith machine

(e) Press start and leave room until UV lamp is extinguished
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(f) Place sample under glass plate and apply vacuum
(g) Expose samples

)
)

(h) Cut top film around edge of sample

(i) Remove top and bottom films, leaving middle resist layer
)

(J

Develop in sodium carbonate bath until reflection of room lights can be
seen in developed areas

(k) Rinse in HyO when developed

(1) Dispose of developer in the drain and rinse containers

5. Etching

(a) Using butyl gloves and face sheild, fill pyrex dish with stock ITO bath

(b

(c

(d) Remove with acid resistant tweezers and rinse with water in fume hood
sink

)
) Apply medium heat (setting = 3)

) Etch sample for 15 minutes

)

(e) Blow dry and test conductivity of etched ITO regions

(f) Carefully pour ITO etch into a large beaker using a funnel and then pour
etch back into its original jar using funnel

(g) Thoroughly rinse pyrex dish, let dry and return dish to instrument room
6. Stripping

(a) Fill the other pyrex dish with isopropanol
(b) Strip remaining photoresist

(c¢) Rinse pyrex dish with isopropanol, let dry and return dish to instrument
room
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Appendix B

Procedure for cutting patterned

ITO-glass using the dicing saw

This document describes the procedure for cutting half inch substrates out of a 4%”
X 4%” piece of patterned I'TO glass. Most supplies are located in the second from the
top cabinet drawer closest to the dicing saw. The wafer-mounting film is located in
the larger cabinet drawer and should be kept wrapped in black plastic to minimize
UV exposure. To release substrates from the mounting film after cutting, place under
UV lamp for 20 minutes. Consult the dicing saw manual located next to the saw for

more detailed information. Please wear eye protection when operating the saw.

B.1 Supplies
e Wafer-mounting film

Razor blade

e Scrap piece of ITO-glass

e Dicing saw blades suitable for cutting glass

Adjustable wrench

Allen wrench 5/16”

e Tweezers
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e 3 pinned blade holder disassembly tool
e Ohmmeter

e Eye protection

B.2 Procedure

1. Laminate glass sample to wafer-mounting film

Cut out segment of mounting film

(a
(b

)

) Tear end to separate plastic backing film from adhesive layer
c) Place adhesive layer face up on counter
)

)

(
(d

(e) Press the glass onto the film and slowly slide both over the edge of the
counter, applying pressure at the counter edge where the glass and film
intersect

(f) Avoid air bubbles between the glass and film

Hold glass, ITO side up, at a 45° angle above the film

(g) Trim film with razor as close as possible to the edge of the glass
2. Inspect saw

(a) Consult log book to see if a Si or glass blade is installed.

(b) Always remove plastic safety window and inspect blade, regardless of
whether you need to change the blade or not. Check to ensure that the
blade is not broken and that the holding nut is secure.

3. Change blade

(a) Unscrew the holding nut with an adjustable wrench by turning the shaft
with a hex wrench.

(b) Remove washer
(c¢) Use blade removal wand to extract blade holder piece

i. Turn on vacuum pump

ii. Turn on vacuum to blade removal wand by flipping switch under front
left side of dicing saw

iii. Place wand flush against saw holder piece and pull out saw holder
piece

iv. Turn off vacuum to wand

v. Turn off vacuum pump
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(d) Open blade holder piece with 3 pin tool

(e) Remove blade with tweezers, replace, reassemble holder piece, remount
onto shaft, remount washer, tighten nut and fasten window

4. Programing dicing saw

(a) Press and turn “Stop” button to turn on dicing saw

(b) Press “Program,” chose a parameter, enter value given in the table below
and press “Enter.” Units are in Mils

Parameter Description Value
Mode substrate shape and cutting sequence 30
1st Index length between cuts in y-direction 495
2nd Index length between cuts in x-direction 495
Height thickness of mounting film 3
Thickness thickness of substrate 46.5
Angle angle between cutting directions 90
Speed Mils/sec 500
* substrate dimension in y-direction 4666
Dia substrate dimension in x-direction 4666

