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Tauc plots of the ErAs:GaBiAs samples with droplets, as-grown (a)
and mechanically polished (b). The solid lines represent the measured
data while the dashed lines represent the linear fit used to extrapolate
the band gap. Note that samples Droplet, Low Er No Bi and Droplet,
High Er No Bi did not have Ga droplets and thus were not
mechanically polished. The peaks present in samples Droplet, Low Er
No Bi and Droplet, High EEr No Bi have previously been attributed
to surface plasmon resonances from the ErAs nanoparticle.[31, 21]
The samples containing Bi do not exhibit this peak as the resonance
is likely to have been suppressed from absorption in the GaBiAs layer

Bar chart showing the band gap of the ErAs:GABiAs samples with
droplets, as-grown (a) and mechanically polished (b) samples.

Select cross sectional transmission electron microscopy (TEM) images
of the ErAs:GaBiAs samples without droplets, (a) is a selection from
sample Low Er No Bi with (b) zoomed in, (¢) shows a selection from
Low Er Low Bi with (d) being further zoomed in. The insets in (b)
and (d) are the diffraction patterns for the Low Er No Bi and Low Er
Low Bi samples, respectively. It is unclear from the images whether
or not ErAs nanoparticles formed, but both the micrographs and
diffraction patterns suggest that the Bi containing samples have a
lower density of twin boundaries. . . . . .. .. ... ...

Reciprocal space maps (RSM) of samples (a) High Er No Bi (b) No
Er Low Bi (¢) High Er Low Bi and (d) High Er High Bi with the

vertical dashed line showing the strained line and the angled dashed
line showing the relaxation line.[29] . . . . . ... .. ........
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A selection of scanning electron microscope (SEM) and energy
dispersive spectroscopy (EDS) maps of the ErAs:GaBiAs samples
with droplets, both as grown and post polish. SEM images of the as
grown (a) Droplet, No Er High Bi, (b) Droplet, Low Er High Bi, and
(c) Droplet, High Er High Bi show that increasing the Er amount
results in more and larger Ga droplets. The GaAs pillars present after
droplet removal are shown for sample Droplet, Low Er High Bi,
Polished(d). Mixed color EDS map (e) of the Droplet, High Er High
Bi shows that the droplets are mostly (h) Ga, shown as blue, and
lack (g) As, shown as green. Bi and Er are depicted as red and white,
respectively. A mixed color EDS map (f) of sample Droplet, Low Er
High Bi, Polished shows that the pillars are of the same material at
the matrix. In (') white is As, also shown in (i), red is Ga, also shown
in (j), Bi is white, and Er is light blue. The inability of the EDS maps
to distinguish the pillars from the matrix suggests that the pillars are
the start of droplet epitaxial growth. . . .. ... ... ... ... .. 132

Reciprocal space maps (RSM) of samples (a) Droplet, No Er High Bi

and (b) Droplet, High Er High Bi show that the ErAs:GaBiAs
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Transient absorption optical pump optical probe measurements

showing the change in the probes absorption as a function of time

after the pump laser. Note that transients have been vertically offset.
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measurement.[29] . ... Lo 139
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Schematic showing the proposed processes that change the change in
absorption. Two relaxation processes are present in the ErAs:GaAs
samples (a), relaxation across the bulk band gap (90.0 ps) and
relaxation of carriers into the ErAs nanoparticles (1.3 ps). Two
processes are present in the GaBiAs samples (b), relaxation across
the bulk band gap (90.0 ps) and recovery of the bleached Bi E+
valence band to defect transition (89.8 and 28.6 ps). The
ErAs:GaBiAs samples have up to four processes (c), relaxation across
the bulk band gap (90.0 ps), relaxation of carriers into the ErAs
nanoparticles (1.3 ps), recovery of the bleached Bi E+ valence band
to defect transition (89.8 and 28.6 ps), and recovery of the bleached
Bi E+ valence band to defect transition with the aid of semimetallic
ErAs nanoparticles (1.2 ps). In this schematic the recovery of the
bleached Bi E+ valence band to defect transition is shown as filling
the emptied Bi E-+ valence band states by carriers relaxing out of the
defect states or carriers relaxing out of the ErAs nanoparticle.
Alternatively, the recovery of the bleached Bi E+ valence band to
defect transition could occur by filling the emptied Bi E+ valence
band states from the conduction band or by emptying the electrons in
the defect states within the band gap into the ErAs nanoparticle.
Note that a dashed line is used for the E+ valence band in (b) and
(¢) to show that the E-+ valence band may not form a complete band
at the Bi concentraitons studied here. [29] . . . . .. ... ... .. 141
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coefficient, and (c¢) thermoelectric power factor of ThAs:Ing 53Gag 47 As
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The simple model’s prediction of (a) electrical conductivity, (b)
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A schematic of the device setup. Heat exchanger 1 is the sphere below
the thermoelectric plate, with a temperature of Th. Heat exchanger 2
is the rod array and copper plate assembly mounted to the top of the
thermoelectric plate, with a temperature of Tt. The inset shows the
array of thermoelectric elements that make up the thermoelectric

module. [5] Reprinted from [5] with permission from Elsevier. . . . 169
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ABSTRACT

Lanthanide monopnictides have properties that makes them interesting for many
applications including thermoelectrics and photoconductive switches. Despite their
usefulness, many of their fundamental properties remain unknown. This dissertation
explores the fundamental properties of ThAs, both as nanoparticles and films. This
dissertation also presents a novel lanthanide monopnictide nanocomposite as a possible
candidate material for photoconductive switches.

To study the electronic structure of ThAs we used fluence dependent optical
pump terahertz probe measurements, revealing that ThAs nanoparticles saturate and
are likely semiconductors. Spectrophotometry shows a large blue shift in the optical
absorption energy when the matrix is changed from Ing 53 Gag47As to GaAs. To explore
these differences, temperature dependent Hall effect measurements are utilized, reveal-
ing that TbAs:Ing 53Gag47As is degenerately doped while ThAs:GaAs has the Fermi
level located near the center of the GaAs band gap. These combined measurements
indicate that ThAs forms a type I (straddled) heterojunction with GaAs and a type II
(staggered) heterojunction with Ing s3Gag7As.

The study of ThAs nanoparticles revealed that ThAs is a semiconductor, but
the band gap energy remains unknown. Films of ThAs were grown in an attempt to
determine the band gap. Spectrophotometry reveals the optical band gap is depen-
dent upon film thickness. Additionally, Hall effect measurements show that the films
are degenerately doped with the carrier concentration also depending on thickness.
Degenerately doping causes a Burstein-Moss shift in the optical absorption where the
magnitude of the shift depends on carrier concentration, and thus thickness.

In addition to studying the fundamental properties of TbAs, this dissertation

explores ErAs:GaBiAs as a novel candidate material for photoconductive switches.



Spectrophotometry measurements reveal that bismuth reduces the band gap, as ex-
pected, allowing these materials to be pumped with fiber-coupled lasers. Hall effect
measurements reveal that ErAs pins the Fermi level within the band gap; resulting in
a high dark resistance while maintaining a high mobility. The ErAs nanoparticles also
provide a carrier recombination pathway that results in a short carrier lifetime, shown
by transient absorption optical pump optical probe measurements. These measured
properties show that ErAs:GaBiAs is a promising choice for fiber-couple photoconduc-

tive switches.
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Chapter 1

REVIEW OF LANTHANIDE MONOPNICTIDE MATERIALS

1.1 Introduction

Lanthanide pnictides (LN-V), also commonly referred to as rare-earth pnic-
tides (RE-V), have become of great interest in recent years for a wide range of ap-
plications including: thermoelectrics, tunnel junctions, photoconductive switches, and
ohmic contacts.|32] Much of the early work on LN-V materials focused on molecular
beam epitaxy (MBE) grown ErAs and ErSb nanoparticles embedded in III-As and
II1-Sb semiconductors. The MBE growth, properties, and applications of ErAs and
ErSh was previously reviewed by Hanson et al.[32] Duan et al. also provided a re-
view on the electronic, magnetic, and transport properties of rare-earth monopnictides
including: progress in theoretical advancements in electronic structure calculations;
the electronic, magnetic, and transport properties of Gd-V, Eu-V, and Er-V; half-
metallicity, metal-insulator transitions, and magnetic orderings; and possible ways to
improve the magnetic and electronic properties for spintronic applications.|33]

Since those reviews, the field of LN-V materials has expanded. In the past
decade, ErAs and ErSb have been studied more thoroughly, and other LN-V systems
such as TbAs, LuAs, LaAs, GdAs, and GdN have become of interest. In this chapter
I will focus on the growth, properties, and applications of LN-V materials, highlight-
ing the commonalities and differences among them and how the work presented in
this dissertation fits into the general field of LN-V materials. Section 1.2 will discuss
the various growth mechanisms for LN-V materials including nanoparticle and film
growth. Section 1.3 discusses the band structure of the various LN-V materials. The
optical properties, electrical properties, and thermal conductivity are presented in Sec-

tions 1.4, 1.5, 1.6, respectively. Section 1.7 will discuss some of the recent advancements



in device applications as a result of LN-V materials. Finally, section 1.8 outlines the
remainder of this thesis. Note that Natali et al. recently provided a review on the
rare-earth mononitrides, and thus our discussion on rare-earth mononitrides will be
limited.[34] Also, while Sc is not technically a lanthanide, we will discuss the progress
made in Sc-V particles and films as they provide a nice comparison to many of the
other LN-V material systems.

The high quality growth of LN-V nanoparticles and films, and subsequently
their properties, are possible because of the crystal structure of LN-V materials. Thus,
before delving into the growth and resulting properties of LN-V based materials I will
highlight some of the important structural properties of the LN-V films. Many of the
LN-V materials including, but not limited to, ErAs, LuAs, GdAs, TbAs, LaAs, GdN,
and ErSb have the rocksalt crystal structure. This allows for a continuous group V sub-
lattice between the zincblende I11-V and rocksalt LN-V materials.[32, 11, 35, 36, 37, 16,
38, 39, 40, 13| Note that LaAs can form multiple stable crystal phases, including LaAs,
LaAs,, and LasAss, and multiple stable orientations. This is likely part of the reason
that it is difficult to grow LaAs films and difficult to grow high-quality I1I-V ontop of

LaAs nanoaprtilces and films; this will be discussed in more detail below.[11, 16, 38, 39]

1.2 Growth of LN-V Materials

To date, most of the LN-V work has been done on materials grown via molecu-
lar beam epitaxy (MBE), either as LN-V nanoparticles co-deposited within the I11-V
matrix, LN-V nanoparticles deposited during a I11-V matrix growth interrupt, or LN-V
grown as complete films. In addition to the MBE growth of LN-V, a few other tech-
niques used for bulk and thin film growth of LN-V materials that are worth mentioning
include: vapor-solid reaction in ampoules, metal organic vapor phase epitaxy, pulsed-
laser deposition, and reactive ion sputtering. Additionally, inert gas condensation has

been utilized to grow LN-V nanoparticles absent of a host material.[41]



Figure 1.1: Cross-sectional transmission electron microscopy images comparing the
random distribution of nanoparticles grown via co-deposition and the nanopartilces
placed at specific locations grown via the growth interrupt method. The co-deposition
sample (a) is ErAs in Ing 53Gag.a7As,[10] and the growth interrupt sample (b) is LuAs in
Ing 53GagarAs.[11] (a) is adapted with permission from [10] Copyright 2008 American
Chemical Society. (b) is reprinted from [11], with the permission of AIP Publishing.

1.2.1 MBE Growth of LN-V Nanostructures

In recent years much of the interest in LN-V materials has been in the form
of nanostructures epitaxially deposited in LN-V films. As mentioned above, there are
two MBE growth methods to incorporate LN-V nanostructures in III-V matrices: co-
deposition and growth interrupt. Co-deposition is used to randomly, albeit evenly,
disperse the nanostructures throughout the film, example shown in Fig. 1.1(a). Alter-
natively, the growth interrupt method is used to grow superlattices of LN-V nanostruc-
tures or to place the nanostructures at a particular location within the film, such as
in a p/n junction, example shown in Fig. 1.1(b). In this section we will discuss these
growth mechanisms and the effects of changing the growth parameters on the geometry

of the nanostructures.



1.2.1.1 Nanostructure Growth via Co-deposition

The general co-deposition growth mechanism holds true for most of the LN-
V:III-V systems, with each system having minor differences. Typically, as LN atoms
impinge on the surface they displace the group III atoms and bond with the group
V atoms already on the surface. As the amount of LN atoms incorporating increases
above the solid solubility limit, the LN-V form nanostructures. This results in nanos-
tructures randomly distributed throughout the film, Fig. 1.1(a). The co-deposition
growth method has a few potential advantages over the growth interrupt method,
discussed in detail below, including shorter growth times and reduced nanoparticle
spacing.[42] While this growth mechanism is true for most of the LN-V:III-V systems,
each system has minor differences such as the solid solubility limit and how the growth
conditions may alter the final nanostructure shape and density. Below, I discuss these
differences.

As mentioned above, LN-V form nanostructures if the concentration of LN ex-
ceeds the solid solubility limit of the I1I-V matrix. If the solid solubility limit is not
exceeded, the LN atoms can dope the I1I-V matrix. Modeling shows that the LN-Ga
substitution is the most favorable defect with the LN ion taking the isoelectronic triva-
lent configuration, resulting in some of the LN atoms being electrically inactive and
not acting as dopants.[43] Doping with LN atoms can be achieved by incorporating low
amounts of LN atoms. An alternative method to dope, and not form nanostructures,
is to grow at colder temperatures. [44] Burke et al. observed that while nanoparticles
may form for 0.2% and 0.4% Er in Ing53Gag4rAs grown at 490°C, nanoparticles were

not observed for 0.6% Er grown at 430°C.

44, 45| Under normal Ing53Gag47As growth
temperatures, 490°C, the Er solubility limit appears to be ~0.08%, below which Er
acts as a dopant.[12] Additionally, when growing at a temperature of 490°C with more
than 0.2% Er, ErAs nanoparticles start to form in Ings3GagrAs, growing above and
below the solubility limit is demonstrated in Fig. 1.2.[12, 22| Er has also been observed
to dope InAs and GaAs, although the solubility limit in GaAs is much lower.|[45]

An extensive study on the solubility limits has not been completed for all of
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Figure 1.2: The co-deposition of Er in Ing 53Gag7As with Er concentrations (a) below,
(b) at, and(c) above the solid solubility limit. The nanoparticles are circled for ease
of identification.[12] Reprinted with permission from [12]. Copyright 2011, American
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the RE:III-V combinations, but nanoparticles have been formed in many of the sys-
tems. The solubility of Tb in Ing53Gag4rAs appears to be between 0.1 and 0.4% Tb;
nanoparticles have not been observed for 0.2% TbAs in Ing53Gag 47 As while particles
have been observed for 0.8% TbAs in Ing 53Gag4rAs.[37] HAADF-STEM plan-view im-
ages show that 1.8% TbAs co-deposited in GaAs at a growth temperature of 490°C
results in nanoparticles. Nanoparticles likely form at lower concentrations but to-date
they have not been confirmed with microscopy.[36] The co-deposition of >0.66% ScAs
in Ings3GagarAs at a growth temperature of 460°C results in nanoparticles, again
nanoparticles may form at lower concentrations.|22] ErAs nanoparticles have been ob-
served in an (IngsaAlg4sAs).(Ing 53GagyrAs)—, digital alloy grown at 490°C with an
ErAs concentration of 0.6%.[23] Additionally, ErSb nanoparticles form in InGaSbh and
GaSb with Er concentration as low as 0.4% and 0.1-5% Er, respectively.[46, 13] While,
many of the LN elements appear to have relatively low solid solubility limits in 1T1I-As
and I11-Sh, the solid solubility limit of LN atoms in III-N can be significantly higher.
Eu?t doped GaN films have been reported with Eu*t concentrations on the order of a
few percent.[47, 48]

Adjusting the amount of LN incorporated not only determines the formation
of nanoparticles, but also determines the nanostructure’s shape. The co-deposition
of Er in GaSb at concentrations just above the solubility limit (0.1-5%Er) results
in the formation of spherical ErSb nanoparticles. Increasing the amount of Er in
Gaj_,Er,Sb from x= 0.001 to x=0.55 changes the ErSb nanostructure’s shape from:
spherical nanoparticles, to rod-shaped structures aligned along the growth direction,
to nanowires forming in the growth direction, to horizontally aligned nanorods, and
finally to lamellar nanosheets oriented along the < 110 > direction.[13, 49| Figure 1.3
shows the transition from vertical nanorods to lamellar nanosheets.[13] Note that ErSh
nanorods form because GaSh does not wet the exposed ErSb islands, resulting in pits
that are filled with ErSb. The number of nanorods is determined by the number of
initial islands and thus the initial Er concentration.[13] Similarly, the ErAs nanostruc-

ture’s shape in Ing 53Gag47As depends on the amount of Er deposition. At 3% Er, the
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particles are slightly (~28%) elongated along the < 110 > direction and at 6% Er the
elongated particles are preferentially located on the {114} Ings3Gag47As planes at an
angle of ~ £19° with the (001) surface and an average 4 nm spacing between planes
of particles. This ordering is likely due to either interactions between nanoparticles or
surface instability driven by the Er atoms.|[50]

The shape of nanostructures can also be tuned by changing the growth tem-
perature. Increasing the growth temperature from 400°C to 540°C changes ErSb from
squares with in-plane dimensions of 3x3 nm to rectangular with in-plane dimensions
of 817 nm with the elongation along the [110] direction. Each growth temperature
results in a similar surface coverage, indicating that the ErSb nanoparticles maintain
a 4 monolayer (ML) (1.2 nm) thickness.[13| The observed changes in the nanoparti-
cle shape with temperature is mostly due to changes in the adatom mobility on the
growth surface.[51] The nanostructure shape depending on the growth temperature is
also observed for ErSb nanorods grown at a temperature of 540°C, resulting in the ErSh
nanorods branching into trees at periodic locations. This suggests that a reproducible
instability at the growth surface exists where the balance between filling surface pits
with ErSb and GaSb switches.[13] Similarly, a change in nanoinclusion shape is seen in
ErAs:Ing 53Gag47As, where ErAs nanoparticles co-deposited in Ing 53Gag 47As at growth
temperatures of 460 and 490°C tend to be randomly distributed and spherical; however,
a growth temperature of 525°C results in ErAs nanoparticles that are either aligned or
elongated in the [110] crystal direction.[45] Increasing the ErAs:Ing 53GagrAs growth
temperature also results in an increased nanoparticle density.[44] These shape changes
with growth temperature do not appear to be universal; for example, ErAs in GaAs
does not appear to change shape with growth temperature, however increasing the
growth temperature from 500 to 605°C does increase the nanoparticles size.[52, 32|

In addition to controlling the shape of nanoparticles with the amount of LN
deposition and growth temperature, changing the substrate orientation can change the
nanostructure shape. Growth of co-deposited ErAs nanoparticles on (001) GaAs sub-

strates typically results in spherical ErAs nanoparticles. The co-deposition of ErAs and
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Figure 1.3: TEM images along the [110] and [110] directions of ErSb co-depostied in
GaSb showing (a,b) the formation of rods that (c,d)increase in density with increaed
ErShb concentration. At higher concentrations the rods grow horizontally (e,f) and
finally form lamellar nanosheets (g,h) at the highest ErSb compositions studied.|13]
Reprinted with permission from [13]. Copyright 2013 American Chemical Society



GaAs at 580°C on oriented substrates: (111)A, (211)A, (311)A, (511)A, and (114)A,

shows that increasing the diffusion rate of Er adatoms on the surface changes the

nanostructure. High diffusion rates result in nanorods while low diffusion rates favor

small nanoparticles.|53, 54, 55| Table 1.1 shows the specific results from each substrate

orientation, all samples were co-deposited and grown at 580°C. While most ErAs:GaAs

co-deposition results in either nanoparticles or vertical nanorods, the growth on select

substrate orientations results in nanorods tilted relative to the substrate. The tilt is

likely due to how displaced Ga atoms and impinging Er atoms incorporate on the sur-

face. The displaced Ga atoms cause additional GaAs to form at step edges while the

ErAs forms primarily on the terraces. As ErAs continues to grow, GaAs continues to

grow at the step edges, causing the observed tilt in the nanorod growth.[55, 54]

Substrate Amount | Nanostructure | Nanostructure| Nanostructure| Elongation
Orientation | ErAs (%) | Type Geometry Spacing Direction
(111)A[54] | 6% Rods 2 nm diame- | ~6 nm [111]
ter (normal  to
surface)
(211)A[54] | 6% Rods 2 nm diame- | ~5 nm [211]
ter (normal  to
surface)
(311)A[54] | 10% Rods 2 nm diame- | ~4 nm [211]
ter
(411)A[55, | 6% Rods ~2-3 nm di- | ~7 nm [211]
53] ameter
(411)B[55] | 6% Nanoparticles | ~2 nm diam- | ~3 nm -
eter
(511)A[54] | 10% Elliptical 2.740.5 nm | ~3 nm On (311)
Nanoparticles | wide planes
6.3+=0.7 nm
long

Table 1.1: Effect of substrate orientation on the nanostructure geometry.

While the geometry of nanoinclusions depends on the amount of LN deposited,

growth temperatures, and substrate orientation, in general the size of the nanoinclu-

sion does not depend on the amount of LN deposited. Instead the amount of LN tends
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to change the nanoparticles density.[50, 10| This allows us to state typical nanoparticle
sizes. ErAs co-deposited in GaAs results in nanoparticles with diameters of 1.2-3 nm,
higher growth temperatures result in larger particles.|32, 20| ErAs nanoparticles in
Ing 53Gag 47 As typically have diameters of 1-3 nm.[22, 10] ThAs co-deposited in GaAs,
grown at 490°C, results in nanoparticles with a diameter of 1.5 nm.[36, 50]. Addition-
ally, cubic ThAs nanoparticles are observed with HAADF STEM in Ing 53Gag47As at
concentrations of 0.8% TbAs with dimensions of ~1 nm.[37] ScAs nanoparticle are not
easily distinguished from Ing 53Gag 47 As in TEM and they appear dark in STEM which
easily overlaps with ion-milling damage during sample preparation. However, carrier
concentration comparisons to ErAs:Ing 53Gag 47As and atom probe tomography lead to
an expectation that ScAs form nanoparticles larger than ErAs in Ing 53Gag47As.[22, 56]
It is also expected that ScErAs:Ings3GagrAs form alloy nanoparticles with sizes be-
tween that of ScAs and ErAs.[56] This is contrary to the core-shell nanoparticles formed
by ThErAs, discussed in more detail below.|[14]

Above I mentioned that ScErAs nanoparticles are expected to form an alloy but
TbErAs appears to form core-shell nanoparticles. Atom probe tomography, Fig. 1.4,
shows that the co-deposition of 0.8% Tb and 0.4% Er into Ings3GagarAs at 490°C
results in nanoparticles with a pure TbAs shell and a mixed TbErAs core; STEM
shows that the nanoparticles are coherent with the matrix and have a diameter of
2.4 nm.[14] A thermodynamic model that predicts the type of nanoparticle, core-shell
vs mixed, based on metastable and kinetically limited states shows that it is practically
impossible to have a "pure” ErAs core. The model also shows that at the nanoparticle
sizes studied by Dongmo et al., it is thermodynamically favorable to have a ”pure”
TbAs shell. Note, at larger sizes it would be favorable to have a completely mixed
particle.[14] Based upon the model, it is expected that co-depositing 0.8% Er and 0.4%
Th in GaAs should result in a ErAs shell and a mixed ErTbAs core; this is currently
being studied with atom probe tomography.

