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ABSTRACT

Excitons in Cuprous Oxide: Photoionization and Other Multiphoton Processes

Nicholas Laszlo Frazer

In cuprous oxide (Cu,O), momentum from the absorption of two infrared photons
to make an orthoexciton is conserved and detected through the photon component of
a resulting mixed exciton/photon (quadrupole exciton polariton) state. I demonstrated
that this process, which actually makes the photon momentum more precisely defined,
is disrupted by photoionization of excitons. Some processes are known to affect exciton
propagation in both the pump and exciton stages, such as phonon emission, exciton-
exciton (Auger) scattering, and third harmonic generation. These processes alone were
not able to explain all observed losses of excitons or all detected scattering products,
which lead me to design an optical pump-probe experiment to measure the exciton pho-
toionization cross section, which is (3.9 +0.2) x 10722 m?. This dissertation describes the
synthesis of cuprous oxide crystals using oxidation of copper, crystallization from melt
with the optical floating zone method, and annealing. The cuprous oxide crystals were
characterized using time and space resolved luminescence, leading to the discovery of new

defect properties. Selection rules and overall efficiency of third harmonic generation in



these crystals were characterized. Exciton photoionization was demonstrated through the
depletion of polariton luminescence by an optical probe, the production of phonon linked
luminescence as a scattering product, temporal delay of the probe, and time resolved
luminescence. The results are integrated with the traditional dynamical model of exciton
densities. An additional investigation of copper/cuprous oxide/gold photovoltaic devices
is appended.

I can be reached by email at laszlo@laszlofrazer.com.
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CHAPTER 1

Introduction

An exciton is an excited state of a semiconductor. It occurs when the two charge car-
rying particles in a semiconductor, the electron and the hole, bind together. The binding
can be analogous to the way electrons and protons form an atom [9]. Excitons are impor-
tant to the fields of quantum computation, sensing, photocatalysis, and photovoltaics (A
photovoltaic device is addressed in the appendices.).

The primary advantage of an exciton over an atom is that a hole has a much lower mass
than a proton, so the exciton is intrinsically closer to the regime where quantum mechan-
ical behavior is important. That relaxes some of the constraints for quantum behavior
imposed on atomic systems. In particular, the difficult electromagnetic microKelvin to
nanoKelvin cooling techniques needed for atomic physics research can be replaced by sim-
ply submerging the host crystal in liquid helium, placing the excitons in thermal contact
with the cryogen.

The exciton has an additional practical advantage that, unlike an atom, it does not
need to be isolated in a high vacuum system in order to get a reasonable trapping time.
However, like positronium, the exciton is composed of a particle and its antiparticle, which
tend to annihilate, producing photons. Cuprous oxide is an ideal system for fundamental
exciton research because it is one of the few semiconductors that has positive parity
symmetry for both the exciton and the valance band (Ag,O is similar [I0]), implying that

the exciton cannot decay into a negative parity photon.
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There are two loopholes to the parity rule: First, if the exciton is in the correct spin
state and has the correct momentum, it can form a new particle. This is called an exciton
polariton, which is a quantum superposition of a photon and an exciton. The photon
portion of the particle may escape from the cuprous oxide. The exciton polariton forms
via a weak quadrupole coupling. Second, the exciton may emit both a phonon (a quantum
of sound) and a photon. Despite these decay channels, the exciton lifetime can be as long
as 13 us [11], much longer than the positronium lifetime of 0.1 us.

This thesis was largely inspired by a diagram [I2] which is presented in simplified
form in Figure . In the diagram, three photons are absorbed into an electron/hole
continuum state. However, it is unclear if the exciton state is occupied first. Third
harmonic generation, where the exciton state does not play any role in the formation of
the continuum state, is known and is characterized in detail in Chapter [6l Two photon
absorption to produce an exciton state is also well known, with additional investigations
ongoing. Breaking of the state prepared by two photon absorption is demonstrated in

Chapter [7], leading to the conclusion that both interpretations of Figure [I.1] are correct.



k— 2.0335 eV Exciton

A

AL
7

Ground State

Figure 1.1. An energy level diagram where the excited state may or may
not be occupied before the third photon is absorbed into a continuum state.
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CHAPTER 2

Background: Excitons and Cuprous Oxide

There are several important and exciting aspects to the mechanics of excitons in
cuprous oxide. Many of these have known complications, while other processes are barely
understood. Here I try to link together the literature with a common quantum operator
language and useful citations, with the reservation that some operators are not understood

well enough to be practically useful.

2.1. The Exciton Hamiltonian

X1 is the Is yellow exciton creation operator. X is the annihilation operator. o
represents the exciton kinetic energy. éf, é are for electrons, fALJf, h are for holes, %TE, AE are
for photons with energy E, and fT, [’ summarize the many phonons [13], [14]. vt represents
energy loss which has not been explained yet, which might be caused by the emission of
one or more undetectable phonons. Ry is the exciton Rydberg energy. Some interesting
terms in the exciton Hamiltonian are listed below. Not all interactions nor all of their

parameters are included. For example, the higher lying exciton states [I5] are ignored.



(orthoexciton)
(paraexciton)

(two-body interactions)

(longitudinal phonon emission)
(longitudinal phonon absorption)

(phonon linked decay)
(phonon linked absorption)
(light absorption)

(two photon absorption)
(electron-hole binding)
(polariton mixing)
(photoionization)

(two exciton decay)

(third harmonic absorption)
(third harmonic absorption)
(strain)

(magnetic)

(electric field gradient)

+ /OO DYXL o Xp dEx
Ex=0
+FIT4L g X
+GX'Tp m + IX Tp, g,
+ap, e W iEa06 v

+ XA ovA2.033—2 ov
+JXYTeh

+ KX540.0330v + K X031 g330v
+ LXEh Apary

+ MethTX X

+ Néeth e vy eviE>2.69-0—y oV
+ PX5As evAy evi2.083-a—y oV

+ Hy

+ Hp,

+ Hyg
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2.2. Interactions

The two-body interaction potential between excitons Vj; is not known. There is a
detailed proposal available for 2D femtosecond spectroscopy [16] which suggests four wave
mixing can be used to perform y® spectroscopy to identify resonances owing to biexcitons.
Estimates of the (probably spin dependent) binding energy range from 3.3 to 13 meV [16l-

19].

2.3. Phonon Emission

The phonon modes of cuprous oxide have been thoroughly explained [20], 21]. Phonon
emission is a crucial cooling mechanism when excitons are produced via electron-hole
recombination [22]. The cooling efficiency is dependent on the temperature of the exciton
gas. Applying a strain can greatly increase phonon emission [23]. Excitons can decay
by emitting a photon and a phonon. There is a usefull spectrum for identifying these
processes [24]. Inverse processes are dramatically apparent in the absorption of thin

samples [25].

2.4. Light Coupling

Cuprous oxide excitons have strict optical selection rules. A common approach to
exciton formation is light absorption (producing an electron and a hole which are not
bound) followed by the electron-hole binding process, where energy is lost through a
mechanism which has not been studied in detail. Orthoexciton-polariton dispersion has

been described [26], including magnetic field [27]. Two photon absorption is illustrated
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o "X 2w

Figure 2.1. Two photon absorption can produce orthoexcitons. Depending
on the absorption selection rules, a spin flip may be required to form a
polariton subsequently. The blue wavy lines represent the absorbed pho-
tons. The circles represent the electron and hole. The stars represent the
annihilation of the electron and the hole. Finally, the green wavy line rep-
resents polariton luminescence. The superposition of the exciton state and
the luminescence to form a polariton is not illustrated.

in Figure [2.1, The strain, spin, momentum, and polarization dependent selection rules
for two photon absorption and the related state symmetries have been well described
[28]. The two photon absorption coefficient 3, which governs the efficiency of two photon
absorption 8%, has been measured [29]. The two absorbed photons need not have the
same wavelength [30]. There is a theory and some applications of the dependence of
two photon absorption on the spectral phase [31), [12]. One dramatic demonstration that
two photon absorption is not like second harmonic generation is two photon coherence
storage [8]. There is also a polariton associated with the transition between the 1s yellow

orthoexciton and 1s blue orthoexciton [15].
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Symbol Value (eV)

a —2.15
b —0.43
d 0.36

Table 2.1. Deformation Potentials of Cuprous Oxide [I]

2.5. Strain
For a strain tensor £, and angular momentum operator L, the strain terms of the
Hamiltonian are [I}, 32]

1
(2.1) Hy = aTré + 3bsy (L? —~ §L2) — V/3deij (L;L; + L;L;)

where a,b, ¢ are shown in Table 2.1, This perturbation partially or totally lifts the de-
generacy (or near degeneracy [33]) of the orthoexciton. Inhomogeneous strains play an

important role in Chapter

2.6. Magnetic Field

Like strain, magnetic field B can lift degeneracy. The magnetic term of the Hamil-

tonian in terms of electron/hole masses, g-factors, and spin operators S is [I]

(2.2) Hy = —;h 9.B - (236 — e (98, + L))
Me

ge Mp,
2.7. Auger Processes
The Auger process destroys two excitons, leaving an electron and a hole e'ht X X. The

exciton dynamics are described by

(2.3) — = —An?
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Source Method | Temperature (K) | Photons Power Density W / m? Energy Density J/m? A (em3ns—1)
3] | Absorptive 2.6 2 251012 0.25 <10
35] | Temporal 2 1] 20-10*=2.0-10°[5.0-10°=5.0-10"* | (7.5 £ 0.5) - 10~ 17
36J Temporal 70 1 1.5- 1011 0.9 6.5 - 10_17
36: Temporal 70 1 1.2 1010 0.072 5.5 10717
36] | Temporal 70 1 8.6 10% 0.005 4.8-10717
[37J Temporal 2 1 7 - 108 - 7- 1010 0.002-0.2 None
38] | Temporal 2-212 1]9.0-10" —1.8-10" 4.5-8.9 (L0107
SQJ Temporal 0.82 1 2. 107 —1- 109 1-50 10718
40) Temporal 5-80 1 < 1.3- 103 CW | 3.7 x 10_16 X 3i1
47] Spectral 2 2 92 -6.2-10°|1.4-107-8.6-10°° 2510716
20 Z-scan 2 2 107 —5- 10T 3-107°—15 5.5-10717
[2J Theory 0 8- 10721
2J Theory T 4. 10_21T
3J Theory 0 5- 10716
13] Theory T 1-1077/T
[42J Temporal 3 2 1016 — 1017 3- 102 -3 103 Il/a

Table 2.2.  Auger constants from the literature. The temperature column
indicates the cuprous oxide lattice temperature, not the exciton tempera-
ture. The “Photons” column indicates the number of excitation photons
needed to produce each exciton. Calculations [2, 3] have been disputed
[4, 5].
where n is the exciton concentration and A is the Auger constant, which depends on the
exciton state.
Table lists Auger and related biexciton formation constants from the literature.

Most of the literature focuses on producing excitons thermalized to the lowest possible

temperature.
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CHAPTER 3

Cuprous Oxide Synthesis

Preparing cuprous oxide is a very active field of research. There have been many recent
publications on preparing cuprous oxide films [43H55], particles [56H69], wires [70H73], and
even nano- “flowers” [74, [75] for applications such as photovoltaics, catalysis, sensing, and
energy storage.

The supply of bulk crystals, however, is limited. Most studies rely on samples with
undisclosed geological origins. These are typically small and have inconsistent quality.
Anecdotally, often [110] faces are exposed. I have often used a sample obtained from
the Ray Mine (presumably Arizona) purchased from Arkensone, 1300 E Arapaho Rd,
Richardson, TX 75081 because this sample had conveniently exposed [100] faces (Figure
. This is presumably related to its unusual cube-like shape. Northwestern has several
other geological samples in stock with varying levels of documentation.

Several things motivate synthesis of cuprous oxide crystals:

e Synthesis is necessary for reproducible results. Acquired samples may include
grain boundaries, atomic impurities, inclusions (large impurities), vacancies, and
strain. Evaluating these properties is difficult and usually only possible after
purchase.

e Reliable supply.

e Enabling destructive experiments.
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Figure 3.1. Geological sample from the Ray Mine, before preparation.

e Choice of sample geometries.
e Control over sample properties through defect manipulation.

e Building collaborations with other research groups which need samples.
A desirable cuprous oxide sample

e Has large grains. The impact of grain boundaries is not well understood (though
some recently discovered facts will be presented) so it is best to avoid them.
“Large” means big enough to cut away, or > 1 mm in each direction. Single

crystals have the additional advantage of well-defined optical selection rules.
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e Is phase pure. Cupric oxide (CuO) and copper phases will not have the desired
properties.

e Is free of vacancies. Vacancy luminescence [76] is evidence that vacancies have a
destructive effect on excitons [77].

e [s free of atomic impurities substituting for Cu or O atoms [78-82]. From a
solubility point of view, the primary concern is silver impurities [83]. Impurities
are known to cause misleading luminescence [24].

e Is free of strain (Section [2.5)).

e [s crystallographically oriented.

Interstitial atoms are not known in cuprous oxide. They are not energetically favored.

Dislocations have been reported [84] 85] but their exact nature is unclear.

3.1. Melt Growth

Making large grains is the first challenge to tackle in cuprous oxide synthesis. All
other problems are smaller scale and can be corrected after a large crystal has been
formed. A widespread approach to large crystal formation is directional freezing of a
melt, which tends to prevent the formation of new grains. After greater than thirty trials
of directional freezing, we have observed no grain nucleations in cuprous oxide. Based on
the phase diagram [86], cuprous oxide melts and freezes congruently (without a change

in composition) which makes this process much easier.
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3.1.1. Background: Crystal Growth Experiments

It was dramatically demonstrated that growth of cuprous oxide from a crucible (such as
Bridgman of Czochralski methods) is difficult [87]. Magnesia (MgO) crystal crucibles have
the best performance. Concerns with crucibles include reactivity and impurity uptake.

Crucible free methods have shown success. In early studies, single crystals were only
obtained by using a seed and nucleation was sometimes observed [84] [88]. We found a
seed was not needed and did not observe nucleation, probably because of superior furnace
stability. Each experiment stage was conducted at sub-Torr pressures in oxygen. Our
experiments showed use of a filler gas and higher oxygen pressures was desirable. Slower
growth rates were reported to be superior, whereas we found no difference, again because
of good furnace stability. Phase purity was achieved through annealing. Inclusions have
been suggested to be “voids”[84] or “voids” and CuO [8§].

A further study [86] identified inclusions such as “pores, dendritic CuO along columnar
grain boundaries, polyhedral CuO precipitates and precipitate clusters within the grains”
in material which was oxidized but not melted. Melt growth in low oxygen partial pres-
sure was reported to reduce the frequency of defects, but not their variety. An electron
micrograph shows a faceted convex cupric oxide precipitate on a melt-grown crystal. We
have not been able to reproduce this. Our melt grown crystals have so few defects that
they can be difficult to find in an electron microscope, and those which are present are
typically concave after crystal preparation. The surface region was reported to be defect
free. This is now known to be because of defect sintering with the surface. Annealing in

a reduced oxygen environment did not achieve phase purity.
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One study had difficulty with samples reducing to copper [89]. No effect for growth
rates below 1 ¢cm/hour was found, and no effect for rotation rate was found. Inclusions
were systematically and quantitatively demonstrated. Stable growth was not achieved.
The best region with respect to macroscopic inclusions was adjacent to reduced copper
metal because copper vacancies are filled in by the copper metal. Surprisingly different
from our results, the radial distribution of inclusions was constant. An inverse relationship
between the number of inclusions and their size was noted. There is a good discussion of
facets, which suggests that the [110] face has the lowest surface energy. Grains were found
not to evolve during annealing. Strain was related to birefringence and photocurrent, and
resistivity was found to increase with annealing [90] because of the removal of vacancies.
It was suggested dislocations contribute to exciton dissociation.

A more recent publication compared polycrystalline, recrystallized, and annealed sam-
ples [91]. The photograph shown of a sample which has been oxidized into a polycrystal
but not melted is partly green, suggesting the presence of malachite Cu,CO4(OH),. The
origin of the carbon in the sample is not explained. Potentially the figures are mislabeled.
This paper is one of the few to report a Is exciton absorption line. My own studies have
found that this line is easily observed using a thick sample. Lines up to n = 10 are also de-
scribed, presumably resolution limited. The study reports copper vacancy luminescence,
showing no effect for annealing temperature, annealing time, or rotation rate, consistent
with our results. Very rapid cooling time increases copper vacancy luminescence. A clear
trend of increasing vacancy luminescence with growth rate is shown which does not match

our results.
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3.1.2. Rod Preparation

Selecting a high purity copper source is important for minimizing vacancies in the final
product because certain impurities catalyze vacancy formation when they are located at
copper sites of the cuprous oxide lattice [82, [76]. The copper sample must be in rod form
for the floating zone method to work. These requirements determine the starting material
geometry since high purity copper rods are only available in a few sizes. We performed the
crystal growth process with rods from 1 to 10 mm in diameter. Rods must be prepared
in pairs: feed rods and support rods.

The first step is machining the feed rod so it can be suspended in the furnace with a
wire. I performed this using a lathe. The best method is to create a groove about 5 mm
from one end of the rod and about half a radius deep. If too much force is applied to the
rod, it may break. I recommend performing the machining on all rods, even though only
half of rods will be used as feed rods, because some rods may break in later accidents. If
you are growing a lot of crystals, perform the machining on all of them at once to save
setup time. It may be tempting to drill a hole in the rod instead of forming a groove.
Experience has shown the hole is difficult to make and fills in during oxidation. However, if
you are preparing a rod much larger than 10 mm in diameter, drilling is the recommended
method of creating a place to attach the wire. Cuprous oxide cannot be machined after
oxidation because it is brittle.

After machining, the dirty rods are washed, etched in 1 M HCI for one hour to remove
surface contaminants, and washed again. They are oxidized at 1045 °C for three days in air
(Figure[3.2)). The furnace ramp rate is 5 °C/minute for convenience. During oxidation, the

sample is supported with copper foil, which is later removed. This prevents contamination
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from a crucible. The copper foil is supported by inverted alumina (Al,O,) boats. Use
of other ceramic boats may produce entertaining but totally useless results because the
copper will react with the boats.

The purpose of oxidation is to reduce the thermal conductivity of the sample. Our
experiments show crystal defects are not reduced in the final product by starting with
a better-oxidized material [76]. In other words, cuprous oxide melt reaches equilibrium
rapidly. Equilibrium does not imply stoichiometry at high temperatures.

The 1 M HCI acid etch is repeated for another hour, removing a CuO layer. The
sample was then ground with sand paper. The oxidized rod is about 95% the density of
Cu,O. It is noticeably larger than the unoxidized starting material. From the point of
view of crystal growth, the oxidized rods are an excellent high density starting material,

but from an optical properties point of view the density is very low.