(c) Press “Reset”
5. Start saw

(a) Turn on vacuum pump
(b) Turn on nitrogen until resistance on multimeter drops

(c) Press “Spindle” to start saw
6. Zero chuck

(a) Put metal gauge disk on chuck
(b) Press “Lock” to turn on vacuum to chuck
(c) Press “Chuck Zero”
(d) Press “Unlock” to release vacuum

)

(e) Remove gauge disk

7. Make a test cut for reference
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(a) Laminate mounting film to a test piece of ITO glass
(b) Place test sample on chuck and press “Lock”

(c) Press “Align” and “Single Cut” to make one test cut down middle of
sample

(d) Turn on monitor

(e) Move horizontal reference line on screen to center of previous cut by press-
ing “up” or “down” on side of camera housing.

(f) Press “Fast” and “Left” to move chuck away from blade

(g) Press “Unlock” and remove test sample
8. Align and cut substrates

(a) Mount new sample
(b) Align patterned markers on substrate with reference line on monitor

(c¢) Press “Autocut” to automatically cut all streets and then rotate chuck by
90°

(d) Repeat alignment and press “Autocut”
9. Remove sample and shut down system

(a) Press “Standby” to stop saw
(b) Press “Unlock” and remove sample

¢) Turn off vacuum pump

(
(d

Turn off nitrogen

e) Turn off monitor

)
)
)
)
)
f)

(
(

Press “Stop” to turn off system
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Appendix C

Procedure for solgel deposition of

TiO, films

This document describes the procedure for preparing thin (100 nm) films of titanium
dioxide (TiOg) from a liquid titanium ethoxide solgel, a TiOy precursor. Films are
spin deposited and then heated at 500C for 30 min in order to convert the precursor
into TiO; and sinter the resulting grains (Figure 3-1).

Note that the solgel cross-links in the presence of water. With time, the solution
becomes cloudy and too viscous to spin crack-free films. Stabilizing the solution with
hydrochloric acid (HCL) can make it last up to a week, but be aware that films spun
at the same speed will become thicker over the course of time.

Once the TiO, films have been sintered, they should be transfered to the glove box

before cooling below 100C in order to prevent water from adsorbing on the surface.

C.1 Hazards

Titanium ethoxide oxidizes easily and is highly flammable. Care should be taken to
use it only in the right glove box or under a fume hood. Our main supply jar should
not be removed from the right glove box.

HCL is a strong acid that can seriously burn your skin. Always wear black butyl

gloves, a protective face mask, lab gown and pants. In case of contact with skin,
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rinse thoroughly with water and seek medical attention immediately. If clothing is
splashed with HCL, remove it immediately. HCL can be disposed of in the drain with

plenty of water. Never add water to a container of acid.

C.2 Supplies
e Titanium ethoxide
e Patterned ITO substrates
e Ethyl-alcohol
e Hydrochloric acid (HCL)
e 2 110 ml beakers
e 120 ml vial ?
e glass pipettor
e 1 ul micropipettor
e 3 1ml syringes and needles
e 1 10ml syringe
e Stir bar
e Large 4’ quartz purification tube

e 1’ quartz tube

C.3 Procedure

1. Make ethanol solution
(a) Pour 20 ml or so of ethanol into a 110 ml beaker
(b) Transfer 10 ml of ethanol into the 20 ml vial and add stir bar
(c¢) Pour a couple of milliliters of H,O into a 100 ml beaker

(d) Add 0.25 ml of HyO to vial of ethanol
2. Add HCL to solution

(a) Prepare glass pipetter
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(b) Put on butyl gloves and face mask
(c) Add 10 drops of concentrated (36-38%) HCL to ethanol solution
3. Add precursor to solution
(a) Transfer a 1 ml syringe, an empty 10 ml vial and needle into the right
glove box
(b) Transfer 1.5 ml of ti-ethoxide to empty vial and remove from glove box

(¢) With micropipettor, add 1 ml of ti-ethoxide to stirring ethanol solution
4. Heat solution