It is worth noting that most of the LN amounts discussed in this paper have been

calibrated with Rutherford backscattering spectroscopy (RBS) measurement due to the
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Figure 1.4: An atom probe tomography reconstruction of (a) one ThErAs nanoparticle
indicating the 5 at.% Tb isosurface and the 5 at.% Er isosurface, suggesting a core-
shell structure. A zoomed out reconstruction (b) shows that all the Er rich regions are
surrounded by Tb rich regions. A concentration profile (¢) shows the the concentration

of Tb (red), Er (blue) and the Th/Er ratio (black) in the nanoparticle, indicating a
mixed TbErAs core and pure ThAs shell.[14]
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challenges associated with determining RE amounts from x-ray diffraction (XRD) and
secondary ion mass spectroscopy (SIMS). The LN atoms often cause a superdilation
of the lattice, observed as the bonding length at the nanoparticle matrix interface
expanding or contracting. Superdilation makes it difficult to determine LN amounts
with XRD using Vegard’s law. This has been observed for ErAs, ScAs, Scgsslrg ez As,
and TbAs in GaAs, as well as TbAs in Ings53Gag47As.[57, 36, 37] Additionally, su-
perdilation of the matrix makes lattice matching the LN-V nanoparticle to the I1I-V
matrix difficult. For example, Scgs2ErgesAs has the same lattice constant as GaAs,
but Sco.s2Er068As nanoparticles in GaAs result a nanocomposite with a lattice con-
stant larger than GaAs. Increasing the Sc¢ amount to 0.5, resulting in ScgsErgsAs,
reduces the lattice-mismatch of the nanocomposite system, but does not completely
eliminate it.[57] Additionally, RBS should be used instead of SIMS to determine the LN
concentration because changing the growth parameters, such as growth temperature,
changes the relative LN amounts that form nanoparticles and the amounts that dope
the ITI-V matrix. This changes the bonding environment, and ultimately the amount
of LN incorporated as measured by SIMS. RBS does not suffer from this problem.
This discrepancy between SIMS and RBS measurements has been observed for Er in
Ing 53Gag 47 As.[44] Note that for many LN elements, the amount of LN is measured by
RBS and calibrated to a flux measurement or the effusion cell temperature. Due to the
low vapor pressure of Th at the temperature of the ion gauge’s filament, Tb sticks to
the ion gauge’s filament. This prevents an accurate flux measurements and can alter
subsequent flux measurements. Thus, Th growth rates must be calibrated via effusion
cell temperature and not beam equivalent pressures.|36]

Another point worth noting is that standard wet chemical processes used on
Ing 53Gag 47 As devices may be detrimental to the properties provided by LN-V nanopar-
ticles co-deposited in Ings3GagsrAs. This was observed for samples of ThbAs co-
deposited in Ing 53Gag47As where samples processed using the standard Ing 53Gag 47 As
wet, chemical processes show different room temperature electrical properties than un-

processed samples measured with indium contacts. One of the main causes for the



discrepancies is the buffered hydrofluoric acid etch of the encapsulation layers; the re-
maining discrepancies are possibly due to reactions with constitutes of the photoresist,
UV light exposure, and damage to contact pads due to reactions with the photoresist
developing solutions and hydrofluoric acid. To avoid these discrepancies, dry chemical
etches, instead of buffered hydrofluoric acid etch, should be used to pattern encap-
sulation layers. The use of shadow-mask evaporation would remove the remaining

discrepancies caused by the photolithography process.|[58]

1.2.1.2 Nanoparticle Growth via Growth Interrupt

The growth interrupt method has a few possible advantages over the co-deposition
method discussed above, including the easier control of the size, shape, and density of
the nanoparticles.[59, 60, 61, 32] In general the growth interrupt method is achieved
by stopping the III-V film growth by closing the group III and group V shutters and
opening the LN shutter. Typically, the LN atoms bond with group V atoms already
in the film and nucleate in the I1I-V film as nanoparticles. Note, this requires displac-
ing group III atoms. Many of the LN atoms are able to displace the group III atoms
from the surface because the enthalpy of formation of the LN-V is significantly more
negative than that of the III-V. For example, the enthalpy of formation of ErAs is
over 4x more negative than that of GaAs. The difference in enthalpy of formations
indicates a strong thermodynamic driving force to replace the group I atoms with LN
atoms, this replacement is aided by the fact that the group V atoms occupy the same
face centered sublattice sites in the rocksalt LN-V systems and the zincblende 111-V
systems, and thus only requires a change in localized bonding.[62] Once the nanopar-
ticles reach a height of ~4 ML, required to stabilize the LN-V crystal structure,|[62]
the nanoparticles expand laterally. The lateral expansion is caused by the ~4 ML of
LN-V acting as a diffusion barrier for the LN species and the nanoparticles are forced
to grow laterally.[15] The nanoparticle growth is then terminated by closing the LN
shutter and III-V overgrowth is started by opening the group III and group V shut-

ters. This allows for the overgrowth of a I1I-V film to seed from the uncovered I1I-V
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layer. This technique has been used to grow a wide range of LN-V:III-V combinations
including: LaAs, LuAs, GdAs, and ErAs in Ings3GagarAs, LuAs and ErAs in GaAs,
and ErSb in GaSb.[11, 35, 63, 15]

The LN-V nanostructures form due to a surface-mediated growth mechanism
where new growth LN-V preferentially bonds to LN-V already in the film, and new
III-V preferentially bonds to I1I-V already in the film. In the ErAs:GaAs system,
the impinging Er atoms bond with As already in the film, displacing Ga atoms. The
displaced Ga atoms bond with impinging As atoms to form new GaAs islands.|[62]
ErSh:GaSb has a similar growth mechanism, except the re-growth of the GaSb is
dependent on the growth temperature. At growth temperatures > 500°C, the displaced
Ga atoms have sufficient mobility to diffuse to step edges and particle edges, preventing
the formation of GaSb islands. This allows ErSb to form islands that are in-plane
and raised above the plane. At 450°C, some of the Ga regrows along around the
ErSb nanoparticles and at GaSb step edges while other Ga regrows GaSb islands on
the surface. At colder temperatures yet, the displaced Ga primarily regrows GaSh
islands.[51] The different GaSb regrowth mechanisms leads to the formation of four
types of ErSb nanoparticles: type A which extend 1 atomic layer (3 A) above the
surface of GaSb, type B which has a top most layer in the same plane as GaSb, type
C which appear at GaSb step edges with a portion of the ErSb island surface higher
than the surrounding GaSh and a portion of the island in the plane of GaSh, and type
D which appear only for deposition above 1.0 ML and appear in the middle of GaSb
terraces with part of the ErSb particle even with the GaSb surface and part above the
surface. Figure 1.5 shows the four ErSb nanopartilce types. Note that type C and type
D particles are only present at higher growth temperatures. The regrowth of GaSb by
the displaced Ga can transform a type A ErSb nanoparticle into a type B particle by
first converting it to a type C particle.[15]

As discussed above, nanoparticles grown via the growth interrupt method typ-

ically grow to a height of ~4 ML and then expand laterally. The lateral extent of
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Figure 1.5: Scanning tunneling microsocpy images showing the four types of ErSbh that
can form on GaSh.[15] Reprinted from [15], with the permission of AIP Publishing.
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the nanostructure depends on both the amount of LN deposited and the growth tem-
perature. The nanoparticle size depending on both the growth temperature and the
lanthanide amount is seen in ErAs nanoparticle growth. Cross-sectional STEM shows
that for 0.125 to 0.5 ML of ErAs deposition on GaAs (001) at 540°C results in nanopar-
ticles with equal height and width and only differ in the density of nanoparticles, with
higher ErAs amounts results in a higher density. For ErAs depositions above 0.5 ML
ErAs, the nanoparticles either extend laterally, in the (001) plane, or increase in appar-
ent size due to the coalescence of individual particles.[53] At a growth temperature of
450°C, 0.5 ML ErAs deposition results in nanoparticle diameters of ~3 nm and 1 ML
ErAs deposited at 515°C resulted in nanoparticle diameters of 12-16 nm.[64, 65, 66]
An increased lateral nanoparticle extent, with constant height, has also been observed
in ErSb on GaSb and ErAs on GaAsSb.[21, 15] While LN-As nanoparticles tend to
uniformly expand laterally with increasing deposition amounts, increased ErSh depo-

sition results in elongated rectangles along the [110] direction, likely due to anisotropic

diffusion of Er and Ga on the GaSb surface.[15] An alternative way to increase the
nanostructure’s lateral dimension while maintaining a constant height is to decrease
the LN-V growth rate.[21| Note that at high growth temperatures ErAs nanoparticles
have a much greater vertical extent, and thus reduces the surface coverage. For exam-
ple, atomic force microscopy measurements of 1.6 ML ErAs deposited at 570°C show
nanoparticles with a 12 nm diameter and a height of ~10-12 ML. [63]

LN-N nanoparticles grow on I1I-N materials in a similar method to the LN-As
and LN-Sb on I1I-As and III-Sb, but with a few minor differences. For example, cubic
GdN nanoparticles are grown on GaN with the nitrogen shutter remaining open during
the nanoparticle growth. Additionally, low GdN depositions, <~1.2 ML deposition,
only results in heavily doped GdN, not nanoparticle formation. Note that one mono-
layer of deposited GdN is defined as the amount of GAN required to form one complete
momnolayer of GAN if 1 ML GdN could form a complete film. From 1.2 ML to 2.4 ML
deposition, GAN nanoparticles form with a height of ~5.6 nm. Similar to the LN-As

and LN-Sb, increasing the deposition amount results in nanoparticles with an increased
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lateral growth.[67]

The latteral spacing between nanoparticles is important for the high quality
overgrowth of zincblende I11-V materials. At ~3 ML ErAs deposition on GaAs, the
overgrowth with GaAs is degraded.[68] For LuAs on GaAs, the overgrowth starts to
degrade at 2.5 ML LuAs deposition, as observed by reflection high energy electron
diffraction (RHEED), and at a deposition of 3.0 ML LuAs the GaAs overgrowth is
significantly degraded with planar defects evident in cross-section transmission electron
microscopy (XTEM).[35] This is likely due to the LN-V atoms forming interconnected
networks and at high concentrations due to LN-V forming films.[35, 61] The growth
of films will be discussed more below. With low enough deposition amounts, the 111-V
overgrowth can be of high quality. This has been observed for up to 1.2ML of ErAs,

LuAs, and GdAs nanoparticles in Ing53GagarAs[11], and up to 2.0ML LuAs in GaAs.

Most of the LN-V nanostructures grown via the growth interrupt method focus
on a single LN species and a single group V species that is present in both the nanos-
tructure and the film. Recent work shows that combining multiple group V atoms in
a single nanoparticle and the growth of nanoparticles with a different group V species
than the matrix proves to be difficult. Attempts to grow ErAsSb on GaAs result in
nanoparticles with low amounts of Sh; the growth of ErAsSh on GaAs at 580°C with
no As flux present during the nanoparticle growth and a 1 minute Sb soak prior to the
nanoparticle growth results in a ErAsSb nanoparticle with less than 4% Sb. The low
amounts of Sb is likely caused by Er diffusing throughout the Sb terminated surface
and into the GaAs layer to form ErAs.[69] Note Zhang et al. found that depositing Er
and Sb for one hour on GaAs after the growth of a GaAs layer still results in an ErAs
film, results to be published.|69] TEM images of the ErAsSb nanoparticles show the
particles have a dot shape with the same diameter in the [110] direction as ErAs but are
elongated in the [110] direction; the anisotropic dimensions increase with increasing Er
deposition and growth temperature. The low incorporation of Sb in the nanoparticle,

and the change in nanoparticle shape, suggests that the Sb is behaving as a surfactant
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and the anisotropy in the nanoparticle shape is due to the anisotropic diffusion rate on
the Sb terminated surface. [69, 13, 49

One of the advantages of using the growth interrupt method is that the LN-V
nanoparticles can be grown at designated and controllable heights within the film. This
allows for the growth of non LN-V layers above and below a layer of LN-V nanoparticles.
While initial studies of InGaAs/GaAs quantum wells grown above ErAs nanoparticles,
with a carrier blocking layer, were found to be of comparable quality to those grown
directly on a GaAs substrate,|70] it was later found that the growth of films with the Er
source hot and the shutter closed results in unintentional Er-doping. This unintentional
Er-doping can degrade the optical quality of the films grown. Thus, the parasitic Er
flux prohibits the growth of the high optical quality I1I-V layers with the Er effusion cell
hotter than 500°C. To overcome the parasitic Er doping, the Er effusion cells must be
cool to below 500°C prior to the I1I-V film growth. Note that the photoluminescence
intensity of films grown with the Er cell cooled to 500°C have a photoluminescence
intensity 1000x higher that those grown with the Er cell hot.|[71] This issue has also
been observed with other LN-V material systems, such as LuAs, and that the effusion
cell temperature at which this becomes an issue is LN species specific.|72]

Most of the MBE growths discussed in this chapter have been grown using
pyrometry or band edge thermometry to measure the growth temperature, while the
substrate temperature is controlled by a thermocouple located some distance away
from the substrate. Eyink et al. noted that for a constant thermocouple temperature,
the growth of ErAs nanoparticles changes the temperature of the growth measured
by band edge thermometry. This is likely due to an increase in low energy photon
absorption from the substrate heater. If uncorrected, the increase in growth temper-
ature can significantly alter the growth of the remainder of the film, such as altering
subsequently grown InAs quantum dots size/densities and can result in the formation

of dislocations.|73]
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1.2.2 MBE LN-V Film Growth

The growth mechanism of LN-V films is essentially an extension of the nanopar-
ticle growth interrupt method with the exception that the group V shutter remains open
during the growth. As in the growth interrupt method, the LN atoms impinging on the
surface displace the group III atoms and bond with the group V atoms already in the
film, forming LN-V nanoparticles. Once the nanoparticles reach a height of ~4 ML,
the LN-V nanoparticles act as a nearly infinite barrier to LN atom diffusion, this forces
the islands to grow laterally. As the nanoparticles continue to grow laterally, they
coalesce into a complete film. Once formed, the film can continue to grow vertically
in a layer-by-layer mode.[62] LN atoms displaceing group III atoms near the surface
and ErAs forming a diffusion barrier was confirmed by Schults et al. who grew ErAs
on GaAs by only depositing Er, no As was deposited. After 5 ML deposition, RHEED
and low energy electron diffraction (LEED) patterns changed, suggesting that Er could
not diffuse through the already deposited ErAs layer to react with GaAs and the Ga
displaced by the Er deposition is trapped on the surface as Ga metal.[62]

Many LN-As films have been grown on GaAs substrates with film thickness
varying from a few nanometers to 600 nm including: ErAs, TbAs, LuAs, LaAs, and
La,Lu;_.As with x = 5, 9, 15, and 48%.[74, 18, 75, 35, 76, 16, 28] Most of these
films are grown at lower temperatures, typically 430-460°C, with arsenic:lanthanide
beam equivalent ratios ranging from 10:1 to 46:1. The lower substrate temperature,
compared to normal GaAs growth temperatures, is often required to observe RHEED
intensity oscillations.|75, 35| The LN-As films mentioned here were all grown with a
capping layer, that is typically defective, to prevent oxidation of the film. Additionally,
the La containing films were grown with a 10 ML top and bottom LuAs spacer layer
to obtain high crystalline quality of the La containing layer, discussed in more detail
below. It is worth noting that while most LN-V film growths have been on GaAs, it is
possible to grow on other substrates, such as ErAs on Ing53GagrAs.[18]

Attempts to grow LaAs directly on GaAs and InAs over a wide range of growth

parameters: 5-67 nm thick LaAs layers, substrate temperatures ranging from 390 to

19



Figure 1.6: Cross sectional TEM images of a (a) LaAs film grown using the barrier
layer and a (d) LaAs film grown without the barrier layer. Fast Fourier transform ap-
proximate the selective area diffraction patterns of the (b) LaAs/LuAs/GaAs interface

and the (¢) LaAs/GaAs interface.[16] Reprinted from [16], with the permission of AIP

g Py iy et
Publishing.

500°C, As beam equivalent pressures ranging from 15 to 50x that of La, and growth
rates from 0.05 to 0.IML/s, all resulted in polycrystalline films with poor surface
morphology. The poor film quality was observed on both GaAs and InAs and thus
strain relaxation is unlikely to be the cause of the poor film growth. Instead, the poor
film quality may be due to instability of the LaAs/GaAs and LaAs/InAs interfaces
caused by the similar enthalpies of formation between LaAs, LaGa, and Laln and
competing LaAs phase formations. With the use of thin LuAs barrier layers on the
either side of the LaAs, high quality single crystal LaAs films can be grown, see Fig. 1.6.
The LuAs layers may be acting as a barrier that prevents reactions between La and

the group III atoms in the substrate as well as preventing the nucleation of other LaAs

phases by acting as a template for rocksalt LaAs nucleation.[16] A Lu thin film acting
as a barrier for additional RE adatom diffusion is similar to the previously discussed
ErAs film preventing Er diffusion. |62]

While none of the binary LN-V systems are lattice matched to GaAs, alloying

multiple LN elements or multiple group V elements allows LN-V films to be grown

lattice matched to GaAs. This has been demonstrated with: 20 nm of ScgasErgesAs



grown at 400°C,[77] 117 nm of Sco2YbosAs grown at 400-450°C,[78] and 90 nm of
ErPgsAsg4 grown at 500°C.|79] Another option to grow lattice matched LN-V films is
to grow a relaxed buffer layer and then grow the LN-V lattice matched to the relaxed
buffer layer. For example 7 nm of PtLuAs has been grown lattice matched to an
Al 1Ing ¢Sb buffer layer, which is relaxed on the GaAs substrate.[80]

In addition to LN-As films, LN-N films have been grown and studied includ-
ing the rocksalt GAN (111) on GaN and GdN on Si with the use of an AIN buffer
layer.|40, 81| Note that for the GdN films, a low growth temperature compared to
normal nitride growth temperatures, 450°C, is required to obtain complete films. The
RHEED patterns observed during the growth suggests that, similar to the other LN-V
films mentioned earlier, GAN films form by first nucleating GdN island that expand
laterally and coalesce into rough films.[40] As mentioned above, our discussion on the
LN-N materials will be limited due to the recently published review article.[34]

As discussed above, the overgrowth of LN-V films with III-V materials results
in a highly defective I1I-V capping layer. This is due to either wetting issues or a com-
bination of island growth mode of ITI-V materials on LN-V films and the mismatch in
rotational symmetry of the crystal structure.|74, 17| To overcome the poor overgrowth
problem in ErAs:GaAs, Crook et al. have demonstrated a novel growth method that
utilizes the ability of Er to diffuse through and embedded itself in GaAs. Instead of
growing a complete ErAs layer only a partial ErAs seed layer is grown, essentially
growing ErAs nanoparticles by the growth interrupt method discussed above. The in-
complete ErAs film, or ErAs nanoparticles, are then overgrown with a thin GaAs spacer
layer. The GaAs spacer layer is seeded from the exposed GaAs surface, preventing a
mismatch in rotational symmetry and preserving a high quality zincblende GaAs layer.
After the growth of the GaAs spacer layer, the growth temperature is raised to 600°C,
to increase Er diffusion, and a low Er flux is resumed. The surface Er atoms diffuse
through the GaAs spacer layer and incorporate at the subsurface ErAs nanoparticles,
expanding the nanoparticles laterally until they coalesce into a film. Once an ErAs

film growth is complete, a high quality zincblende GaAs capping layer without planar



defects can by grown from the already grown GaAs spacer layer. Figure 1.7 shows a
comparison of a conventionally grown ErAs film and a nanoparticle seeded ErAs layer
caped with GaAs. Note the GaAs spacer layer must be < 1 nm to allow Er to diffuse
through the layer. [17] This growth method could extend to the other similar LN-V
systems such as LuAs|35].

For specific applications, it is advantageous to be able to tune the interface
roughness/geometry between the films. For example, the Schottky barrier height be-
tween ErAs and GaAs depends on the interface roughness. High angle annular dark
field scanning transmission electron microscopy images show that typically the in-
terface between ErAs and GaAs or Ings3GagyrAs are atomically abrupt, the GaAs
surface is terminated by Ga, and no extended defects are observe, see Fig. 1.8.[18]
This is consistent with modeling showing that the GaAs ErAs interface consists of a
polar GaAs with a zincblende structure and a nonpolar ErAs with a rocksalt structure.
[82] Typically, the interface roughness/geometry can be controlled by wet etches which
introduces the possibility of the semiconductor to oxidize. The GaAs:ErAs interface
roughness/geometry can be controlled by repeatedly depositing only X ML of ErAs fol-
lowed by 4-X ML GaAs, where 0<X<4, and increasing X in each layer until a complete
ErAs film is formed. Since ErAs preferentially incorporates on top of ErAs, increasing
the amount of ErAs deposited in each layer quadratically from 0 to 4 ML results in a
film of ErAs grown on top of inverted ErAs cones. This technique allows the Schottky

barrier height to be engineered with growth conditions and a single epitaxial metal.[83]

1.2.3 Other Growth Methods

It is worth noting that molecular beam epitaxy is not the only way to grow
LN-V materials. Much of the early work on LN-V materials was done on LN-V ma-
terials grown via vapor-solid reaction in ampoules.[84, 85, 86, 87]. Note that the
vapor-solid reactions in ampoules allows for the formation, and thus the study, of

87

non-stoichiometric LN-As. Since the ampoule synthesis, other growth mechanisms

have been explored. Organometallic vapor phase epitaxy has been used to form ErP.



Figure 1.7: Cross-section TEM image of (a) conventionally grown and (b) nanoparticle
seeded ErAs layers capped with GaAs.[17] Reprinted from [17], with the permission of
AIP Publishing.
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Figure 1.8: HAADF STEM image showing the clean and atomically abrupt ErAs
GaAs interface. The overlay represents the atomic column positions with blue circles
representing As, red circles representing Er, and yellow circles representing Ga.[18]
Reprinted from [18], with the permission of AIP Publishing.

Delta doping InP with Er via organometallic vapor phase epitaxy results in the for-
mation of rocksalt ErP.[88| This growth technique was extended to form ErP islands
on InP via organometallic vapor phase epitaxy where the island size can be controlled
with growth temperature.[89] Some of the LN-N materials have also been grown via
metalorganic chemical vapor deposition, but this is often limited by the availability
of lanthanide precursors.[34] Many of the LN-N have also been grown by pulsed-laser
deposition and reactive ion sputtering.[34, 90] Recently, Lewis et al. demonstrated an
interesting new growth techniques for ErAs nanoparticles absent of a host material via
inert gas condensation. While this method was demonstrated for ErAs, it should be

easily applicable to many of the other LN-V materials.[41]



1.3 Electronic Band Structure and Carrier Dynamics

One of the most important properties of a material system is the band structure
as this often determines the other optoelectronic properties. Early work on LN-V ma-
terials often show a decrease in electrical resistivity with increasing temperature and
optical absorptions, which suggests they are semiconductors.[84, 85, 86| These mea-
surements matched the semiconductor prediction made by a simple empirical analysis
based on a relationship between the band gap of I1I-V semiconductors and known co-
valent and ionic radii.[91] Much of the early work was done on materials prepared in
ampules and at that time four and five nine purity lanthanide source materials were
not readily available. This resulted in issues with material quality and made it diffi-
cult to produce large single crystal samples. The grain boundaries and impurities in
the films could alter the measurements. Thus it is unsurprising that while early am-
pule growths of LN-V materials often show semiconducting behavior, the early MBE
grown LN-V films often show metallic or semimetallic behavior.[74, 92, 79, 75, 93, 94]
Note that while the simple empirical analysis predicting band gaps in LN-V works
well for many I11-V materials, it does not take into account the modeling challenges
associated with the 4-f shell electrons in the lanthanide materials.[95, 82] More recent
modeling, including density function theory, results in band diagrams showing that
ErAs is semimetallic.[94] Additionally, with the proper treatment of the Er 4f shell
electrons and accounting for the hybridization between the As p states and the upper
Er f states; the band gap, Fermi surface pocket, carrier concentrations, and Shubnikov-
de Hass frequencies can be correctly predicted for ErAs.[19] This modeling technique
should transfer to other LN-V systems.[19] Figure 1.9 shows a theroetically calculated

band diagram and density of states for ErAs.[19]

While measurements of ErAs films suggests that ErAs is semimetallic,|74, 75, 93]
absorption measurements of ErAs nanoparticles epitaxially embedded in GaAs show
an absorption peak at ~2.5 pm. This absorption peak, which is below the band gap
of GaAs, increases in strength with increasing ErAs density. This absorption peak

was originally attributed to surface plasmon resonances in the ErAs nanoparticles,
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Figure 1.9: LDA+U calculated band structure and density of states for ErAs. In the
density of states diagram the total, Er 5d, Er 4f, and As 4p states are indicated by
black, red, green, and blue lines, respectively.[19] Reprinted figure with permission
from [19] Copyright 2009 by the American Physical Society.
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consistent with ErAs being semimetallic.[31] It was later discovered that this absorption
feature shifts to longer wavelengths with increased nanoparticle size.[21| The shift in
the absorption feature’s wavelength with changing nanoparticle size matched well with
an effective mass model utilizing a spherical finite-step potential that predicted ErAs
nanoparticles with diameters less than ~3 nm should have a quantum confined induced
energy gap. This suggested that ErAs nanoparticles should be semiconductors with
a quantum confined induced energy gap.[52] Subsequently, cross-sectional scanning
tunneling spectroscopy (XSTS) measurements of ErAs:GaAs, cleaved in vacuum to
expose a {110} surface, show no evidence of a band gap in ErAs. Instead XSTS shows
that the local density of states in ErAs has a sharp finite minimum at the Fermi-level,
indicating that ErAs is in fact semimetallic, shown in Fig. 1.10.|20, 53] Additionally, the
XSTS reveals an interface state 0.2 eV above the Fermi level that decays with distance
away from the ErAs GaAs interface.[20] Including effects from the interface states and
many-body effects into the simple finite-potential model mentioned above suggests
that ErAs nanoparticles with a diameter of 2.3 nm will remain semimetallic and ErAs
films should remain semimetallic down to 0.15 nm thick, which is much less than the
1 ML physical limit of 0.287 nm.[20] This indicates that the ErAs GaAs interface states
and metallic screening prevents ErAs from transitioning into a semiconductor with a
quantum confined induced energy gap. Additionally, modeling of the band overlap in
ErAs as a function of hydrostatic strain suggests that a compression of the volume,
such as that experienced by ErAs nanoparticles in GaAs, increases the band overlap
of valence band maximum at the I' point and conduction band minimum at the X
point.[95]

Scanning tunneling spectroscopy (STS) has also been used to study the local
density of sates of several other LN-V materials. In situ STS of PtLuAs shows a
steady decrease in the density of states approaching the Fermi level, with a non-zero
density of states at the Fermi level. This indicates that PtLuAs does not have a bulk
band gap and that the Fermi level is located in the valence band at the surface and

throughout the bulk of the film. This matches the results from ez situ photoemission



om om:
> O:
< 2
@ ﬁ
O O

ErAs
particle

(di/dV) / (IV) [a.u.