3.1.3. Floating Zone Method

This step was performed by Kelvin Chang using a Crystal Systems CSI FZ-T-10000-H-
VI-VP with four 300 W tungsten halide incandescent lamps. Each sample is melted and
frozen using radiative heating. The method is very well controlled, but the only in situ
measurements possible are photography/video through a small aperture because of the
high reactivity of the sample. Our standard recipe used feed and seed rods rotating at 7
rpm in opposite directions, and growth at 7 mm/hour. These parameters had no effect
on copper vacancy luminescence [76]. Other parameters should be chosen based on the

goal.



Figure 3.2. A radial cross-section of a thermally oxidized copper rod. This
sample has not been polished. There are multiple voids. These samples are
typically polycrystalline, though grains are not visible without polishing.

3.1.4. Floating Zone Variables

These aspects of floating zone crystal growth were exhaustively explored:

e Growth Rate

e Rotation Rate

e Lamp Power

e Oxygen Partial Pressure at One Atmosphere

e Starting Copper Purity

41



Figure 3.3. The recommended method of making dramatic images of float-
ing zone grown cuprous oxide crystals is to cut one end flat and shine a fiber
light into it. The cuprous oxide crystal acts as a waveguide. This sample
has growth rings on the surface and inclusions in the interior. It was pre-
pared from 99.9% purity 6.35 mm diameter Cu grown at 10 mm/hour in
nitrogen. The feed rod was rotated at 14 RPM and the seed rod was rotated
at 15 RPM. Growing in an oxygen free environment does not produce the
highest quality crystal, but it does eliminate cupric oxide from the surface,
leading to an attractive image of the as grown sample.

e Repeated Melting Cycles

42
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3.1.5. Surface Tension

Surface tension must counteract gravity in order for the floating zone method to work.
Laplace wrote in his Mécanique Céleste that the static equilibrium relationship between

surface tension and gravity is

1 sin
| sing

(3.1) e

=24z

where P is the radius of curvature of the interface at a given point, ¢(x) is the angle

between the tangent of the interface and the horizontal (x) axis,

gob?
3.2 - _
(3.2) B -

the negative sign is for a hanging (pendant) drop, g is the gravitational acceleration, o is
the difference in density between the material and the medium, b = P(z = 0), and b is the
unit of length. Cylindrical symmetry is used. The quantity of interest, the surface tension,
is denoted ~. In principle, an image such as Figure [3.4] could be used to determine the
surface tension of liquid cuprous oxide, but in practice the lighting conditions are poor
when imaging molten cuprous oxide, so the interface curvature cannot be adequately
determined. Extreme precision and a numeric solver [92] are required to get an accurate

measurement with this method.
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/

Figure 3.4. An illustration of a Cu,O pendant drop with b marked by a circle.

The minimum required surface tension for a floating molten zone has been determined

numerically [93] to be

(3.3) v > 2pgr*0.652

Where p = 6800 kg/m? is the material density, g is the acceleration due to gravity, and x =
0.0035 meters is our room-temperature sample radius. Thermal expansion is assumed to
be negligible [94-97]. It was determined experimentally that no stable zone can be formed
in 60% oxygen, but a zone can be formed with care in 50% oxygen, with the concentration
measured using flow rate meters. The total pressure was one atmosphere. This indicates
that at these oxygen pressures the surface tension is about 700 mN/m. This is a high
value compared to room-temperature liquids.

No literature data on the surface tension of cuprous oxide is available. Molten copper

metal has a very high surface tension which decreases rapidly with oxygen gas pressure
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[98]. This is consistent with our results if the copper/oxygen phase transition has no
impact on surface tension. Surface tension is temperature dependent, and temperature
varies throughout the melt in a floating zone. It is desirable not to heat much above
the melting point because in most materials this will lower the surface tension. It also
increases the weight of the molten region. Centrifugal forces in the molten zone are
negligible compared to gravitational and surface tension forces.

We eventually concluded that crystal growth in an oxygen rich environment is advan-
tageous [76]. The decrease in surface tension with higher oxygen partial pressure limits
how oxygen-rich the environment can be for a given crystal rod radius. However, this is

not a problem because

e Increasing the oxygen partial pressure shows diminishing returns.

e Annealing is a more effective, if slower, method of manipulating vacancies.

Growing rods of different radii and determining the failure oxygen partial pressure could
be a way to measure the relation between surface tension and oxygen pressure in more
detail. Small diameter rods can be prepared in a more oxygen rich environment, but I
think it is more advantageous to stick to samples with a radius of a few millimeters for

ease of handling.

3.2. Polishing

Preparing a high quality surface is crucial for conducting optical measurements of a
bulk material, or for performing electron beam lithography. For optical measurements, it

is desirable that nearly all the incident light is transmitted. Considerable reflection owing
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to the high index of refraction of cuprous oxide [99] limits optical coupling in the absence
of a dielectric antireflective coating.

For electron beam beam lithography (Appendix , sample flatness must be good
compared with the resist thickness (= 100 nm). This ensures a uniform film of resist
is created during spin coating. In addition, during beam writing on the resist, it is
necessary to maintain focus of the electron beam on the resist. The shape of the sample
must be compensated for. The curvature of samples I prepared was adequately small
for creating devices of the scales I was interested in without any correction. However,
the curvature is not zero. To evaluate curvature of a sample polished on both sides,
I recommend using Newton’s rings. Place a sample in a microscope with transmission
lighting. If the surfaces of the sample are not perfectly parallel, rings will appear from
interference between transmitted light and light which has been repeatedly internally
reflected. Traditional Newton’s rings are colorful or require a monochromatic light source.
Cuprous oxide is an optical long pass filter. Combined with the spectral response curve
of a human eye or CCD camera, the light measured is approximately monochromatic. A
particularly severe (but barely visible) case of Newton’s rings can be seen in the the lower
left of Figure As the right hand side shows, not all samples exhibit rings, indicating
curvature less than 1074,

Mostly I learned the polishing process from Shahin Mani. Good quality results can be
consistently produced with practice. Results are not precisely reproducible. They seem
to depend on wear on the polishing materials. I have not yet seen a perfectly flat polished

surface. Acid based polishing procedures also exist [85].
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3.2.1. Polishing Supplies

e Saw mount such as an aluminum block.

e 1 inch diameter aluminum rod polishing mount.

e 1 inch inner diameter polishing ring to keep the mount perpendicular to the
polishing wheel.

e Washable marker.

e SPI Crystalbond 509. One package will last many years.

e Blunt tweezers.

e Safety glasses.

e Gloves.

e Tech Cut 5 Saw.

e Diamond metal bonded wafering blade 6”x0.020”x1/2” #60-20080.

e Grit sheets, ANSI P800, P1200 and P2500 (22, 15, and 10 microns) such as
Buehler 305232025. The P2500 is consumed rapidly.

e Buehler MicroCloth. These have a finite shelf life.

e Buehler 1 micron MetaDi diamond suspension 406530.

e Buehler MetaDi Fluid Polishing Extender 155001.

e Polishing wheels.

e Pressurized gas.

e Upright stereomicroscope with a large vertical travel.
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3.2.2. Recommended Polishing Protocol

(1)

(2)
(3)
(4)

Determine the geometry desired for the final sample. I recommend approximate 1
mm thick wafers. Crystallographic orientation can be determined using a known
seed, with facets [89], or with Laue X-ray diffraction. I used Laue. The accuracy
is about 5°, which is adequate since optical selection rules typically behave like
cos? @ and are therefore insensitive to small deviations from zero. Instructions
from here assume there is an exposed face with the desired orientation.

Allow a hot plate to heat to a high temperature (at least 15 minutes).

Place a saw mount on the hot plate.

Add a small chip of SPI Crystalbond 509 to the mount face. Do not drip any
down the sides of the mount. Very thick samples will need much larger quantities
of Crystalbond to ensure they do not shear off later.

Once the Crystalbond has just melted, place the sample flat-face down on the
Crystalbond using tweezers. Gently press down.

Use tongs to lift the aluminum mount and place it in a beaker of water. If many
samples are being processed at once, flow water through the beaker. Do not
submerge the sample or Crystalbond.

Once the mount is cool, inspect the sample. If the sample is thin, the contact
region must be completely coated with Crystalbond or the sample will shatter
later.

Place the saw mount in the Tech Cut 5 vice. In the past, a South Bay Technologies
diamond wire saw was used. The Tech Cut 5 is much faster and does not require

expensive replacement blades. It has slightly higher wastage.



(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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Cut the sample with the diamond metal bonded wafering blade at 0.5 inches per
minute with 2000 RPM.

Mount the sample again on the polishing mount. Ensure Crystalbond is not
preventing the mount from passing through the polishing ring.

Label the mount with a washable marker. Labels can be scrubbed off with
ethanol. Do not use a VWR lab marker.

Inspect grit sheets and polishing wheel for damage, debris, or excessive wear.
Grind the sample with grit sheets on a wheel in flowing water. Use the polishing
ring to keep the sample square. Start with coarse grits and work towards fine
grits. Usually only P1200 and P2500 are required. If the sample is very rough,
use a coarser grit. Grind slow and briefly with coarse grits. Faster speeds are
okay for fine grits. Grind until the sample surface is uniform. This will remove
any cupric oxide or excess Crystalbond from the face. If you do not grind long
enough, polishing will fail. Coarse grit sheets never wear out. P2500 grit sheets
wear out rapidly. If progress is not being made, back track to a coarser grit.
Dry the sample with pressurized gas. A blow dryer intended for hands will be
ineffective because cuprous oxide is strongly hydrophilic.

Inspect the sample with a microscope. At 40X you should see a gray surface
with only very slight scratches. Inclusions in the sample may be apparent at
this point. Further work will not remove them, but grinding more will remove
scratches.

Inspect the MicroCloth. It should be fuzzy and free of bubbles or dents.
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(17) Put the MicroCloth on a wheel. Apply a few drops of MetaDi. This substance
acts like a lubricant. It prevents wear on the pad but it can also wash away
diamond suspension if used excessively.

(18) Apply diamond suspension. The MicroCloth must be kept moist throughout
polishing to prevent destruction of the MicroCloth and/or sample.

(19) Spread the suspension with the polishing ring.

(20) Insert the polishing rod into the ring and polish the sample on the MicroCloth. A
high polishing speed may be used. The diamond suspension must be maintained.
Polishing takes 6 + 3 minutes. Troubleshooting:

e Black stuff or fiber on the sample: Wash the MicroCloth with water and dry
it. If this continues, replace the MicroCloth.

e Scratches will not go away: Return to grinding with grit sheets.

e Excessive friction: Add diamond suspension or a very small quantity of
MetaDi Fluid Polishing Extender.

e Streaks/Rings: Wash sample with soap and water.

e Sample breaks: Sample not mounted flat, insufficient Crystalbond, worn out
polishing materials, or sample is less than 100 micrometers thick.

(21) Wash the sample with soap and water.

(22) Dry the sample with pressurized gas.

(23) A quick first inspection can be performed by examining the reflection of a ceiling
light off the sample.

(24) With the microscope, it should be easy to see the red interior of the sample.

Keep in mind the polished surface is highly reflective.
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(25) Rinse the MicroCloth with water, dry it, and store it.

(26) Remove the sample by returning it to the preheated hot plate. After a few
minutes it will easily lift off. If you are very patient, immersion in acetone at
room temperature will also remove the sample.

(27) Polish the reverse side if desired (typically it is).

(28) Sonicate the sample in acetone (removes remaining Crystalbond) and then ethanol.
Methylene chloride has also proven helpful for removing particularly stubborn
dirt, but is more hazardous. Water is not recommended, especially as a final
cleaning step, because Cu,O is strongly hydrophilic.

(29) Place the sample in a sieve and blow dry it. Since it is no longer mounted, be
careful not to blow it away. Do not blow on methylene chloride.

(30) Place the sample in a labeled container.

(31) Ensure the hot plate is off.

3.3. Vacancy Luminescence

A vacancy is an atom missing from an otherwise perfect lattice. The possible va-

cancies in a Cu,O lattice are copper vacancies V, and oxygen vacancies V. Copper

vacancies can have up to one negative charge. Oxygen vacancies may have up to two

positive charges. Luminescence associated with carriers binding to vacancies has been

extensively reported. There is an excellent evaluation of how experimental conditions

influence luminescence [100].

3.4. Copper Vacancies

My investigation of copper vacancies with Kelvin Chang has been published [76].
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Figure 3.5. AFM image by Varada Bal of polished cuprous oxide. The
image is 50 um wide. The vertical scale is 200 nm. The image demonstrates
the sample is quite flat and remaining scratches are shallow.

3.4.1. Introduction

The mechanism for controlling the concentration of copper vacancies V -, from the copper

phase is [80]

(3.4) VO 4 cug® 4 0820 = cud0 4 0G0

Each term describes a lattice site. The main symbol describes what occupies the site. The
subscript describes what would occupy the site if the lattice were defect free. The super-
script describes the phase in which the site resides. For example, the first term describes a

vacancy, located at a copper site, in the Cu,O phase. The final term describes an oxygen
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atom, located at an oxygen site, in the CuO phase. Vacancies can be split between sites
[82]. In essence, copper vacancies in cuprous oxide can be exchanged for cupric oxide
outside cuprous oxide. An alternate representation, in terms of copper vacancy number

concentration x, is

(3.5) Cuy_, 0 = 2CuO + (1 — z)Cu,0.

Suppose the goal is to eliminate all V-, from the Cu,O lattice. According to this equa-
tion, the correct way is to drive the formation of CuQO. In practice, that means exposing
the sample to an oxygen rich environment at elevated temperatures. The temperature
must be below the Cu,O / CuO phase transition temperature for that oxygen pressure,
but hot enough to be kinetically relevant [I0I]. Contrast this with the intuitive, but
experimentally incorrect, approach of exposing the cuprous oxide to low oxygen pressures

to try and drive it towards stoichiometry.

3.4.2. Methods

Our investigation was primarily driven by cooling protocols. It appears that the history of
the samples prior to freezing has no effect on the results. Cuprous oxide was prepared at
a high temperature, within the Cu,O region of the phase diagram [86], then cooled. Time
spent in the CuO region of the phase diagram at kinetically relevant temperatures was
manipulated. Then the sample was polished and its vacancy luminescence was measured.

Evidence for vacancy removal was initially found by growing the crystal in an oxygen-

rich atmosphere, which causes the sample to enter the CuO phase at a higher temperature.
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Annealing studies manipulating cooling rate (either at 5 °C/minute, which removes va-
cancies through Reaction , or by quenching) were performed to provide better control.

In the floating zone furnace, the temperature profile is determined by

e Radiative heat transfer

e Thermal conduction in the Cu,O rod

e Translation of the rod through the furnace

e Convection in the Cu,O melt

e Driven flow in the Cu,O melt from rod rotation
e Gas convection

e Driven gas flow

Our furnace model has been studied in detail previously [102]. The temperature profile
could be numerically modeled in detail [103] if the thermal properties of Cu,O were well
known near the melting point. Annealing is simpler and provides more flexible control
over the sample’s history. Extended annealing in air within the Cu,O region of the phase
diagram [86] did not remove vacancies (we investigated annealing for one to five days) but
gradual cooling through the CuO phase did. Annealing also increases the homogeneity of

copper vacancies in the crystal. This is explained in detail in Chapter

3.5. Oxygen Vacancies

Oxygen vacancies are generally less important in synthetic samples than copper va-
cancies. However, this is sometimes less clear in geological samples, such as the one from

the Ray Mine (Figure . Elimination of oxygen vacancies V' is obtained through the
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reaction

(3.6) Vs 4 2v5 Y — null.

which for oxygen vacancy number concentration y is also written
(3.7) Cuy0,_, +2Cu,_,0 — (3 — y)Cu, O

This equation uses y to describe the number of oxygen and copper vacancies eliminated in
a 1:2 ratio; it does not describe the overall ratio of vacancies or the total oxygen vacancy
concentration. Exhaustion of copper vacancies by this mechanism seems unlikely.

Quenching experiments showed copper vacancy creation is possible [76]. At this point
there is no evidence that oxygen/copper vacancy triplets can form spontaneously by the
reverse of Equation [3.6]

Another hypothetical possibility is
(3.8) (1+y)Cuy0 == Cu,0,_, + 2yCuO

This is quite similar except that Reaction has been used to exchange V-, for CuO,
which is less mobile. It seems much more plausible that this reaction is reversible.
Oxygen vacancy luminescence measurements indicate oxygen vacancies are rapidly
eliminated by annealing at 1045 °C in air within the Cu,O region of the phase diagram
[86]. They can return if the sample is cooled slowly through the CuO phase. Samples
grown in higher oxygen gas concentration environments have increased oxygen vacancy

luminescence. This is opposite of the effect for V, and much weaker. Interestingly,
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oxygen vacancy formation on cooling in a furnace is suppressed if the annealing stage is
extended. About four days is sufficient. I attribute this result to removal of an unknown
defect through annealing. This defect apparently catalyzes V' formation.

Since V' are typically uncommon, their luminescence was studied using a HeNe pump
laser at liquid nitrogen temperature [I00]. In this case, the laser is selectively absorbed

by oxygen vacancies [104] rather than producing free electrons and holes.

3.6. Inclusions

Cupric oxide is pervasive in thermally oxidized copper metal. In such samples, de-
pending on the thickness there may be enough present to make the cuprous oxide opaque.

There can also be cavities.

3.6.1. Removal Through Melting and Annealing

Since cuprous oxide is produced from oxygen in its environment via

(3.9) 4Cu+ 0, — 2Cu,O

It may be intuitive to try and take cupric oxide which may have formed via Reaction

or

(3.10) 2Cu+ O, — 2Cu0O

and remove it by using the reaction

(3.11) 4Cu0 —> 2Cu,0 + O,
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Oum 50um100um

Figure 3.6. A SEM image of an inclusion in the thermally oxidized support
rod of a longitudinally sliced and polished floating zone grown Cu,O rod.
The floating zone grown region is essentially featureless in the SEM. This
inclusion is a cavity rather than CuO, though it may have a CuO surface
layer. Notice the fine faceting on the interior of the inclusion.

This works very well in melt owing to the rapid mixing of the material (Figure
and elimination of grain boundaries that reduce the surface energy of inclusions (Figure
but does not totally eliminate cupric oxide because of the action of Equation

during cooling. In a mostly oxidized solid sample, Equation [3.11] merely converts the



o8

Oum 200um400um600um800um

Figure 3.7. Melting and recrystallization dramatically improves the phase
purity of cuprous oxide. This microscope image shows the boundary be-
tween the region of a rod which was melted (top) and its unmelted support
(bottom). Dark regions are CuO in the bulk. Light regions are surface de-
fects, which scatter light. Surface defects in the unmelted region are much
more prevalent than even bulk defects in the previously melted region.

excess oxygen into a gas-filled cavity. In order to produce phase-pure cuprous oxide, it is
necessary to separate out the phases.