(a) Set temperature on hot plate to 33C, corresponding to 60C
(b) Heat for a half hour

5. Prepare ITO-glass sildes

(a) Clean ITO-glass slide
(b) UV-ozone for 5 min
(c) Mask edges of slide with Scotch tape under laminar flow hood

6. Spin TiO, film

(a) Set spinner to 2000 rpm for 30 secs, ramp rate of 10,000

(b) Set micropipettor to 100 ul for half inch slide and 200 pl one inch slide

(c) Place sample on spinning chuck and activate vacuum

()
)
)

d) Deposit solgel and spin

e) Active vacuum and remove scotch tape with substrate on chuck

f

(
(f) Release vacuum and remove substrate
7. Transfer slides to tube oven

(a) Under laminar flow hood, place slide in 1’ quartz tube

(b) In purification room, place 1’ quartz tube in large purification tube
8. Attach purification tube to tube holder apparatus

(a) Open tube oven and place purification tube on fiberglass interior

(b) Clean around end of purification tube, inside tube holder apparatus and
inside assembly parts with isopropanol and a labwipe

(c) Slide compression seal nut, then compression ring and then the o-ring onto
the purification tube

(d) Slide tube into tube holder apparatus
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(e) Bring o-ring flush with edge of tube holder and screw in compression seal
nut while keeping tube perfectly horizontal

9. Pump down purification tube

(a) Close vent valve

(b) Open valve to roughing pump, making sure that the valve to other purifi-
cation system is closed

(c) Close tube oven

(d) Wrap Aluminum foil around oven opening on Zone 1 side to keep heat in
10. Fire TiO, film in tube oven

(a) Set tube oven to 500C and wait approx 1 hour until temperature reaches
500C

(b) Allow slide to bake at 500C for 30 minutes
11. Shut down system

(a) Press black power switch to turn heat off and wait until temperature cools
to around 200C
(b) Close backing valve

(c) Open vent valve slowly to vent the tube
12. Remove samples from oven

(a) Using insulated gloves, unscrew tube from holder

(b) Tilt tube slightly, open end down, and gently tap on end of tube to slide
out insert tube

(c) Place insert tube directly into glove box, taking care not to let substrates
cool below 100C while exposed to air
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Appendix D

Procedure for purification of

organic materials

This document describes the procedure developed by Debbie Mascaro for purifying
organic small molecule powders by thermal gradient sublimation. Following this
procedure results in high-purity organic material suitable for device manufacture.
We use a turbo pump to maintain high vacuum inside a quartz purification tube
(Figure 3-4). The tube is heated by a tube oven capable of applying a temperature
gradient across the tube.

High-purity material is obtained in the following way. The organic source mate-
rial is heated above its sublimation temperature in Zone 1 and is deposited in Zone
2 where the temperature is kept below the sublimation temperature. Residual impu-
rities remain in Zone 1 and volatile impurities collect in Zone 3, which is kept at a
temperature well below that of Zone 2. The high-purity organic can be collected off
the sidewalls of the quartz insert tube with a clean spatula.

The large 4’ quartz purification tubes are stored in the fume hood in the Chemistry
lab. Clean insert tubes are stored in the third drawer under the tube oven. Spatulas
are located in the drawer under the tube oven. To prevent cross contamination, they
are to be used with only one material and are labeled accordingly. Always clean
spatulas before and after use and wrap in Aluminum foil when done.

Each purification setup has a log book. You must make an entry if you use the
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system for any purpose. Consult past entries in the log book to determine which

temperature profile to use for your material.

D.1 Hazards

Adverse health effects of some organic materials have not been fully evaluated. Always
handle organic powders under a fume hood. Wear gloves when operating tube oven,
which may be contaminated with organics. Store used purification tubes under the

fume hood in the Chemistry lab.