0.2 4 \
i v GaAs /
0.0 4 e “
1 N 1 ' I N I ! 1
2 -1 0 1 2
sample bias [V] sample bias [V]

Figure 1.10: (a) Averaged differential conductance curves of ErAs nanoparticles, red
line, protruding from the GaAs matrix, black line obtained with cross-sectional scan-
ning tunneling spectroscopy. (b)Individual differential conductance curves at different
locations ontop of the ErAs nanoparticle and GaAs matrix.|20| Reprinted figure with
permission from [20] Copyright 2011 by the American Physical Society.

spectroscopy.[80] STS of ErP islands with lateral sizes of 20-50 nm and vertical heights
ranging from 1-4 nm on InP shows that for ErP islands with heights greater than 3.4 nm
are semimetallic while ErP islands with heights below 3.4 nm are semiconductors due
to quantum size effects opening a band gap.|96] STS of ErSb nanoparticles grown on
GaSb show that the conduction band and valence band of ErSb overlap, indicating
that ErSb remains semimetallic down to the smallest size nanoparticle that could be
nucleated on GaSb, 3.3x3.3 nm.[51] Additionally, the STS of ErSb on GaSb shows
that ErSb, relative to GaSb, has a lager valence band density of states and a smaller
conduction band density of states. Note, the GaSb has a band gap of ~0.6 eV with
the Fermi level at V=0, contrary to the expected p-type character for Si:GaSb[51]
The XSTS measurements showing that ErAs nanoparticles are semimetallic, dis-
cussed above,[20] matches well with the band structure proposed by other measurement
techniques such as carrier relaxation dynamics. For example, the large density of states

in ErAs allows for the capacitance of GaAs p+/n+ junctions with ErAs nanoparticles



at the junction interface to be nearly independent of sample bias voltage while areas
with low ErAs content show a bias-dependent voltage.[65] Additionally, photolumines-
cence (PL) lifetimes of InAs quantum dots located near ErAs nanoparticles is strongly
dependent on the InAs quantum dot to ErAs nanoparticle separation, where small
separation distances result in very quick PL decay times. This suggests that at short
distances the carriers in the InAs quantum dots are escaping out of the InAs quantum
dot and into the ErAs nanoparticles where they recombine non-radiatively. Addition-
ally, the PL lifetime is independent of the pump fluence. These results are consistent
with ErAs nanoparticles having a continuous density of states, supporting the notion
that ErAs nanoparticles are semimetallic.[97] Similarly, optical pump terahertz (THz)
probe measurements performed on ErAs co-deposited in Ings3Gags7As with Be com-
pensation doping shows that in the limit that the photocarrier density is less than the
ErAs trap state density; the lifetime, ~3 ps, is independent of pump fluence.[42] More-
over, optical pump-probe measurements of ErAs superlattices in Ings3GagrAs also
show that nanoparticles are not becoming saturated and the trapping time depends on
the amount of ErAs. Note that the optical pump-probe measurements show two carrier
decay times, a fast one that is due to trapping by ErAs and a slow time that is due to
the thermal activation of carriers already trapped by ErAs.[98] In ErAs:Ing 53Gag47As
superlattices, compensated with Be delta-doping, the carrier lifetime is as short as
220 fs. Note this lifetime is dependent upon the superlattice period and the 220 fs life-
time was measured for a 5 nm period.[99] It is worth mentioning that faster relaxation
rates can be achieved and the thermal activation reduced by compensation doping
with carbon instead of beryllium.[98] The lifetime depending on superlattice spacing is
similar to ErSb:GaSb superlattices where the carrier lifetime decreases with decreasing
layer spacing.[32| Optical pump optical probe measurements of GdAs, ErAs, or LuAs
superlattices in Ing53Gag4rAs all have short lifetimes, with GdAs being the shortest,
1.3x and 1.8x shorter than ErAs and LuAs respectively. These differences suggests
that it is possible to tune the carrier lifetime via strain.[11]

Unlike ErAs nanoparticles, optical-pump terahertz-probe measurements of 2.12%



TbAs co-deposited in GaAs show that the ThAs nanoparticles are saturable, implying
that ThAs nanoparticles have a band gap. In the ThAs:GaAs system, a triple expo-
nential decay function was required to model the decay in the THz probes absorption.
This resulted in three carrier relaxation times corresponding to relaxation into the
nanoparticles, carriers recombining within or leaving the ThAs nanoparticles, and bulk
recombination. In this measurement, the pre-exponential amplitude coeflicients pro-
vided information on the fraction of carriers participating in each relaxation process.
By monitoring how the carrier relaxation times and the fraction of carriers participating
in each relaxation process changes with increasing pump fluences, it was determined
that the ThAs nanoparticles are saturable. The saturability of ThAs nanoparticles
suggests that the nanoparticles have a finite density of states.[26] Combining the fi-
nite density of state in ThAs with the previous observation of ThAs nanoparticles
quenching the photoluminescence of GaAs[36] suggests that that ThAs nanoparticles
are indirect semiconductors.[26] A similar study on ThAs nanoparticles co-deposited
in Ing53GagarAs again revealed that ThAs nanoparticles can saturate and are likely
indirect semiconductors.|27| Note, this study revealed that the ThAs nanoparticles in
Ing 53Gag 47 As completely saturate at a lower pump fluence than in GaAs, likely due to
differences in the band structure. By combining the fact that ThAs nanoparticles are
saturable with the matrix dependent optical absorption features and Fermi level esti-
mates obtained from Hall effect measurements, a type 1, straddled, heterojunction band
alignment was proposed for ThAs:GaAs and a type 2, staggered, heterojunction band
alignment was proposed for ThAs:Ing 53Gag.47As.[27] The determination that TbAs is
a semiconductor and its band alignment with GaAs and Ings53Gag 47 As is discussed in
more detail in Chapter 3 and a schematic of this band alignment shown in Fig. 3.9.
The semiconducting nature of TbhAs was later supported by absorption mea-
surements of ThAs films, where a thickness dependent optical cutoff wavelength was
observed. Electronic measurements reveal that the films are degenerately doped with
the doping level depending on film thickness. This indicates that the optical cutoff

wavelength is, in part, determined by degenerate doping level and the corresponding
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Burstein-Moss shift. Note, in this system the Burstein-Moss shift depends on film
thickness. The thickness dependent doping level also suggests that carriers come from
interface states. These results show that ThAs is a degenerately doped semiconductor
that has a band gap that is slightly less than 435 meV, the band gap measured for the
film with the lowest carrier density.[28] The growth and characterization of ThAs films
are discussed in more detail in Chapter 4.

It is worth noting that TbAs is not the only semiconducting LN-V material.
Recent work, as summarized by Natali et al. on LN-N shows that most of the LN-
N investigated so far are semiconductors, despite early theoretical work predicting
semimetallic behavior. Advancements in handling the bands formed by the d-shell
electrons and, more importantly, handling of the f-shell electrons in the theoretical

models have led to improved band structure predictions.[34]

1.4 Optical Properties

The band structure of the LN-V materials, described above, determines many
of the properties of the LN-V materials including their optical properties. While the
band structure of some of the LN-V materials was determined with measurements such
as scanning tunneling spectroscopy, many of the band structures were inferred from
the measured electrical and optical properties. Below, I discuss the optical properties
of the LN-V materials including nanoparticle absorption features, luminescence from
LN doped I1I-V materials, and the optical properties of LN-V films.

As discussed above, superlattices of ErAs nanoparticles in GaAs show an ab-
sorption feature that can be shifted from ~1.3 to 2.5 um, which is below the GaAs
band gap, by changing growth conditions. In the growth interrupt method, increasing
the nanoparticle size by increasing the amount of ErAs deposited per layer moves the
absorption feature to longer wavelengths, shown in Fig. 1.11. The absorption feature
is also shifted to longer wavelengths with increased growth temperatures due to the
increased lateral size of ErAs. Alternatively, faster ErAs growth rates result in shorter

absorption wavelengths due to a higher density of smaller nanoparticles.|21] Note that
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Figure 1.11: The absorption feature in ErAs/GaAs superlattices increases in wave-
length with increased ErAs deposition amount per layer.[21] Reprinted from [21], with
the permission of AIP Publishing.

increasing the total amount of ErAs nanoparticles in the film increases the absorption

intensity. [21] Similarly, increasing the amount of ErAs nanoparticles co-deposited in
GaAs also increases the absorption intensity. Similar to the growth interrupt method,
increasing the growth temperature of the co-deposited ErAs nanoparticles results in
a shift in the absorption feature to longer wavelengths, due to an increased particle
size and possible flattening of the nanoparticle. |21 The exact cause of the absorption
feature is difficult to determine and possible reasons for an absorption feature include
quantum confined energy gaps|52] (disproved by the discussion above), measurements
of the direct gap in a semimetal, or surface plasmon resonance of the semiconducting
metal with the latter being the general consensus in the literature.[21, 31, 20]

In the nanoparticle co-deposition growth section I discussed how the geometry of
ErAs nanostructures can be controlled with the choice of substrate orientation where
growing on (411)A GaAs substrates results in ErAs nanorods. Similar to the ErAs
nanoparticles discussed above, the ErAs nanorods also show and absorption feature.

The ErAs nanorods show a ~0.05 eV shift in the absorption features energy when the



linear-polarization of the light is rotated 90°. This shift is likely due to the fact that the
nanorods are inclined and the surface plasmon resonance will depend on the polariza-
tion of incident radiation. This shift is not detectable for ErAs nanostructures grown
on (411)B or (100) GaAs, consistent with the formation of spherical nanoparticles.|55]

Similar to ErAs in GaAs, superlattices and co-deposited ErSb nanoparticles in
GaSb show an optical absorption feature below the band gap of GaSh. The intensity
of the absorption peak also increases with increasing nanoparticle density. Also, the
absorption feature shifts to longer wavelengths with increasing nanoparticle size. Unlike
ErAs nanoparticles, ErSh nanoparticles tend to elongate along the [011] direction with
increased ErShb deposition. Thus, the absorption energy of ErSh particles occur at
longer wavelengths when the light is polarized along the long axis when compared
to polarized perpendicular to the long axis. This separation in absorption energy vs
polarization angle increases with ErSh deposition, increasing the ErSh deposition to
the point of nanowire formation results in the largest polarization dependence. Similar
to ErAs, the optical absorption feature in the ErSb particles and wires are attributed
to surface plasmon resonance in the semimetallic ErSb.|21, 49]

Superlattices of ErAs nanoparticles in GaAsg 5Sbgs show the optical absorp-
tion feature, attributed to a surface plasmon resonance, near the band edge of the
GaAsy5Sbgs. While, nominally ErSb particles, actually ErAs,Sby_, particles with
x< 1, in GaAsg 5Sbg 5 appears to have shifted the absorption feature into the GaAsy sSbg 5
band edge.[21] Alternatively, ErAsSb with low amounts of Sb grown via the growth
interrupt mode on GaAs do show an optical absorption feature that is attributed to
surface plasmon resonance. Similar to the ErSb particles, ErAsSb nanoparticles have
an anisotropic shape, and thus the surface plasmon resonance strongly depends on the
sample orientation. As with many of the other LN-V particles, the absorption features
energy in ErAsSb can be tuned by adjusting the nanostructures geometry with growth
parameters. [69]

LuAs nanoparticles in a superlattice with GaAs also show an absorption peak.

Again this peak undergoes a red shift in absorption with increasing LuAs deposition.
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The exact cause of the shift in the absorption energy is currently under investigation,
but could be due to shifts in plasmon resonance or increased quantum confinement.|35|.

Similar to many of the other LN-V materials, ThAs nanoparticles co-deposited
in GaAs also exhibit an absorption peak at ~1 eV. To be consistent with the other LN-V
materials, this absorption feature was originally attributed to a plasmon resonance.|36]
As discussed above, it was recently discovered that TbhAs nanoparticles are actually
semiconductors.[26] This suggests that the absorption feature corresponds with the

27| This is dis-

indirect gap transition within the semiconducting ThAs nanoparticles.
cussed in more detail in Chapter 3.

While many of the LN-As and LN-Sb nanoparticles are semimetals, which
quench luminescence, LN doped III-V materials were originally were of interest be-
cause of the atomic 4f optical transitions with the LN atom. In particular, the 4f
optical transition within the Er atom occurs at 1.54 pm, which is in the low-loss region
of optical silica fibers. While Er doped GaAs shows this luminescence peak, Er has a
low solubility limit in GaAs. Under typical MBE growth conditions ErAs nanoparti-
cles form and quench the luminescence.|[32, 100] Alternatively, LN have a significantly
higher solubility limit in the III-N films, resulting in significant emission from the f-
shell electrons in the LN ions. AIN and GaN based light emitting diodes doped with
various LN elements have emission colors that depend on the LN species including:
infrared and green with Er*t, blue with Tm?*, red with Eu®t, and ultraviolet with
Gd**.[101, 102, 103, 104]

In addition to LN-N nanoparticles and LN doped I1I-V materials having interest-
ing optical properties, LN-V films also have interesting optical properties. For example
the LN-V films are semimetallic or degenerately doped semiconductors that have a
transparent window, defined as transmission greater than 20%. Note that while the
transmission decreases with increasing film thickness, many of the films are transparent
over some wavelength range with film thickness of several hundred nanometers. LuAs
films show a broader transmission window with a higher peak transmission amount

than that of ErAs films, both materials have their transmission window in the near
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IR 1.3-1.55 pm range.[35, 105] LaAs has a much more broad transmission window
than both LuAs and ErAs, but the window is shifted to the range of ~3-8 pm.[16]
In addition the a transmission window, many of the films possess a possible Drude
edge; at wavelengths longer than the Drude edge the reflection trends toward 100%
and transmission toward 0%. The possible Drude edge wavelengths for several of the
Re-V films are summarized in Table 1.2. From Table 1.2 it is clear that the Drude
edge of the LN-V materials varies with LN selection and is tunable by alloying LN-V
materials. These differences could be due to multiple effects including differences in
the band structure, as discussed above, or differences in charge carrier concentrations,
discussed below. The differences in both transmission window and Drude edge of the

LN-V films shows that the optical properties of LN-V can be tuned.

LN-V Material | Drude Edge (pm)
ErAs|35, 105 ~2.85
LuAs|35] ~3.1
LaAs|16] ~8.0
Lag.4gLiup 50 As[106] ~4.5
ThAs[28] ~2.75

Table 1.2: Possible Drude edge wavelengths of the LN-V films

1.5 Electrical Properties

Similar to the optical properties, the electrical properties of the LN-V films
have been used to infer the band structure for many of the LN-V material systems.
For example, the resistivity of LuAs, LaAs and La,Lu;_,As films show decreased re-
sistivities with decreasing temperature, consistent with the films being metallic or
semimetallic.[35, 16, 76] The normalized resistivity of ErAs, LuAs, and LaAs as a
function of temperature is presented in Fig. 1.12.[16] The temperature dependent re-
sistance shows that the dominant carrier scattering mechanism is from the lattice
for temperature >80 K, carrier scattering for temperatures between 20 and 80 K,

and impurity scattering for temperatures <20 K.[76] Alternatively, ThAs films show
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Figure 1.12: The normalized temperature dependent resistivity for films of ErAs, LuAs,
and LaAs; consistent with the films being metallic or semimetallic.[16] Reprinted from
[16], with the permission of AIP Publishing.

minimal temperature dependence on both the resistivity and carrier concentration
from ~40 K to 500 K. Combining the electrical properties as a function of tempera-
ture with the observed optical transitions suggests that TbAs is a degenerately doped
semiconductor.|28] Additionally, the carrier concentration depends on the film thick-
ness, suggesting that the carriers come from interface states.[28] This is discussed in
more detail in Chapter 4. Note that while the electronic properties of a film can help in-
fer the band structure, they are not conclusive. For example, films of (111) GAN grown
on (0001)GaN show metallic conductivity for temperatures down to 10 K. However,
the carriers do not freeze out, and thus it cannot be determined from this measurement
alone if GAN is a degenerately doped semiconductor, semimetallic, or half-metallic.[40]

For many applications it is desirable to be able to select and tune the electronic
properties. The differences among the lanthanides provide this opportunity. For ex-
ample, ErAs films have a reported resistivity of 60 p2 em and ErP have a reported
resistivity of 150 p€) cm. By alloying ErAs and ErP, the sheet resistance can be tuned

and a film of ErPggAsp4 has a resistivity of 80 pf2 ¢m.[79] Note that the resistivity
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of ErAs films increases by one or two orders of magnitude after being exposed to the
atmosphere for one month, likely due to degradation of the films. Interestingly, films
of ErP and ErPg¢Asg4 do not appear to degrade over time, and thus the resistance
does not change. In addition to alloying the group V elements, the resistivity can be
tuned by changing the LN elements.|79] This has been observed in films of La,Lu;_,As
which have an electrical resistivity between that of LaAs and LuAs.|76] LaAs films with
10 ML LuAs barrier layers have a room temperature resistivity of ~593 pf) cm while
LuAs films have a room temperature resistivity of 90 u€2 em, closer to that of ErAs
films.[16, 35]

Another way the electronic properties of a LN-V:III-V heterojunction can be
controlled is with the film’s orientation. First-principles modeling based on plane-wave
density functional theory shows that the Schottky barrier height of a LN-V:III-V het-
erojunction changes with crystal orientation due to the change in bonding character
across the interface. Note that the actual Schottky barrier heights calculated do not
agree with experiment results, likely due to the Kohn-Sham band-gap problem. How-
ever, the modeling does predict the same trend previously seen in experiments,[107]
where the p-type Schottky barrier height for the (011) and (001) ErAs:GaAs inter-
faces differ by 0.2 eV.[82] The Schottky barrier height can also be controlled with the
LN-V:III-V interface roughness. As discussed above, the interface roughness can be
controlled with the proper growth procedures, for example LN-V cones can be grown
prior to the film. With the use of ErAs cones, the Schottky barrier height of ErAs on
p-GaAs can be increased by 0.25 eV and the Schottky barrier height of ErAs on n-
GaAs can be decreased by 0.29 eV. The amount the Schottky barrier height is changed

83

depends on the pitch of the ErAs cone.

In addition to the electrical properties of LN-V films, lanthanide dopants and
nanoparticles also provide interesting electrical properties. First principles and hybrid
density functional theory models show that interstitial Er doping in GaAs, InGaAs,
and InAs is a donor while substitutional Er doping is electrically inactive; the formation

energy of interstitial Er in InAs is significantly smaller than in GaAs and thus is more
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electrically active.[45] Increasing the amount of Er doping in Ings53GagarAs and InAs
results in an increase in the carrier concentration and a decrease in the mobility; the
doping efficiency is increased with increasing In content in the matrix.[12, 45| This
results in a maximum conductivity at a Er doping level of ~8x10'? em=2.[12] The rate
of carrier concentration increase and mobility decrease with Er doping levels changes for

Er doping levels above ~6x 10" em™?

, consistent with exceeding the saturation limit
of Er in Ing 53Gag47As and the formation of ErAs nanoparticles.[12] The deposition of
Er above the solubility limit in co-doped ErAs:11I-V materials still results in atomic
Er existing in the matrix and contributes to the electron concentration.|45] Similar to
Er doping, Sc doping in Ings3Gag47As results in a carrier concentration that increases
with increasing S¢ amounts; once the solubility limit is reached and ScAs nanoparticles
form, the carrier concentration increases more slowly.[22] The conductivity, mobility,
and carrier concnetration as a function of amount of ErAs and ScAs co-deposited in
Ing 53Gag 47As is shown in Fig. 1.13.[22] As discussed above in the growth section,
the solubility limit of Er in III-V materials is dependent upon temperature and is
evident with electrical measurements. Increasing the growth temperature of Fr doped
Ing 53Gag47As results in a decreased carrier density, decreased electrical conductivity,
and increased Seebeck coefficient, likely due to the formation of ErAs nanoparticles.|[44]
It is worth mentioning that in addition to changing the carrier concentration, mobility,
and conductivity, increasing the amount of Er in Ings3GagqrAs changes the donor
energy level. At low Er levels, 1.5 x 1017 em™, Er is a shallow donor in Ings3Gag4rAs
with activation energy of ~25 meV. Increasing the Er doping level to just above only
4.4 x 10" ¢em™® results in the Ing53Gag 47 As film being degenerately doped.[12]

As with doping Ings3Gag47As with LN atoms, LN-As nanoparticles, including
ErAs, ScAs ScErAs, LuAs, LaAs, GdAs, and TbAs, act as a dopants in Ing 53Gag 47As
where increasing the LN amount often increases the doping level.[32, 11, 22, 56, 37, 27]
In many of the nanoparticles, decreasing the nanoparticle size results in an increased
doping level; indicating that the smaller nanoparticles cause the Fermi level to increase

with respect to the band edge. While, many of the LN-As act as n-type dopants, ErSh
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Figure 1.13: The (a) conductivity, (b) mobility, and (c¢) electron concentration all
depend on the amount of ErAs (red) and ScAs (blue) co-deposited in Ing 53Gag 47As.[22)]
Reprinted from [22], with permission from Elsevier
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reduces the carrier concentration in GaSh. Typically, GaSb is unintentionally p-type,
and so incorporating ErSb, via the growth interrupt method, reduces the hole con-
centration. As with ErAs:Ings3Gag47As, smaller ErSh particles move the Fermi level
farther up relative to the band edge. Since GaSbh is p-type, incorporating smaller ErSh
particles results in a larger reduction in hole concentration.[32] The LN-V nanoparticles
moving the Fermi level of the matrix material was also observed in ErAs:GaBiAs where
unintentionally doped GaBiAs is p-type but the incorporation of ErAs nanoparticles
resulted in the nanocomposite changing to n-type.[29] This is discussed in more detail
in Chapter 5.