The method we developed to perform the phase separation is to cool samples with
a thickness < 1 mm in air from 1045 °C at 5 °C per minute. This gradual cooling rate
allows Equation to operate close to equilibrium. Equilibrium means the V-, diffuse

to the location where CuO will have the lowest energy before undergoing Reaction [3.4]
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Figure 3.8. Inclusions accumulate along grain boundaries. The area around
the grain boundary has been cleared of inclusions. Grain boundaries are
occasionally barely visible on the surface of as-grown crystals. Grain bound-
aries are easily spotted during grinding, and can be reliably verified with
Laue diffraction. Crystals grown from a monocrystal seed are grain bound-
ary free.

99
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Meanwhile, existing interior CuO is eliminated via the reverse reaction. The end result
is that all CuO is at the surface, where it can easily be removed through the polishing
process.

Figure 3.9 shows that annealing improves the inclusion volume fraction in the interior
from 0.28 = 0.02 to 0.00051 £ 0.00007, which is a factor of 540 &= 70 tmprovement in this
particular sample. This is on top of the previous improvement owing to recrystallization.
CuO quantities in annealed samples are too small to measure with powder diffraction,
but they can be measured very accurately using a transmission microscope. The inclusion
fraction in annealed samples does vary. It is quite costly to collect statistics on this
variation, but in all cases observed the inclusion fraction is greatly improved.

Samples that are annealed and rapidly quenched show tiny, widespread CuO inclusions
which have not had sufficient time to aggregate, except for a small area near the surface.
A quenched sample is shown in Figure . Unlike other samples (Figure , quenched

samples are transparent near grain boundaries but opaque in the bulk.

3.6.2. Rotation Rate

In floating zone crystal growth, the molten floating zone is stirred by the counter-rotation
of a solid support rod and a solid feed rod. Faster rotation decreases thermal gradients
and improves melt homogeneity. Inclusions form on cooling into the cupric oxide region
of the phase diagram [86], rather than during crystallization. They are never in contact
with the melt. Nevertheless, faster rotation increases inclusion homogeneity and volume

fraction.



61

Figure 3.9. Left: Unannealed, floating zone grown sample. Right: Sample
annealed at 1045 °C for five days with a 5 °C per minute furnace ramp
rate. Black regions on the right sample are remaining surface defects. These
samples were taken from the same rod. Vacancy homogeneity is described
in Chapter [f

Cuprous oxide was grown with a counter-rotation rate of 70 rpm per rod and also at
7 rpm per rod. A vertical slice through the approximate center of the rod was examined
with threshold particle analysis [I05]. There are 2.240.3 times as many inclusions in the
region grown with faster rotation (p<0.00001, one tailed Exact Poisson Test). Inclusions
are 1.9£0.2 larger in volume when the slower rotation rate is used (p<0.05, two sample
t-test). This does not make up for the difference in the number of inclusions; the volume
fraction of inclusion is greater for fast rotation. Due to sintering at the surface and
slower cooling in the interior, most of the included cupric oxide is near the center of the

rod. However, they are spread out 20% further radially when the rotation rate is faster
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Figure 3.10. A sample which was annealed for one day and quenched. This
sample is comparable to those in Figure [3.91 The sample is opaque because
copper vacancies convert into small CuO inclusions on quenching.

(p<0.01, F-test). I recommend using a slow rotation rate to minimize the volume fraction
of the inclusions and make the inclusions more concentrated so they are easily avoided.

Fast rotation may cause collapse of the molten zone if the rods are poorly aligned.

3.7. Impurities

Density functional theory shows that impurities substituted for Cu can change the
vacancy formation energy of V. The results depend on the substituted atom and the
defect configurations, and result in both positive and negative formation energies [82].

Cuprous oxide grown from copper purchased with various purity ratings [76] showed
that higher purity copper led to decreased copper vacancy luminescence. The homogene-

ity of the samples also improved with purity. A repeated melting cycle had no effect,
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Figure 3.11. Rotation rate during floating zone crystal growth changes
cupric oxide inclusions.

suggesting that the floating zone purification effect was not important. The nature of the

impurities was not known, but the solubility of various atoms in cuprous oxide has been

studied [83].

Some geological samples show “bound exciton” luminescence which has been attrib-

uted to impurities [106]. It is not known which impurities are responsible, and synthetic

samples do not show the luminescence. This phenomenon is undesirable since it indicates

a reduction in the exciton lifetime.

3.8.1. Introduction

3.8. Raman Spectroscopy

Dawson et al. describe the Raman spectrum of cuprous oxide [107]:
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We believe the bands at 148 and 610 cm™! ... appear because of a selec-

tion rule breakdown [owing] to nonstoichiometry.

They theoretically argue these modes are “silent in a perfect lattice.” This work deter-

mines that the bands are not caused by vacancies.

3.8.2. Method

A cuprous oxide crystal was grown in an optical floating zone furnace. During growth,
the oxygen concentration surrounding the melt was changed. This produced a sample
with spatially varying stoichiometry. I carried out Raman measurements on this sample
to determine if they were related to the stoichiometry.

The relative copper vacancy density along the longitudinal direction was determined
by exciting with a 532 nm laser and detecting luminescence integrated from 909-920 nm.
The Raman spectrum was measured with a confocal Raman spectrometer using 514 nm
excitation and a 100X objective. The confocal system was focused on the surface of the

sample at each location to reduce laser beam absorption.

3.8.3. Results

A typical Raman spectrum is shown in Figure . It is similar to references [107, [108],
but different from [109, 110], which show much sharper lines. Since floating zone refined
samples are much more stoichiometric than the unrefined sample used by [107] it was
surprising that the 610 cm™ line was easily detected. However, the 148 cm™! line was

inconsistently detectable.



65

Raman Spectrum of Cuprous Oxide
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Figure 3.12. A typical Raman spectrum.

‘ Luminescence 148 cm™' 610 cm™!

Luminescence -0.3 -0.5
148 cm ! A4 0.95
610 cm ™! 2 .0003

Table 3.1. Top Right: Correlation coefficients between Raman lines. Bot-
tom Left: p-Values for the correlation coefficients. The statistically signifi-
cant correlation is bold.

The Raman spectra was compared with nearby luminescence spectra in an attempt to
find a correlation between the two supposed stoichiometry-linked signals. The intensity
of the Raman spectrum is sensitive to the accuracy with which the instrument is focused
because the laser beam is strongly attenuated by the sample. To eliminate this lurking
variable, the Raman lines at 610 cm™! and 148 cm™! were integrated from 600 to 660
and 140 to 170 cm™! respectively, then each was divided by the 2E, line, which was
integrated from 210 to 230 cm~!. The 2F, line is strong and is caused by fundamental
lattice vibrations; therefore it is a good proxy for the efficiency of signal collection.

There is no significant correlation between the forbidden Raman luminescence and

the copper vacancy luminescence. Table does show a highly significant correlation
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Figure 3.13. Data showing the lack of a relationship between the forbidden
Raman luminescence and the copper vacancy luminescence. The units are
arbitrary.

between the two forbidden lines; this is expected since they are both normalized to 2F,
and likely are caused by similar mechanisms. The data is shown in Figure |3.13

The data does not support the hypothesis that copper vacancies are the cause of the
forbidden Raman luminescence. Oxygen vacancy concentration in this sample should be
negatively correlated with the density of copper vacancies (Section . Assuming this
negative correlation, our data also does not support the hypothesis that oxygen vacancies
are the cause of the forbidden Raman luminescence. Potentially other nonstoichiometries

could explain the forbidden lines, such as interstitial or multi-vacancy centers [21].
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3.9. Recommended Synthesis Protocol

(1) Obtain high purity copper rods to minimize exciton decay caused by impurities
or the associated vacancies. 5 to 10 mm diameter is recommended. The useful
length is limited to 100 mm by the design of the furnace.

(2) Perform rod preparation [3.1.2]

(3) Oxidize rod at 1045 °C for three days in air using a 5 °C per minute ramp rate.
The ramp rate is for convenience. Rods thicker than 10 mm may require longer.
This step reduces the rod’s thermal conductivity.

(4) Floating zone grow the cuprous oxide from a single crystalline seed. Use four 300
W tungsten halide incandescent lamps. Grow at 17.5 mm/hour, the maximum
growth rate. If a furnace with fewer than four lamps is used, a slower growth
rate may be needed. Use a flowing air environment. Adding more oxygen has
only negligible benefits and is inconvenient. Use a slow rotation rate such as 7
RPM.

(5) Slice the grown crystal into 1 mm wafers as described in the polishing protocol.

(6) Anneal the wafers on Cu,O foil supports at 1045 °C for five days. Cool using a
5 °C per minute ramp rate. The cooling rate is important.

(7) Remove CuO from the surface.
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CHAPTER 4

Luminescence Lifetime

Time resolved luminescence spectroscopy is a common, extremely sensitive method of
evaluating sample quality and determining the exciton lifetime. It does not necessarily
identify which defects or intrinsic properties are responsible for the measured luminescence
lifetimes. Numerous similar studies on geological samples are listed in Table 2.2] This

study is in the time regime where excitons are dilute.

4.1. Methods

Two samples were measured. The first one was prepared from .9999 purity copper
precursor. The corresponding data is labeled “4N” in the figures. It was crystallized in
air with a growth rate of 3.5 mm/hour and a counter-rotation rate of 7 RPM. It was
[100] oriented and annealed for 5 days at 1045 °C with a 5 °C per minute ramp rate. It
was also used in Chapter Bl The second sample was prepared from .99999 purity copper
precursor. The corresponding data is labeled “5N” in the figures. The growth rate was
4.5 mm/hour and the rotation rate was the same. It was [111] oriented and annealed in
the same way. Its final thickness was 3.84 mm, which is thicker than the first sample. It
was also used in Chapter [7} The difference between the samples which is substantative in

this experiment is the copper precursor purity.
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Each sample was excited by a Ti:Sapphire regenerative amplifier pumped 2 kHz repe-
tition rate 35 fs OPA with the signal and idler sum frequency mixed to produce 500 nm.

500 nm was selected for two reasons:

(1) 514 to 532 nm is commonly used in the literature. The bandwidth of this laser
is broad enough that this is essentially similar to 500 nm.
(2) The wavelength is short enough that no substantial light leaks through the sample

from the long wavelength tail of the laser spectrum.

The pump beam was filtered with a BG39 colored glass filter and a 480 nm bandpass
filter with a 120 nm width. 180 microWatts of beam power reached the sample in an
unfocused, 1 mm diameter beam. The sample was in vacuum at 2.8 Kelvin.
Luminescence was collected in transmission geometry through a spatial filter and 550
nm colored glass long pass filter. Detection was performed with a 150 mm spectrograph
with a 50 groves/mm grating and a streak camera with a 50 ns time window. For this time
window the time resolution is about 0.2 ns. The spectrograph cannot be calibrated to
a precision better than 10 nm and it cannot resolve orthoexciton polariton luminescence
from phonon-linked orthoexciton luminescence. These two luminescence lines combined
are labeled “Exciton” in the figures. The directly comparable, time averaged luminescence
spectrum in Figure [4.1| shows that most of the luminescence is phonon-linked. The time
averaged luminescence is consistent with cold excitons prepared by one photon absorption.
Exciton, oxygen vacancy, and copper vacancy luminescence were modeled with the

equation

(4.1) It =n (t - to) A 1e
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Figure 4.1. Time averaged luminescence for direct comparison to Figure [4.3]

where n(z) is the normal cumulative distribution function (e.g. a Gaussian blurring in
the rise time), to is the luminescence start time, r is the rise time, A is the amplitude,
c is a constant which handles continuous wave background and any very slow processes,
and 7 is the luminescence fall time. Since the path length through the spectrograph to
the streak camera is wavelength dependent, the luminescence start time is wavelength
dependent.

Exciton luminescence was integrated between the nominal wavelengths of 605 and 658
nm. Oxygen vacancy luminescence was integrated between 692 and 799 nm. Copper

vacancy luminescence was integrated between 860 and 987 nm.
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Figure 4.2. Time resolved luminescence from cuprous oxide synthesized
from a 0.9999 purity copper precursor. The scale is adjusted to show the
exciton and copper vacancy luminescence, but the oxygen vacancy lumines-
cence is saturated on this scale. There is no saturation in the raw data.

4.2. Results

Figure 4.2 shows luminescence from the first sample. Exciton, oxygen vacancy, and
copper vacancy luminescence are detected with respectively increasing lifetimes. The scale
was picked so that the copper vacancy luminescence was clearly visible but the oxygen
vacancy luminescence maximum is cut off in the color scale. The faint feature at about 8

ns and 800 nm is ambient Ti:Sapphire laser light.
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Figure 4.3. Time resolved luminescence from cuprous oxide synthesized
from a 0.99999 purity copper precursor. The scale is adjusted to correct for
a shorter exposure compared to Figure A time averaged spectrum is
shown in Figure [4.1]

Figure 4.3 shows the corresponding data for the second, higher purity sample. A
shorter exposure was used since it was apparent this sample is qualitatively similar.
Brightness scales are adjusted to be comparable. This sample has a longer exciton and
copper vacancy lifetime, but a shorter oxygen vacancy luminescence lifetime.

Figure [4.4] shows the wavelength-integrated streak camera data and the results of
regression of Model for each luminescence type. Interesting deduced time constants

are plotted as a logarithmic bar graph in Figure [4.5]
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4.3. Conclusions

4.3.1. Excitons

Firstly, we do not observe the very long paraexciton lifetime of about 13 us previously
reported [I1]. This is not surprising owing to the weakness of the paraexciton luminescence
and the small time window. The time window is much larger than in my previous report
[42]. The fall time of the exciton luminescence is resolved but is not long enough for the
temporal shape of the decay to give hints to the cause of the decay; for example Auger
decay and diffusive expansion give slightly different predictions for the time dependence
of the luminescence decay. Using a higher purity copper precursor in the synthesis seems
to increase the exciton lifetime by 47%. I attribute the exciton luminescence fall time to

ortho- to paraexciton conversion because of the long copper vacancy luminescence lifetime.

4.3.2. Oxygen Vacancies

The oxygen vacancy luminescence occurs promptly and has a lifetime very different from
the exciton or copper vacancy luminescence lifetime. Generally oxygen vacancy lumines-
cence is weak in synthetic samples, but we see at short times it is very bright. Below gap
pumping is known to selectively pump oxygen vacancy luminescence [I00]. In aggregate,
the properties of the oxygen vacancy luminescence suggest it is caused by pumping of the
oxygen vacancy state without an intermediate exciton state [104]. The oxygen vacancy
lifetime is lower in the sample grown from the higher purity crystal, suggesting that doped

vacancies [82] have a longer excited state lifetime.
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4.3.3. Copper Vacancies

The copper vacancy luminescence lifetime is very long. It seems implausible that this
reflects the intrinsic lifetime of an excited copper vacancy. I interpret the copper vacancy
luminescence lifetime as the lifetime of the dark paraexciton, which transfers energy to the
copper vacancy defects. A previous report showed that at temperatures below 40 K, the
exciton and oxygen vacancy luminescence had the same lifetime [77]. That experiment
used a sample where oxygen vacancies were the primary defect. This experiment uses
samples where copper vacancies are the primary defect.

Both the lifetime and the rise time of the copper vacancy luminescence are much
larger in the sample prepared from the higher purity copper precursor. This is because
impurities can catalyze the formation of copper vacancies [82]. The rise time indicates that
the excitons must propagate for a while (longer than the ortho- to paraexciton conversion
time) before they encounter a copper vacancy.

On the whole, the data suggests higher purity copper precursors lead to moderately
better sample performance. The high purity sample shows more exciton luminescence and
less vacancy luminescence, consistent with previous time averaged luminescence studies

[76] and theoretical defect catalysis of vacancy formation [82].
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CHAPTER 5

Evaluation of Cuprous Oxide Defects Through Exciton

Luminescence Imaging

In this chapter, I describe the spatial distribution of defects in large cuprous oxide crys-
tals to demonstrate the high quality of floating zone synthesis methods this dissertation
relies upon. I also describe the underlying defect/exciton and defect/defect interactions,
including evidence for variations in both the phonon energy and the exciton thermalization

with the lattice.

5.1. Introduction

Owing to the positive parity of the valence and conduction bands, the primary lumi-
nescence mechanism in cuprous oxide is emission of two negative parity particles. The
strongest process is the decay of an orthoexciton into a 0.014 eV ?I', phonon and a
photon [I3]. In addition, there is polariton luminescence from the quadrupole quantum
mixing of the orthoexciton with a photon [I11]. Under mechanical stress, the orthoexci-
ton triplet state is split, and so is its luminescence [I]. The paraexciton can also begin to
produce direct luminescence under stress owing to breaking of the negative parity of the
band structure [1} [[12]. These properties are unique to Cu,O and Ag,0, the two cuprite
structure materials.

On the one hand, deliberate application of strain to cuprous oxide can be useful

for increasing luminescence [I13], trapping excitons in a potential [114) [I13], initiating
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transverse (negative parity) phonon emission [23], or distinguishing otherwise degenerate
states [I15]. On the other hand, unwanted strain increases Auger recombination [116],
117, 42] and breaks the unique symmetry of cuprite structured crystals. Under practical
experimental conditions, cuprous oxide is metastable. The thermodynamic phase is cupric
oxide [86] which appears in inclusions when cuprous oxide crystals are cooled too quickly
[76]. In this chapter, interfacial stress between the cuprous oxide and the cupric oxide
inclusions is a source of strain [90].

Observed serendipitously in this work, luminescence at 1.9477 eV has previously been
described as “very weak” and resolvable only at temperatures below 4.2 K [13]. Very little
is known about this luminescence, except that it is thought to be extrinsic. This is not
discussed in most luminescence studies, probably because most CCD spectrometers have
narrow spectral ranges that cannot cover this line and the better known luminescence
lines simultaneously.