D.2 Supplies

Spatula

4’ quartz tube, rounded on one end

e 3 1’ quartz tubes

2 6”7 quartz tubes, rounded on one end

Quartz wool

Aluminum foil

D.3 Procedure

1. Assemble quartz tubes

(a) Place quartz tubes and source material in fume hood
(b) Clean the spatula

(c) Transfer approximately 5 grams of the source material into one of the 6”
insert tubes

(d) Clean the spatula

(e) Place insert tubes inside large tube one by one, sliding each in carefully
(f) Cover end of 4’ tube

2. Attach purification tube to tube holder apparatus

(a) Open tube oven and place purification tube on fiberglass interior
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Clean around end of purification tube, inside tube holder apparatus and
inside assembly parts with isopropanol and a labwipe

Slide the compression seal nut, then the compression ring and then the
o-ring onto the purification tube

Slide tube into tube holder apparatus

Bring o-ring flush with edge of tube holder and screw in the compression
seal nut while keeping tube perfectly horizontal

3. Pump down purification tube

Close vent valve

Open valve to roughing pump, making sure that the valve to other purifi-
cation system is closed

Wait for pressure to drop below 0.1 Torr (you may have to tighten the
compression seal nut further)

Turn on turbo pump
Close tube oven

Wrap Aluminum foil around oven opening on Zone 1 side to keep heat in

4. Set ramp rate and temperature for each zone on tube oven

Press @ until screen shows “SPrr” and input ramp rate

Press @ and @ to set ramp rate

Press @ again until screen shows “Stat”

Press @ to change temperature ramp status from “off” to “run”
Press @ to finish programming

Press @ and @ to set temperature
Press black power switch to turn heat on

Wait around 8 hours for oven to reach target temperature and for material
to migrate toward Zone 2

5. Shut down system

(a) Press black power switch to turn heat off and wait until temperature cools

to room temperature

(b) Turn off turbo pump, close backing valve and wait until turbo spins down

(c) Open vent valve to vent the tube

(d) Unscrew tube from holder
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(e) Place tube in fume hood
6. Collect purified material
(a) Tilt tube slightly, open end down, and gently tap on end of tube to slide
out insert tubes
(b) Clean spatula

d

)
(¢) Scrape out purified material and place tube in base bath
(d) Clean spatula

)

e ean out residual impurities from firs ube and place tube in base
Cl t residual i ities f first 6” tub d pl tube in b
bath

(f) Place other insert tubes that are excessively dirty in base bath, otherwise
re-insert tubes into 4’ tube and store in fume hood in the Chemistry lab.
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Appendix E

Procedure for measuring
current-voltage characteristics

under 1illumination

This document describes the procedure for measuring current-voltage characteristics
using the computer controlled HP 4146B setup in room 26-444. Following this pro-
cedure results in a measurement of current-voltage curves in dark and at various

illumination intensities.

E.1 Calibration

To roughly characterize the light intensity incident on your sample, use a Newport
818-UV photodiode with an OD 3 filter. The responsivity of the photodiode with
filter attached is 3.5 x 10™* A/W across almost all of the lamp emission spectrum.
The surface area of the detector is 1 cm?. Placing the detector surface nearly an inch

away from the light source gives the following approximate intensities:
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Voltage (V) | Intensity (mW/cm?)
0 a
2 0.1
4 2
6 8
8 20
10 30
12 48

E.2 Apparatus

e HP Semiconductor Parameter Analyzer 4145B
o Agilent E3615A DC power supply 0-20V 0-3A
e Xenon bulb and housing

e LabView program “ivmeasure6.vi”

E.3 Procedure

1. Connect HP to rear panel of DC power supply (Figure E-1)

(a) Connect the positive lead of VS1 to the connection labeled +CV
(b) Connect VS1 ground to the connection labeled -CV
(c) Flip CV switch to remote setting

2. Turn on equipment

(a) Turn on HP 4145B
(b) Turn on DC power supply

(¢) Open “Shortcut to ivimeasure6.vi” located on the desktop
3. Connect sample and Xenon lamp

(a) Connect SMU 2 to sample high
(b) Connect SMU 3 to sample ground
(¢) Connect DC power supply output to Xenon lamp
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4. Take measurement (Figure E-2)

(a) Configure measurement parameters

(b) Press play

5. Save and print data (Figure E-3)
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Figure E-3: Data is displayed in a new window

(a) Enter filename and path
(b) Click “Print?” and “Save?” buttons
(c) Press play
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Appendix F

Procedure for measuring

photocurrent spectra

This document describes the procedure for measuring photocurrent action spectra
in the visible range of the electromagnetic spectrum using the computer controlled
photocurrent setup located in room 26-444. Following this procedure results in a
measurement of quantum efficiency versus wavelength.