There are multiple ways in which the Fermi level relative to the band edges, and
subsequently carrier concentration, can be adjusted. For example the matrix material
can change the energy difference between the band edge and the Fermi level. This
has been observed in ErAs:(IngsAlggAs).(Ing 53Gaga7As)—, where the Fermi level
was adjusted from within the conduction band for x=0 to near the middle of the band
gap for x=1, shown in Fig. 1.14.]23] This is also observed when comparing the same
lanthanide species in two different matrices; such as compairing ThAs:Ing 53Gag 47As to
TbAs:GaAs where both systems are n-type but ThAs:Ing 53Gag 47As has a much higher
carrier concentration.[27] Alternatively, the Fermi level location can be adjusted with
the proper LN selection or LN alloying. Each of the LN-V nanoparticles pin the Fermi
level at different locations. For example GdAs generally pins the Fermi level higher
than ErAs and LuAs and all three pin the Fermi level higher than LaAs.[11] Figure 1.15
shows the activation energy, which is related to the Fermi level, as a funcion of the some

11] Additionally, ScAs:Ing 53Gag.a7As

of the lanthanide species and deposition amounts.
has a lower carrier concentration than ErAs:IngssGagyzAs, which indicates a lower
Fermi level, and ScErAs:Ing 53Gag47As has a carrier concentration in between the two.
This indicates that is not only possible to tune the carrier concentration with LN
amount and selection of LN, but also by alloying multiple LN species. Note, alloying
to get a specific carrier concentration only works if the nanoparticle forms an alloy and

not a core-shell structure, such as in ThErAs. The carrier concentration of ThErAs
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Reprinted from [23], with the permission of AIP Publishing.

core-shell nanoparticles in Ing 53Gag 47As is lower than that of both ErAs:Ing 53Gag.a7As
and TbAs:Ing 53Gag 47As. It is also worth noting that the carrier concentration in many
of the LN-As:III-As nanocomposites can be reduced by compensation doping with
beryllium, an acceptor in Ing 53Gag47As.[108]

While the carrier concentration of the LN-V:III-V nanocomposites generally in-
creases with increasing LN amounts, the mobility generally decreases with increasing
LN amounts. This has been observed in both co-doped LN-V materials, including
ErAs, ScAs, ScErAs, TbAs in Ing53GagarAs, and LN-V superlattices, including ErAs,
LuAs, LaAs, and GdAs in Ings3Gags7As.[22, 56, 37, 11] It is worth noting that in
the superlattice samples, both decreasing the spacing between the nanoparticle lay-
ers and increasing the amount of LN-V in each layer decreases the mobility. The

decrease in mobility with increasing LN amount is likely due to the reduced III-V
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Figure 1.15: The activation energy, which is related to the Fermi level, depends on
the lanthanide type and LN-V deposition amount.[11] Reprinted from [11], with the
permission of AIP Publishing.

overgrowth at higher LN-V deposition amounts. It is worth noting that in general,
the LN-V:III-V materials can have high mobilities. For example LuAs and GdAs su-
perlattices with periods consisting of 40 nm Ing 53Gag 7 As and 1.6 ML LN-As have
mobilities >2400 ¢m?/V-s, slightly higher than that of ErAs:Ing 53Gag7As. Note that
LaAs:Ing 53Gag 47 As superlattices have significantly lower mobilities, only 0.4 ML LaAs
results in a mobility of 1600 em?/V-s. The reduced mobility in LaAs:Ings3Gaga7As is
likely due to poor Ings3GagarAs overgrowth quality as a result of multiple LaAs crys-
talline phases.[11] Additionally, the co-deposited LN-V materials can also have high
mobilities. For example, 0.78% TbAs in Ings3Gag47As has a mobility of 3494 em?/V-s,
0.3% ErAs in Ings3Gag4rAs has a mobility of ~3200 cm?/V-s and TbErAs nanopar-
ticles, with 0.78% TbAs and 0.3% ErAs, co-deposited in Ing 53Gag 47As has a mobility
of 2497 ecm?/V-s.[37, 109]

Due to the increasing carrier concentration and decreasing mobility with in-
creasing LN amounts, the conductivity initially increases and then decreases with LN

amounts. The amount of LN required for the maximum conductivity, and the value



of the maximum conductivity, depends on LN-V species. For example, the conduc-
tivity of TbAs:Ing 53Gag47As peaks with 1% TbAs, ScAs:Ing 53Gag4rAs peaks with of
0.6% ScAs, and ErAs:Ings3Gag4rAs peaks with 0.2% ErAs.[37, 56, 22| Note that the
peak conductivities versus LN-As amounts are reported for room temperature values.
The conductivity does depend on temperature, as observed in ThAs co-deposited in
Ing 53Gag 47As where the conductivity increases with temperature due to an increased
carrier concentration via nanoparticle doping at high temperatures. [110] Conduc-
tivity depending on LN-V species is also evident in the superlattice structures. For
example, LuAs, ErAs, and GdAs nanoparticles in Ings3GagarAs all show a modest
difference in conductivity. LaAs:Ings3GagsrAs has a significantly lower conductivity
for any given LN-V amount due to the lower mobility discussed above.|11] The depen-
dence of conductivity on LN-V density is true for both the co-deposition method and
the growth interrupt method. Note, in the growth interrupt method the LN-V density
can be controlled with the amount of LN-V deposited each in layer and the spacing
between the LN-V layers. For some applications, discussed below, it is desirable to
reduce the conductivity or increase the dark resistance. In both the co-deposition and
the growth interrupt methods the dark resistance can be increased with compensation
doping.[42, 111, 108, 32| Note that in the growth interrupt method, compensation dop-
ing with beryllium via delta doping results in a dark current of at least one order of
magnitude larger than step compensation doping provides.[99] An additional way to

increase the resistance of superlattices of ErAs nanoparticles in Ing s3Gag 47As is with

the use of thin Ings52Alp4sAs barrier layers.[111] It is important to remember that the
resistivity of the nanocomposite film is very dependent upon the matrix composition,
for example the resistance of a ThAs:GaAs co-deposited sample is much higher than
that of a ThAs:Ing 53Gag47As co-doped sample.[36, 37, 27]

The Seebeck coefficient of materials typically tracks inversely with carrier con-
centration and conductivity. This is true for many of the LN-V nanoparticles in I11-

V including ErAs and ScAs co-deposited in Ingz3GagyrAs.  As with many of the

other electrical properties discussed above, the Seebeck coefficient depends on the



LN-V species, for example ErAs:Ings3GagarAs has a higher Seebeck coefficient than
ScAs:Ing 53Gag.47As.[56] The Seebeck coefficient can be increased by electron filtering.
For example, a super lattice of 20 nm ErAs:Ing s3Gag 47 As and 10 nm Ing 53GagosAlg 10As
can increase the Seebeck coefficient 2 to 3 x over ErAs:Ing 53Gag 47As.[112] This method
primarily increases the Seebeck coefficient in the cross-plane direction.[113] The dif-
ference between the in-plane and cross-plan Seebeck coeflicient is reduced at higher
electron concentrations due to the Fermi level moving into the conduction band, re-
ducing the InGaAlAs’s barrier height and effectiveness as an electron filter.[114] Al-
ternatively, the in-plane and cross-plane Seebeck coefficients can be increased by co-
depositing ErAs directly in InGaAlAs. This results similar electron filter effects to
the superlattice structure, shown by similar Seebeck coefficients.[115] The electron
filtering effect allows for both the electrical conductivity and the Seebeck coefficient
to increase with increasing temperature, shown in Fig. 1.16.[24] Interestingly, TbAs
nanoparticles in Ing 53Gag 47 As show both high Seebeck coefficients and high electrical
conductivity; the Seebeck coefficient is more than twice that of Si-doped Ing 53Gag.q47As

while having an electrical conductivity on the same order of magnitude as conven-

tionally doped semiconductors.[37] Additionally, both the Seebeck coefficient and the
electrical conductivity increase at higher temperatures.[110] Presently, it is unknown
why TbAs:Ing 53Gaga7As does not follow the general trend of the Seebeck coefficient

tracking inversely with conductivity. However, I will speculate on this in Chapter 6

1.6 Thermal Conductivity

In addition to altering the optical and electrical properties, LN-V nanoparticles
often significantly alter the thermal properties of a LN-V:III-V nanocomposite. For
example, ErAs nanoparticles have three effects on the thermal conductivity: they do-
nate electrons which increases the thermal conductivity, they increase the number of
electrons which increases the electron phonon scattering and decreases the phonon con-
tribution to thermal conductivity, and ErAs further reduces the phonon contribution

to thermal conductivity by nanoparticle scattering. Only the nanoparticle scattering
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Figure 1.16: The Seebeck coefficient and electrical conductivity both increase with tem-
perature for 0.6% ErAs co-deposited in (Ing 53Gag.a7As)o.s(Ing s2Alp.as As)o.2, suggesting
electron filtering.[24] Reprinted from [24], with the permission of AIP Publishing.

significantly alters the thermal conductivity in the temperature ranges where ErAs
nanoparticles have the largest effect.[116] Doping Ing 53Gag47As with Er also causes a
decrease, albeit a small decrease, in the thermal conductivity. Growing the Er doped
Ing 53Gag 47 As at increased temperatures results in a larger reduction in thermal con-
ductivity, which is consistent with nanoparticle formation.[44|. While, the thermal con-
ductivity of a III-V matrix can be reduced with LN doping, LN-V nanoparticles grown
via the growth interrupt method, and LN-V nanoparticles grown via the co-deposition
method, the co-deposition method results in the lowest thermal conductivity.|[116]

As with the electronic and optical properties, the thermal conductivity strongly
depends on LN-V concentrations and LN species. For low ErAs concentration, 0.3%
ErAs, the largest reduction in thermal conductivity occurs between 150 and 450 K,
with minimal reduction for temperatures above 600 K due to Umklapp phonon scat-
tering dominating.[116] Increasing the ErAs amount to 3 or 6% lowers the thermal
conductivity for temperature above 600 K due to the ErAs nanoparticles creating a
mean free path that is shorter than the mean free path due to Umklapp scattering.|10]
Note that increasing the amount of ErAs also results in a larger reduction in ther-

mal conductivity for temperature below 600 K.[10] Figure 1.17 shows the decrease in
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Figure 1.17: The reduction in thermal conductivity with increasing ErAs amount
in Ings3GagarAs.[10] Addapted with permission from [10] Copyright 2008 American
Chemical Society

thermal conductivity with increasing ErAs amount in Ingz3Gaga7As. The decrease in
thermal conductivity with increasing LN-V amount has also been observed in ScAs and
ScErAs with no strong dependence on the type of rare earth element.[56] Interestingly,
significantly more ThAs, >1.7% TbAs, is required to reduce the thermal conductivity
below that of Ing 53Gag.47As, again increasing the amount of ThAs results in a reduced
thermal conductivity.[37, 110]

While the LN-V nanoparticles reducing the thermal conductivity of Ing 53Gag 47 As
is the most studied, it is worth noting that the LN-V nanoparticles reduce the ther-
mal conductivity of many other I1I-V matrices. For example, ErAs reduces the thermal
conductivity of (Ing 53Gag 47A8)o8(Ing 50Alg48As)g.2, and increasing the amount of ErAs
from 0.3 to 0.6% results in a ~25% reduction in thermal conductivity. ErSb nanocrys-
tals reduce the thermal conductivity of InxyGa;_xSb due to the differences in stiffness
and density between the nanoparticles and the matrix.[46] Note the ErSh:InxyGa;_xSb
system is the p-type analog to the n-type ErAs:Ing s3Gag 47 As for applications such as
thermoelectrics discussed below. Finally, ErAs nanoparticles and ThAs nanoparticles

reduce the thermal conductivity of GaAs; in both cases the electrical conductivity is
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low so the thermal conductivity is almost entirely due to phonons.[64, 117, 36]

1.7 Application of LN-V:III-V

Due to the electronic structure and properties discussed above, LN-V nanopar-
ticles embedded within III-V films and LN-V films have become of interest for a wide
range of applications. This includes thermoelectrics, terahertz detection and gener-
ation, tunnel junctions, and electrical contacts. Below I discuss some of the recent
advances of using LN-V based materials for these applications. Note that LN-V review
provided by Hanson et al. heavily focused on the applications of LN-V materials, and
thus I will focus primarily on the progress made since that review.[32]

Thermoelectric power generators are one of the applications that have greatly
benefited from LN-V nanoparticles. The effectiveness of a material is often charac-
terized by the figure of merit ZT, which is determined by ZT' %I where S is
the Seebeck coefficient, ¢ is the electrical conductivity, r is the thermal conductivity,
and S?%c is defined as the power factor. Typically, these properties are interrelated
which prevents vast increases in the ZT. However, incorporating LN-V nanoparticles
into III-V materials can improve the ZT by decoupling these parameters. For example
ErAs nanoparticles in Ing 53 Gag 47As pin the Fermi level near the conduction band edge,
donating electrons while maintaining a high carrier mobility which results in a high

electrical conductivity. Additionally, the nanoparticles scatter phonons which reduces

the thermal conductivity, leading to a net increase in the ZT.[32]

Recent work has focused on further improving the ZT. One way this can be done
is with electron filtering to increase the Seebeck coefficient while keeping the thermal
conductivity low with phonon scattering by ErAs nanoparticles. Superlattices consist-
ing of ErAs co-deposited in Si:Ing53GagarAs and (Ing 53Gag 47 As)os(Ings2AlpasAs)o.a1
results in a large improvement in ZT over bulk Ings3GagsrAs. A large portion of
that increase comes from electron filtering that improves the Seebeck coefficient. The
remaining improvements coming from ErAs reducing the thermal conductivity.[112]

Using this general idea, a 400 element thermoelectric module with each elemnt being
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200 pm x 200 gm in area and consisting of a 5 pm thick superlattice of 70 periods
of 10 nm (Ing53Gag.47As)06(Ing s2Alp 48 Aspq) and 20nm ErAs:InGaAs with 0.3% ErAs
output over 0.7 mW of power with a temperature difference of 30 K across the entire
device.|[113]

Typically, thermoelectric devices require thick films, and the numerous shutter
operations for a superlattice growth are undesirable. Alternatively ErAs co-deposited
in InGaAlAs can be used, eliminating the numerous shutter operations. The Schottky
barriers formed between the randomly distributed ErAs nanoparticles and the matrix
act as non-planer electron filters while the ErAs nanoparticles increase the conduc-
tivity by donating electrons and reduce the thermal conductivity by scattering long
wavelength phonons.[118] The enhanced Seebeck coefficient and reduced thermal con-
ductivity of ErAs:(Ings3GagarAs)os(Ings2AlgasAs)os results in a ZT of 0.16 at 300 K
and 1 at 600 K.[115] This resulted in a thermoelectric power generator made from
400 elements of 10pm thick n-type ErAs:(Ings3GagarAs)os(IngseAlgasAs)e, and p-
type ErAs:Ings3GagarAs having an open circuit voltage of 2.1 V and output power
of 1.12 W/em? when a temperature difference of 120 K was applied across the de-
vice. Note that each element only experienced an average temperature difference
~24 K. The performance was further improved to an open circuit voltage of 3.5 V
and output power of 2.5 W/cm? by increasing the element thickness to 20 ym and
the temperature difference to 140 K, ~39 K average temperature difference across
each element.[119] Further enhancements are possible with thicker elements and in-
creased temperature differences. This was demonstrated by a segmented thermoelec-
tric generators consisting 254 1 mm x 1 mm elements made from 50 pm thick n-type
ErAs:(Ing 53Gag47As)os(Ing s0Alg4sAs)gs or p-type ErAs:Ings3GagyrAs and 300 um
thick BisTe; producing an output power of 5.5 W with an open circuit voltage over
10 V when the Er containing side was maintained at 600 K and the cooled side was
kept at ~285 K.[115] By increasing the amount of ErAs in the segmented thermoelec-
tric generators, the power output of the thermoelectric power generator was further

increased to 6.3 W, shown in Fig. 1.18.[24]
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Figure 1.18: The power output of a segmented thermoelectric power generator made
from 50 pm 0.6% ErAs co-depostied in (Ing 53Gag.arAs)i_.(Ing 52Alp.48As), and 0.8 mm
BisTes, showing a power output of 6.3 W.[24] Reprinted from [24], with the permission
of AIP Publishing.

Modeling suggests that the power factor could be increased, and ultimately the
ZT increased, by optimizing the ErAs nanoparticle concentration, the barrier height
between the particle and the matrix, and the electron concentration.[120] The barrier
height between the particle and the matrix can be tuned by tuning the conduction
band edge independently of the Fermi-level, which is possible by tuning the amount of
Al in ErAs:Ings3Gag a7 Al As. This allows for the engineering of energy-dependent
scattering of carriers by the nanoparticles and was observed by a simultaneous increase
in both electrical conductivity and Seebeck coefficient with temperature for 0.6% ErAs
co-deposited in Ings3Gagar_,Al,As. At the same time a reduction in the thermal
conductivity with increasing temperature was measured. This resulted in a ZT of 1.3
at 800 K, shown in Fig. 1.19.[23]

Thus far we have focused on improvements in ZT and thermoelectric gener-
ator output power by improving the n-type elements. It is important to note that
there has been some recent work to improve the p-type element. For example, Be

doped ErSh:GaSbh has a power factor three time higher than that of the best p-type
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Figure 1.19: The ZT of 0.6% ErAs co-depostied in Ing 53Gag.a7—. Al As as a function of
temperature, showing a ZT of 1.3 at 800 K.[23] Reprinted from [23], with the permission
of AIP Publishing.



ErAs:Ing 53Gaga7As.[118] By alloying the ErSh:GaSbh with In, the thermal conductiv-
ity can be reduced, resulting in an improved ZT for the p-type element. This has
been observed in segmented thermoelectric modules of 8x& elements of 54 pm n-type
ErAs:Ing 53Gag4rAs and p-type ErSb:Ing2GaggsSb on 0.8 mm BiyTes. By maintain-
ing the hot side, the Er containing segments, at ~600 K and the cold side, the BiyTey
segments, at ~ 285 K, the thermoelectric generator output over 1.4 W of power.[118§]

This section has focused on ErAs and ErSb nanoparticles for thermoelectric de-
vices and it should be noted that many other lanthanide based materials have been in-
vestigated for thermoelectric applications including Er doped Ing 53Gag 47 As, and ScAs,
ErAs, ScErAs, and TbAs co-deposited in Ings3GagarAs. Er doped IngssGagarAs re-
sulted in a room temperature power factor of ~9 W/m-K? and ZT of 0.06.[45] ScAs,
ErAs, and ScErAs co-deposited in Ings3GagarAs all have a maximum room tempera-
ture ZT between 0.11 and 0.13 at rare earth concentrations less than 0.5%.[56] 0.2%
TbhAs co-deposited in Ings3Gag47As has a power factor of 2.38 W/m-K? and a ZT of
0.19 at room temperature. The improved room temperature ZT of ThAs:Ing 53Gag.47As
is primarily due to the power factor improvement, and not due to a reduced ther-
mal conductivity.[37] As a reference, unintentionally doped Ing 53Gag 47 As without rare
earth elements has a room temperature ZT of 0.0045.[56]

Another application that has seen benefits from lanthanide based materials is
tunnel junctions. Semimetallic LN-V nanoparticles have previously been observed to
increase the tunneling current through a p-n junction, because they allow for a two-
step tunneling process.[32| The LN-V based tunnel junctions have been used in devices
including multijunction solar cells and vertical-cavity surface emitting lasers.[25, 70

As mentioned above, ErAs nanoparticles placed at the tunnel junctions of a mul-
tijunction solar cell increases the tunnel junctions performance. Incorporating 1.2 ML
ErAs at the junction interface of an Al 3Gag7As/GaAs multijunction solar cell only
requires a ~0.3 mV bias, compared to the ~0.7 V bias required in the nonoptimized
conventional tunnel junction. This results in efficiency of the multijunction solar cell

with ErAs enhanced tunnel junctions being ~2x that of one with conventional tunnel



junctions. [25] Figure 1.20 shows the J-V curve for a conventional and ErAs enhanced
tunnel junciton; showing that the ErAs enhanced junction needs a significantly lower
bais to achieve the same tunneling current.|[25] The improvement in tunneling current
density is dominated by the ErAs surface coverage of the junction.[63] As discussed in
the growth section, the surface coverage of LN-V nanoparticles grown by the growth
interrupt method is in part determined by the growth temperature. Thus, tunnel
junctions with ErAs nanoparticles grown at temperatures from 485 to 545°C have sim-
ilar surface coverages and tunneling current densities. However, increasing the growth
temperature to >575°C results in a lower tunneling current density due to lower sur-
face coverage.|63, 121] The increased density of small nanoparticles at lower growth
temperatures also changes the energy band alignment between the ErAs nanopartilce
and III-V matrix, which enhances the tunneling conductivity.[70] Additionally, since
the tunneling current density depends on surface coverage, a linear increase in the
ErAs deposition results in a linear increase in current density.[63] At high depositions
amounts, and thus for large nanoparticles, there is an increased resistance for tun-
neling into the nanoparticles, possibly due to the difficulty in overgrowth of larger
nanoparticles or a morphological dependence of the Schottky barrier height between
the ErAs nanoparticle and the GaAs film.[121] Recent work shows that for GaAs tunnel
junctions only 0.7 ML ErAs grown at 530°C is required to get the maximum current
enhancement without degrading the GaAs overgrowth.[66]

In addition to ErAs enhanced GaAs tunnel junction, LN-V materials have been
shown to improve other III-V tunnel junctions. ErAs nanoparticles have also been
shown to improve the tunneling current between highly n-doped and p-doped InAlGaAs
and AlGaAs by reducing the total resistance and junction resistance compared to non-
ErAs containing junctions. Note that a high acceptor density is essential for achieving
the high current densities.[122]| Similarly, GAN nanoislands also create midgap states
in p-n GaN junctions, enhancing the interband tunneling by several orders of mag-
nitude. Specifically, GAN nanoislands in GaN tunnel junctions provide very efficient

hole tunneling into p-GaN layers and reduces the specific resistivity by two orders of
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Figure 1.20: A room temperature J-V curve for a conventional tunnel junction (dashed
line) and an ErAs enhanced tunnel junction (solid line and inset). Depicting the
drastically reduced bias required to achieve the same tunneling current.[25] Reprinted
from [25], with the permission of AIP Publishing.
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magnitude, resulting in a reduced tunnel resistivity.[123]

Terahertz detection, generation, and modulation has also benefited from LN-
V nanoparticles. Devices to detect, generate, and modulate THz radiation that have
benefited from LN-V nanoparticles include photomixers and photoconductive switches,
large area emitters, and split ring resonators.

The key properties of photoconductive switches include short carrier lifetimes,
high dark resistance, high mobility, and a band gap that is compatible with the laser
system driving the device.[32] Photoconductive switches made from ErAs:GaAs have up
to 291 x and 157x improved optical-to-terahertz power conversion than state of the art
radiation damaged silicon on sapphire and low temperature grown GaAs, respectively.
This is likely due to the carrier dynamics in ErAs:GaAs, and shows that ErAs:GaAs
allows for uncompromised THz detection with enhanced optical efficiency.[124] Un-
fortunately, GaAs based photoconductive switches must be pumped with large and

expensive Ti:sapphire lasers. To move to portable and inexpensive photoconductive



switches, devices that are able to be pumped with fiber coupled lasers are desired.
One method to make portable photoconductive switches is to change the host
material to Ings3Gag4rAs, which can be pumped with a 1.55 gm fiber coupled laser.
However, as discussed above, co-deposited ErAs in Ings3GagarAs results in a Fermi
level pinned near the conduction band edge and, unfortunately, does not result in
high dark resistances. One method to overcome this is to grow ErAs nanoparticles
in a superlattice formation in Ing 53Gag47As, where spacing the nanoparticles out can
push the Fermi level into the band gap. Unfortunately, increasing the nanoparticles
spacing increases the carrier lifetime. Note that for generation, changing the lifetime
does not significantly change the bandwidth, which is likely dominated by the char-
acteristics of the pulse laser, and THz generated with superlattices were measured to
have a bandwidth up to 3.1 THz.[125] Another method to increase the dark resis-
tance of ErAs:Ings3GagarAs is to compensate the carriers with an acceptor dopant
such as beryllium. Photoconductive switches made of co-deposited 0.6% ErAs and
5 x 10™® em™ Be in Ings3CGagarAs with a square spiral antenna were able to output

THz pulses with an average power of 12 W, which is a higher power output than other

reported 1.55 pm photoconductive switches.[126] Finally, another method to make a
photoconductive switch capable of being pumped with fiber coupled lasers is to use
other materials. Studies of LaAs, GdAs, LuAs deposited via the growth interrupt
method in Ings53Gag4rAs show promising properties for fast photoconductive switches
with further improvements in current growth conditions.[11] Alternatively, the host
matrix can be changed so that ErAs pins the Fermi level within the band gap while
still being able to be pumped with a fiber couple optical pump. This has recently been
shown in ErAs nanoparticles co-deposited in GaBiAs where the initial films studied
have a band gap capable of being pumped with a 1064 nm fiber coupled laser, short
carrier lifetimes, high dark resistivities, and high carrier mobilities.[29] This is discussed
in more detail in Chapter 5.