As discussed in Chapter , cuprous oxide is nonstoichiometric [I18], 82 119]. Excitons
bind to vacancies in the crystal and then undergo radiative decay [77]. The dominant
luminescence is from copper vacancies V,,. There are also two types of oxygen vacancy
luminescence, from V5+ and V£+. Vacancies are useful for increasing the conductivity
of cuprous oxide [I20H123]. However, the luminescence produced by vacancies indicates
that vacancies reduce the lifetime of excitons [77, 124] (Chapter 4. The simultaneous
existence of both copper and oxygen vacancies occurs because real samples are not per-
fectly equilibrated. Ultimately, low temperature equilibration conditions should lead to

elimination of the minority defect (Equation |3.6)).
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5.2. Materials and Methods

5.2.1. Samples

A crystal of cuprous oxide was grown using the floating zone method as previously de-
scribed (Chapter[3] [76]). The starting material was 99.9% Cu rods with a 5 mm diameter.
The crystal was grown in air at 7 mm/h using two oxidized rods rotating at 7 rpm in op-
posite directions. In this chapter, an as-grown sample and a sample annealed at 1045 °C
for 5 days with a 5 °C/minute ramp rate are compared to show the benefits of annealing.
The samples were polished and are shown in Figure . In Reference [70], these samples

are shown as Figure 8 (a, d) and contribute to Figure 7.

5.2.2. Luminescence Measurements

The samples were placed in a optical microscopy cryostat (Montana Instruments Cryosta-
tion). Thermal contact was established with VGE-7031 varnish. The stage temperature
was about 5.7 K, with a stability of about 5 mK. The temperature dependence of cuprous
oxide luminescence has been well characterized [I00]. The samples were in vacuum. A
scanning microscope with a 50X, 13 mm working distance objective was used to image
the sample though a single window.

The sample was illuminated through the objective using a reflection from a beamsplit-
ter with 4.3 mW (measured between the objective and the beamsplitter) of 532 nm light
from a Coherent Verdi G18 laser. Luminescence from the sample passed back through the
objective, was partially transmitted through the beamsplitter, passed through a 532 nm

long-wavelength-passing dielectric filter, and was collected in a fiber. The spectrum was
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recorded with an Andor 303 mm focal length Czerny-Turner spectrograph and DU420A-
BEX2-DD CCD camera.

The background was subtracted from the spectrum. During background measure-
ments, the laser beam was blocked. To obtain a consistent spectrum, it was necessary
to wait approximately 15 minutes for the stage temperature to stabilize after the sample
was illuminated.

Exciton luminescence for each sample was recorded at a 25x25 square grid of locations
with a spacing of 20 um for 30 seconds using a 1200 grooves/mm grating. This process
took about 7 hours per sample. For the exciton luminescence, the manufacturer specifies
an instrument resolution of 372 peV.

Vacancy luminescence, which has no spectrally narrow features, was recorded using
a 150 grooves/mm grating with a grid spacing of 28 um. Since a more efficient, coarser
grating was used, only one second was required to collect a good vacancy luminescence
spectrum and it was possible to easily sample a larger number of locations.

Our previous study [76] was designed to compare room temperature copper vacancy
luminescence across samples. To achieve this, each sample was placed at the same distance
along the optical axis from the objective. In this experiment, I investigate variations in
luminescence within samples, including lines best observed at temperatures below 10 K
[T00]. The design of the cryostation does not permit each sample to be placed at precisely
the same location along the optical axis, so direct comparisons of luminescence brightness
between samples are not possible. When changing between samples, the microscope was

refocused to optimize the efficiency with which the luminescence was collected.
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All measurements reflect conditions near the sample surface because the laser light has
a short absorption length [25]. Since excitons and exciton polaritons propagate differently
[T11], the different types of luminescence come from slightly different volumes, with the

highest density and greatest brightness occurring at the laser spot.

5.2.3. Analysis Methods

In summary, the phonon-linked luminescence is modeled. The residuals are used to de-
termine the brightness, energy, and width of the orthoexciton polariton luminescence.
Analysis is performed for each location in the hyperspectral image.

Excitons in these conditions are Maxwell-Boltzmann distributed [22, 125, 126]. They
can decay into a phonon/photon pair if the phonon has negative parity. There are also
three and four particle complications [I3]. Phonon-linked luminescence was modeled using
the Maxwell-Boltzmann equation for the spectral irradiance I as a function of energy F

[127):

(5.1 I(B) = A(E - EJ)i e 57

Here A is the brightness, FE,. is the orthoexciton ground state energy minus the phonon
energy, and kp is the Boltzmann constant. We only analyze the most efficient lumines-
cence, which is linked to emission of the 2I';, phonon. For each of 625 locations on each
sample, the model was applied between 2.0180 and 2.0300 eV to avoid the region £ < E.,
where the model is invalid, and to avoid the 2.0318 eV orthoexciton polariton lumines-

cence which could skew the fit. The necessary computer program is listed in Appendix

0.2
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The orthoexciton polariton luminescence, which intrinsically has a very narrow spec-
tral width [15 111], can typically be modeled by a Gaussian. The width of the Gaussian
is determined by the spectrometer resolution. In this chapter, I am searching for devia-
tions from the typical luminescence spectrum owing to sample defects. These deviations
can cause a Gaussian model, or any other single peaked model, to fail, so for each loca-
tion I computed the residual brightness after subtracting Equation Next I computed
the sum over energies of the residual brightness, the residual brightness square weighted
mean energy, and the likewise weighted standard deviation energy of the spectrum be-
tween 2.0300 and 2.0335 eV. These three statistics describe the brightness, energy, and
width of the orthoexciton polariton luminescence respectively. No assumption is made
about the structure of the polariton luminescence in the analysis.

For the defect linked luminescence near 1.95 eV I do not have a line shape model. To
evaluate it, I summed brightness in the spectrum between 1.9443 and 1.9478 eV.

I modeled vacancy luminescence with a double Gaussian. The first Gaussian described
the copper vacancy luminescence. The second Gaussian described the V02+ luminescence.
There are two limitations of the model: First, as in previous studies, silicon based detectors
do not detect the low energy tail of the copper vacancy luminescence very efficiently.

econd, e uminescence appears 1mmdistine etween € other Two peaks.
Second, the Vg™ lumi indistinctly bet the other t k

5.3. Results and Discussion

5.3.1. Exciton Luminescence

The cuprous oxide lattice has octahedral Oy, symmetry (not chiral O symmetry). Crystals

with this point group are not birefringent. Figure is an example of bifrefringence in
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as-grown crystals. Figure [5.2] shows that the as-grown sample studied in this chapter had
birefringence near its cupric oxide inclusions, presumably owing to interfacial stress that
lead to a local deformation of the crystal system [90], possibly to a tetragonal system.
The annealed sample did not show birefringence for two reasons: First, annealing removes
cupric oxide inclusions [76] and second, annealing relieves stress. These samples were
selected for detailed study with the expectation that annealing would improve the quality
of the exciton luminescence because strain would be removed.

Equation describes the relationship between the strain tensor and the splitting of
the orthoexciton. Typical spectra did not show strain splitting in the polariton lumines-
cence or the phonon-linked luminescence (Figure . However, we did find a location
where the polariton luminescence was slightly split (Figure . The observed splitting
pattern is the same as the pattern observed from a previous study where strain was ap-
plied to a sample [115]. There is a slight excess in the luminescence near the top of
the phonon-linked luminescence peak around 2.02 eV which may be explained by Bose-
FEinstein statistics.

The exciton temperature as determined from regression of Equation |5.1| was typically
about 46 K. Some locations show a higher temperature, which I attribute to defects
(Figure a, b). The exciton temperature is higher than the thermometer temperature
primarily because excitons do not completely thermalize with the crystal lattice before
decaying. In addition, there may be a temperature gradient across the sample since it is
heated by the laser.

Defects in the locations with elevated temperatures also reduce the brightness of the

orthoexciton polariton luminescence (Figure ¢, d). The brightness could be reduced
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Parallel Polarizers

Crossed Polarizers

Omm 2mm 4mm

Figure 5.1. Two polariscope images showing inclusion induced strain leads
to birefringence. For parallel polarizers, solid dark areas in the sample are
inclusions. Blurry dark regions are birefringence. For crossed polarizers, the
previously dark, strained areas of cuprous oxide become the only regions
where light is transmitted. The as-grown surface also has strain induced
birefringence, but strain caused by cutting and polishing is not detected.
because of lower transmission of the crystal surface, or it could be because of excitons
decaying in some alternative way at defects. There are also very small shifts in the
energy of the polariton luminescence from place to place (Figure e, f) which may be
explained by stress in the sample (Equation [2.1)). Annealing reduced the variation in the

mean polariton energy and in F, across positions (one tailed F-tests), consistent with our

expectation that annealing would reduce strain in the sample.
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Figure 5.2. Microscope image of back illuminated samples between perpen-
dicular polarizers. The as-grown sample to the left exhibits birefringence
(red) owing to strain. The annealed sample to the right does not show
birefringence because annealing removes strain. Unpolarized images of the
same samples can be found in Figure [3.9]

The phonon-linked luminescence is caused by the decay of an exciton into a phonon
and a photon. For a phonon with energy Er, E. in Equation should be related to the

polariton energy F, by the consistent energy equation
(5.2) E,=FE.+ Er + Ekg.

Based on a polariton wavenumber of 2.63 x 10" /meter [111], the difference between the

polariton energy and the exciton ground state energy

h%k?

(5.3) Exp = m

(5.4) ~ 0.02 meV.
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Figure 5.3. An example of a typical luminescence spectrum from the an-
nealed sample. The model of the phonon-linked %', luminescence is a
Maxwell-Boltzmann distribution starting at 2.0181 eV with a temperature
of 48 Kelvin (Equation . The narrow peak is exciton polariton lumines-
cence. The position on the sample is (0, 0).

Therefore I tentatively suggest that Ex g is negligible. In Figure [5.6] the phonon energy
is determined from E, — E.. Surprisingly, the inferred phonon energy is strongly and
positively correlated with the polariton energy. There is a tiny downward curvature in
the data. The typical energy difference E, — E, is 0.0136 eV.

Strain increases the radiative transition rate, which reduces the exciton lifetime (Sec-
tion . If the intrinsic exciton polariton energy is Fy and the intrinsic lifetime is %,

but the measured energy is E, then a simple model of the expected decay rate for strains
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Figure 5.4. A typical, resolution limited spectrum of polariton luminescence
and an atypical spectrum showing three peaks caused by stress. Both are
from the annealed sample. In the images, the outlier is located at (480,

460) pm.

much less than the yield stress is

11
(5.5) S = = 4B, - E|
t t
(5.6) t =ty (1 — cto|Ey — E| + O ((cto| Eo — E|)?)),

where ¢ is a constant.

If the exciton lifetime is infinite, the excitons thermalize to the lattice temperature 7;.
A value T; characterizes the initial condition of the excitons before they have thermalized.
If 7 is the thermalization time constant then for lifetimes much longer than the spon-

taneous phonon emission time, the exciton temperature according to the heat equation
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Figure 5.5. (a, b) Spatially resolved temperature of the exciton gas. Tem-
perature is determined using the Maxwell-Boltzmann model (Equation
shown in Figure for the spectrum at each location. The excitons are not
expected to be in equilibrium with the lattice. In each sample, a few defects
mildly increase the exciton temperature measurement. (c, d) Brightness of
the orthoexciton polariton luminescence. Defects reduce the brightness of
the luminescence. Brightness is not comparable between samples. (e, f)
Energy of the orthoexciton polariton luminescence. Stress defects can lead
to tiny shifts in the mean luminescence energy. (c, d) is compared with (e,
f) to produce the pattern in Figure (a, ¢, e) Sample without annealing.
(b, d, f) Sample with annealing.
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Figure 5.6. The phonon energy is inferred from the polariton energy minus
the onset energy of phonon-linked luminescence. Phonon energy positively
correlates with polariton energy. Annealing reduces the spread in the po-
lariton luminescence energy and the spread of the onset energy of phonon-
linked luminescence E, (one tailed F-tests). (a) Sample without annealing.
(b) Sample with annealing.
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(5.7) T(t) = (T; - T)e "+ T

(5.8) T(E) = (T) — Tj)e (to-eBIE=E)/m 4 7,

This relationship is not valid for short lifetimes or large strains.

Figure [5.7] shows the simple model [5.§] is consistent with the measurements. In the
regression, (1; — Tl)e’%o = 39 Kelvin is a single parameter which indicates the amount
of laser heating of the exciton gas. The thermometer measurement 7; = 5.66 Kelvin was
assumed. FEjy was 2.0316 eV. Most measurements showed polariton energies higher than
this value. The value of 7/(ct3) determined through regression was 2.404+0.03 meV for
the unannealed sample and 3.640.2 meV for the annealed sample. The physical meaning
of 7/(ct?) is the energy scale at which shifts in the exciton energy significantly decrease
thermalization. Potential energy well depths should be kept below this value to obtain
trapped cold orthoexciton polaritons.

The measured exciton polariton line width, as defined by the residual brightness square
weighted standard deviation energy, of the polariton luminescence is typically consistent
with the instrument resolution (Figure [5.8)). However, there are a few outliers with a
substantially larger measured line width. A large line width may indicate a large local

variation in strain.

5.3.2. Two Phonon Emission Luminescence

The luminescence at 1.95 eV is typically very weak [I3]. Our spatially resolved spec-

tra show that this is caused by spatial averaging. The brightness can be larger (Figure
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Figure 5.7. Strain can cause deviations from the intrinsic exciton polariton
energy. It can also cause a decrease in exciton lifetime. Shorter exciton
lifetimes imply less time for excitons to thermalize with the lattice, which
leads to higher temperatures. The curve is based on Equation
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Figure 5.8. Histograms of polariton line width. In most cases, the line width
is consistent with the instrument resolution. (a) Sample without annealing.
(b) Sample with annealing.

at isolated locations (Figure [5.10). Petroff et al. [13] did not observe the lumines-
cence above 4.2 K, which is slightly below the operating temperature for this experiment.
Petroff identifies three two-phonon emission processes and one three-phonon emission
process, but suggests that a lack of temperature broadening indicates that the 1.95 eV
luminescence is not caused by phonon emission. I agree with Petroff that the cause of the
luminescence is extrinsic, but point out that energetically it is consistent with emission of
two 0.0431 eV 'T'; phonons [I3]. Two phonon transitions are also known in silicon [128]

and graphene [129], though in graphene the context is quite different. This two phonon
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Figure 5.9. An example of two phonon emission luminescence from the an-
nealed sample, picked from a particularly bright location. The main peak
is the proposed two 'T'; phonon emission luminescence. The slight hump
to the right is caused by *T';; phonon emission luminescence. The position
on the sample is (0, 40).

emission luminescence’s energy lies just below the peak of the weak, broad *T';; phonon
emission luminescence, which can also be found in Figure

Hypothesizing that this localized luminescence may be caused by strains in the sample
or by defects which cause strain, I expect to find a correlation between the spectral
width of the exciton polariton and the brightness of the 1.95 eV two phonon emission
luminescence (Figure [5.11). A significant positive correlation was found, however the

coefficient of determination was only R? = 0.2 for the as-grown sample and R* = 0.6
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Figure 5.10. Intensity of two phonon emission luminescence at 1.95 eV
showing bright defects. (a) Sample without annealing. (b) Sample with

annealing.

for the annealed sample. Since the exciton polariton line width is normally less than the

instrument resolution, it is challenging to find strong relationships.
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Figure 5.11. Brightness of two phonon emission luminescence versus po-
lariton line width. The brightness increases as strain breaks the parity
symmetry of the exciton. The polariton line width also increases for the
same reason. (a) Sample without annealing. (b) Sample with annealing.
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5.3.3. Vacancy Luminescence

Our samples primarily show copper vacancy luminescence, consistent with other studies
using crystals grown with the floating zone method (1.4 eV, Figure . Higher energy
oxygen vacancy luminescence (1.7 eV) is also present. I only observe the doubly ionized
oxygen vacancy luminescence clearly. The singly ionized oxygen vacancy luminescence is
mostly obscured by the two overlapping, stronger peaks. In the coarse detection mode,
the exciton polariton and phonon-linked luminescence are also apparent, but they are not
well resolved. Leakage of laser light through the long wavelength pass filter is also barely
detected.

Some locations on the samples show decreased copper vacancy luminescence (Figure
. Copper vacancies may be removed near cupric oxide inclusions through the reaction
MWG]. Oxygen vacancies (Figure coexist with copper vacancies because cuprous
oxide forms under nonequilibrium conditions, where the degree of net copper deficiency
varies from place to place.

There is a negative correlation across locations between copper and oxygen vacancies
in the annealed sample with R?> = 0.3, but a weak positive correlation in the as-grown
sample with R? = 0.1 (Figure . There are four ways stoichiometry in cuprous oxide
can potentially be manipulated. The first two are interfacial exchange between Cu,O and
Cu or O. The third way, exchange with CuO, is facilitated by copper vacancies (Reaction
3.4). The fourth possibility is annihilation of unlike vacancies (Reaction . The as-
grown sample was cooled rapidly to room temperature after crystallizing, preventing much
diffusion from occurring. When the annealed sample was cooling, the vacancies in the

lattice diffused. Annihilation is consistent with the development of a negative correlation
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Figure 5.12. An example of a typical copper and oxygen vacancy lumines-
cence spectrum from the annealed sample modeled with a two Gaussians.
The copper vacancy luminescence is identified with a red arrow. The oxy-
gen vacancy luminescence is identified with a green arrow. The scale is

log-linear. The position on the sample is (0, 0).
after annealing. The remaining vacancy concentrations are determined by the spontaneous
spatial variation in Cu deficiency, but the annealing and annihilation increases the length

scale and magnitude of deficiency variations relative to overall deficiency.

5.4. Conclusions

Defect luminescence is a useful tool for evaluating advances in cuprous oxide synthesis
[T30H132, 124, 56]. Detailed luminescence imaging of cuprous oxide crystals grown by the
floating zone method shows that there are few defects in the samples, supporting the other

experiments in this thesis. Sample stress plays an important role in exciton dynamics and
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Figure 5.13. Spatially resolved brightness of copper vacancy luminescence.
(a) Sample without annealing. (b) Sample with annealing.

luminescence (Section [2.5)). The exciton polariton luminescence of our as-grown sample
showed little evidence of stress, but the annealed sample was even better. Two T

phonon emission luminescence appears to be associated with defects in the crystal and is
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Figure 5.14. Spatially resolved brightness of oxygen vacancy luminescence.
Compare (b) with Figure (b) to see the negative correlation in Figure
5.15 (b). (a) Sample without annealing. (b) Sample with annealing.

localized in bright spots. Annealing cuprous oxide crystals contributes to the annihilation
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two types of vacancies annihilate. (a) Sample without annealing. (b) Sam-
ple with annealing. Two outliers in (a) are not shown.
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of copper and oxygen vacancies, leading to a negative correlation between the two kinds

of vacancy associated luminescence.
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CHAPTER 6

Third Harmonic Generation

Third harmonic generation produces electron/hole pairs during two photon absorp-
tion experiments. The physics, however, differs from the way photoionization produces

electron/hole pairs during two photon absorption (Chapter [7).