The monochromator wavelength is controlled by the laptop via the RS232 port
since the GPIB interface is unfortunately not functional. Still, the RS232 communica-
tion is not perfect. When opening the Labview software that runs the monochromator,
“gotowavers232.vi,” it is necessary to run it once, press stop and then run it again.

The lock-in is interfaced to the laptop via GPIB.

F.1 Cautions

Care should be taken to avoid overloading the lock-in. If the input signal is much
greater than the scale setting, the lock-in can be damaged. Always set the lock-in
input scale to a low sensitivity (high current) setting before connecting any device
and then step down the scale to the appropriate value. Always leave the lock-in at
the lowest sensitivity setting.

The lifetime of the Xenon lamp is finite, so do not leave the lamp on unused for
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long time periods. On the other hand, the lamp lifetime decreases with every power

on, so try to minimize power on/off cycles.

F.2 Apparatus

e Oriel Instruments Xenon arc lamp

e Oriel Instruments Cornerstone monochromator 1/8 m 74000
e Stanford Research Systems SR540 chopper

e 2 lenses

e Newport photodiode 818-UV

e Stanford Research Systems SR830 DSP lock-in amplifier

e LabView program “gotowavers232.vi”

e LabView program “photocurrlockin3d.vi”

F.3 Procedure

1. Turn on lamp

(a) Press power on button
(b) Press lamp on button
(c) Set wattage to 150 W
(d) Wait half an hour for lamp to stabilize

2. Turn on chopper

(a) Flip power on switch located on the back right side of the chopper
(b) Connect the chopper BNC output to the lock-in reference channel
(¢) Tune the chopper frequency

3. Turn on monochromator

(a) Attach the RS232 cable to monochromator and laptop
(b) Press power on button

(¢) Set the input and output apertures to desired widths
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4. Set wavelength with laptop

(a) Open LabView program “Shortcut to gotowavers232.vi” located on the
desktop (Figure F-1)

B gotowavers232.vi =10l x|
Eile Edit Operate Tools Browse MWindow Help

Figure F-1: LabView program “gotowavers232.vi” is used to set the wavelength of
the monochromator

(b) Set the destination wavelength to 475 nm (the wavelength at which the
intensity is greatest) and press play

5. Mount reference photodiode

(a) Place reference photodiode at focal point of incident beam

(b) Set scale on lock-in to highest (least sensitive) setting by pressing up arrow
repeatedly

(c¢) Connect photodiode BNC to lock-in channel A

(d) Set scale on lock-in appropriate to signal
6. Take calibration spectrum

(a) Set scale on lock-in
(b) Open LabView program “Shortcut to photocurrlockin3.vi” (Figure F-2)

(¢) Choose correct lock-in scale on “photocurrlockin3.vi”
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Figure F-2: LabView program “photocurrlockin3.vi” is used to measure the pho-
tocurrent spectrum

(d) Type in path and filename to save
(e) Press play

7. Mount sample

(a) Place active area of sample at focal point of incident beam
(b) Connect sample to lock-in

(c) Set scale on lock-in appropriate to signal
8. Take photocurrent spectrum

Choose correct lock-in scale on “photocurrlockin3.vi”
b

(c

(d) Press play

(a
(b) Type in path and filename to save
Type in reference filename and path of previous calibration

)
)
)
)

9. Shutdown

(a) Set scale on lock-in to highest setting
(b) Turn off chopper

(c¢) Press lamp off button on lamp
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(d) Press power off on lamp

(e) It is not necessary to power off the monochromator or lock-in
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