Similar to photoconductive switches, photomixers have benefited from the short



carrier lifetimes provided by the LN-V nanoparticles. Also, similar to photoconduc-
tive switches, it is desired to be able to use 1.55 pm light for photomixing. To
achieve this ErAs nanoparticles have been utilized via the growth interrupt method
in Ing 53GagrAs with Be compensation doping, resulting in THz output powers up to
0.2 uW. This power could be increased by decreasing the spacing between the ErAs
nanoparticles.[127] The ErAs:Ings3GagrAs photomixer has since been improved on
with the use of plasmonic contact electrodes that offer a significantly higher terahertz
radiation power by reducing the average transport path length of the photocarriers.|128|

Another method of terahertz generation that has benefited from LN-V nanopar-
ticles is large area emitters. The incorporation of ErAs nanoparticles surrounded by
Ing 50Alg48As in Ings3Gag47As act as recombination centers. Note that pulsed large
area emitters do not require the short carrier lifetimes that a continuous wave emitter
would. Instead, the incorporation of ErAs surrounded by Ing s3Alg 4sAs is to reduce the
resistance, by a factor of at least 45, of the Ing 53Gag47As matrix. This allows for higher
biasing and subsequently a drastic increase in power. Pulsed large area emitters taking
advantage of the ErAs nanoparticles have demonstrated operation up to ~4 THz with
a peak field strength of 0.7 = at room temperature.[111]

Finally, terahertz modulation from ring resonators has also benefited from LN-V
nanoparticles. Single ring resonator metamaterials fabricated on ErAs:GaAs improves
the on/off times of the resonator due to the short carrier lifetimes in the substrate.|[129]
This is also seen in split ring resonators on ErAs:GaAs substrates where the resonators
can be designed to modulate freely propagating THz waves or act as THz switches. The
response rates of the split ring resonators are dependent upon the substrates lifetime,
which can be tuned with the ErAs spacing.[130]

While the majority of the applications discussed thus far have focused on em-
bedded LN-V nanoparticles, LN-V films have shown to be of interest as contact layers.
Epitaxial ErAs and ErSb on I1I-V semiconductors are interesting as contact layers be-
cause of the lack of interfacial phases and the prevention of interface oxide formation

due to the in situ growth of the semimetallic film.[32] Additionally, the barrier height
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between the LN-V and the ITI-V film can be tuned by adjusting the IT1I-V composition
of the interface and the interfaces geometry.[131, 107, 82, 83| They are also of interest
because ErAs and ErSb may make ohmic contacts to InAs and GaSb respectively.|[32]
Note that ErAs contacts must be capped on the top and sides to prevent oxidation and
eventual degradation of the contact.[132] In addition to ErAs and ErSb, films of LuAs
have shown to be interesting as a possible contact. LuAs has a similar conductivity

to ErAs but has a much higher optical transmission in the near IR, making LuAs a

possible choice as an IR transparent epitaxial contact.[35

1.8 Thesis Outline

In this chapter I have summarized the majority of the recent work that has been
done on the LN-V materials while indicating how the work I have done here at the
University of Delaware fits into the field at large. In this dissertation I will expand
upon this work. In Chapter 2 I will discuss the basics of molecular beam epitaxy as well
as the characterization techniques I have used including: x-ray diffraction, Rutherford
backscattering spectroscopy, Hall effect measurements, spectrophotometry, and tran-
sient absorption spectroscopy measurements. In Chapter 3 I will discuss how many of
these techniques were used to determine that ThAs nanoparticles have a band gap and
that TbAs forms a type 1, straddled, heterojunction with GaAs and a type I, stag-
gered, heterojunction with Ing53Gag4rAs. Chapter 4 will discuss how TbAs films were
grown and characterized, leading to the discovery that TbAs is a degenerately doped
semiconductor. Chapter 5 will discuss the growth and characterization of ErAs:GaBiAs
as possible material for photoconductive switches. Chapter 5 will also highlight the
importance of using ideal growth conditions. Finally, Chapter 6 will summarize this

work and discuss possible future directions.



Chapter 2
GROWTH AND CHARACTERIZATION TECHNIQUES

The films discussed in this dissertation were grown via molecular beam epi-
taxy (MBE) and characterized with a variety of techniques including X-ray diffraction
(XRD) w— 26 scans, XRD reciprocal space mapping (RSM), Rutherford backscattering
spectroscopy, Hall effect, spectrophotometry, and transient absorption spectroscopy. In
this chapter, detailed descriptions of the MBE system, MBE growth techniques, and
many of the characterization techniques used are presented. Specifically, Section 2.1
discusses the MBE system and growth techniques, Section 2.2 discusses XRD w — 20
and RSM scans, Section 2.3 explains Rutherford backscattering spectroscopy mea-
surements, Section 2.4 explains resistivity and Hall effect measurements, Section 2.5
discusses spectrophotometry measurements, and Section 2.6 explains the transient ab-
sorption spectroscopy techniques including optical pump terahertz probe and optical

pump optical probe measurements.

2.1 Molecular Beam Epitaxy

The films studied in this dissertation were grown via molecular beam epitaxy
(MBE); a schematic of a MBE growth chamber is shown in Fig. 2.1. Molecular beam
epitaxy is a growth technique that allows for precise control over film composition and
layer thickness with low impurity incorporation. Molecular beam epitaxy is commonly
used for the thin film growth of IT1I-V materials.[133, 134, 135, 136, 137| In this section
[ will highlight the basics of MBE and some of the specific techniques utilized by the
OSEMI NextGEN solid source MBE here at the University of Delaware. Note that

MBE is also commonly used for thin film growth of other materials including group



Effusion Cells RHEED Sample Block/

G
un Substrate Heater
—
: j/ lonization/
] - BEP Gauge

J/ [I] ﬂ k To Buffer

A Chamber

—
ey

| ] CAR \

Cryopanels
Fluorescent AAsembly

Shutters Screen

Figure 2.1: Schematic of a general molecular beam epitaxy system. Schematic from
http://lase.ece.utexas.edu/mbe.php, reprinted with permission from Professor
Seth Bank.

IV, II-VI, oxides, and topological insulators; details on those growths can be found
elsewhere.[133, 136, 137, 138]

Molecular beam epitaxy is essentially a well-controlled thermal deposition method
performed under ultra-high vacuum. Typically, for the growth of I1I-V materials, el-
emental sources are thermally heated to emit a beam of molecules towards a heated
substrate where the molecules are deposited to form a film. The ability of each ele-
mental source to be individually heated and shuttered provides the operator a large
amount of control over the film’s structure. The solid or liquid sources are typically

resistively heated in crucibles within an effusion cell. Controlling the temperature of



the effusion cell provides control of the vapor pressure for each elemental source, and
ultimately the flux of atoms evaporating toward the substrate. Due to the ultra-high
vacuum nature of the MBE, the mean free path of the evaporated elements is larger
than the distance between the effusion cells and the substrate. This results in a beam
of molecules traveling to the substrate’s surface and the constituents of the film only
interact where the beams intersect, which is at the substrate. The individual shut-
ter control over each effusion cell provides the ability to control which elements are
interacting at the film’s surface at any given time.

The ability to accurately measure and control the flux of atoms allows for excel-
lent control over the films composition and growth rate. Instead of flux measurements,
the pressure of each elemental beam is measured with an ionization gauge; known as
the beam equivalent pressure (BEP) and is proportional to the molecular beam’s flux.
The flux, or BEP, does not relate to the same incorporation rate for all elements. In-
stead the incorporation rate is a function of the flux and a sticking coefficient that is
specific for each element. Thus, the relationship between the BEP, growth rate and
composition must be calibrated for each element. The growth rate of a film can be
calibrated to the BEP of each species with in situ reflection high energy electron diffrac-
tion oscillations or er situ characterization techniques that measure the film thickness
such as X-ray diffraction, scanning electron microscopy, or transmission electron mi-
croscopy. Similarly the composition of each film can be calibrated to the BEP ratio of
the films constituents with ez situ measurements such as X-ray diffraction and Ruther-
ford backscattering spectroscopy. Due to the low fluxes of dopant elements, typically
Si and Be in III-V materials, their incorporation rate is calibrated with the effusion
cells temperature instead of a BEP. The BEP of an element scales exponentially with
effusion cell temperature, and thus the dopant incorporation scales exponentially with
temperature. Since we are primarily concerned with the electrically active dopant con-
centration, not necessarily the actual Si or Be concentration, the dopant incorporation
rate is calibrated with Hall effect measurements to determine carrier concentration.

Hall effect measurements are discussed below in Section 2.4. Note that while Si is an



n-type dopant for several of the I1I-V materials including GaAs and Ing 53Gag 47As, the
incorporation of large amounts of Si can result on Si sitting on group V sites. This
results in a decrease in electron concentration with increasing Si concentration at high
Si concentrations.

Similar to the dopant sources, the BEP of Er used for nanoparticle growth is
typically too small to measure. As discussed in Chapter 1, the rate of Er incorpo-
ration is calibrated with the Er effusion cell’'s temperature and ez situ Rutherford
backscattering spectroscopy. Note that it is possible to measure the BEP of Er for
high ErAs growth rates, such as those used for film growths. Similar to Er, the Tb
incorporation rate is also calibrated by the Tb effusion cell’s temperature with ez situ
Rutherford backscattering spectroscopy. Due to the low vapor of Th at the ion gauges
temperature, Tb can stick to the ion gauges filament preventing the measurement of
a BEP. Since it takes a significant amount of time for Tb to come off the ion gauge
filaments, attempting to measure the BEP of Tb can cause errors in subsequent BEP
measurements.

In addition to providing the beam like nature, the ultra-high vacuum in MBE
is important for the minimization of impurities as well as in situ characterization
techniques such as reflection high energy electron diffraction (RHEED). The ultra-
high vacuum results in a very low concentration of unwanted species in the growth
chamber. This results in a negligible amount of unwanted elements or contaminates
impinging on the substrate surface and ultimately results in high purity film growth.
The ultra-high vacuum also provides the opportunity to characterize the film growth in
situ with RHEED. Briefly, an electron gun generates a beam of high energy electrons.
This beam of high energy electrons strikes the surface of the substrate at a very low
angle, and the electrons are diffracted off of the surface forming a diffraction pattern
on the RHEED screen. The diffraction pattern provides key information about the
surface and the growth. Specifically, the diffraction pattern is dependent upon how the
surface has reconstructed to minimize the energy of the dangling bonds on the surface.

This can be used to determine when the oxide on the surface of a substrate has been
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desorbed, for GaAs and InP this is shown as a hazy RHEED pattern transitioning into
a clear 2x4 pattern. The diffraction pattern is also dependent on the crystal structures.
For example, GaAs typically displays a 2x4 RHEED reconstruction while the rock salt
RE-V materials display a 2x2 pattern. The RHEED pattern also provides information
about the morphology of the growth surface. For example, a streaky RHEED pattern
is indicative that the films surface is smooth and growth is occurring layer by layer. A
spotty RHEED pattern indicates that the surface is rough and three dimensional. The
presence of chevrons indicates that the surface has facets and suggests the growth of
nanoparticles on the surface.

As mentioned above, the substrate is heated during MBE growth. The tem-
perature of the substrate can significantly alter the growth of the film. For example,
the incorporation of Bi is increased at lower temperatures, and as discussed in Chap-
ter | the growth temperature can significantly alter the shape and size of nanoparticles.
The substrate temperature can be measured with a thermocouple, pyrometry, and band
edge thermometry. Substrate temperatures measured with thermocouples are system
specific because the thermocouple is typically not in direct contact with the substrate
and is actually some distance away. This distance can change from system to system
and thus the thermocouple reading can change between systems. Pyrometry and band
edge thermometry temperatures are generally a more precise measurement. Pyrome-
try measures the intensity of a specific wavelength of light emitted from the substrate,
which is dependent upon the emissivity and temperature of the substrate. Note the
efficiency of a conventional pyrometer drops off below temperatures of ~400°C. Band
edge thermometry, the method used to measure the substrate temperatures in this
dissertation, works by measuring the transmission of a broad band white light through
the substrate. The band edge of the substrate is determined by detecting the energy;,
or wavelength, at which the substrate starts to absorb the light, this is essentially the
band gap of the substrate. Since the band gap of the substrate decreases with increas-
ing temperature, as determined by the Varshni parameters, the measured band edge

energy can be converted into a temperature.
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2.2 X-ray Diffraction

High resolution X-ray diffraction (HR-XRD) is an important tool for character-
izing epitaxial films. The composition and thickness of films can be determined with
w-20 scans. The strain and relaxation of a film can be determined with reciprocal space
mapping (RSM). Both the HR-XRD and RSM scans performed for this dissertation
were performed with a Panalytical X'Pert MRD diffractometer at the University of
Delaware. A 1.8 kW sealed ceramic copper X-ray tube produces an X-ray beam that is
focused and passed through a four-bounce Ge (220) monochromator, providing a colli-
mated monochromatic CuK,; X-ray beam. This collimated X-ray beam then diffracts
off the sample. The diffracted beam is collected through a three bounce Ge(220)
analyzer, which determines the angle of acceptance for the detector, and strikes the

detector.

2.2.1 w-20 scans

High Resolution X-ray diffraction w-20 coupled scans can be used to determine
both the composition and thickness of a film. During the measurement, the sample is
rotated about w while the detector is rotated about 20, where w is the angle between
the X-ray source and the sample and 26 is the angle between the X-ray source and the
detector, shown in Fig. 2.2. For the symmetric (004) scans used in this dissertation,
20—=2xw and thus the detector moves at twice the speed as the sample. For w-20
coupled scans, the intensity of the diffracted X-rays are plotted versus the 26 angle,
and this is subsequently used to determine either film composition or layer thicknesses.

The composition of a film can be determined by the 20 position of the films peak.
With the use of Bragg’s law, Equation 2.1, the lattice plane spacing can be obtained and
with Equation 2.2 the lattice constant can be calculated. Vegard’s law, Equation 2.3
can then be used to estimate the composition of the film. In Equations 2.1, 2.2, and 2.3
d is the plane spacing, 0 is half the angle between the X-ray source and the detector, n
is an integral number, X is the X-ray wavelength (1.54056 A for CuK,,), a is the lattice

constant, and (hkl) are the Miller indices. While the method presented here provides
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X-Ray Tube

Figure 2.2: Schematic of the X-ray diffraction geometry.

a quick quantitative composition, it does not take into account Poisson’s ratio which
can lead to errors in the composition of strained films. Alternatively, the composition
can be determined by modeling the XRD scan with software that takes into account

Poisson’s ratio, such as X'Pert Epitaxy.

2dsin® = nA (2.1)

a=vVh?+k?+12d (2.2)

AAy_oB. = (1 —T)aa +xap (2.3)

In addition to diffracting off of planes of atoms, X-rays can diffract off of in-
terfaces between two materials. When those interfaces are smooth, the X-rays can
coherently scatter, forming thickness fringes; the spacing of which is related to the

film’s thickness. In a superlattice structure, it is possible for each period to have
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thickness fringes. Since each period of a superlattice should be identical, the thickness
fringes from each period should coherently scatter causing an increase in the diffracted
intensity at specific angles known as superlattice peaks. Similar to the thickness fringes,
the thickness of each superlattice period is related to the separation between the su-
perlattice peaks. The thickness of a film or superlattice period can be calculated with
Equation 2.4 where ¢ is the thickness, A is the X-ray wavelength, n; and n, are integer
number of each peak (for neighboring peaks nj-ny is 1), and 6, and 6, are half the an-
gle between the X-ray source and the detector that correspond to the thickness fringe
or superlattice peak. Again, modeling the XRD data with software such as X'Pert

Epitaxy can also provide highly accurate thicknesses.

A(ny — ny)

b 2 x (sin(0h) — sin(0s))

2.2.2 Reciprocal Space Mapping

Reciprocal space mapping can be used to determine if a film is perfectly lat-
tice matched, strained, or relaxed relative to a substrate. This is important for
(opto)electronic applications as strain can alter the band gap and relaxation can in-
troduce defects that change the properties. Figure 2.3 is a 2-D schematic depicting a
lattice matched film, strained film, and relaxed film on top of a substrate. In Fig. 2.3(a)
it is clear that the film has the same in and out of plane lattice constant. In Fig. 2.3(b)
the film is strained, shown by the in plane lattice constant of the film being the same
as the substrate while the out of plane lattice constant is extended beyond the normal
lattice constant of the film, as determined by Poisson’s ratio. In Fig. 2.3(c) the film
has relaxed, resulting in dislocations at the film/substrate interface. Each of these are
depicted in various ways in a reciprocal space map (RSM). A RSM is a contour plot
where the x-axis is typically the in plane reciprocal lattice constant, the y-axis is typi-
cally the out of plane reciprocal lattice constant, and color indicating diffracted X-ray
intensity. A lattice matched film will have a peak directly on top of the substrate’s

peak, a strained film’s peak will be above (tensile strained) or below (compressively
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strained) the substrate’s peak, and a relaxed film’s peak will be along a line connecting
the substrate’s peak to the origin. Note that in a symmetric scan, such as an (004)
scan, the line connecting the substrate’s peak to the origin will be vertical, and thus it
is not possible to tell from symmetric RSM alone if the film is strained or relaxed. Al-
ternatively, an asymmetric scan, such as a (224) scan, can be used where the relaxation
line and strain line will not overlap.

The RSMs discussed in this dissertation were obtained with the Panalytical
X'Pert XRD diffractometer at the University of Delaware discussed above. The RSM
scans on this XRD system are obtained by performing a series of coupled w-26 scans
over a range of different w values. The in plane, )., and out of plane, Q,, reciprocal
lattice constants in gm="! can be calculated using Equations 2.5 and 2.6, respectively,
where A is the X-ray wavelength in microns, w is the angle between the X-ray source

and the substrate, 20 is the angle between the substrate and the detector.

Gy = Qf(c:r)s(w) — c0s(20 — w) (2.5)
= %(sz’n(?ﬁ —w) + sin{w) (2.6)

From the in plane and out of plane lattice constant, the amount the film has
relaxed can be calculated. First, the relative lattice mismatch in plane (f) and out of
plane (f1) needs to be calculated with Equations 2.7 and 2.8. Then the total lattice
mismatch (f) can be calculated with Equation 2.9, where v is Poisson’s ratio. Finally

the relaxation percentage (R) can be calculated with Equation 2.10

Qymb - Q Yfilm

Ji Q @7
LY fitm
L= Qmaué;ii-"’fﬂm (2.8)
1l —v
f=fr=Hig; ; i (2:9)
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Figure 2.3: Schematic showing (a) a lattice matched film (black circles) on a substrate
(open circles), (b) a compressively strained film on a substrate, and (c) a relaxed film
on a substrate.
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2.3 Rutherford Backscattering Spectroscopy

As mentioned in Chapter 1, the incorporation of LN into III-V materials results
in a superdilation of the matrix that makes determining compositions with XRD diffi-
cult. Thus, the LN compositions discussed within this dissertation were calibrated with
Rutherford backscattering spectroscopy (RBS). Briefly, a beam of high energy particles,
typically He?t, bombards the sample. A portion of those particles are backscattered by
the nucleus of the atoms in the sample where they are collected by an energy sensitive
detector. The energy of the backscattered particle beam is dependent upon the mass
of the element it scatters off of and the depth from where the particles scatter. The en-
ergy is reported in terms of a channel number where high channel numbers correspond
to particles being backscattered off of heavier atoms and atoms closer to the surface.
For composition measurements, the high energy particle beam strikes the sample at a
random angle, providing a high probability for the particle beam to backscatter off of
atoms in the sample. A channeling alignment can be used where the particle beam is
aligned with the rows of atoms. In the channeling alignment the particle beam has the
same probability of being backscattered off of the first few monolayers of the sample
as the randomly aligned measurement. However, once the particle beam is past the
surface the beam is primarily scattered by interstitial atoms.

Modeling the counts of backscattered particles versus the channel number allows
the determination of the films composition and thickness. An example of this is shown
in Fig. 2.4 for ErAs nanoparticles in GaAs. In Fig. 2.4 the black line is the randomly
oriented spectrum, the red line is the simulated spectrum made from the sum of the
Ga, shown as the blue line, As, shown as the pink line, and Er, shown as the green line.
The RBS measurements discussed in this dissertation were measured at either Rutgers
University or the University of Minnesota. Samples measured at Rutgers University

used 4HE atoms with an energy of 2000 keV, a 0.0 degree incident angle, 17 degree
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Figure 2.4: A randomly oriented and simulated RBS spectrum of ErAs:GaAs with
1.4% ErAs.

exit angle, 163 degree scattering angle, a collected charge of 10 or 20 uC, energy per
channel of ~1.28 keV /ch, channel offset of ~41 keV, and a detector resolution of 13 keV.
Samples measured at the University of Minnesota used 4HE atoms with an energy of
2000 keV, exit angle of 15 degrees, scattering angle of 165 degree, calibration offset of
~T0 keV, energy per channel of ~3.205 keV /ch, detector resolution of 18.5 keV, and a
collected charge of 10.4 pC. Modeling was done using the program SIMNRA.

2.4 Hall Effect and Resistivity Measurements

Throughout this dissertation, films are characterized via resistivity and Hall
effect measurements, providing the films resistivity, carrier concentration, carrier type,
and mobility. These measurements were performed with a custom built Hall effect
system here at the University of Delaware capable of room temperature measurements
and wide temperature, ~20 K to ~600 K, measurements. The measurements discussed

in this dissertation were performed using the van der Pauw geometry, see Fig. 2.5
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Figure 2.5: A schematic showing the van der Pauw geometry used for resistivity and
Hall effect measurements. The black triangles represent the contacts, the squiggly lines
represent the probes, and the circle with the X represents the direction of the magnetic

field.

Resistivity measurements are performed by sourcing a current from probe 1 in
Fig. 2.5 to probe 2 while measuring a voltage across probe 3 to probe 4. The slope
of the current versus voltage provides the characteristic resistance R,. The current is
then sourced from probe 2 to probe 3 while the voltage is measured across probe |
to probe 4. The slope of this current versus voltage gives the characteristic resistance
Ry. The sheet resistance is then calculated numerically by iteration as follows. First
the initial Z; is calculated with Equation 2.11. The ¢ iteration of Y; is then calculated

with Equation 2.12. Next the i iteration of Z; is calculated with Equation 2.13. The

: ) e }
calculation of Y; and Z; is repeated until === is less than the desired error. At that

point the sheet resistance (ps) is given by Equation 2.14 and the resistivity (p) is given
by Equation 2.15, where ¢ is the film thickness. This calculation assumes that the
sample is square and nearly isotropic, if other geometries are used a shape factor must
be implemented. Note, it is important that the film being measured is significantly

more conductive than the substrate. If the substrate is conductive, the measurement
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will be some average of the film and the substrate and it is very difficult to determine

the exact effect the substrate has.[139]

2in(2)

by — ————————— 211
" 7(Ras+ Rg) L)
1 1
= + (2.12)
exp(rZi_1Ra)  exp(nZ;_1Rp)
1-Y;
Ly =Dy — = z T (2.13)
exp(mZ;—1R4) I exp(nZ; 1Rp)
1
Ps = — (2.14)
p = pst (2.15)

Once the resistivity measurements are complete, Hall effect measurements can
be done to determine carrier type, carrier concentration, and mobility. The Hall ef-
fect measurements are performed by sourcing a current from probe 1 to probe 3 and
measuring a voltage from probe 2 to probe 4, probe locations are denoted in Fig. 2.5,
while applying a magnetic field perpendicular to the film. During the measurement
the strength and direction of the magnetic field is swept, from a strong magnetic field
going into the page, to a strong magnetic field coming out of the page, as shown in
Fig. 2.5. The slope of the plot of the measured voltage versus the current times mag-
netic field strength is the Hall coefficient, H4. Then, the current is sourced from probe
2 to 4 and voltage measured from probe 1 to probe 3. Again the magnetic field is
applied perpendicular to the film and swept from a strong magnetic field going into
the page to a strong magnetic field coming out of the page, as shown in Fig. 2.5. The
slope of the measured voltage versus the current times magnetic field strength is the
Hall coefficient, Hp. If the Hall coefficients are positive, electrons are the majority

carrier. A negative Hall coefficient means holes are the majority carriers. The sheet
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concentration (n,), in em™2, is given by Equation 2.16 where ¢ is the elemental charge,
bulk concentration given by Equation 2.17 where ¢ is the thickness, and mobility (u)

is given by Equation 2.18.

o e
{ :
" q+H 4 +100,000,000 ' g+H 4+100,000,000 (2.16)
2
n= r;—‘ (2.17)
o (2.18)
M ngxp '

On highly resistive samples, to prevent the source meter from hitting the compli-
ance voltage, low source currents for both the resistivity and Hall effect measurements
are required. This results in small changes in the measured voltage with current or
magnetic field and the measurement is susceptible to a low signal-to-noise ratio. Note,
both the signal-to-noise ratio in the sourced current and voltage measured is decreased.
To help overcome the low signal-to-noise ratio, the sample can be measured multiple
times. The voltage for each sourced current can be averaged and then the electrical
properties can be calculated as discussed above.