6.1. Introduction

In a perturbative regime, harmonic generation efficiency follows a power law with an

exponent equal to the order of the harmonic.

(6.1) L o I

Many measurements find lower exponents [I33]. In simpler cases such as gasses, scaling
is well described [134] by a nonperturbative model [135].

The relevance of three photon processes to excitons in cuprous oxide was first inferred
via the power dependence of stressed cuprous oxide paraexciton luminescence [28]. Power
law behavior was observed with an exponent 2.84+0.2. In a Lyman transition study, results
were consistent with cubic behavior[12]. Using the Z-scan method and direct detection,
an exponent of 1.8 was observed [29], which presents a considerable discrepancy. The
first two experiments may be observing photoionization, which is explained in Chapter [7],

rather than third harmonic generation.
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Nonperturbative behavior is typically realized in measurements of the higher harmon-
ics because the two phenomena are caused by intense pumping. Such investigations in
crystals began with ZnO [136]. While harmonic generation in cuprous oxide begins with
the third harmonic, we will show that the magnitude is better described by a nonpertur-
bative scaling.

Four earlier reports used 1,240 nm excitation [2§], involved a possibly third-photon
photoionizing 1,220 nm pump and 10,700 nm probe [12], and operated with a 1,300 to
1,800 nm fundamental [6, 29]. Our experiment is able to access the transparent region
for third harmonic generation in cuprous oxide at low temperature, which includes fun-
damental wavelengths longer than 1,820 nanometers.

Previous results on the nonlinear optical constants include the second order index of
refraction measured at 1,064 nm [6] and two-photon absorption coefficient at 1,220 nm
[29]. In the past, x*) effects in cuprous oxide were tacitly assumed to be isotropic. Third

harmonic generation is not.

6.2. Methods

Six different cuprous oxide single crystals were used to study third harmonic generation
behavior. Three synthetic samples were grown via the floating zone method [76] using
at least 99.9%, 99.99%, and 99.999% pure copper metal as starting material. Another
high purity crystal (Figure was received from A. Revcolevschi [86]. It was grown in a
floating zone furnace using 99.999% pure starting material. Two geological samples were
also used. Geological samples were included for comparison because they are commonly

studied in many laboratories.
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Figure 6.1. The sample received from A. Revcolevschi, after polishing.

The third harmonic generation of pump wavelengths from 1,200 to 2,000 nm was
investigated in multiple samples to verify reproducibility. A 35 femtosecond OPA light
source (similar to Chapter [4)) was focused on polished faces of samples in a vacuum
at room temperature and the absolute magnitude of the transmitted third harmonic
generation was measured with a silicon power meter. The high intensity of the pump
laser allowed complete evaluation of the efficiency of third harmonic generation. The
samples were mounted on aluminum sheets with holes punched through them instead of
using a window as a mount. This ensured that only the sample was in the laser beam’s
focal region. In these measurements, the fundamental is not substantially attenuated by

harmonic generation. Similar results were obtained for all samples measured for all pump
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Figure 6.2. A geological sample of unknown provenance used for Figure [6.5

wavelengths that were examined. The results from a [100] face of the crystal received
from A. Revcolevschi were selected for presentation in Figure because, of the samples
available at the time of this experiment, its 8 mm thickness could best occupy the intense
region of the beam. The beam had a 64 pm minimum radius. The best power stability
coefficient of variation observed was 1.5% after harmonic generation.

The dependence of third harmonic generation on the polarization of the laser was
also examined on multiple samples for reproducibility. All samples gave similar results.
Measurements from a geological sample (Figure illuminated along the [100] axis are
reported in Figure[6.5. This sample gave the clearest results owing to a longer integration

time.
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6.3. Results
6.3.1. Exponent

The absolute power dependence of third harmonic generation is presented in Figure [6.3]
which shows that large quantities of third harmonic were generated. The overall relation-
ship between the fundamental intensity and the third harmonic intensity can be described
by a power law with an exponent lying between those reported in previous measurements
[28, 29, 12]. Only a mild wavelength dependence of the third harmonic signal was ob-
served at room temperature. The observation of third harmonic generation at photon
energies above the gap in Figure is remarkable. The stability of the OPA power across

wavelengths is also excellent.

6.3.2. Selection Rules

Figure [6.5| shows that the third harmonic signal is in fact dependent on the polarization
of the laser. In this figure, light centered near 1,800 nm from the OPA was used to
illuminate a geological cuprous oxide sample along the [100] axis. The sample was cooled
in vacuum to approximately 2.7 Kelvin. The third harmonic signal spectrum was collected

for various orientations of a half-wave plate located between the OPA and the sample.
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At short wavelengths starting near 605 nm, the third harmonic is greatly reduced
by phonon-assisted absorption, which extends well below the bandgap energy [25]. A
narrow 1s quadrupole orthoexciton-polariton absorption line (Xo) is also observed. This
demonstrates exciton production via the third harmonic without an intermediate electron-
hole state. Absorption studies in cuprous oxide do not show this line (except in [91] and
[33]), but it is clearly visible in our relatively thick samples. Polarization independence
of this line is restricted to the [100] axis [28]. Since two-photon luminescence from this
line is narrow even when pumping with spectrally broad lasers [137, 29], it is notable
that absorption of the third harmonic photons follows the pattern of white light. At long
wavelengths, third harmonic generation displays the approximately Gaussian spectral
profile of the laser. Supercontinuum generation and plasma formation were not observed.

For normal incidence on a [100] cubic crystal face and with ¢ as the angle between
the electric field and the [010] axis, the total third harmonic generation is proportional to

[138, Equation 39]

3)

5 3 _ 3 2
(6.2) 2(3X§:;)12> + (AO%XHH - X1212> C052<2¢)

This is compared with the data in Figure [6.5] In our experiment, no detection polarizer
was used so that all the third harmonic generation was collected; therefore a factor of
sin?(2¢) found in [I38] is omitted in the second term. Ay, g3, and N are as defined in

[138].
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The measured part of the third harmonic which is polarization-independent is
2
3
2 <3X§2)12>

(6.3) 2 : .
2 <3XS)12> + (Aog—]?\’;’m%gmm)

5 =0.78 4+ 0.01

Since in a cubic crystal the polarization is never more than 7 from the axis with maximal
harmonic generation, we have a quantity > cos (%) in Equation . The highest possible

value, which would occur in an isotropic material, is one.

6.4. Combined Behavior

The combined third harmonic signal (excluding linear absorption) for a fundamental

measured in Watts/m? was found to be

(6.4) I3, = (4.41 + 0.08) - 10722324006

x (cos® (2¢) + 3.6 +0.2) Watts/m”>

where the overall coefficient was obtained by assuming the exponent is exact, but not
vice versa. The experimental results should be computable from the quantum mechanical
polarization [134] I35] and a model of the crystal. Suitable numerical methods would be
a useful area of future research. The exponent is significantly nonperturbative and the

anisotropy is significant.

6.5. Coherence Length Not Observed

The coherence length and beam-sample geometry impact the efficiency of harmonic

generation. A coherence length of 10 pum is expected for cuprous oxide [139]. A wedge
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Figure 6.6. Thickness dependence of third harmonic generation at room
temperature. The pump power is about 5 x 10> W /m?,

shaped sample was fabricated from a synthetic crystal that was grown from 99.99% Cu
[76]. The shape of the sample was determined with a profilometer. The wedge was
designed to examine coherence lengths [140, [141] between 6 and 300 ym. However, a
lack of beating (from destructive interference within the third harmonic) showed that the
coherence length is not in the range I examined (Figure . In retrospect, this portion

of the experiment would have benefited from an investigation of the spectral phase of the

pump.
6.6. Luminescence

The wedge-shaped sample was cooled to 2.7 Kelvin and the luminescence spectrum
caused by third harmonic absorption was measured in the transmission geometry using a
1,400 nm pump (Figure|6.7] (a)) where the sample was 0.3 mm thick. In this pumping and
detection configuration, the primary luminescence is caused by decay of an orthoexciton
into a photon and a I'}; phonon. The luminescence does not form a beam. The spectrum
yields the time-averaged thermal distribution of excitons. The time averaged effective

exciton temperature, which is distinct from the lattice temperature, was determined by
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comparing the Maxwell-Boltzmann distribution (Equation to the spectrum. The
dependence of the intensity of the luminescence, as determined from the model, on the
fundamental laser peak irradiance follows a power law with exponent 1.8 + 0.2 (Figure
(b)), consistent with the z-scan results [6]. Exciton decay into luminescence is not
necessarily linear in exciton density [29, 42]. The effective exciton temperature (Figure

(¢)) should be higher under more intense excitation.

6.7. Conclusions

A scheme has been developed for reducing three photon processes when only two-
photon absorption is desired which involves 7 phase shifting half the pump photons [12].
No specific claims are made about the size of the reduction. Assuming third harmonic

generation dominates over photoionization (Chapter [7]), Result shows that

1 2.32
(6.5) 2 <§> = 40%

of the third harmonic generation remains.

Cuprous oxide is a promising material for applications that require optical third har-
monic generation while simultaneously having a low second harmonic background. To
my knowledge, no conventional second harmonic generation has been observed in cuprous
oxide crystals, despite extensive studies of two-photon absorption.

Third harmonic generation can also be used as a diagnostic tool for cuprous oxide.
The study of stress traps for excitons in cuprous oxide has been a popular field of research
[113, 142, B9]. The potentials of these traps can be mapped out by utilizing the local-

ized nature of tomographic third harmonic generation absorption microscopy. Inclusions
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[86] commonly induce stress in the crystal (Chapter [5)), which can also be measured by
determining the resulting localized shift in exciton energy levels.

In conclusion I wish to point out that most third harmonic studies involve cascaded
) processes [143]. Cuprous oxide is an interesting example of a purely Y@ system.
Previously, at low temperature the transparent region of cuprous oxide was inaccessible
to third harmonic studies. Strong signals have now been observed in that region. Here
third harmonic generation in cuprous oxide has been explored, including absolute intensity
measurements. The anisotropy of the harmonic generation in this cuprite structured
crystal has been shown to follow the cubic crystal pattern. The results will be useful for
exciton studies and, possibly, applications based on third harmonic generation or, more

generally, Y.
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CHAPTER 7

Exciton Photoionization

7.1. Introduction

In the experiments reported in this chapter photon pairs from a 1,220 nm pump pulse
were combined through a narrow resonance in a cuprous oxide single crystal to produce
propagating 2.0335 eV (609.71 nm) orthoexciton-polaritons. Preparing the excitons via
two photon absorption ensures they are in a well defined, non-thermal state. Previous
studies of two photon absorption in cuprous oxide hinted at the existence of a photoion-

ization process. The process was masked, however, by:

(1) third harmonic generation [12, 144] (Chapter [0)
(2) Auger exciton-exciton annihilation [42]

(3) identical pump and probe photons.

To distinguish between these processes I apply, in addition to the 1.016 eV pump
pulse, a temporally and energetically distinct 1,064 nm probe pulse (Figure along
the same crystal axis. The purpose of the probe pulse is to ionize excitons generated
by the pump pulse. This contrasts with Terahertz spectroscopy of Lyman transitions
[145H148, [12], where the electron and hole typically remain bound. The probe pulse is
not directly absorbed in the absence of the pump.

I measure the time averaged, transmitted quadrupole exciton-polariton population,

which only samples those excitons permitted to decay by the selection rules [8 [149].
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Figure 7.1. Energy level diagram illustrating two photon absorption of the
pump, scattering of the exciton, nonradiative electron/hole recombination,
phonon-linked luminescence, and exciton-polariton luminescence.

The probe beam strongly attenuates the quadrupole orthoexciton-polaritons. The action
of the probe is illustrated in Figure Furthermore, this attenuation depends on the
temporal positioning of the probe pulse. Auger recombination is excluded through the
use of a probe photon which does not produce excitons. x® processes are also ruled out

when the pump and probe are temporally separated.
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Figure 7.2. An illustration of exciton photoionization.

h+

118

As a simple model, I will regard the exciton as a hydrogenic atom for which the

ionization cross section of the Is state is given by [150]

—4”1—? arctan(i)

- O
' pe 3 2\ —2r L
(1) (1-¢77%)
0
where
2
(7.2) ”_2:@—1
Vo Ry

Here h is Planck’s constant, ay = 0.79 to 1.11 nm is the exciton Bohr radius [14§],

p =4 x 1073! kg is the reduced effective mass [I51], ¢ is the speed of light, hv is the

photon energy, and Ry= 97 meV is the exciton Rydberg energy [I51]. At the probe

photon energy the measured cross section is (3.9 & 0.2) x 1072 m?, which is larger than

the range for the hydrogenic atom model of 1.3 to 2.7 x 10723 m? (depending on the value

of the Bohr radius) and, in addition, about 7.5 times larger than the reported values for

p-terphenyl [152] and anthracene [153]. The cross section is only (5 + 2) x 1072¢ m? in

tetracene [I54]. The hydrogenic model depends on the energy of the photon. This is

illustrated in Figure [7.3] The cross section determined here only applies to excitons in
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Figure 7.3. The theoretical ionization scattering cross section for a Rydberg
exciton. The diagonal band shows the calculated scattering cross section
decreases as the scattering photon energy gets bigger. The width represents
the range of possible Bohr radius values. If the photon energy is less than
the Rydberg energy, no scattering is possible. If it is above the bandgap,
the photon will be absorbed rapidly, probably preventing detection of any
scattering process. The square in the center shows the actual measured cross
section, which is considerably larger than the calculated value. Blue data
show the spectrum of the polariton luminescence, and of the two laser beams
used. The laser spectra are determined through second harmonic generation
produced by -barium borate. Energy reference points are drawn as vertical
bars on the figure. The Rydberg is the binding energy in a hydrogenic
model. “Red to Blue” is the energy of the previously reported transition
from the yellow exciton to the blue exciton state [I5]. The final bar marks
the bandgap.

the population sampled through polariton luminescence, which is highly collimated in the
forward direction; it includes all processes caused by the probe beam which diminish the

size of that population.
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7.2. Photon Scattering Methods

The experiment is illustrated in Figure There is a photograph in Figure The
frequency-tripled output of a mode-locked EKSPLA PL2143SS Nd:YAG laser is used to
pump an optical parametric amplifier (OPA). The frequency tripling is achieved using
two (-barium borate crystals. The first crystal creates the second harmonic. The second
crystal creates the sum frequency of the fundamental and the second harmonic, which is
the third harmonic. The beam then proceeds to the OPA. The full width half maximum
(FWHM) pulse duration is (5.4 £ 0.5) x 10~ s, which is determined by sum-frequency
cross-correlation of the pump and probe in S-barium borate. It is assumed to be the same
for both pulses. The repetition rate is 10 Hz.

At the two-photon resonance energy of 1.016 eV (1220 nm), the spectral bandwidth
of the linearly polarized idler output of the OPA has a FWHM of 9.28 meV, far broader
than the line width of the orthoexciton-polariton. The idler passed through a Newport
10RP52-3 achromatic 1/2 waveplate and a 200 mm N-BK?7 lens.

The 1.165 €V (1,064 nm) probe beam is obtained directly from the Nd:YAG laser. The
beam is filtered using a Semrock 532 nm long pass filter which removes leaking second
harmonic generation in the laser beam. Next, it passes through a 1,064 nm 1/2 waveplate.
The beam travels through several mirrors and down a 60 cm Newport New Focus delay
rail with a right angle prism, coated with gold on the two perpendicular surfaces, used as
a retroreflector.

The delay line was aligned using a nearly closed iris and a photodiode located several
meters beyond the delay line. By moving the delay line back and forth, and repeatedly

adjusting the mirrors before the delay line so that the photodiode voltage was maximized,
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Figure 7.4. Photoionization experiment diagram. The laser beam is split
internally. The branch shown at the top is converted to third harmonic
by cascade sum frequency generation (THG) and then sent to an optical
parametric amplifier (OPA). The OPA idler beam is tuned to half the Is
orthoexciton energy. The other branch is delayed. The beam branches
recombine, with half passing through the cuprous oxide sample and the
other half applied to a g-Barium Borate (BBO) or a power meter in the
reference arm.

the pointing stability of the delay line could be optimized. Typical accuracies were a few
milliradians.

For power dependence measurements, a polarizer (Thorlabs PBS253 polarizing beam-
splitter) is placed after the delay line and the waveplate is used to vary the laser power.
The beam passes through a 300 mm lens. The probe beam is joined with the pump beam
in a 50:50 nonpolarizing Thorlabs BS015 beam combiner, with half the combined beam
proceeding to the sample through two alignment mirrors with normal incidence.

A near-field 0.52 mm radius aperture was used to select the center of the beam so
that the sample was illuminated approximately uniformly, which also assists in the align-
ment. The sample was submerged in superfluid helium at 1.4 £ 0.5 K (Figure .

The orthoexciton-polariton beam was measured in transmission and averaged across laser
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Figure 7.5. A photograph of the apparatus shortly after completion of the experiments.

shots with an Andor 303 mm focal length Czerny-Turner spectrograph and DU420A-
BEX2-DD thermoelectric cooled CCD camera. The second half of the combined beam
was monitored, after a matched aperture, using a Coherent 1110743 power meter or a (-
barium borate sum frequency generator, slightly phase mismatched for each of the three
sum frequencies. A custom made Stellarnet spectrometer was used to measure the sum

frequencies.

7.3. Results

The presence of the probe beam resulted in a substantial reduction in the observed
exciton-polariton luminescence (Figure. The shape of the exciton-polariton spectrum,
which is instrument resolution limited, showed no change during probing (Figure [7.12]).

The magnitude of the exciton luminescence depends on the spectrum of the photons in
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Figure 7.6. Temperature of the sample silicon diode thermometer during
liquid nitrogen precooling, submersion in liquid helium during the experi-
ment, and during two periods when the cryostat was refilled with helium.
The sample temperature is very stable during the experiment.

the pump beam, but the cross section was independent of the mean pump photon energy
(Section Figure . This is expected because the pumped and detected states
remain the same, though their occupation changes.

The number and spin of the excitons produced by the pump beam depend on the
propagation direction and polarization of the pump relative to the crystal axes [8]. The
cross section is observed to be nearly independent of the polarization of the pump or
probe beams, in contrast with third harmonic generation (Section . The scattering

measurements from two propagation directions were consistent with spherically symmetric

target particles (Section .
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Figure 7.7. Exciton photoscattering. The proportion of the transmitted lu-
minescence that was removed increased linearly with the number of incident
photons.

An average heating of the sample by the laser was ruled out as a cause of the reduction
in exciton luminescence by varying the laser pulse rate. No change in the scattering cross
section was observed (Section [7.9)).