For some samples with very low carrier concentrations the Hall effect measure-
ment can be too noisy to obtain a good measurement and averaging multiple runs has
minimal effect. This occurs because there are not enough carriers in the film for the
changing applied magnetic field to cause a significant change in the measured voltage.
When this happens, the Hall effect measurement can be done by keeping the magnetic
field constant and sweeping the sourced current.

In addition to performing resistivity and Hall effect measurements at room tem-
perature, they can also be performed as a function of temperature. The system at the
University of Delaware can measure over temperatures ranging from ~20 K to ~600 K.
Indium contacts will start to melt ~430 K, thus higher temperatures require patterned

contacts. Measuring carrier concentration, resistivity, and mobility as a function of
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temperature provides a lot of information about semiconductors including determining
activation energies and if a semiconductor is degenerately doped, as shown in Chap-

ters 3 and 4.

2.5 Spectrophotometery

The spectrophotometry measurements discussed within this dissertation were
performed with a Perkin-Elmer Lambda-750 UV-Visible-IR Spectrophotometer fitted
with an integrating sphere located in the Institute for Energy Conversion at the Uni-
versity of Delaware. The samples discussed here are all films and both transmission
and reflection data we obtained for them. Note that the Perkin-Elmer Lambda-750
UV-Visible-IR Spectrophotometer can measure out to 3300 nm, but the detector starts
to cut out around 2500 nm.

In spectrophotometry a white light source generates light that passes through
a monochromator. The light then strikes the sample, for transmission measurements
the light is transmitted through the sample and collected by the detector. In reflection
measurements the light is reflected off of the surface and collected by the detector. Dur-
ing the measurement the monochromator steps through the wavelength range desired,
allowing the detector to measure the transmitted or reflected intensity of each wave-
length. Prior to measuring a sample, a background scan is taken and all subsequent
measuremets are normalized to the absorption of air.

Once the transmission and reflection data are collected, the absorption (a) co-
efficient can be calculated by equation 2.19 where ¢ is the thickness of the film, 7" is the
transmission through the sample and R is the reflection from the sample. The band
gap of the film can be extracted from a Tauc plot, plotting (ahv)'/" versus energy,
where r is 0.5 for a direct gap semiconductor and 2 for an indirect gap semiconductors.
Fitting the linear region with a straight line of the Tauc plot and extrapolating to the

x-intercept provides the band gap of the film.

i i
I—=5

= () (2.19)



2.6 Transient Absorption Spectroscopy

Transient absorption pump-probe spectroscopy measurements can provide in-
formation on the number of relaxation pathways. the fraction of carriers participating
in each relaxation pathway, and the time it takes for carriers to relax through a par-
ticular pathway. Transient absorption measurements are performed by first exciting
electrons into the conduction band and holes into the valence band with a pump laser.
At a time delay 7 later the probe laser is directed to the sample. A detector is used
to measure the intensity of the laser’s reflection or transmission and the absorption of
the probe beam by the film is calculated. A difference absorption spectrum, AA, is
then calculated by subtracting the probe beam’s absorption intensity of the unexcited
sample from the probe beam’s absorption intensity at time 7. Note, the probe beam’s
absorption intensity of the unexcited sample is actually the absorption intensity of the
probe before the pump laser strikes the sample, 7y < 0, and thus can be denoted as
A(7m). The probe beam’s absorption after the pump laser strikes the sample is de-
noted as A(m) where 7 > 0. Thus the difference absorption spectrum can be written
as AA(n) = A(m) — A(m). By varying the time delay between the pump laser and
the probe laser, 7, the AA as a function time can be recorded. Information on the
number of relaxation pathways, the fraction of carriers participating in each relaxation
pathway, and the time it takes for carriers to relax through a particular pathway can
then be obtained by modeling how AA changes with time.

The optical pump terahertz probe transient absorption spectroscopy measure-
ments used in Chapter 3 to characterize the ThAs nanoparticles were performed at
Los Alamos National Laboratory. A regenerative amplifier laser was used to output a
800 nm laser that is split into the pump beam and the probe beam. The pump beam,
kept at 800 nm, passes through a delay stage and a chopper before striking the sample,
exciting electron hole pairs. The delay stage allows the path length of the pump beam
to be tuned relative to the path length of the probe beam which changes the time
between when the pump and probe beams strike the sample. The delay stage at Los

Alamos National Laboratory is capable of producing delay times of up to 400 ps. The
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pump beam passes through a chopper so that a lock-in amplifier can be utilized to
improve the signal-to-noise ratio. The portion of the 800 nm laser that is split to gen-
erate the probe beam passes through a ZnTe crystal to generate terahertz radiation,
resulting in a broad band 0.1-2.75 THz probe beam. The THz probe beam is then
directed toward the sample, which is mounted in a He cooled cryostat capable of being
cooled to 4.5 K, and the reflection of the probe beam is measured with a bolometer.
Again, the signal-to-noise ratio is improved with lock-in amplification. Note that due
to the low energy of the THz probe, there should be minimal absorption of the THz
probe by the sample before the pump laser strikes the sample. Additionally, since the
THz probe can be absorbed by either electrons in the conduction band or holes in the
valence band this technique cannot provide decay times for specific types of carriers,
but rather provides the overall effect of both electrons and holes decaying.|140]

The optical pump optical probe transient absorption spectroscopy measure-
ments used in Chapter 5 where performed here at the University of Delaware. In
this measurement a regenerative amplifier produced a train of 35 fs pulses centered at
800 nm. A fraction of that was then used to produce a 850 nm pump beam and a frac-
tion to produce the 1300 nm probe beam. The pump beam passes through a motorized
delay stage, providing the possibility to change the delay time between the pump and
the probe, and a chopper wheel, which allows for lock-in amplifying. The probe beam
is directed straight toward the sample. After striking the sample the probe beam is
split in two. A portion of the probe beams is chopped and then recombines with the
rest of the probe beam before being detected. The probe beam is chopped to allow for
the measurement to be done with dual reference lock-in amplifier. In the optical pump
optical probe measurement discussed in Chapter 5 the optical probe’s wavelength was
chosen to be longer than the semiconductor’s cutoff wavelength. However, it is still
possible that the probe can be absorbed when the sample is not pumped by exciting
carriers into the band tails or shallow defect states. If the pump laser fills the band
tails and shallow defect states, or completely empties the states where carriers were

being excited from, the probe beam’s absorption can decrease after the pump laser
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strikes the sample. This is observed as a negative AA and is called bleaching. As the

carriers relax back to their un-pumped states, the AA trends back toward zero.[141]
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Chapter 3

ELECTRONIC STRUCTURE AND BAND ALIGNMENT OF
TERBIUM ARSENIDE NANOPARTICLES IN GaAs AND
In0.53Ga0.47As

In Chapter 1 I discussed the range of unique properties lanthanide monopnictide
(LN-V) nanoparticles epitaxially embedded within I1I-V semiconductors possess and
subsequently the applications for which they are of interest. To take full advantage
of the unique properties provided by LN-V nanoparticles and to be able to tune their
properties for specific devices and applications, a fundamental understanding of their
electronic structure is needed. Most of the previous work on LN-V nanoparticles has
focused on ErAs nanoparticles and studying its properties. ErAs nanoparticles pin
the Fermi level within the band gap of GaAs and above the conduction band edge in
InGaAs.[142, 82, 23, 109, 116] Cross-sectional scanning tunneling spectroscopy shows
that ErAs nanoparticles are semi-metallic,[20] despite predictions that quantum con-
finement would open a band gap.[52] Models of ErAs:GaAs superlattices show that in-
terface states from the As atoms prevent the ErAs from transitioning from a semimetal
into a semiconductor, even when the ErAs layer is reduced to one monolayer.|143]

ThAs was expected to have similar properties as ErAs, which lead ThAs nanopar-
ticles to be of interest for a variety of device applications. However, the details of ThAs
nanoparticles’ electronic structure in I1I-V are presently unknown. In this chapter we
explore the fundamental electronic properties of TbAs nanoparticles in III-V films.
Section 3.1 discusses the growth parameters and the basic properties of the samples
used for this study. In section 3.2 we study carrier dynamics of ThAs nanoparticles in
GaAs, showing ThAs nanoparticles are saturable. ThAs nanoparticles being saturable

and having a band gap is in direct contrast to ErAs nanoparticles.[26] Section 3.3 uses
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fluence-dependent optical-pump THz-probe measurements to study the carrier dynam-
ics of ThAs nanoparticles in Ing 53Gag 47 As, again showing that ThAs nanoparticles are
saturable and likely have a band gap. Section 3.4 uses spectrophotometry to deter-
mine the energy of optical transition within the ThAs:GaAs and ThAs:Ing 53Gag 47 As
systems. Section 3.5 utilizes Hall effect measurements to determine the Fermi level
in each system. With the knowledge gained from each of the previously mentioned
sections, Section 3.6 proposes that ThAs nanoparticles from a type I heterojunction
with GaAs and a type II heterojunction with Ing 53Gaga7As.[27] Finally, a summary is
provided in Section 3.7. The contents of this chapter is adapted from a manuscript that
the author is a co-author on and a second paper that the author wrote, both papers
have previously been published.[26, 27| Also, note that Laura Vanderhoelf’s doctoral
thesis also extensively discusses the optical pump terahertz probe measurements of the

ThAs:GaAs sample.[140]

3.1 Growth Conditions and Sample Properties

For this work two samples were studied, a sample consisting of ThAs co-deposited
in GaAs and a sample consisting of ThAs co-deposited in Ings3GagyrAs. Both were
grown in an OSEMI NextGEN solid source MBE with effusion cells for Th, In, and
Ga, and a two zoned valved cracker source for As,. For both samples, the growth
and thermal desorption of oxides were monitored using reflection high energy elec-
tron diffraction (RHEED) and substrate temperatures were measured by band edge
thermometry.

One sample is a co-deposited ThAs:GaAs film grown on a semi-insulating (100)
undoped GaAs substrate and a 50 nm thick GaAs buffer layer. Growth was done
using a substrate temperature of 490°C, as measured by band edge thermometry. Tb,
Ga, and As were co-deposited such that the solid solubility limit of Tb in GaAs was
exceeded and ThbAs nanoparticles precipitated throughout the material. The GaAs
growth rate used was 1 pm/h, resulting in a measured thickness of 930 nm, with

an As:Ga beam equivalent pressure (BEP) ratio of ~26:1. Rutherford backscattering
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spectroscopy measurements reveal a ThAs concentration of 2.12%. Using the average
nanoparticle size measured from samples grown under similar growth conditions,|36]
the film has a nanoparticle density of 3.2x 10" cm=*.[26]

The second sample is a co-deposited ThAs:Ing 53Gag 47As film grown on a semi-
insulating (100) Fe doped InP substrate with a 100 nm Ings3Gaga7As buffer layer.
Growth was done at a substrate temperature of 490°C, measured by band edge ther-
mometry. Th, In, Ga, and As were co-deposited such that the solid solubility limit
of Th in Ing 53Gag47As was exceeded and ThAs nanoparticles precipitated throughout
the material. Figure 3.1 is a schematic of ThAs nanoparticles dispersed throughout a
III-V matrix. An Ings3Gag47As growth rate of ~1.2 pm/h was used corresponding to a
measured thickness of 1.1 pm. In to Ga and As to group 111 BEP ratios of about 2.65:1
and 10:1, respectively, were used to obtain a nominally lattice matched film. Note,
as discussed in Chapter 2 Section 2.1, the Th flux cannot be measured and was in-
stead calibrated via ex-situ measurements and the terbium effusion cell’s temperature.
Rutherford backscattering spectroscopy measurements show a TbAs concentration of

1.3%. Based upon the average nanoparticle size measured from samples of similar

growths,[37] the calculated nanoparticle density is 2.54x 10 em=2.[27]

3.2 Carrier Dynamics in GaAs

Optical pump terahertz (THz) probe was used to study the carrier dynamics
of ThAs:GaAs. The details of the optical pump THz probe technique was extensively
covered in Chapter 2 Section 2.6. Briefly, carriers are generated by an optical pulse
and subsequently relax into the ThAs nanoparticles or back across the bulk band gap.
The rate of the carrier relaxation is measured by the rate of decay in the absorption
of the THz probe. Note that the THz probe is only absorbed when free carriers are
in the conduction or valence bands. As a reminder, this technique cannot distinguish

between electrons and holes and is a convolution of the two.
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Figure 3.1: Schematic showing ThAs nanoparticles dispersed throughout a I1I-V ma-
trix as a result of co-depositing Th with the III-V materials. Reprinted figure with
permission from [26]. Copyright 2014 by the American Physical Society.
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3.2.1 Measurement and Data Analysis Details

For this sample, the optical pump was generated using a Ti:sapphire laser that
produced 3.2 mJ, 35 fs pulses centered on 800 nm. Pump fluences ranging from 2 to
200 pJ /em? were used to excite the sample. A portion of the Ti:sapphire laser’s output
was also used to generate and detect the THz probe. The probe beam is a broad band
THz pulse, generated from the Ti:sapphire laser and the electro-optic effect in Zn'Te,
spanning 0.1-2.75 THz. Transient absorption data was collected for delay times ranging
from 0 ps to 400 ps in 0.3333 ps increments. The signal to noise ratio was improved by
averaging ten complete measurements, providing the ability to determine the dynamics
happening on the ps time scale. Once averaged, the data was fit to a multi-exponential
decay using a linear least squares method with a Levenberg-Marquardt algorithm.[26]
Note that these measurements where performed by Laura R. Vanderhoef and Abul K.
Azad with the assistance of Dibakar R. Chowdhury, and Antoinette J. Taylor at Los
Alamos National Laboratory.

Figure 3.2(a) shows an example of the THz absorption as a function of delay
time with Fig. 3.2(b) zoomed in on the first 20 ps of the measurement, this data is
the average of ten data runs measured at room temperature with a pump fluence of 6
puJ/em?. From Fig. 3.2(a) it is clear that a single exponential decay (solid blue line)
does not fit the entirety of the data. Figure 3.2(b) shows that a two exponential (dashed
red line) decay does not fit the short times and a three exponential decay (dot-dashed
green line) is required to fit the entirety of the measurement. Note that the use of a four
exponential fit did not improve the adjusted R? values relative to the triple exponential
fit and that the four and the triple exponential fits were indistinguishable. Thus, we
fit the data with a triple exponential equation with each exponential representing a
separate relaxation process. The triple exponential equation used to fit the data is
shown in equation 3.1 where [ is the probe absorption intensity, A, B, and C' are pre-
exponential factors that provide information about the fraction of carriers participating

in each relaxation, and 7y, 71, 72 represent the relaxation time for each process.
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The relaxation processes will be discussed more in section 3.2.2. Briefly, the
fastest time, 7y, corresponds to carriers relaxing from the GaAs conduction band and
valence band into the ThAs nanoparticle. The second fastest time, 71, corresponds
with carriers recombining or exiting the ThAs nanoparticle. The longest time, 7,

corresponds to carrier recombining across the bulk GaAs band gap.

3.2.2 Fluence Dependent Optical Pump Terahertz Probe Results

The time-dependent decay in THz absorption was measured for a pump fluences
ranging from 2 to 200 pJ/cm? to study the electronic structure. We consider both the
relaxation times, 79, 71, and 7, as well as the fraction of carriers participating in
each relaxation pathway, A/(A+B+C), B/(A+B+C), and C/(A+B+C), as a function
of pump fluence, shown in Fig. 3.3. Note that the relaxation times and fraction of
carriers participating in each relaxation pathway was obtained from equation 3.1.

Figure 3.3(a) shows that the shortest time constant, 7, has an average relax-
ation time of 5.4 ps and does not significantly change with pump fluence. This short
time constant corresponds to the time required for carriers to relax into the ThAs
nanoparticles. While the time it takes for carriers to relax into the ThAs nanopar-
ticles does not depend on pump fluence the fraction of carriers that relax into the
nanoparticle does. Figure 3.3(b) shows that the fraction of carriers relaxing into the
TbAs nanoparticles, A/(A+B+C), decreases with increasing pump fluence. The frac-
tion of carriers entering the ThAs nanoparticle nearly drops to zero at pump fluences
of 20 pJ/em?. To summarize, increasing the optical pump fluence, or increasing the
number of generated electron hole pairs, does not change the rate of carriers relaxing
into the ThAs nanoparticles but it does decrease the fraction of carriers that relax into
the ThAs nanoparticle states. This suggests that the ThAs nanoparticle states are

saturable and finite.
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Figure 3.2: Long delay times (a) cannot be fit by a single exponential decay (solid black
line) and short delay times (b) cannot be fit by a double exponential decay (red dashed
lines). To fit the entirety of the data a triple exponential decay is required (green
dot-dashed line).[26] Reprinted figure with permission from [26]. Copyright 2014 by
the American Physical Society.
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The second time constant, 71, increases from 65 to 135 ps with increasing pump
fluence, Fig. 3.3(c). We propose that this time constant corresponds with emptying
the ThAs nanoparticle states. As the ThAs nanoparticle states empty, carriers at the
GaAs band edge can now relax into the newly opened TbhAs states, this relaxation time
is ~5.6 ps as described by 7 above. As more carriers relax into the ThAs nanoparticle,
the absorption of the THz probe decreases. As shown above, the number of states
in the ThAs nanoparticle is finite, thus the carrier in the TbAs nanoparticle must
recombine or empty in some manor before more carriers can relax into the ThAs from
the GaAs. The time it takes for the carrier in the ThAs nanoparticle to recombine or
empty in some manor must be longer than the time it takes for carriers to relax into the
nanoparticle. If the time it takes for carriers to recombine in the ThAs nanoparticle, or
empty out of the ThAs nanoparticle, was shorter than the time it took for carriers to
enter the ThAs nanoparticle, we would not be able to see the emptying time. Thus, the
second time constant must be the rate limiting step for the carrier relaxation process
and corresponds with carrier recombination or emptying of carriers from the TbAs
nanoparticle. Figure 3.3(d) shows that the fraction of carriers recombining within
or leaving the ThAs nanoparticle decreases with increasing pump fluence. This is
consistent with the ThAs nanoparticle states being saturable and finite. As the fraction
of carrier entering the ThAs nanoparticle decreases, the fraction of carriers available
to recombine within or empty out of the ThAs nanoparticle must also decrease.

The carriers can recombine or relax out of the ThAs nanoparticles either ra-
diatively or nonradiatively. Spectrophotometry measurement and Fourier transform
infrared (FTIR) measurements only show an absorption peak at ~750 meV and this
absorption feature does not correspond to any photoluminescence peaks.|36] This sug-
gests that the absorption feature at ~750 meV is not associated with a direct gap
transition, and the ThAs carrier emptying mechanism is unlikely to be via radiative
recombination. The possible nonradiative recombination mechanisms include, but are
not limited to, phonon-mediated non-radiative recombination across an indirect band

gap, Auger recombination, and recombination of carrier trapped in the nanoparticles
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with oppositely charged carriers in the GaAs matrix. Phonon-mediated recombination
is unlikely due to the lack of temperature dependence on lifetime, discussed more in
Section 3.2.3. Auger recombination typically results in an decreased lifetime with in-
creasing number of carriers, we observe the opposite, and thus Auger recombination is
unlikely.[144| Instead, we propose that the dominate recombination mechanism occurs
via electrons in the conduction band of TbAs recombining with holes in the GaAs
valence band and holes in the ThAs valence band recombining with electrons in the
conduction band. The recombination time of carrier in the ThAs nanoparticle, 7,
increases with increasing pump fluence well past the saturation fluence of 20 pJ/cm?,
shown by A/(A+B-+C) going to zero, see Fig. 3.3(¢). Once the ThAs nanoparticle
states are full, increasing the pump fluence only results in additional carriers in the
GaAs conduction and valence band. The increase in carrier concentration in the GaAs
matrix changing the relaxation time of carriers in the ThAs nanoparticle, suggests that
recombination between carriers in the ThAs nanoparticle and those in the GaAs matrix
is a significant non-radiative recombination pathway. This is further supported by the
fraction of carrier relaxing out of the ThAs nanoparticle, Fig. 3.3(d), decreasing more
slowly than the fraction of carriers entering the ThAs nanoparticle, Fig. 3.3(b), with
increasing pump fluence.

Finally, the fraction of carriers relaxing across the bulk band gap, C/(A+B+C),
increases toward one with increasing pump fluence, as shown in Fig. 3.3(f), and the
carrier lifetimes are approaching that of bulk ThAs, Fig. 3.3(e). This is consistent
with TbAs nanoparticles saturating, shown by the decrease in the fraction of carriers
both relaxing into and out of the ThAs nanoparticles. As the finite number of ThAs
nanoparticles saturate, which occurs due to a finite number of states in each TbAs
nanoparticle filling from an increased pump fluence, the carriers must find another way
to relax, and this mechanism is via bulk radiative relaxation.

The saturation of the ThbAs nanoparticles observed here, suggests that the
nanoparticles are indirect gap semiconductors, and not semimetallic like ErAs.[20] A

semimetallic nanoparticle has a continuous density of states that would allow for the
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Figure 3.3: The relaxation of carriers into the ThAs nanoparticle (a) does not show
a dependence on optical pump fluence while the fraction of carriers relaxing into the
nanoparticles (b) decreases with increasing pump fluence. The recombination lifetime
of carriers in the ThAs nanoparticle (c¢) increases with increasing pump fluence while
the fraction of carriers recombining in or leaving the ThAs nanoparticles (d) decreases
with increasing pump fluence. The relaxation time across the bulk band gap (e) ap-
proaches the lifetime of bulk GaAs and the fraction of carriers relaxing across the bulk
band gap (f) approaches one with increasing pump fluence. This suggests that ThAs
nanoparticles are indirect semiconductors.[26] Reprinted figure with permission from
[26]. Copyright 2014 by the American Physical Society.

rapid thermalization of electrons and holes. This would result in carriers quickly re-
laxing out of the nanoparticle and the nanoparticles would not saturate at the fluences
studied here. Instead, we observe that the ThAs nanoparticles saturate which indi-
cates a finite number of states. The saturation of the nanoparticles combined with the
lack of a photoluminescence peak suggests that ThAs nanoparticles are an indirect gap

semiconductor.



3.2.3 Temperature Dependent Optical Pump Terahertz Probe Results

In addition to studying the carrier relaxation dynamics as a function of pump
fluence, the carrier relaxation dynamics of the ThAs:GaAs system were studied as a
function of temperature from 4.5 K to 100 K. Figure 3.4 shows the fraction of carriers
relaxing in to the ThAs nanoparticles, A/(A+B+C), (black squares) and the fraction
of carriers recombining within or leaving the ThAs nanoparticles, B/(A+B+C), (red
circles) as a function of temperature for a 2 pJ /cm? pump fluence. Neither the fraction
of carriers entering the ThAs nanoparticles nor the fraction of carriers recombining out
of the ThbAs nanoparticles changes as a function of temperature. Similarly the fraction
of carrier recombining across the bulk band gap and the three relaxation lifetimes, not
shown, do not show a temperature dependence. The carrier recombination pathway and
carrier relaxation times not depending on temperature suggests that recombination is
not occurring via phonon assistance. Thus, the ThAs nanoparticle states are relatively
deep within the GaAs band gap and phonon assisted relaxation across an indirect band

gap is an unlikely recombination pathway.|26]

3.3 Carrier Dynamics in In0.53Ga0.47As

Optical-pump THz-probe transient absorption spectroscopy was also used to
determine the carrier dynamics, including saturability, of ThAs nanoparticles epitax-
ially embedded in Ing 53Gag47As. Again, the details of the optical pump THz probe
technique was extensively covered in Chapter 2 Section 2.6 and a summary can be
found above in section. 3.2

The time-dependent decay in THz absorption was measured for optical pump
fluences ranging from 0.5 pJ/em? to 100 pJ/em?. Data for each set of experimental
conditions was taken over 10 experimental runs, averaged, and fit to an exponential
decay function using the linear least squares method with a Levenberg-Marquardt
algorithm. A triple exponential decay equation, equation 3.2 was used to fit the data
obtained with pump fluences from OpJ/em? to 12uJ/ecm? where Ay, Ay, and A, are

amplitude coefficients, providing information on the percentage of carriers participating
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Figure 3.4: The fraction of carriers relaxing into the ThAs nanoparticle states (black
squares) and the fraction of carriers recombining or leaving the ThAs nanoparticles
(red circles) does not statistically depend on temperature.|26] Reprinted figure with
permission from [26]. Copyright 2014 by the American Physical Society.

in each relaxation process, and 7y, 71, and 7, are the relaxation times for each process.
Consistent with the work on TbAs:GaAs, Section 3.2,[26] 7, has been assigned as
relaxation into the TbAs nanoparticle, 7 as emptying the nanoparticle, and m as
recombination across the Ing 53Gag47As band gap. At higher fluences the saturation of
states in the ThAs nanoparticles and neighboring states in the Ings3Gag47As matrix
reduces the fraction of carriers participating in the fastest processes (m and 71) to
a negligible level, resulting in the use of a double (pump fluences from 20p.J/cm? to
504 /em?) or single (pump fluence of 100u.J/cm?) exponential fit. Examples of triple,
double, and single exponential decays (for different pump fluences) can be seen in
Fig. 3.5. The time constants and pre-exponential factors extracted from fitting the
decay in the THz probes absorption in the ThAs:Ing 53Gag47As sample are shown as
a function of optical pump fluence in Fig. 3.6, note that the data for the ThAs:GaAs

sample, discussed in Section 3.2.2 is overlaid as hollow symbols for easy comparison.
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Figure 3.5: The exponential decay in THz absorption for the ThAs:Ing 535Gag 47 As sam-
ple as a function of time, depicting the need for triple (red), double (blue), and single
(black) exponential fits. Reprinted from [27], with the permission of AIP Publishing.

(3.2)

I = Agexp = + Ay exp - + Ayexp —
To 1 T

The average relaxation time of carriers entering the ThAs nanoparticles is 4.6 ps
and is independent of pump fluence, Fig. 3.6(a) solid black squares. However, the
fraction of carriers entering the ThAs nanoparticles has a dependence on pump fluence,
and reaches zero by 20 pJ/em?® pump fluence, Fig. 3.6(b) solid black squares. This
indicates that the nanoparticles’ carrier capture rate does not change with pump fluence
and that the number of carriers that can relax into the nanoparticle is finite.

As carriers leave or recombine within the nanoparticle, additional carriers at the
band edge can rapidly relax into the nanoparticle, further reducing the THz absorption.
Note that the time it initially takes for carriers to relax into the nanoparticle is fast,
approximately 4.6 ps, compared to the time it takes for more carriers to relax into the
nanoparticle. Thus, the limiting rate for new carriers entering the nanoparticle must

be the emptying of the nanoparticle which appears as a separate time constant, 7,
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Figure 3.6: (a) The relaxation time of each of the three processes (relaxation into the
nanoparticles shown as black squares, emptying or recombining in the nanoparticles
shown as red circles, and relaxation across the matrix’s band gap shown as blue trian-
gles) as a function of pump fluence is shown for the ThAs:Ing 53Gag47As sample (solid
symbols) and the ThAs:GaAs sample (hollow symbols). (b) The fraction of carriers
participating in each relaxation process as a function of pump fluence is shown for both
the ThAs:Ing 53Gag 47As sample and the ThAs:GaAs sample. Reprinted from [27], with
the permission of AIP Publishing.
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and can be referred to as the nanoparticle emptying time. This nanoparticle emptying
time, Fig. 3.6(a) solid red circles, initially increases from 71 ps to 92 ps as pump flu-
ence increases, and then becomes statistically invariant. The fraction of carriers leaving
the nanoparticle, Fig. 3.6(b) solid red circles, decreases with increasing pump fluence,
reaching 0 at 100 pJ/em?. Notably, the fraction of carriers leaving the nanoparticle
decreases at a slower rate than carriers entering the nanoparticle. This suggests that
the rate and fraction of carriers leaving the nanoparticles depends on the occupation
of states in the surrounding matrix, and subsequently that the recombination of elec-
trons in the Ings3Gagy7As conduction band and holes in the ThAs valence band is a
significant emptying process. The fraction of carriers leaving the nanoparticle dimin-
ishes to zero for high pump fluences, suggesting saturation of the states around the
nanoparticle that participate in the nanoparticle emptying process.

When the nanoparticles become saturated, carriers must find another relaxation
mechanism. The solid blue triangles in Fig. 3.6(a) show that the relaxation time
across the bulk band gap increases with pump fluence, ranging from 766 ps to 44.2 ns,
approaching the bulk lifetime of Ing;3Gag47As.[145] This increased lifetime can be
attributed to the saturation of both ThbAs and other defects in the material. The
solid blue triangles in Fig. 3.6(b) show that the fraction of carriers relaxing across the
Ing 53Gag.a7As band gap increases with pump fluence and is one at 100 pJ/ em?. At high
pump fluences the finite number of nanoparticle states and matrix to nanoparticle trap
emptying states are saturated, requiring the excess carriers to relax across the bulk
band gap.

There are many similarities in the carrier dynamics of the ThAs:Ing 53Gag4rAs
system and the previously measured/discussed ThAs:GaAs system.|26] Both systems
have similar relaxation times of carriers into the nanoparticle and emptying times of
the nanoparticles. The emptying of the nanoparticles in both matrices depends on the
occupation of carriers in the surrounding matrix. Finally, the percentage of carriers
entering and leaving the nanoparticles decreases with increasing pump fluence, suggest-

ing a band gap within the nanoparticle. The major difference in these two systems,
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however, is that the fraction of carriers entering and leaving the ThAs nanoparticles in
the ThAs:Ing 53Gag 47 As system reached zero during this measurement, indicating com-
plete saturation of the nanoparticles, while the nanoparticles in the ThAs:GaAs system
have not completely saturated. Note that the saturation difference cannot be explained
by only accounting for the difference in nanoparticle density. The ThAs:Ing 53Gaga7As
system shows complete saturation at a pump fluence of 20 x.J/em?. If only the nanopar-
ticle density determined the saturation rate, the ThAs:GaAs system should completely
saturate at a pump fluence of 25 u.J/cm?. Complete saturation of the 7 process in
the ThAs:GaAs system is not seen for any pump fluence measured. This suggests that
differences in the trapping dynamics, likely from differences in the band alignment, are

causing the difference in saturation.

3.4 Optical Absorption

Sections 3.2 and 3.3 show that ThAs nanoparticles have a band gap and the
band alignment affects the trapping dynamics. The next step toward proposing a
band alignment for each system requires obtaining the energy of transitions within
each system. The absorption energies for ThAs:GaAs and TbAs:Ing53Gag 47As were
obtained using spectrophotometry. The details of spectrophotometry measurements
were discussed in Chapter 2 Section 2.5. Briefly, transmission and reflection spectra
were collected for both the ThAs:GaAs and ThAs:Ing 53Gag 47As samples with a Perkin-
Elmer Lambda-750 UV-Visible-IR Spectrophotometer fitted with an integrating sphere.
Photoluminescence measurements,|36] consistent with theoretical predictions, suggest
that a ThAs band gap would be indirect. Thus, a Tauc plot for indirect band gap
materials was used to determine absorption energies, Fig. 3.7.[146] This absorption
energy can be an interband transition within the nanoparticle or a transition from the
nanoparticle to the matrix. The measured absorption energy is 0.631+0.01 eV for the

ThAs:GaAs system and 0.43+0.01 eV for the TbAs:Ing 53Gag 47 As system.
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of AIP Publishing.



3.5 Determining the Fermi Level

The Fermi level position is also needed for a band alignment diagram, and is
estimated using temperature dependent Hall effect. Hall effect measurements were
discussed in detail in Chapter 2 Section 2.4. Measurements were performed using a
custom-built Hall effect system with indium contacts in the van der Pauw geometry.
Each sample was cleaved to 5 mm x 5 mm square with indium contacts deposited on
each corner. Data was collected every 5 K from 45 K to 430 K. Due to the samples being
highly resistive, measurements had to be done over a small current range, +0.02 pA
for the ThAs:GaAs sample and £0.1 mA for the TbAs:Ings3GagrAs sample. To
improve the signal to noise ratio, at each temperature the Hall effect measurement was
measured multiple times (10 times for the TbAs:Ing 53Gag47As sample and 20 times
for the ThAs:GaAs sample), the raw data at each temperature was averaged and the
carrier concentration, resistivity, and mobility were calculated. Figure 3.8 shows the
free electron concentration for both films.

The free electron concentration of the ThAs:GaAs film has a clear exponential
temperature dependence above 315 K. Below 315 K the free electron concentration is

level at approximately 2.5 x 10 cm=3

. This is attributed to the unintentional doping
of the GaAs matrix. Fitting the temperature dependent free electron concentration to
the relation n = N.exp(E,/kT) provides an activation energy, I,, which corresponds to
the chemical potential relative to the conduction band[147], and a reasonable estimate
of the Fermi level[11]. The resulting chemical potential is 0.66 eV below the conduction
band edge.

The TbAs:Ing 53Gag 47As film, however, is degenerately doped and shows a mini-
mal temperature dependence that may be due to band bending at the matrix nanopar-
ticle interface. Using equation 3.3, where m is the effect mass of an electron (assumed
to be that of the matrix) and u is the Fermi level, and the Hall effect data taken
at 300 K, we can estimate the Fermi level location in ThAs:Ing 53Gag 47As. A carrier
concentration of 2.20x10™ ¢cm™3 for the ThAs:Ing 53Gag 47As system results in a Fermi

level ~76 meV above the conduction band edge.
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3.6 Proposing a Band Alignment
The combination of the measurements discussed above show that a type I (strad-
dled) heterojunction in both systems is unphysical. If both systems had a type I align-
ment, the absorption seen in the spectrophotometry measurement would be due to
excitation of electrons from the first energy level in the ThAs valence band to the first
energy level in the ThAs conduction band. Thus, the large blue shift in absorption
(0.19 eV) that occurs when changing the matrix would require a change of ground state

energy with a change in the height of the barrier provided by the matrix material, and
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carrier effective mass in the matrix. This change in energy levels due to changing ma-
trix material is not consistent with any reasonable combination of ThAs band gap and
effective mass, as shown in the model described below.

The type I band alignment in TbAs:Ing 53GagsrAs and ThAs:GaAs could be
modeled as a finite quantum dot with three unknowns: the native band gap of ThAs
(we know the £, , to I, transition energy in each system), the electron’s effective
mass in TbhAs and the position of ThAs’s band gap within the matrix (which effec-
tively changes the barrier height in the model). Note that changing the matrix from
Ing 53Gag 47 As to GaAs would not change the native band gap or the effective mass of
charge carriers in ThAs. This results in two systems with three unknowns. There are
three limiting cases for the position of the ThAs band gap within the matrix (assuming
a type 1 heterojunction in both systems): the ThAs nanoparticle has a flat valence band
with Ings3GagarAs, the ThAs nanoparticle has a flat conduction with Ing 53Gag47As,
and a symmetric quantum well. For each of the limiting cases Schrodinger’s equations
for a 3-D finite quantum well for the ThAs:Ing 53Gag47As and ThAs:GaAs systems can
be simultaneously solved, determining a self-consistent band gap and electron effec-
tive mass for ThAs. All modeling attempts resulted in either a zero electron eflective
mass or a negative band gap. Neither of those cases can explain the results of the
measurements done to date. Thus, the difference in absorption energy between the
Ing 53Gag 47As matrix and the GaAs matrix cannot be completely explained by a shift
in the nanoparticles energy levels. This suggests that the absorption is unlikely to be
from a valence band to conduction band transition within the ThAs nanoparticle.

The inability of our model to explain the results from our experimental mea-
surements suggests that the change in absorption observed with spectrophotometry
cannot be explained by a change in the confinement provided by the matrix. Instead
we propose that ThAs nanoparticles forms a type I (straddled) heterojunction with
GaAs and a type Il (staggered) heterojunction with Ings3Gags7As. A schematic of
this band alignment is shown in Fig. 3.9.

The proposed band alignment is supported by the various data. Optical-pump
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Figure 3.9: Schematic showing the proposed band alignments of ThAs nanoparticles
(red) in Ing53Gaga7rAs (yellow) and GaAs (blue). Energy offsets are shown with green
arrows, dashed lines represent the nanocomposites’ estimated Fermi level, thin lines
represent the first energy level within the nanoparticle, thick lines represent band
edges, and dotted lines represent exaggerated band bending at the nanoparticle matrix
interface. Note that all energies involving the ThAs nanoparticle are relative to the
first energy level; the conduction and valence band edges of ThAs are only included as
an estimate.[27] Adapted from [27], with the permission of AIP Publishing.
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THz-probe measurements show that the ThAs nanoparticles have a band gap, which
is seen in the band alignment diagram. Additionally, the optical-pump THz-probe
measurements show that the two systems have different trapping dynamics. The type
II heterojunction in the Ings3Gag7As system causes the ThAs nanoparticle to only
trap holes while ThAs nanoparticles in GaAs trap both electrons and holes. This
change in trap behavior would explain the saturation of the Ings3Gag7As sample at
a lower fluence when compared to the GaAs sample.|26] Spectrophotometry measure-
ments provide two different absorption energies, 0.63 eV in the ThAs:GaAs system
and 0.43 eV in the TbAs:Ings3Gagq7As system. The type I band alignment in the
ThAs:GaAs system shows that the absorption feature is within the ThAs nanoparticle,
indicating that the ThAs nanoparticle has a band gap somewhat smaller than 0.63 eV..
The type II band alignment in the TbAs:Ing 53Gag7As system means the absorption
transition is due to the excitation of electrons from the ThAs valence band to the Fermi
level in the Ing 53Gag 47As matrix. Excitation of carriers must be above the Fermi level
rather than the conduction band because the system is degenerately doped, as shown
by the Hall effect data. The type II heterojunction would allow for band bending at
the nanoparticle-matrix interface, creating a small two-dimensional electron gas in the
Ing 53Gag47As and a small barrier for electrons entering the matrix from the ThAs con-
duction band. Band bending explains the small temperature dependence of the free

electron concentration shown with the Hall effect measurement.

3.7 TbAs Nanoparticle Electronic Structure Conclusion

In summary, we have proposed a band alignment for ThAs nanoparticles em-
bedded within GaAs and Ing 53Gag47As that is consistent with all available optical and
electronic measurements. Optical-pump THz-probe measurements provide the car-
rier relaxation dynamics, which depend on band alignment. Optical-pump THz-probe
measurements also show that the ThAs nanoparticles are saturable and likely have
a band gap. Using spectrophotometry we find that the minimum energy required to

generate an electron hole pair is 0.63 eV for the ThAs:GaAs system and 0.43 eV for
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the ThAs:Ing 53Gaga7As system. Finally, Hall effect measurements estimate the Fermi
level to be pinned 0.66 eV below the conduction band edge in the ThAs:GaAs sys-
tem and 76 meV above the conduction band edge of the ThAs:Ing 53Gag47As system.
Combining all of these measurements, we propose that the ThAs nanoparticles forms

a type I heterojunction with GaAs and a type Il heterojunction with Ing53Gag 47 As.
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Chapter 4
GROWTH AND CHARACTERIZATION OF TbAs FILMS

As discussed in great detail in Chapter 1, lanthanide monopnictide (Ln-V) ma-
terials are of great interest for a wide range of applications due to their crystal structure
and (opto)electronic properties. Many of the LN-V systems have the rock-salt crystal
structure, allowing LN-V to have an epitaxial relationship with I11-V materials as either
embedded nanoparticles or films. When incorporated as nanoparticles, the selection
of LN-V species and III-V matrix species allows for the choice in the nanocompos-
ites properties, including carrier lifetimes, electrical resistivity, carrier concentrations,
and thermal conductivity. [148, 149, 42, 116, 11, 36, 37| This wide range of accessible
properties make LN-V nanoparticles embedded in I11-V matrices interesting for appli-
cations, including thermoelectrics, tunnel junctions, and photoconductive switches for
terahertz detection and generation.[32, 119, 25, 124, 29] LN-V films are also of interest
for a wide range of applications because of the electrical and optical properties available,
which can easily be tuned by alloying multiple Ln species.|16, 35, 106, 76, 75, 39, 107]

In this chapter, we study the fundamental properties of ThAs films, expanding
upon the range of known properties available with LN-V materials. Early studies on
the electronic structure of bulk ThAs are contradictory, some of the literature suggests
that TbAs is semimetallic with others suggesting semiconducting.[84, 91, 86, 33| In
Chapter 3, which was based on our recently published work, 1 proposed that ThAs
is a semiconductor that forms a type I, straddled, heterojunction with GaAs and a
type II, staggered, heterojunction with Ings3GagarAs.[26, 27| To further understand
the fundamental properties of ThAs, we study the morphology, optical properties,
and electrical properties of MBE grown TbAs films. Section 4.1 discusses the MBE

growth of the two ThAs films studied in this chapter. Section 4.2 presents a study
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on the films’ structural properties including morphology, thickness, and relaxation.
Section 4.3 shows the spectrophotometry measurements used to obtain optical band
gaps. The electronic properties of the films are presented in Section 4.4, showing the
films are degenerately doped. Section 4.4 also discusses how the degenerate doping
influences the optical band gap and provides information on where carriers come from.
Section 4.5 discusses the study of a possible Drude edge in the TbAs films” and compares
the TbAs Drude edge to that of other LN-V films. Finally, a summary of the work on
TbAs films is presented in Section 4.6. The contents of this chapter are adapted from a

manuscript that was written by the author is currently under review for publication.|28]

4.1 Molecular Beam Epitaxy Growth of TbAs Films

For this work, two TbAs films with different thicknesses were studied, hereafter
referred to as the thick and thin samples. Both films were grown on GaAs [001] sub-
strates using an OSEMI NextGEN solid source MBE equipped with effusion cells for
Ga, Th, and a two-zone valved cracker source for As,. After desorbing the native oxide,
a 100 nm GaAs buffer layer was grown at 530°C, as measured by band edge thermom-
etry. Following the buffer layer growth, the substrate was allowed to cool to 430°C and
the Asy overpressure was reduced. The growth temperature of 430°C was based upon
other LN-V film growths.[16, 35, 106, 76, 75, 39, T4, 77| Once cooled, the thick and
thin ThAs films were grown for 210 and 45 minutes, respectively, corresponding to an
~5x expected thickness difference. Thicknesses were measured to be 35647 nm and
68+3 nm for the thick and thin films, respectively, discussed more in Section 4.2. The
films were capped with a 25 nm GaAs layer to prevent oxidation.

Note that at the time of growth, a TbAs growth rate of 0.2 A/s was estimate
based upon the Th cell temperature, corresponding to a thick and thin film thickness
of ~ 252 and ~ 54 nm, respectively. As discussed in Chapter 2 Section 2.1, the low
vapor pressure of Th at the ion gauge filament’s temperature prevents measuring a
Tb flux.[36] Instead, the Tb growth rate was calibrated with cell temperature and ez

stlu measurements, typically Rutherford backscattering spectroscopy. The growth rate
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Figure 4.1: RHEED pattern observed ~ 150 nm into the thick ThAs sample (a) shows
a clear, streaky 1 x1 RHEED pattern with (b) rotated 90° showing a slight degradation
in morphology. These represent the RHEED patterns observed throughout the growth
of both samples. |28

for these films was extrapolated from calibration curves corresponding to the amount
of TbAs co-deposited in GaAs; a strict TbAs growth rate calibration study was not
previously performed, and was not necessary for this study. This method required ex-
trapolating far beyond the typical calibration curves used, and unsurprisingly resulted
in an underestimation of the film thickness. Fortunately, for this study the exact thick-
ness obtained was not important, only that the two samples had significantly different

thicknesses.

4.2 Structural Properties of TbAs Films

Throughout the growth, the surface morphology was monitored with n situ
reflection high energy electron diffraction (RHEED). RHEED was previously discussed
in Chapter 2 Section 2.1. Figure 4.1(a) shows the bright and streaky 1 x 1 RHEED
pattern observed during the growth of these films. As the sample rotated 90° a RHEED
pattern indicating a slightly degraded morphology was observed, shown in Fig. 4.1(b).
This degradation is likely due to exceeding the Matthews-Blakeslee critical thickness
of ThAs on GaAs, ~ 20 A.

High resolution X-ray diffraction (HRXRD) 004 w-20 scans were used to confirm
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Figure 4.2: 004 w-20 scan of the thick (black) and thin (red) ThAs samples. The peak
corresponding to the ThAs films is broad with a low intensity, indicating defects likely
introduced from exceeding the critical thickness of ThAs.|28]

the growth of TbAs films. Note that XRD w-20 scans and reciprocal space mapping,
presented below, were both discussed in detail in Chapter 2 Section 2.2. In both sam-
ples, the diffraction peak corresponding to ThAs is broad with low intensity, Fig. 4.2.
The full width half maximum of the thick and thin films are ~12x and ~2x larger
than expected from simulations respectively. This indicates that the film has some
defects, possibly due to exceeding the Matthews-Blakeslee critical thickness. To fur-
ther investigate the morphology and the relaxation of the TbhAs film, a 224 reciprocal
space map (RSM) was obtained for both samples. Figure 4.3 shows the RSM map
for the thin ThAs sample, Fig 4.4 show the RSM map obtained for the thick ThAs
sample. The RSMs show that in both samples the ThAs films are relaxed with the
same relaxation state; the elongation of the films™ peaks indicate that the films have

some mosaic character.
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Figure 4.3: 224 RSM scan of the thin ThAs sample. The green dashed line represents
the direction in which a fully strained film peak would be located and the red dashed
line represents the direction in which a fully relaxed film peak would be located. The
broadening of the TbAs film peak indicates that the film has some mosaic character.
28]
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Figure 4.4: 224 RSM scan of the thick ThAs sample. Again, the green dashed line
represents the direction in which a fully strained film peak would be located and the
red dashed line represents the direction in which a fully relaxed film peak would be
located. The broadening of the TbAs film peak indicates that the film has some mosaic
character.
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Figure 4.5: Cross-section EDS maps of Th, Ga, and As, showing a clear TbAs laver
=] ; - - - .

on top of GaAs.|28]

Cross-sectional energy dispersive X-ray spectroscopy (EDS) scanning electron
microscopy (SEM) images of the thick ThAs sample, Fig. 4.5, show the growth of a
complete, ~390 nm thick, TbAs film on top of GaAs. To further study the samples’
morphology and thickness, a Ga focused ion beam was used to make cross-sectional
transmission electron microscopy (TEM) samples of both the thick and thin samples.
Cross-sectional TEM of the thick TbAs sample is shown in Fig. 4.6(a), a zoomed-
in section of the ThAs-GaAs buffer layer interface in Fig. 4.6(b), and an electron
diffraction pattern in Fig 4.6(c). A cross-sectional TEM image of the thin ThAs sample
is shown in Fig 4.7. From the TEM, a thickness of 356 £ 7 nm and 68 + 3 nm was
measured for the thick and thin ThAs samples, respectively. The TEM measured
thickness of the thin sample matches reasonably well with the X-ray reflectivity (XRR)
thickness of 65 nm (not shown); the thick sample was too thick to measure with XRR.
The TEM images and the slight elongation of the electron diffraction spots also show

some of the films’ mosaic nature.

4.3 TbAs Film’s Optical Band Gap
Recent work, Chapter 3, suggests that ThAs nanoparticles are semiconducting|26]

with a band gap between 0.37 and 0.61 eV. The lower limit is set by the absorption
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Figure 4.6: Cross-section TEM images of the (a) thicker TbAs sample, (b) zoomed-in
on the ThAs-GaAs buffer layer interface, and (c) an electron diffraction pattern of the
TbAs film.[28]
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Figure 4.7: Cross-section TEM images of the thinner TbAs samples showing a film
thickness of 68 nm. Note that during the FIB process, much of film was thinned too
much, resulting in the film being removed.
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energy measured in the type II ThAs:Ing 53Gag 47As system; specifically the energy be-
tween the ThAs valence band and the Fermi level within the Ing 53Gag 47 As matrix. The
upper limit is set by the observed energy absorption in the quantum confined states of
ThAs nanoparticles embedded in GaAs.[27] In addition to quantum confinement alter-
ing the band gap of the ThAs nanoparticles, the strain on the nanoparticle also changes
the band gap. To obtain a more accurate measure of the ThAs band gap, transmission
and reflection spectra of the TbAs film samples were collected with a Perkin-Elmer
Lambda-750 UV-visible-IR Spectrophotometer and used to construct a Tauc plot for
an indirect semiconductor, Fig. 4.8. Note spectrophotometry and Tauc plots were dis-
cussed in detail in Chapter 2 Section 2.5. Optical band gaps of 435 meV and 517 meV
for the thick and thin samples were obtained, respectively. To explain this red shift,

an understanding of the electrical properties is needed, discussed in Section 4.4.