The probe pulse decreases the brightness of the exciton-polariton luminescence. As the
number of probe photons in each pulse increased, the proportion of the luminescence that
was removed increased linearly (Figure ; here N; is the number of incident photons in

the probe laser pulse and L is the wavelength-integrated exciton-polariton luminescence
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intensity with the probe beam on (L,,) or off (Log). For a working area A, the cross

section (Figure is

A Loy - 922 2
(7.3) =% (1 _ L0ﬁ> — (3.940.2) x 1072 m?,

The pump for the data shown in Figures [7.7] and is 23.8 puJ per pulse. The probe
pulse is delayed 119 £+ 1 ps to ensure pump absorption is complete and decay is minimal
(Section . Since the probe pulse arrives after the pump pulse, there is no significant
error due to temporal overlap of the pulses. Systematic error owing to emission detected
before the probe pulse was kept small. Short term stabilities for the pump and probe
beams were 95% and 98% respectively.

The carriers produced via photoionization recombine to produce phonon-linked lu-
minescence, which increased quadratically with the probe beam intensity, as shown in
Figure because the binding rate is proportional to the product of the carrier densi-
ties. This process is evidence for photoionization assisted two exciton decay. In Figure
[7.9] the phonon-linked luminescence is reported as a ratio of the measurement with both
the pump and the probe to a measurement with the pump alone.

Third harmonic generation [144] from the probe beam can also produce phonon-linked
luminescence (Section . However, no three photon sum frequency generation in the
sample was observed by direct detection.

Phonon-linked luminescence is not directed in a beam because recombined excitons
have random momentum. Therefore the phonon-linked luminescence was much weaker

than the (directed) exciton-polariton luminescence. Excitons which cannot contribute
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Figure 7.8. Photoionization cross section values associated with Figure
The average value is marked with a dashed line.

to the polariton signal, such as the paraexciton state, may contribute to the quadratic

increase in phonon-linked luminescence if they are ionized.

7.4. Dynamics Through Photoionization

If the ionization pulse arrived before the pump pulse, no ionization occurred (Figure
7.10)). If the ionization pulse arrived after the pump pulse, the apparent photoionization

cross section decreased rapidly owing to dispersion [IT1] (and the resulting spread in
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Figure 7.9. Phonon-linked luminescence. The quantity of luminescence in-
creases quadratically with the number of incident phonons since it is a result
of the post-ionization decay chain of two excitons.

exciton group velocities) and Auger decay [42) [I55, 40] of the exciton-polaritons. A
density dependence indicating Auger decay was demonstrated previously under similar
conditions [29]. The rise time is explained by the temporal structure of the laser pulses,
not by a change in degenerate spin state which can be detected using luminescence [8].
The pump pulse was 25 pJ with a long term standard deviation of 1 uJ. The probe pulse,
which is subject to divergence owing to the additional path length used to generate the

delay, was 116 pJ with a long term standard deviation of 35 uJ.
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Figure 7.10. Scattering delay. A sample of error bars is shown for clarity.
The curve represents pumping with a Gaussian temporal profile followed
by Auger decay. An exponential decay could also fit this data.

7.5. Samples

The sample described thus far in this chapter was grown from 0.99999 purity Cu in air,
at 4.5 mm/hour with 7 RPM counterrotation. It was cut with [111] faces and annealed at
1045 °C for 5 days with a 5 °C/minute ramp rate. The final sample thickness was 3.988
mm. An additional sample with [100] faces was grown at 3.5 mm/hour and annealed for

only 3 days. The thickness was 0.24 mm. This sample was previously reported in [76].
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Note that selection rules apply to [100] propagation and that the greater thickness of the

[111] sample leads to stronger two photon absorption. Neither sample is perfectly phase

pure (Figure [7.11]).
7.6. Spectra

Based on a Gaussian model, the polariton peak peak in the luminescence spectrum
was at 2.0335 £ 0.0002 eV for a lattice temperature of 1.4 £ 0.5 K (measured with a
Lakeshore DT-500CU silicon diode and DRC-82C with logging over GPIB), independent
of probe beam scattering (Figure . Temperature dependence has been investigated
[100]. Line widths were resolution limited. Measurements were typically collected in
a lower resolution mode, which improved statistics. Luminescence was detected more
efficiently by opening the spectrometer entrance slit, thereby increasing the sensitivity of
the instrument. The resulting decrease in the instrument resolution did not allow for the
exciton temperature to be measured by fitting the phonon-linked luminescence spectrum.
In this case the polariton brightness L was determined by integrating from 2.029 eV to
2.038 eV. The phonon-linked luminescence was integrated from 2.016 to 2.026 eV. Photon
exciton scattering has no effect on the spectrum shape. It is interesting to compare the

spectra in Figures [1.1] [5.3] [6.7(a), and to see the difference made by the momentum-

conserving nature of two photon absorption.

7.7. Pumping

The photon scattering cross section is independent of the pump beam spectrum. The
state pumped by two photon absorption is presumed to be independent of the pump

photon energy and spectral phase, provided there is absorption [31].
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Figure 7.11. Top: Sample with [111] faces with side view illustration. The
green arrow in the illustration indicates the viewpoint of the microscope
image and the direction of laser propagation. The blue arrow in the illus-
tration indicates the direction of crystal growth ([100]). The black lines
in the illustration represent the opaque, cupric oxide coated surface of the
crystal, which forms after annealing as the crystal cools. Bottom: Sample
with [100] faces.
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Figure 7.12. Exciton-polariton luminescence spectrum, with pump beam
only and with both pump and scattering beam. A neon spectral line is
used to confirm calibration [7]. The neon brightness is not comparable, and
the line widths are resolution limited.

The pump spectrum center was adjusted using the OPA (Figure . No change in
the cross section was found in the small region where there is absorption. Only the lumi-
nescence brightness is influenced by the pump laser spectral overlap with the absorption
resonance. The bars indicate laser standard deviation line width, not uncertainty. The
pump spectra were determined by second harmonic generation using a S-barium borate
crystal. The upper curve is a Gaussian fit. For the lower curve, which includes the scat-
tering beam, only the amplitude is fitted; the other parameters remain the same. The
peak pump photon energy lies below half the luminescence energy, but the discrepancy
can be explained by systematic uncertainties. A resolution-limited luminescence spectrum

is shown. In all other measurements reported in this chapter, the optimal pump photon

energy is used.
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Figure 7.13. Exciton-polariton luminescence brightness as a function of two
photon pumping energy with and without the scattering beam. Bars are
the standard deviation pump beam spectral width, not the uncertainty in
the mean energy.
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7.8. Selection Rules

The selection rules for two photon absorption have been previously investigated [8,
149]. Since the Is orthoexciton is spherically symmetric, the scattering is independent
of polarization. Figures and [7.15 show no significant change in the cross section as
a function of pump laser polarization for [100] and [111] beam propagation respectively.
Figure [7.16] shows no significant change in cross section with the polarization of the
scattering beam for [111] propagation.

There has been extensive interest in cooling excitons to form a Bose-Einstein conden-
sate. Phase and polarization methods (Section of reducing heating of the exciton
gas owing to third harmonic generation have been developed [12], [144]. Results show the
photon scattering process cannot be manipulated through polarization. Optical heating
of the exciton gas is best minimized by keeping the pump irradiance low or spatially sepa-
rating it from the excitons being studied. On the other hand, photoionization absorption
will be a simpler, if destructive, alternative to Lyman spectroscopy for imaging exciton

gases [140], [148)].

7.9. Laser Pulse Rate

The scattering cross section is independent of laser pulse rate (Figure . The pulse
rate was varied using the laser’s software frequency divider, which produces pulse rates
of the type 10/n Hz. If the laser pulses resulted in an average heating of the sample, the
intensity of the luminescence would droop below the expected linear dependence at high

pulse rate.
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Figure 7.14. For [100] incidence, scattering is independent of the polariza-
tion of the pump photon. The curves show the selection rule [§] with two
different brightnesses. The difference between the data produced using only
the pump beam and the data produced with both a pump and a probe beam
arises from a fixed proportion of the exciton-polaritons that are scattered

by the probe beam.
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Figure 7.15. For [111] incidence, both two photon absorption and photo-
scattering are essentially independent of the polarization of the pump pho-

ton.

7.10. Time Resolved Luminescence
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Time resolved luminescence measurements were collected in order to provide a quali-

tatively dramatic demonstration of the photoionization phenomenon. The starting point

for the experiment was a regeneratively amplified 2 kHz 35 fs Ti:Sapphire pulsed laser as

in Chapters [ and [6] The laser beam was split. Each half of the beam passed through an

OPA. The first OPA was set to a signal wavelength of 1,220 nm to produce a two photon
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Figure 7.16. Measurements showing that the scattering cross section is in-
dependent of the polarization of the probe photon. This example is for [111]
incidence.

absorption pump beam. The idler was spatially separated and dumped. The pump was
26 mW. The second OPA was set to an idler wavelength of 2,080 nm, so that the third
harmonic would not be absorbed. This probe beam was passed through a 1,550 nm long
pass dielectric filter. The probe beam was 17 mW.

Both beams were focused through a Thorlabs AC254-150-C-ML 150 mm achromatic
lens. The pump spot size was 170410 pym in diameter. The probe beam was 510440 pm in

diameter. Unlike the experiment to measure the photoionization cross section, the beams
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Figure 7.17. The polariton intensity vs. laser pulse rate showing that the
luminescence intensity increases linearly.

were not made precisely collinear nor was an aperture used. As a time-saving measure,
the pump/probe overlap is therefore not precisely defined in this section. Since the pump
beam passes through a periscope and the probe does not, the beam polarizations are the
same despite one being a signal and the other an idler.

The sample used is the [111] oriented sample described in Section[7.5 It was mounted
with a [111] axis parallel to the polarization of both beams. The sample was in vacuum

at 2.9 Kelvin. Luminescence was collected in transmission with a 150 mm spectrograph
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containing a 150 groves/mm grating and a streak camera with a 125 ps time window. In
this configuration the streak camera time resolution is about 5 ps. The spectral accuracy
of the spectrograph is about 10 nm at best. The polariton and phonon-linked luminescence
cannot be resolved.

Figure shows the time resolved exciton luminescence. The long wavelength, brief
band at about 70 ps is the third harmonic generation (Chapter @ from the probe laser.
The spectrally narrow, long duration signal near 620 nm is the exciton luminescence. The
spectrally broad pulse at 20 ps is of unknown origin, but is coincident with the arrival of
the pump pulse.

Figure shows wavelength-integrated data. The exciton signal was integrated
across the nominal wavelengths of 610 to 625 nm. The harmonic generation was integrated
from 647 to 684 nm. Data collected from the pump only and from the probe only are shown
for comparison. As expected from my previous results, there is a dramatic reduction in
exciton luminescence when the probe arrives. The probe alone produces no luminescence.
The probe is much less intense than the pump, so the pump is actually producing a lot

of undetected photoionization.

7.11. Local Dynamical Modeling

The traditional model of time resolved exciton luminescence is
(7.4) — = —— — An?

This equation and its variants very accurately describe the results of numerous exper-

iments, but is not intended to capture all aspects of exciton physics. For example, it
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Figure 7.18. Time resolved exciton luminescence with a photoionizing
probe. The probe pulse occurs near 70 ps and produces a horizontal band
of third harmonic generation. The exciton luminescence is reduced at the
same time.

does not describe the spatial distribution or the momentum of excitons, their diffusion,
or polariton dispersion. It is purely a description of local exciton losses. Here I illustrate
the impact of the exciton/photon scattering cross section on a hypothetical time resolved
exciton luminescence experiment.

The equation requires a pumping term and a new term to describe photon scattering.

Everything must be defined very carefully.

dnx n L

(7.5) — = Xy E //L(el)L(eg)éz(EXO — €1 — €3)derdey — Ank —nx /U—Ide’
t T 2 €
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Figure 7.19. Wavelength-integrated, time resolved exciton luminescence.
The presence of the probe pulse near 70 ps produces a dramatic reduction in
the exciton luminescence (black) compared to luminescence obtained from
the pump alone (red). The probe alone produces no exciton luminescence
(blue). Long wavelength light indicates the arrival times of the pump and
probe (green).

where

e nx is a number volumetric density of excitons detectable through polariton lu-

minescence
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e 7 is the intrinsic exciton lifetime including conversion to the lower lying dark
paraexciton, radiative decay through the polariton mechanism, and phonon pro-
cesses

e 3 is the two photon absorption coefficient [29]. Owing to momentum conserva-
tion, two photon absorption only pumps a narrow range of orthoexciton states
8]

e ¢ is the incident photon energy

— € describes the first photon contributing to two photon absorption

— €9 describes the second photon

— ¢’ describes a photon which may contribute to scattering, such as a pump or
probe photon

— It is necessary to know the total incident spectrum to determine if a photon
with a particular energy can contribute to two photon absorption.

e [(x) is the spectral irradiance (energy flux per photon energy)

e §? is an incompletely understood function which maintains conservation laws [30]
and has dimensions inverse energy. It does not have zero width like a Dirac delta,
but the width is very small by the standards of current experiments.

e FEx, is the orthoexciton energy

e A is the Auger constant [42] 29] [155]

e 0 is the e-dependent photon scattering cross section

Interesting pump phase effects have been described [31, [12], but I exclude them from the

model as not relevant to photoionization.
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Figure 7.20. Solution to the exciton density differential equation

A numerical solution to the differential equation under the delayed scatting pulse
conditions used in the experiment shows the effect of photon scattering on the exciton
density as a function of time (Figure . In the calculation, two photon pumping of the
orthoexciton is suppressed by both Auger recombination and photon scattering from the
pump beam. As the laser beam turns off, the exciton density decreases tracking the laser
temporal profile because Auger scattering reduces the exciton population. In other words,
the effective exciton lifetime is near zero owing to the high exciton density. After a few
tenths of a nanosecond, the population density is small enough that density independent
decay processes are more prevalent.

Later, the probe pulse removes much of the exciton population. A calculation with o =
0 shows that exciton photon scattering can make a substantial difference. For simplicity,

the pump, probe, and polariton are modeled as approximately monochromatic.



143

The following parameters were used in the numerical calculation.

e ny(t = 107% seconds) = 0 was used as a boundary condition.

e 0 =3.9-10"%2 m? for both pump and probe beams

Laser pulses with Gaussian temporal profiles having standard deviation 2.3-10~!

seconds

116 pJ scattering pulses

25 pJ pump pulses

B =217-10"'2 m/W
e 7=117-10"s
e A=T7-10"" m?3/s

e The probe pulse is delayed 1 ns
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CHAPTER 8

Conclusions and Outlook

This dissertation demonstrates the synthesis of high quality cuprous oxide crystals.
There is a large volume of ongoing research on cuprous oxide synthesis, primarily focused
on nano- and micromaterials for photocatalysis, photovoltaic, and sensing applications. I
hope the defect reduction and sample characterization methods described here will inform
future synthesis studies. One pressing question in the field of cuprous oxide synthesis is:
How does the electronic structure of cuprous oxide change as material dimensions become
small? The methods of Chapter [5| will be useful for answering this question.

While synthetic cuprous oxide lacks some defects found in geological samples and
provides greater reproducibility, it does not yet hold the record for longest exciton lifetime.
Some additional improvement may be obtained in the future by slower synthesis processes
which further drive sample oxidation towards stoichiometry and reduce strain. This will
be a tedious line of investigation. There is also some promise in investigating halogen
doping at oxygen sites as an oxidation mechanism [78, [79, [8T]. Finally, in imitation of
natural cuprous oxide formation, hydrothermal growth [I56] should be further pursued.

The efficiency of third harmonic generation in cuprous oxide crystals was determined
in absolute terms. This is quite unusual for a third harmonic investigation which does
not rely on cascading second harmonic generation processes. The anisotropy caused by

the tensor nature of the third order susceptibility was measured; the existence of the
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anisotropy was predicted but there are no theoretical tools known to me for quantita-
tive predictions. The results emphasize the need for better theoretical methods for time
dependent electronic structure calculations in crystals.

Photoionization of excitons is an exciting process to investigate. It has roots in the
development of quantum mechanics; the quantization of light was inferred from the energy
threshold for the photoelectric effect. It also presents cutting edge challenges in under-
standing how material band structure modifies the exciton/photon inelastic scattering
cross section.

Direct experimental extensions of this work might include measuring the dependence
of the cross section on the photon energy to compare it with existing theory (Equation
, alternate pumping schemes, measurements in other materials, and measurements of
exciton Rayleigh scattering with terahertz radiation.

More broadly, a good future direction for exciton physics in cuprous oxide is to inves-
tigate exciton/phonon scattering processes [23]. Such experiments can be very difficult
to control owing to the low energy of phonons, however terahertz technology [157] for

phonon applications [142], such as coherent excitation of phonons, is rapidly advancing.
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APPENDIX A

Preparation of Electronic Detectors

I developed detectors for photovoltaic measurements and a search for exciton solitons
which has not been successful thus far. This appendix describes the my electron beam
lithography process, which as far as I know is the first one performed on cuprous oxide

substrates.

A.1. Sample Requirements

e Bumps must be small compared to the thickness of the resist (< 100 nm).

e Large scale curvature must be such that focus of the electron beam can be main-
tained or corrected.

e The sample must be hydrophilic so that resist will adhere to it. Cuprous oxide
is highly hydrophilic.

e Samples must be strong enough not to fracture during handling, including spin
coating (> 100pm thick).

e Samples are more easily mounted if their thickness is less than 1 mm.

e The sample must be adequately grounded so that it can be imaged for alignment
with the electron beam. Though cuprous oxide is not a conductor, this has not

been a challenge.
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A.2. Device Construction

Exciton detectors require cuprous oxide with copper and gold connections. There also
need to be contacts to send the signal to external readout electronics. There are four

layers to the design:

1) Alignment marks

2) Gold/cuprous oxide interface

3) Copper/cuprous oxide interface
)

(
(
(
(

4) Contacts

Each layer was made with electron beam lithography and deposition. One electron
beam lithography cycle is required for each layer on each cuprous oxide chip. Each chip
can contain multiple devices, within the constraint that the devices not interfere with
each other. The lithography process is about the same in each case, but the deposition
varies.

The alignment mark step crates a reference frame for subsequent deposition steps. I
used plus-sign shaped alignment marks. For each device I used two large and two small
marks. Only three noncollinear marks are required to perform alignment of the electron
beam, but I found that using extra marks was very helpful. Sometimes not all the marks
are written correctly. Since the alignment marks are subject to electron beam exposure
during the alignment of the remaining three layers, they can be destroyed if the resist
on top of the alignment mark is exposed enough that it is removed during development.
Small alignment marks can be difficult to find in the electron microscope. Large alignment
marks are helpful for finding the small alignment marks. Identifying arrays of squares help

identify the different alignment marks.
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Figure A.1. An example of computed proximity effect correction to electron
dose for an Au electrode design. The lowest correction factor is 0.686 (blue)
and the highest is 1.359 (red).

The copper and gold layers must be separated so that charge cannot flow from one to
the other, but close enough together that when an electron is collected from an exciton
by the inherently positive copper electrode, the gold electrode will collect the hole from
the exciton. The smaller the gap, presumably the more sensitive the detector. The longer
the boundary between copper and gold within the region where excitons are present, the
greater the sensitivity of the device. On the other hand, high capacitance might negatively
impact the time resolution of the detector.

Proximity effect correction was used in the electron beam lithography [158]. I used

B =3.33 pm, n = 0.75, and a beam size of 10 nm.
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A.3. Recommended Lithography Recipe

(1) Resist Preparation
(a) Sonicate the sample for three minutes in acetone.
(b) Rinse in isopropanol.

c) Set a hot plate to 150 C.

(e) Activate the spinner vacuum.
(

(g) Use a pipette to pick up undiluted Zeon Chemicals L.P. ZEP 520A resist.

)
)
(c)
(d) Place the sample on to a spinner with a small chuck.
)
f) Test the spinner cycle.

)

ZEP is

e Positive resist

Molecular Weight 57000

11% methyl styrene and chloromethyl acrylate copolymer

89% anisole

Sensitive

Etch resistant

e High resolution
(h) Discard one drop of ZEP.
(i) Place two drops on the sample.
(j) Spin at 4000 RPM for 30 seconds to produce an expected 300 nm thickness.
(k) Bake on the hot plate at 150 C for 3 minutes.
(1) Cool the sample quickly.

(2) Electron Beam Writing
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Figure A.2. Raith 150 Electron Beam Lithography System

Raith 150 electron beam lithography system.

30 kV beam acceleration.

30 pm aperture.

e 10 mm working distance.

e Secondary electron detector.

e Three point alignment with focus correction.
e 100 um write field.

e Dose of about 99 nC/cm? written in three parts of 33 nC/cm?
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e Each of the three writings offsets the write field by 10 pgm in both axes to
reduce stitching error.
e Step size of 0.1 pum in both axes.
e Current is typically 370 pA.
e Beam dwell is computed based on other parameters. It is typically 9 ms.
e The instrument’s maximum beam speed is about 11 mm/s. These parame-
ters operate near the limit on the Raith 150 blanking speed.
(3) Development
e Develop in Xylenes for 30 seconds.
e Rinse in isopropanol.
e Blow dry.
(4) Descum
e The March plasma etcher has power and pressure feedback.
e [t is precleaned with oxygen plasma.
e Oxygen pressure 165 mTorr.
e Power 20 Watts.
e Duration 15 seconds.
e Oxygen plasma does not oxidize the sample.
(5) Deposition varies
(6) Liftoff

(a) Place sample in anisole at 70 C for 40 minutes.
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200um

Figure A.3. This microscope image shows a device after the development
step of the contact pad layer. The gold electrodes are yellow. The copper
electrode is red. The background is resist. The green region at the top is
the developed, but not deposited, contact pad.

(b) Rinse in a powerful stream of acetone. The style of squirt bottle with the
tube coming out the top provides an adequate stream. The type of bottle
with the tube coming out of the side does not work.

(c¢) Return the sample to the anisole and sonicate it for a few seconds.

(d) Rinse the sample with IPA.
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Figure A.4. March Plasma Etcher used for oxygen plasma cleaning, which
may improve deposition adhesion by removing residual resist from the de-
veloped area.

(e) Repeat liftoff steps until all resist and the deposited material on top of the
resist is gone. Try not to allow the sample to dry during liftoff.

(f) Blow dry the sample.

A.4. Deposition

Deposition was typically performed using an AJA system with four distinct sputtering
targets. This system is very fast because it has a load lock and it is not often necessary
to change targets. Based on convenience, sometimes an Emitech sputtering system was
used. It has three identical targets and has some constraints such as limited sputtering
duration. No big difference was found between the two pieces of sputtering equipment.

Sputtering is omnidirectional. In some cases, a sputtered layer can adhere to the side
of the resist near the developed area, preventing proper liftoff. With this lithography
recipe, sputtering was successful. If it had not been successful, then evaporation could

have been used throughout.
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200um 400um

Figure A.5. Microscope image of a completed device. The gold electrode is
the bottom one. Both small and large alignment marks are visible.
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Figure A.6. AJA sputtering system.

A.4.1. Alignment Marks

Alignment mark deposition is the least particular deposition layer. The important thing is
that the alignment marks be easily imaged by a scanning electron microscope. I typically
used 10 nm chromium as an adhesion layer followed by 100 nm gold. Gold sputters fast

and provides good contrast because it is dense.

A.4.2. Copper and Gold

Typically I sputtered 100 nm of copper or gold for the copper and gold electrode compo-

nents. Thinner layers do make a partially transparent device, which could be useful since
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it would allow for pump laser beams to shine through the device, but I used thicker layers

to ensure adequate conductivity.

A.4.3. Contact Pads

Contact pad deposition is the final and most troublesome step. While in all cases, de-
position adhesion seemed to be adequate for proper liftoff, contact pad adhesion was not
adequate for reliable wire bonding, though bonds were occasionally made. A variety of
contact pad deposition formulas were tested. Anecdotally, the best adhesion was obtained
using a Lesker CMS Lab-18 electron beam evaporator to deposit 5 nm Ti and 100 nm Au.
This deposition was performed by Dan Rosenmann. Ultimately, the conductive epoxy
Circuitworks CW2400 was substituted for wire bonding. The epoxy was cured at 75 C
for one hour. When epoxy is used, the contact pad composition does not appear to be

important.
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Figure A.7. An SEM image of an example device. The copper component
has low contrast in the SEM because it is on a Cu,O background.



179

Oum 40um SO0um

Figure A.8. A second SEM image of an example device. In this case the
electrodes are closer together.
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APPENDIX B

Photovoltaic Measurements

B.1. Background

B.1.1. Voltaics

At a copper-cuprous oxide boundary, electrons in the cuprous oxide are attracted to the
copper and holes are repelled by a 0.75 eV Schottky barrier [I59] owing to the ionic com-
ponent of copper/oxygen bonds. Photocurrent spectra revealed that absorption through
the I1s orthoexciton polariton quadrupole resonance produced a voltage. Long distance
diffusion was observed [160].

Laser pulses were used to excite cuprous oxide above the gap. Time resolved voltage
showed two types of signal: broad diffusion or a narrow pulse of excitons. The narrow
pulse occurred at higher pump intensities and lower temperatures. This was interpreted
as evidence of superfluidity [161]. The phase boundaries were mapped out. Pump probe
experiments were performed with 532 nm excitation showing a soliton gathering excitons
from a diffusive probe [162] leaving the probe with a sech® shape [163]. Solitons were
produced with phonon assisted absorption and n = 2 exciton state absorption [163].

Gain to the soliton was found when a background of continuous wave excitons was
present. Soliton heights are up to 18 mV with a 50 € load [164].

Two photon photo-voltaic spectroscopy verified that an exciton mediated photovoltaic

effect occurs even if excitons are pumped directly into the yellow 1s orthoexciton state, but
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that phonon-assisted two photon absorption is forbidden. The high-lying green exciton
also has two photon absorption to the 1s through 4d states. The voltage was not time

resolved [165].

B.1.2. Phonon Wind

The momentum flux of acoustic phonons is

/

1 epw r—r , r—r'|\ 5,
B.1 Wi(r,t) = — t— d

£ pw is the energy associated with the poorly understood operator YT, the energy released

by Expression |electron-hole binding] here presumed to form phonons. S is the speed

of sound. g is the carrier generation rate. The corresponding motion of excitons with

concentration n is

on n

B.2 - . = DV?p — =

(B.2) T +V-Vn Vn -
Vv m

Where V is the exciton drift velocity, D is the exciton self-diffusion constant, 7. is the
exciton lifetime, 7, is the electron-hole recombination time, and oy, is the exciton-phonon
scattering cross-section. For absorption coefficient A, there is a solution

s D2 2Dt — 2D\t
0 = () e ()]
Ti 4Dt 4Dt

where ¢, is A times the number of photons per pump pulse and 7; is the pulse duration

[166]. This model seems to reasonably fit the observed solitons, but may or may not
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explain gain from a continuous wave background [I67HI70]. It has been pointed out that
an unspecified dispersion and nonlinearity can produce solitons in the absence of phonons

or superfluidity [T71].

B.2. Sample Connection

Several mounting techniques were used in measurements of the photovoltaic devices
described in Chapter [Al T machined a new mount for each sample because I did not
wish to disturb the devices once they were successfully mounted. The mounts used had
opaque shields with one or two openings because of concerns expressed in Reference [172]
p. 44 about stray light disabling the detector “for an unknown reason.” I was not able
to determine if these shields were really necessary. In most cases, black ABS plastic was
used because it is insulating, opaque, and easily machined. For temperature dependent
measurements, a copper mount was used to ensure good thermal coupling between the
sample and the silicon diode thermometer. With the copper mount, extra care was taken
to insulate the signal lead from the grounded mount using electrical tape.

The sample was adhered to the mount or, for concave mounts that were difficult to
reach into, a fragment of a glass coverslip for easy handling. The adhesive was VGE-7031
varnish, which was cured overnight at 50 °C in an oven. Wedge shaped copper strips
were adhered to the device contact electrodes with [TW Chemtronics CW2400 two part
conductive epoxy. When mixing the epoxy, I found I got better results if I prepared
substantially more epoxy than I needed because it made the epoxy easier to mix. The

epoxy was again cured overnight at 50 °C. Conductive epoxy has the disadvantage that
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incorrect connections cannot be removed, however I found it was much more reliable than
wire bonding.

I soldered leads onto the copper strips and applied additional varnish as necessary to
ensure all parts would stay mounted. The mount was bolted to the central probe rod of
the cryostat, which also served as a ground. An insulated wire, typically connected to the
copper electrode on the device, was twisted up the rod. I soldered that signal wire to the
core of a BNC pass through. A BNC cable connected the system to a BNC T junction,
which was attached to the oscilloscope and a 50 €2 shielded resistor (in parallel with the
device). The entire cryostat, cryostat mount, optical table, and BNC cable shield formed
a common ground, which was connected to the wall circuit ground. The cryostat mount
has four conductive posts which form potential, unavoidable ground loops. Correctly
assembled devices had room temperature resistances of order 10 k{2, depending on the
details of the contact geometry and crystal synthesis.

All measurements were performed in the cryostat. Room temperature experiments
were performed in vacuum to prevent oxidation. It was not determined if this was neces-
sary. Low temperature experiments were performed in liquid or gaseous helium.

The oscilloscope used was a Tektronix TDS340. Its specifications are similar to those
of the oscilloscope used in reports of paraexciton solitons. It has a 100 MHz bandwidth
and a 1 M input impedance. The primary instrument limitation is that it can only
average 256 laser shots at a time. Typically this was sufficient, but the program described

in Chapter [C] allows for further averaging.
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Figure B.1. Waveform of the trigger diode on two different time scales.

B.3. Triggering

The laser was used to optically trigger the oscilloscope. Similar to Chapter[7] the laser
third harmonic pumped the OPA which illuminates the sample. A small portion of the
355 nm third harmonic light leaked through a mirror between the laser and the OPA. I
placed a Thorlabs DET100A silicon diode so that it would absorb the leaked light. It
was connected to the oscilloscope as a trigger. No power supply was used with the diode.
The diode has a 43 ns rise time according to the manufacturer, but the actual rise time
appears to be shorter (Figure . It is probably less than the oscilloscope resolution.
The oscilloscope can take only 1000 samples from each waveform. To use them most
efficiently, I typically configured the oscilloscope to record the minimum number of pre-

trigger samples, which is 250.

B.4. Noise

The sample was adjacent to a picosecond pulsed Nd:YAG laser, which contains com-
ponents that use high voltage pulses, such as Pockels cells. The laser electronics have

some inductive coupling to the sample circuit. This coupling is apparently much less
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severe than the problems described in Reference [I72] p. 47. Four simple steps greatly
reduced both the noise and the background from inductive coupling.

First, cables were disconnected from the TRAIN, SYNC1, SYNC2, and TRIG con-
nectors on the side of the laser head. These unnecessary components served as antennas
which transmitted unwanted background signals. The triggering system described in Ref-
erence [172] relies on similar connections, which may explain why it suffered from more
noise. Second, the optical table was correctly grounded. Third, the signal was averaged
across laser shots. Single shot measurement was possible, but typically averaging of order
256 shots was desirable (Figure . Fourth, all measurements were repeated with the
laser beam blocked by a robotic shutter in front of the cryostat. The signal recorded with
the shutter in place was taken to be a background (Figure and subtracted from the
signal. The necessary computer program is in Chapter [C| The resulting measurements are
therefore solely owing to interaction of the laser light with the sample, and not inductive

coupling.

B.5. Comparison with Photomultiplier

Previously, both optical and electronic means of investigating paraexcitons have been
employed. Only electronic evidence of paraexciton solitons has been reported. Optical
methods typically rely on weak phonon linked luminescence mechanisms or strain. I made
some simple measurements with a photomultiplier tube for comparison with the electronic
detector. While the electronic detector temporal resolution is limited by the oscilloscope
used, the photomultiplier time resolution is about 500 ns, even when a low load resistance

of 17 Q was used (Figure [B.4]). Better photomultiplier measurements can be performed
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Figure B.2. Measurements from a sample not exposed to light demonstrate
the benefits of averaging the signal. When the number of laser shots increase
by a factor of 8, the amount of noise remaining after averaging decreases

by about a factor of v/8, as expected.

by replicating, for example, the methods of Reference [I1], which did not observe solitons.

Time resolved luminescence measurements on a much shorter time scale are reported in

Chapter [4

B.6. Spectra

A device at 1.440.5 K was illuminated by passing the OPA beam through the sample.
The prompt photocurrent across 50 ) resistance was recorded (Example in Figure B.5)
as a function of the OPA beam center energy (Figure . The results are consistent

with Reference [165], accounting for differences in geometry. When light is transmitted
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Figure B.4. Time resolved luminescence at 220 K collected through a 610
nm band pass filter.

through the cuprous oxide sample to the detector, a strong signal is detected. At higher

photon energies, the light is absorbed and no signal reaches the detector. The energy of
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Figure B.5. Time resolved photocurrent for a wavelength of 622 nm (1.99 eV).

the OPA output as a function of the energy of the photons in the OPA beam is displayed
in Figure [B.7] Variations in the OPA linewidth are shown in Figure [B.8] The linewidth
sets the resolution of Figure [B.6]

The primary absorption feature starts at 2.051£0.001 eV. This is consistent with
production of a s orthoexciton and a 18.7 meV *T';; phonon. The absorption coefficient
increases like the square root of the phonon energy [25]. Applying the Beer-Lambert law,

the photovoltaic signal as a function of energy F is

(B.5) V(E) & —H(E — 2.051)e~ 55

This is the green curve in Figure [B.6] H is the Heaviside step function.
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B.7. IV curves

The current-voltage characteristic curve of the copper/cuprous oxide/gold device for
room temperature is plotted in Figure [B.9] The curve is non-Ohmic and also not rectify-
ing. The purpose of the red line is to emphasize the non-Ohmic shape. The characteristic
curve is qualitatively similar to back-to-back Schottky diodes [I73]. At 1.440.5 Kelvin,

the resistance of the device is much greater (Figure [B.10)).

B.8. Power Dependence

The response of the photovoltaic device was nonlinear. Curves similar to Figure [B.5
were recorded at 185.3+ 0.5 K with the OPA set to a center energy of 1.96 eV. Figure

shows the peak voltage across a 50 {2 load for a variety of laser pulse energies. The
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Figure B.10. Current/Voltage curve at 1.4 Kelvin.

less-than-linear pattern of the data suggests the detector may become saturated at higher
currents.

Exciton solitons only form at sufficiently high exciton densities. Since no exciton
solitons were observed, it is important to consider whether sufficient laser power was used

to excite the crystal. I used the second harmonic generation directly produced by the
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Figure B.11. Photovoltaic signal versus laser pulse energy.

laser to eliminate this concern. Typically the 2.033 eV second harmonic light produces
no signal in the back cell geometry. With the sample at 1.4 Kelvin, I increased the laser
power until a signal appeared in the back cell geometry; only a prompt signal, and not a
soliton signal, was observed. The cause of this photovoltaic signal was optically induced
cleaving of the crystal. A [111] faceted, truncated pyramid was removed from the [100]
crystal wafer by high power laser pulses (Figure . This allowed the light from the
laser to pass through the crystal to reach the photovoltaic device. The laser spot was
evidently not centered on the device when the cleaving occurred. These results show that
further increases in laser power are not beneficial since they break the sample. Cleaving
of the crystal into clean faces is surprising since normally cuprous oxide has poor cleavage.
Laser cleavage may provide a more precise method of orienting cuprous oxide wafers than

Laue diffraction.
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Figure B.12. Cuprous oxide wafer with photovoltaic device, cleaved by in-
tense laser light. The view is towards the laser beam. The truncated pyra-
mid cleaved from the sample is deeper than the microscope depth of field.
The green arrows indicate equivalent [110] crystal lattice axes. The cleavage
planes are along [111].

B.9. Photoconductivity

The sample was illuminated with a continuous wave, intracavity doubled 2.33 eV
Nd:YVO, laser. Three Watts of laser beam power were chopped by a Stanford Research
Systems SR540 optical chopper set to 20 Hz. The sample was cooled to 230 K so that
the photoconductivity of the sample would be sufficiently large. At lower temperatures,
the photoconductivity changed too slowly to be measured with this optical chopper. The
sample was connected in series to an 85 V power supply and a 36.8 kOhm resistor. The

resistivity of the sample in darkness was 335 k), so the circuit forms an poor quality
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Figure B.13. Time-resolved photoconductivity of cuprous oxide.

constant current source. The sample was illuminated from the side opposite the electrodes.
The voltage across the device after the laser pulse was turned on by the chopper was
recorded with the oscilloscope and the implied resistance of the sample was calculated
(Figure . The oscilloscope was triggered by the optical chopper controller. The
resistance of the sample decayed exponentially in time with a time constant of 6.354-0.08

ms.

B.10. Continuous Wave Attenuation

A final tool to use to try and find exciton solitons is amplification of solitons by
a continuous wave light source [164]. I found that the 2.33 eV continuous wave laser
actually reduced prompt photovoltaic signals from 1.96 eV OPA light at 1.4 Kelvin owing
to increased photoconductivity of the sample. Figure |B.14] shows a reduction in the

amplitude of the observed photovoltaic pulses from 0 to 2 Watts of continuous wave
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Figure B.14. Addition of a continuous wave, above the gap pump to a
below the gap photovoltaic signal decreases the signal amplitude because of
an increase in photoconductivity which penetrates the bulk.

power, with little change above 2 Watts. In this experiment the photovoltaic device
is illuminated through the crystal. Since the continuous wave light is absorbed on the
crystal surface but the pulsed light passes through the sample to the detector, this data
shows transport across the sample is occurring. Paraexcitons are the only known means

of transport across such large distances.
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APPENDIX C

Photovoltaic DAQ Program

The photovoltaic data acquisition system relied on the components listed below. Their

documentation was essential to assembling the system.

e Tektronix TDS340 oscilloscope

e Agilent 82357b GPIB/USB interface

e Phidgets servo controller

e Firgelli L12 100 mm linear actuator

e Windows Vista 64 bit

e Visual Studio Express 2012 (compile for x64)
e Gnuplot

e Agilent Connection Expert

#include <stdio.h> // for printf()
#include " sicl.h” // Standard Instrument Control Library routines,
Agilent

#include <windows.h>
#include <tchar.h>
#include <stdlib .h>
#include <assert.h>
#include ”stdafx.h”

#include <phidget21.h> //motor control library , Phidgets

#define DEVICE_ADDRESS ” gpib0 ,1” // Modify this line to match your setup
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#define READS 1//how much averaging to do on the computer

//more than 249 causes a stack overflow on my system

#define AVERAGENUM ”ACQUIRE:NUMAVG.256"

//how much averaging to do on the oscilloscope , 256 maximum, must be a power of 2

//motor configuration
#define OPENPOS 85.00

#define CLOSEDPOS 115.00
//time it takes motor to move

#define DWELLTIME 3300

//responds to attachment of phidget
int CCONV AttachHandler (CPhidgetHandle ADVSERVO, void xuserptr)
{

int serialNo;

const char #name;

CPhidget_getDeviceName (ADVSERVO, &name) ;
CPhidget_getSerialNumber (ADVSERVO, &serialNo);

printf ("%s_%10d_attached!\n” , name, serialNo);

return 0;

//responds to disconnection of phidget

int OCONV DetachHandler (CPhidgetHandle ADVSERVO, void suserptr)

{

int serialNo;
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const char xname;

CPhidget_getDeviceName (ADVSERVO, &name) ;
CPhidget_getSerialNumber (ADVSERVO, &serialNo);
printf (”%s.-%10d_detached!\a\n”, name, serialNo);

getchar () ;

return 0;

//responds to error
int OCONV ErrorHandler (CPhidgetHandle ADVSERVO, void s*userptr, int ErrorCode,

char *Description)

printf(”Error_handled. %d_.—_%s\n” , ErrorCode, Description);
getchar ();

return O;

//start of program
int main(void)

{

INST id; // device session id

char buf[256] = { 0 }; // read buffer for idn string
char buf2[256] = { 0 };

char buf3[256] = { 0 };

char buf4[256] = { 0 };

char curvebuf[10000] = { 0 }; //big buffer for data from oscilloscope

char busybuf[256] = { 0 };
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const
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char one[l] = {0};
char voltage[1024] = {0}; //voltage scale

char time[1024] = {0}; //time scale

int 1=0;
int j=0;
int k=0;

long int number=0; //for strtol

char x charptr; //for strtol

long int array [READS][1000];//signal data

long int barray [READS][1000];//background data
double average[1000] = {0};//signal average
double baverage[1000] = {0};//background average

errno-t error;

//command line access variables
STARTUPINFO si ;

PROCESSINFORMATION pi ;

// file management
FILE * data;

FILE * gnuplot;

//phidget declarations
int result;
const char xerr;

double maxVel, maxAccel;

//Declare an advanced servo handle

CPhidgetAdvancedServoHandle servo = 0;
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100 //create the advanced servo object

101 CPhidgetAdvancedServo_create(&servo);

102

103 //Set the handlers to be run when the device is plugged in or opened from

software , unplugged or closed from software, or generates an error.

104 CPhidget_set_-OnAttach_Handler (( CPhidgetHandle)servo , AttachHandler, NULL);
105 CPhidget_set_OnDetach_Handler (( CPhidgetHandle)servo, DetachHandler, NULL) ;
106 CPhidget_set_OnError_Handler (( CPhidgetHandle)servo, ErrorHandler, NULL);
107

108 //open the device for connections

109 CPhidget_open (( CPhidgetHandle)servo , —1);

110

111 //get the program to wait for an advanced servo device to be attached
112 printf (”Waiting._for _Phidget _Advanced_Servo_to_be_attached ....\n”);

113 if ((result = CPhidget_waitForAttachment (( CPhidgetHandle)servo, 10000)))
114 {

115 CPhidget_getErrorDescription(result , &err);

116 printf(”Problem_waiting._for_attachment: _%s\n”, err);

117 getchar () ;

118 return 0;

119 }

120

121 //read event data

122 printf(”Reading ..... \n”);

123

124 //This example assumes servo motor is attached to index 0

125

126 //Set up some initial acceleration and velocity values

127 CPhidgetAdvancedServo_getAccelerationMax (servo, 0, &maxAccel);

128 CPhidgetAdvancedServo_setAcceleration (servo, 0, maxAccel/200);
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143

144

145

146

147

148

149

150

CPhidgetAdvancedServo_getVelocityMax (servo, 0, &maxVel);

CPhidgetAdvancedServo_setVelocityLimit (servo, 0, maxVel/100);

//power up motor

CPhidgetAdvancedServo_setEngaged (servo, 0, 1);

// Access oscilloscope

//

// Install a default SICL error handler that logs an error message and

exits. On Windows NT use the Windows NT Event Viewer.

ionerror (.LERROR-EXIT) ;

// Open a device session using the DEVICE_ADDRESS

id = iopen (DEVICE.ADDRESS) ;

// Set the I/O timeout value for this session to 1 second

itimeout (id, 1000);

// Write the *IDN? string and send an EOI indicator , then read

// the response into buf.

ipromptf(id, "«IDN?\n”, "%t”, buf);

printf (?%s\n”, buf);

ipromptf(id ,”ACQUIRE: STATE_OFF” ;buf4);//stop acquisition

ipromptf(id ,AVERAGENUM, buf2);//set number of traces to average

ipromptf (id ,” ACQUIRE:MODE_AVERAGE” ,buf2);//set averaging mode

201
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177
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182
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202

ipromptf(id ,”DATA:WIDTH_.2” ;buf2);//read 2 bytes of data, only works when
averaging
ipromptf (id ,” ACQUIRE:STOPAFTER_SEQUENCE” ,buf3) ;

//oscilloscope stops after data is collected

for (k=0;k<READS; k++){
//move servo

CPhidgetAdvancedServo_setPosition (servo, 0, OPENPOS) ;

Sleep (DWELLTIME) ;

printf(” Collecting._signal.\a”);

ipromptf(id ,”ACQUIRE:STATE_ON” ,buf4);//start acquisition

Sleep (10);
ipromptf(id,”BUSY?” ,”%t” ,busybuf);
one[0]=busybuf[0]; //assumes oscilloscope is busy, measures the busy

message

//while oscilloscope is busy, sleep
i=0;
while (one[0]==busybuf[0]) {
i4++;
if(1==1%10){
printf(”\nBusy._for %i._seconds_with_message.” ,1);
printf (”%s” ,busybuf);
} else {
printf(”.7);

}

Sleep (1000) ;
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192
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201

202

203
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206

207

208

209

210

211

ipromptf (id ,”BUSY?” ,”%t” ,busybuf) ;

}

printf(”\nDone_after %i._seconds_with_message.” ,i);

printf(”%s” ,busybuf);

Sleep (10);

ipromptf(id, "CURV?\n”, ”"%t”, curvebuf);//read curve from
oscilloscope

//printf(curvebuf);

j=0;

for (i=0;(i<sizeof (curvebuf));i++){//gnuplot formatting

//handle first number

P ((i==0)){

array [k][j]=strtol(&curvebuf[i],&charptr ,0);

i+t

//handle remaining numbers
if (curvebuf[i]==+","){
assert (1!=0);
curvebuf[i]="\n";
array [k][j]=strtol(&curvebuf[i],&charptr ,0);

i+t

//else we’re done
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243

//move servo

CPhidgetAdvancedServo_setPosition (servo, 0, CLOSEDPOS) ;

Sleep (DWELLTIME) ;

printf(” Collecting._.background.\a”);

ipromptf(id ,” ACQUIRE:STATE_ON” ;buf4);//start acquisition

Sleep (10) ;

ipromptf(id ,”BUSY?” ,”%t” ,busybuf) ;

one[0]=busybuf[0];//assumes I’m busy, measures the busy message

i=0;

while (one[0]==busybuf[0]) {

}

I+

if(1==1%10){
printf(”\nBusy_for %i_seconds_with_message.” ,1);
printf (”%s” ,busybuf);

} else {
printf(”.”);

}

Sleep (1000) ;

ipromptf(id ,”BUSY?” ;”%t” ,busybuf) ;

printf(”\nDone_after _%i._seconds_with_message.” ,i);

printf(”%s” ,busybuf);

204



247

248

249

260

261

262

263

264

265

266

Sleep (10) ;

ipromptf(id, "CURV?\n”, ”%t”, curvebuf);//read curve from

oscilloscope

j=0;

for (i=0;(i<sizeof (curvebuf));i++){//gnuplot formatting
//handle first number
i ((1==0)){

barray [k][j]=strtol(&curvebuf[i],&charptr,0);

i+

//handle remaining numbers

if (curvebuf[i]==«",7){
assert (i1!=0);
curvebuf[i]="\n";

barray [k][j]=strtol(&curvebuf[i],&charptr,0);

i+t

printf(”%i._reads_remaining.\n” READS-k—1);

//sum up measurements
for (k=0;k<READS; k++){

for (1=0;i <1000;i++){
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282

284

285

286

287

289

290

291

292

293

294

295

296

299

300

average [ i]+=(double)array [k][1i];

baverage [ i]+=(double)barray [k][i];

//divide to get average

for (i=0;i <1000;i++){
average [i]=average[i]/((double)READS);
baverage [i]=baverage[i]/((double)READS) ;

”»

error=fopen_s(&data,”signal.csv” ,"w”);
if (error!=0){

printf(”Data_file _not_opened.\n”);

error=fopen_s(&gnuplot ,” plot .gp” ,”w”);
if (error!=0){
printf(”Plot_file _not_opened.\n”);

}

ipromptf(id, "CH1:SCA?\n”, "%t”, voltage);//measure voltage per division

printf ("%s”, voltage);

ipromptf(id, "hor:mai?\n”, "%t”, time);//measure time per division

printf ("%s”, time);

//make gnuplot file

fprintf(gnuplot,”set_terminal_windows_position_1,1\n");

//only valid for 2 byte mode
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fprintf(gnuplot,” plot.\"subtract.csv\” _using.($0+%s /50):($1x%s /25/256) _with

~lines\n”, strtok (time,”\n”),strtok(voltage ,”\n”));

//display graph briefly

fputs (” pause_3” ,gnuplot);

//make data file
for (i=0;i <1000;i++){

fprintf (data ,”%f\n” ,average[i]);

//close files
if (fclose (data)!=0){
printf(” File_not_closed.”);
}
if (fclose (gnuplot)!=0){

printf(” File.not_closed.”);

//make background file

”»

error=fopen_s(&data,” back.csv” ,”w");
if (error!=0){

printf(”Data_file .not_opened.\n”);
}
for (i=0;i <1000;i++){

fprintf (data ,”%f\n” ,baverage[i]);
}
if (fclose (data)!=0){

printf(” File _not_closed.”);
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343

344
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347

348

349

350

354

355

357

359

//make subtracted file

error=fopen_s(&data,” subtract.csv”,

if (error!=0){

”W” ) .
)

printf(”Data_file _not_opened.\n”);

}

for (i=0;i <1000;i++){

fprintf (data,”%f\n” ,average[i]—baverage[i]);

}

if (fclose (data)!=0){

printf(” File_not_closed.”);

//reset si

ZeroMemory ( &si

si.cb = sizeof(si

ZeroMemory ( &pi ,

//draw graph

sizeof(si) );
)

sizeof (pi) );

if ( !CreateProcess (NULL, // No module name (use command line)
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7C:\\ Program._Files_(x86)\\gnuplot\\bin\\gnuplot.exe_—e_\"load _\\\”

plot .gp\\\”\””,// Command line

NULL,
NULL,
FALSE,
0,
NULL,
NULL,
&(si),

&(pi) )

// Process handle not inheritable

// Thread handle not inheritable

// Set handle inheritance to FALSE

// No creation flags

// Use parent’s environment block

// Use parent’s starting directory
// Pointer to STARTUPINFO structure

// Pointer to PROCESSINFORMATION structure
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372

373

374

375

376

378

379

380

printf( 7 CreateProcess_failed .(%d).\n”, GetLastError ()

//turn off motor

CPhidgetAdvancedServo_setEngaged (servo, 0, 0);

//disconnect phidget control board
CPhidget_close (( CPhidgetHandle)servo);

CPhidget_delete (( CPhidgetHandle)servo);

//close session with GPIB device

iclose (id);

//let user check output

printf(”\nDone.\a\a\a\a\n”);

getchar () ;

return (0) ;

)
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APPENDIX D
Imaging Programs

D.1. Acquisition

This program for Andor spectrometers collects hyperspectral images. The program

waits for a TTL trigger pulse before collecting each spectrum. The language is Andor’s

proprietary variant of BASIC. The program maintains most instrument settings previously

set by the user.

print (” Area Miscroscopy

start=time ()
input (” Enter
input (” Enter
input (” Enter
input (” Enter

input (” Enter

the x step
the number
the y step
the number

experiment

Program”)

”

size in micrometers: ,xstepsize)

of x spectrum sites: ,xsteps)

9

size in micrometers: ,ystepsize)

of y spectrum sites: 7 ,ysteps)

”

folder name: ” ,name$)

directory$="C:\ Users\Public\automatic_data\”

SetTriggerMode (0)

SetAcquisitionMode (1)

SetReadoutMode (0)

:rem Trigger mode for background only.

:rem 4 is full, 0 is fast binned data

SetDataType (2) :rem Background corrected data type is 2

SetAcquisitionType (1) :rem Background

key (”To collect background, press a key”)
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26

27
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29

30

31

32

33

34

35

36
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39

40

41

46

run ()

SetAcquisitionType (0) :rem Signal

:rem y loop

i=0

key ("To collect

while (j<ysteps)
j=i+l

i=0

signal , press a key, then start stage script.”)

:rem X loop

while (i<xsteps)

i=i+l

print (” Waiting for trigger 7 ,i)
:rem Important
SetTriggerMode (1)

:rem l=external O=internal

run ()
SetTriggerMode (0) :rem workaround for triggering bug

run ()

:rem pad file names

pad$=""

if ((len(str$ (xsteps*ysteps))—len(str$(i+(j—1)xxsteps)))<0) then
print (” Filename padding error!”)

else
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while (len (pad$)<(len(str$ (xsteps*ysteps))—len(str$ (i+(j—1)x

xsteps))))
pad$=pad$+70”

wend



ot

wend

wend

CloseWindow (#0)

print (”Done.
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endif

filename$=directory$+name$+’ \"+pad$+str$ (i+(j —1)*xxsteps )+ x"+str$ ((
i—1)xxstepsize )+ y "+str$ ((j—1)*xystepsize)+ t"+str$ (time())

print (filename$)

save (#0,filename$+" . sif”)

:rem Potentially slows us down because we write to disk twice.

SaveAsciiXY (#0,filename$+” . txt” ,2) :rem tab separated value

CloseWindow (#1)

”»

Saved data in 7 ,directory$)

print (? Total time required in seconds: ” ,time()—start)

D.2. Analysis

This program, written for R 3.0.3, shows in part how I reduced the data collected

with the previous program. I avoided using the array paradigm typically found in R

programming because of difficulty debugging nonlinear regressions.

4

library (Hmisc)

filelist=list . files (7./” ,pattern="[0—9].txt”); #find all spectrum files in the

working

directory

range <— 454:586# sect region of interest rows for phonon—linked luminescence
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22

23

26

27

28
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#regions of interest depend on wavelength center selected in spectrometer

data <— do.call(data.frame, lapply(filelist , function(x) read.table(x) [[2]][range])
); #read spectra

scale <— 1239.84193/read.table(filelist [[1]]) [[1]][range]; #get wavelength scale
from first file , convert to electron volts

xpos <— sub ("y[0—=9]*t[0—9]x.txt” ,”” ;sub(”?[0—9]*x”,””  filelist)); #get x positions

ypos <— sub(”t[0—9]*.txt”,”” ;sub(”[0—9]*x[0—9]*y”,”” , filelist )); #get y positions

#initial guess depends on temperature and exposure

initials <— list (amp=270000,center=2.018230,T=46)

prange <— 72:133#area where no polariton luminescence

roi <— 54:72 #area where the polariton line is 609.75 to 611 nm
total <— {} #integrated residuals

meanenergy <— {} #peak location

sdenergy <— {} #peak width

fits <— {}

for (i in 1 : dim(data)[2]){
print (i);
df<—data.frame(dscale=scale [prange],ddata=data [[i]][prange]) ;#apply region
of interest for phonon fit
newdf=data.frame(dscale=scale [roi]) ;#for predicting values in polariton

area

#perform regression of Maxwell-Boltzmann model

#Poisson weighting
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model<—nls (ddata”™ amp*sqrt (abs(dscale—center))*exp(—(dscale—center)/
(8.6173323%10"(—5)*T)) ,data=df, weights=1/sqrt (Mod(ddata)+1),start=
initials ,nls.control(tol=6e—5));

fits<—cbind (fits ,summary(model)$coefficients [1:3]);

#polariton analysis
total<—append (total ,sum(data[[i]][roi]—predict(model,newdf))); #compute sum
of residuals

meanenergy<—append (meanenergy ,

wtd.mean(scale [roi],(data[[i]][roi]—predict(model ,newdf)) "2

#residual square weights
)
); #compute center of peak

sdenergy<—append (sdenergy ,sqrt ((wtd.var(scale[roi],(data[[i]][roi]—predict(

model ,newdf)) "2)))); #compute width of peak

#save results

alldata <— rbind (xpos,ypos, fits ,total ,meanenergy ,sdenergy);

write.table(t(alldata),”residual.gp” ,row.names=FALSE, col.names=c ("#x_position.(
microns)” ,”y.position._(microns)” ,”phonon_amplitude_.(arbitrary)” ,” phonon_energy .
(eV)” ,”temperature.(K)” ,”sum_of_residuals_(aribtrary)” ,”residual _peak._(eV)”,”

peak._width.(eV)”) ,quote=FALSE)
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