4.4 Electrical Properties of TbAs Films

A custom built wide temperature Hall effect system with indium contacts in the
van der Pauw geometry was used to determine the resistivity, carrier concentration and
mobility. Data was collected multiple times every 5 K from 42 K to 500 K, averaged
at each temperature, and then the resistivity, carrier concentration, and mobility were
calculated. Note, the details of the Hall Effect measurement technique and system was
extensively discussed in Chapter 2 Section 2.4. The top graph in Fig. 4.9 shows the
resistivity as a function of temperature for both the thick and the thin samples. We
speculate that the resistivity observed here is lower than bulk ampule synthesized ThAs
due to an improvement in purity but note that previous reports do not include carrier
concentration and mobility, making comparisons inconclusive.[84, 39| Both samples
have minimal variation in resistivity over the temperature range measured, indicating
that the TbAs films are degenerately doped. The bottom graph in Fig. 4.9 shows
that the films have large carrier concentrations that do not significantly change with
temperature. This also indicates the ThAs films are degenerately doped. Note that in

addition to the resistance and electron concentration having a thickness dependence,
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Figure 4.8: Indirect Tauc plot for the ThAs thick and thin samples, revealing an optical
absorption of 435 meV and 517 meV, respectively. The solid lines show the measured
data, dashed line show the linear fits used to obtain the optical band gap.
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the resistivity and sheet concentration also depend on thickness, indicating that the
properties measured here are of the film and not a 2-D charged interface region. Fi-
nally, both films have mobilities of ~25 e¢m/V-s that does not significantly change with
temperature, see Fig. 4.10. The low mobility is likely due to the mosaic character
seen by RSM and the degraded morphology observed with RHEED. Note, as the film
grows, the degraded surface morphology, observed with RHEED, would likely cause a
degraded film morphology and ultimately lower mobility. Again, the mosaic character
and the degraded surface morphology observed with the RSM and RHEED are likely
due to lattice mismatch between the ThAs film and GaAs substrate.

The degenerate doping, and different level of doping in each sample, explains
the results seen in absorption measurements. Degenerate doping causes a Burstein-
Moss shift in the measured band gap; the thin sample has ~4x more free carriers
than the thick sample, resulting in a larger Burstein-Moss shift and larger increase
in the measured optical band gap. Additionally, the degenerate doping explains the
constant, finite, absorption below the band gap; the presence of free carriers allows for
the absorption of light with sub-band gap energy.

The higher carrier concentration in the thinner sample also suggests that carriers
are coming from interface states due to the increased interface/surface to bulk state
ratio in the thinner sample. This was previously proposed for ErAs nanoparticles and
LuAs films.[150, 35] Additionally, in the ErAs:GaAs nanocomposite system, decreasing
the nanoparticle size results in an increased carrier concentration.[142] This observation
is consistent with the theory that carriers are coming from intrinsic interface states due
to crystal structure changes and not only defects at the interface.

Carriers coming from interface states matches with the idea proposed by Pro-
fessor Anderson Janotti based upon the chain model. The chain model states that an
interface between a LN-V film and I11I-V film will be terminated with group III atoms,
shown in Fig. 4.11. The chain model has been theoretically modeled and experimental
observed.[82, 151, 18] In the III-V film, the group I1I layers want to give away electrons

and the group V layers want to receive electrons, denoted at +40 and —9 in Fig. 4.11.
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Figure 4.9: The resistivity (top) and free electron concentration (bottom) of both the

thick and thin ThAs samples does not change significantly over the temperature range

measured.|28|
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Figure 4.10: The mobility of both the thick and thin ThAs samples is ~25 cm/V-s and
does not change significantly over the temperature range measured.

Thus, the group I1I layers donate half of the electrons to the group V layer above and
half of the electrons to the group V layer below, shown as +34 in Fig. 4.11. This
results in a net neutral charge in the bulk of the III-V film. In the chain model the
surface of the III-V film is terminated with group III atoms, and thus wants to donate
-I-%(’S to the layer of atoms above. The LN-V film, unlike the group III-V, has charge
neutral layers. Thus, the donation of +14 from the interface group III layer adds to

the carriers in the LN-V film coming from the interface states. [152]

4.5 TbAs Drude Edge

Additional optical characterization was performed with Fourier transform in-
frared spectroscopy (FTIR), Fig. 4.12. Note these films are optically thin and the
simultaneous change in thickness and carrier concentration makes interpreting and
modeling these results difficult and ultimately prevents the extraction of the ThAs op-
tical properties. However, the reflection and transmission measurements, normalized to

gold and air respectively, show a possible Drude edge at ~2.75 um where the reflection
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Figure 4.11: A schematic showing that group II1 atoms want to donate electrons while
group V atoms want to accept the electrons. In the rock salt crystal structure, this
results in planes of group III atoms giving electrons to the planes above and below of
group V atoms. The LN-V film has mixed planes of LN and group V atoms. Thus,
the extra atoms from the interfacial group III atoms adds carriers to the LN-V film.
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trends toward 100% and transmission toward 0%. Note, as expected the thin sample
has a higher transmission than the thick sample. The Drude edge does not significantly
change with thickness or carrier concentration. Previous work on other LN-V shows a
trend that films with low resistivity have a short wavelength Drude edge; ThAs does
not follow this trend. The potential Drude edge observed in TbAs is similar to that of
LuAs and ErAs, while having a resistivity closer to LaAs.[35, 105, 106, 75, 76, 39, 16]
Note LuAs and ErAs have a lower resistivity than ThAs, and LaAs has a longer Drude
edge wavelength than ThAs. We compare resistivities because LaAs, LuAs, and ErAs
are semimetals and comparing carrier concentrations is limited by the challenges asso-
ciated with measuring a semimetal’s carrier concentration. The differences seen here
could be due to multiple effects, including differences in carrier concentrations and
band structure. The variety of Drude edge wavelengths and resistivities among the
LN-V materials provides an opportunity to tune the optical and electrical properties
of ternary LN-V alloy films.|76, 106] The unique properties of ThAs allows for a wider

range of properties in future ternary and quaternary LN-V alloys.

4.6 Conclusion

Previous work shows LN-V provide a wide range of accessible material proper-
ties. This work on MBE grown TbAs films further expands upon the range of proper-
ties available. We show that ThAs, unlike many other LN-V, is a degenerately doped
semiconductor with the optical band gap determined by the doping level. Thickness
and temperature dependent Hall effect measurements show the films are degenerately
doped and suggest that carriers are coming from interface states. Note that carrier
generation at the TbAs film GaAs substrate interface cannot be distinguished from
generation at the ThAs film GaAs capping layer interface. Finally, we show that ThAs
has a possible Drude edge similar to other LN-Vs’ that have significantly lower resis-
tivities. The properties of ThAs discussed within this chapter are significantly different

from other LN-Vs, adding to the properties available via LN-V for future applications.
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Figure 4.12: Reflection (solid lines) and transmission (dashed lines) measurements of
the thick and thin TbAs samples show a possible Drude edge at ~ 2.75 pm.[28]
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Chapter 5
GROWTH AND CHARACTERIZATION OF ErAs:GaBiAs

As discussed in Chapter 1, lanthanide monopnictide nanoparticles epitaxially
embedded within III-V semiconductors are of great interest for a wide range of ap-
plications; one of those applications is terahertz spectroscopy and imaging. Terahertz
(THz) spectroscopy and imaging is of great interest for applications including security,
astronomy, medicine, and semiconductor characterization.[153, 154, 155 One method
of THz generation and detection utilizes photoconductive (PC) switches.[156, 157]
Photoconductive materials must possess (1) a band gap compatible with the excita-
tion source, (2) high dark resistance, (3) high carrier mobility, and (4) short carrier
lifetimes.

PC switches made from ErAs:GaAs outperform other state of the art PC switches,
due in part to the short lifetimes provided by ErAs nanoparticles.[124, 68| Unfortu-
nately, the band gap of ErAs:GaAs limits the system to being pumped with large
and expensive Ti:sapphire regenerative amplifier lasers. To make robust, portable,
and inexpensive THz systems, PC switches pumped with smaller fiber-coupled lasers
are desired. Changing the matrix material to Ings3Gaga7As allows for pumping with
1.55 pm fiber-coupled lasers. However, co-doped ErAs nanoparticles pin the Fermi
level above the conduction band, leading to low dark resistance.[23] ErAs nanoparti-
cles in a superlattice structure and/or the use of compensation doping can move the
Fermi level below the conduction band,[125, 42, 99, 126] but these approaches add
the complexity of balancing the nanoparticle spacing for optimal performance, signifi-
cantly increases the growth time, and have had limited success.[108, 142] R. Salas et al.

have shown promising results of incorporating other lanthanide monopnictides (LN-V)
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particles.

11] However, some LN-V materials, particularly TbAs, are semiconductors
that saturate under high fluences, leading to slow recovery times.|27, 26|

To avoid the challenges faced with 1.55 pum fiber-coupled PC switches, we target
a system compatible with 1064 nm fiber lasers. This is done by reducing the band
gap of GaAs by adding Bi which, according to the valence band anti-crossing model,
causes the valence band to split into E+ and E- valence bands, resulting in favorable
ErAs:GaBiAs energy levels for PC switches.[158,; 159, 160, 161]

In this chapter I will present my work towards achieving a fiber-coupled PC
switch through the ErAs:GaBiAs system. Throughout this chapter I will refer to
two sets of samples, samples with droplets and samples without droplets. The droplet
samples refer to the first attempted growth of these materials, whereas discussed below
in more detail, the arsenic flux used was too low and Ga droplets formed on the surface.
The samples without droplets were the second attempt at growing these materials. The
samples without droplets demonstrate properties that are promising for PC switches.
The comparison of these two sets of samples demonstrates the importance in using the
optimum growth conditions and how a lower film quality can drastically change the
measured optoelectronic properties. In each section I will first present the results from
the non-droplet samples, as these samples are the ones that possess the properties
desired for a PC switch, then present the results, when applicable, for the droplet
samples and compare the two sets of samples. In Section 5.1 I will discuss the growth
of ErAs:GaBiAs films and determining the film compositions. Section 5.2 discusses
the band gap of the materials. The films relaxation and morphology are studied in
Section 5.3. Section 5.4 demonstrates that a high dark resistances and high carrier
mobilities, which are desired for PC switches, are achievable with ErAs:GaBiAs. The
measurement of the charge carrier lifetimes by optical pump optical probe are presented
in Section 5.5. Finally, Section 5.6 summarizes this chapter. The contents of this
chapter are adapted from a manuscript that was written by the author and is currently

under review for publication.|29]



5.1 Growth of ErAs:GaBiAs

For this work, two sets of ErAs:GaBiAs samples were studied. The first set
grown was grown under Ga rich growth conditions, resulting with Ga droplets on the
surface. The second set grown was grown under near stoichiometric but slightly group
V rich growth conditions, resulting in films without droplets.

The set of samples without droplets consists of eight co-deposited ErAs:GaBiAs
samples with varying amounts of Er and Bi. Figure 5.1 shows the samples without
droplets as a function of Bi beam equivalent pressure (BEP) and Er effusion cell output
power. Note that the sample are labeled based on relative amounts of Er and Bi
incorporation. All samples were grown on GaAs (001) unintentionally doped substrates
in an OSEMI NextGEN solid source MBE equipped with effusion cells for Er, Ga, Bi,
and a two-zone valved As cracker source. The As cell’s cracking zone was cooled to
650°C to use Asy for optimal Bi incorporation in GaBiAs.[162] Prior to growth, the
BEP of Ga, Bi, and As; were measured using an ionization gauge. Due to the low
flux of Er, the Er concentration was controlled by the effusion cell’s output power
and calibrated post-growth with Rutherford backscattering spectroscopy. Note that
at the time these samples were grown the thermocouple in the Er effusion cell was
broken and an accurate temperature reading was not possible. Thus the calibration
of Er concentration was done with effusion cell output power and not effusion cell
temperature. The native oxide on the GaAs substrate was desorbed under an As,
BEP of ~1.0x107® Torr at 620°C, measured via band edge thermometry. After oxide
desorption, the substrate temperature was lowered to 530°C and a 250 nm GaAs buffer
layer was grown. Then, a ten minute growth interrupt was used to cool the substrate
temperature to 300°C and halve the As; BEP. This was followed by ~2 pm film growth.

The composition of the films were determined using high-resolution X-ray diffrac-
tion (XRD), Rutherford backscattering spectroscopy (RBS), and band gap measure-
ments from spectrophotometry. High-resolution XRD (004) w — 20 scans of the No
Er Low Bi and No Er High Bi samples show Bi concentrations of 2.6% and 5.3%,

respectively, see Fig 5.2. ErAs nanoparticles cause a superdilation of the GaAs lattice,
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Figure 5.1: Graph showing the Bi and Er growth conditions, samples are identified by
relative amounts of Er and Bi in the samples without Ga droplets. ErAs and bismuth
concentrations are determined by characterization methods discussed below.[29]
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Figure 5.2: w — 20 scans of the No Er Low Bi and No Er High Bi samples show Bi
concentrations of 2.6% and 5.3%, respectively.

preventing the use of XRD to determine Er concentration. Instead, RBS analysis of
samples Low Er No Bi and High Fr No Bi determined ErAs concentrations to be 0.8%
and 1.6%, respectively. The amount of Bi and Er in samples Low Er No Bi, Low Er
High Bi, High Er Low Bi, and High Er High Bi could not be accurately discerned
from XRD, due to superdilation; or from RBS, because Bi and Er have similar heavy
atomic masses. Instead, compositions were approximated based on the similar growth
conditions of samples No Er Low Bi, No Er High Bi, Low Er No Bi, High Er No Bi. To
summarize, Bi BEP of 3.8 x 107 Torr and 8.85 x 10~® Torr corresponds to 2.6% and
5.3% Bi incorporation, respectively: Er cell powers of 116 W and 125 W corresponds
with 0.8% and 1.16% ErAs incorporation, respectively. The amount of Bi was also
determined by the reduction of the band gap, discussed more in Section 5.2.

The set of samples with droplets consists of eight co-deposited ErAs:GaBiAs
samples with varying amounts of Er and Bi, Fig. 5.3 shows Bi beam equivalent pres-

sure (BEP) and ErAs concentration for each of the samples. Note that this set of
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samples are also labeled based on the relative amounts of Er and Bi but have the word
droplet at the front of the name to indicate the sample belongs to the set with droplets
on them. These samples were also grown on GaAs (001) unintentionally doped sub-
strates in an OSEMI NextGEN solid source MBE equipped with effusion cells for Er,
Ga, and Bi, and a two-zone valved cracker source for As;. For the droplet samples,
the As cell’s cracking zone temperature was 850°C resulting in As,. At the time of
growth of the droplet samples I did not fully understand how beneficial As, was for Bi
growths. Again, prior to growth, the BEP of Ga, Bi, and As, were measured using an
ionization gauge. The native oxide on the GaAs substrate was desorbed under an As
overpressure of 1.0 x 10~° Torr at 620°C, measured via band edge thermometry. For
the Bi containing samples, after the oxide desorption, the substrate temperature was
lowered to 530°C and a 250 nm GaAs buffer layer was grown. A growth interrupt was
used to further cool the substrate temperature to 300°C and the As, beam equivalent
pressure (BEP) reduced to 1.26x107° Torr (3.5 x the Ga BEP). The growth interrupt
was followed by ~2 um growth; note that for the ErAs containing GaBiAs films, Er
was co-deposited with Ga, Bi, and As,. For the non Bi containing samples, after oxide
desorption the substrate temperature was reduced to 530°C and a 500 nm ErAs:GaAs
layer was grown. The amounts of ErAs in the droplet samples was determined using
Rutherford backscattering spectrometry (RBS) measurements of the non-Bi contain-
ing samples. The Bi containing films were grown with the same deposition rate of
Er as the non-Bi films. Taking into account the enthalpy of formation of ErAs and
ErBi,[163, 164] it is unlikely that ErBi would form during co-deposition. Thus, it is ex-
pected that ErAs:GaBiAs films have similar amounts of ErAs to the ErAs:GaAs films:
0%, 1.14%, and 2.6%. The Bi concentration was calculated from the samples band gap,
discussed in more detail below. After the growth, the Ga droplets were removed by
mechanically polishing and cleaning the sample on a hot plate with acetone, methanol,
and isopropanol. Most of the measurements discussed below were performed on both
as-grown and polished samples; samples that were polished will have the word polished

at the end of their name. When measurements were performed on both as-grown and
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Figure 5.3: The growth conditions for each droplet sample are shown as a combination
of Bi beam equivalent pressures of 0, 1.02x10~%, and 1.75x10~® Torr and ErAs con-
centrations of 0%, 1.14%, and 2.6%. Note that the ErAs:GaAs samples were measured
with RBS to calibrate the amount of ErAs in all of the films.

polished samples I will present the results from both measurements to show that grow-
ing group III rich, resulting in Ga droplets, not only changes the surface properties but

also the entire film’s properties.

5.2 Band Gap of ErAs:GaBiAs

To determine the band gap of the non droplet samples, the first required prop-
erty of PC switches, absorption measurements were done by spectrophotometry. Trans-
mission and reflection spectra collected with a Perkin-Elmer Lambda-750 UV-Visible-

IR Spectrophotometer fitted with an integrating sphere were used to create direct gap



Tauc plots, inset in Fig. 5.4. Details on spectrophotometry and band gap measurements
are explained in detail in Chapter 2 Section 2.5. The amount of bismuth required to
achieve the measured band gaps was calculated using a previously developed valence
band anti-crossing model,[30] and closely matches the compositions measured here via
XRD. The measured band gaps (in wavelength) and corresponding Bi composition are
shown as a bar chart in Fig. 5.4. We have incorporated enough Bi for a PC switch to
be pumped with a 1064 nm fiber-coupled laser and show tunability of band gaps from
873 nm to 1212 nm. With the incorporation of ~7.5% Bi, which others have exceeded,
a 1330 nm laser could be used.[165, 166]

Figures 5.5 (a) and (b) show direct gap Tauc plots for the droplet ErAs:GaBiAs
samples as-grown and mechanically polished, respectively. The band gaps determined
from the Tauc plots are shown in Fig. 5.6(a) and (b), respectively. In Fig. 5.6(a) and
(b) the right y-axis shows the Bi concentration of each sample, again calculated using
the valence band anti-crossing model developed by J. P. Petropoulos et al.[30] From
Fig. 5.5 (a) and (b) and Fig. 5.6(a) and (b), it is clear that the gallium droplets on
the surface increased the absorption during the spectrophotometry measurement. This
lead to the appearance of an increased bismuth incorporation and a reduction in band
gap. Additionally, it is apparent that the Ga rich growth of GaBiAs in the presence of
Er increases the bismuth incorporation.

Comparing the Tauc plots for the ErAs:GaBiAs samples without droplets, inset
Fig. 5.4, and that obtained for the droplet ErAs:GaBiAs samples, Fig. 5.5, it is clear
that growing Ga rich drastically changes the absorption properties of the film even after
the droplets are removed. In addition to the droplets on the surface, growing Ga rich
likely caused defects within the film. These defects likely caused increased absorption,
below the band gap, shown as increased curvature to the Tauc plots, Fig. 5.5. This
increased curvature in the Tauc plot increases the error in the estimation of the band
gap. As a result, the band gaps calculated for the ErAs:GaBiAs samples are likely
too small, and subsequently the calculated amounts of Bi incorporated are likely too

large. This is evident when comparing the band gap and growth conditions of the two
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Figure 5.4: The band gap obtained from the Tauc plot (inset) and bismuth concen-
tration (calculated using a previously developed model[30]) for the samples without
droplets. The dashed lines represent Bi concentrations obtained from XRD. The inset
is the direct gap Tauc plot where the symbols show the measured data and the dashed
lines are the linear fits used to extrapolate the band gaps.|29]
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Figure 5.5: Tauc plots of the ErAs:GaBiAs samples with droplets, as-grown (a) and

mechanically polished (b).

The solid lines represent the measured data while the

dashed lines represent the linear fit used to extrapolate the band gap. Note that
samples Droplel, Low Er No Bi and Droplet, High Er No Bi did not have Ga droplets
and thus were not mechanically polished. The peaks present in samples Droplet, Low
Er No Bi and Droplet, High Er No Bi have previously been attributed to surface
plasmon resonances from the ErAs nanoparticle.[31, 21| The samples containing Bi do
not exhibit this peak as the resonance is likely to have been suppressed from absorption

in the GaBiAs layer or shifted to energies outside our detection range.
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samples where a significantly higher Bi flux was required to obtain a similar reduction
in band gap in the non-droplet samples. The differences described here highlight how
important it is to have high quality films for material property measurements, and how
easily defects can alter property measurements.

It is worth noting that in the set of samples grown Ga rich, the droplet sam-
ples, the ErAs:GaAs samples were grown under normal ErAs:GaAs growth conditions:
large As, overpressure and growth temperature of 530°C. These samples did not have
droplets on the surface, and were thus not mechanically polished. The Tauc plot for
these samples, Droplet, Low Er No Bi and Droplet, High Er No Bi, shows an absorption
feature at ~1 pm. This absorption feature has previously been attributed to surface
plasmon resonances from the ErAs nanoparticle.[31, 21] This absorption feature is not
present in any of the Bi containing films or the ErAs:GaAs films grown with a reduced
Asy flux and at 300°C. This is likely due to changes in the nanoparticle structure and

will be discussed in slightly more detail in Section 5.3.

5.3 Film Relaxation and Morphology

As discussed above, ErAs:GaAs films grown under typical growth conditions
(growth temperatures of ~535°C with large Asy over pressures) show a nanoparticle
absorption feature around 2.5 pm that is not present for the Bi containing films or
the ErAs:GaAs films grown with a low As, pressure and at a growth temperature of
300°C that are studied in this chapter.[31] This is likely due to the significantly dif-
ferent growth conditions. Previous reports with growth temperatures of 480 - 630°C
for co-deposited ErAs:GaAs and 320 - 630°C for growth interrupt ErAs:GaAs indi-
cate that lower growth temperatures result in smaller nanoparticles.[59, 167| Thus,
the growth conditions used here can significantly alter the size of ErAs nanoparticles
and change the absorption feature’s energy. Cross-sectional transmission electron mi-
croscopy (TEM) used to further investigate the growth condition effects on the ErAs
nanoparticle size was inconclusive. Figure 5.7 shows selected cross-sectional TEM im-

ages and diffraction patterns for the Low Er No Bi and Low Er Low Bi samples. In



Fig. 5.7 there are not clear nanoparticles, but there are areas of contrast that could be
due to nanoparticles. Additionally, TEM only samples a small selection of the sam-
ple and clear nanoparticles could be located outside of the imaging area. The TEM
images do show that the ErAs:GaAs samples have significant twin boundaries, likely
caused by cold growth temperatures and a slight Asy overpressure. The twin boundary
density appears to decrease with increasing Bi amounts, again note that TEM only
samples a small area and it is possible that we happened to image a section with a
lower defect density. The lower twin boundary density is also suggested by the reduced
spot elongation in the diffraction patterns, see insets in Fig. 5.7.

The incorporation of Bi into GaAs grown on GaAs can result in a signifi-
cant lattice-mismatch. Previous reports show that films with large amounts of Bi
can remain strained beyond the Matthews-Blakeslee critical thickness when grown at
cold temperatures.[160, 168] High resolution XRD reciprocal space mapping (RSM)
was used to study the strain and relaxation of the ErAs:GaBiAs films without Ga
droplets, a representative selection is shown in Fig. 5.8. RSM of the ErAs:GaAs film,
Fig.5.8(a), shows the film remains strained to the GaAs substrate; while the GaBiAs
films, Fig. 5.8(b), are partially relaxed with significant elongation of the film peak in-
dicating some mosaic character. Interestingly, the incorporation of Er into the GaBiAs
film, Fig. 5.8(c) and (d), allows the film to remain strained to the substrate, with
elongation of the peak in the relaxation direction. Sample High Er High Bi shows a
second, partially relaxed, peak. One possible explanation is that ErAs nanoparticles
act as a location for the strain energy to be reduced. In the higher bismuth contain-
ing samples, there is not enough ErAs to allow the entire film to be strained, causing
localized partially relaxed sections and localized strained sections within the film.

As mentioned above, the first attempted growth of the ErAs:GaBiAs samples
had droplets on the surface. This was first suspected when the samples were removed
from the MBE and the surface was not specular. Scanning electron microscopy and en-
ergy dispersive spectroscopy (EDS) reveal that the surface was covered in Ga droplets.

This suggests that growth occurred group V deficient. Note that the Er atoms sit on
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Figure 5.7: Select cross sectional transmission electron microscopy (TEM) images of
the ErAs:GaBiAs samples without droplets, (a) is a selection from sample Low Er No
Bi with (b) zoomed in, (c) shows a selection from Low Er Low Bi with (d) being further
zoomed in. The insets in (b) and (d) are the diffraction patterns for the Low Er No
Bi and Low Er Low Bi samples, respectively. It is unclear from the images whether
or not ErAs nanoparticles formed, but both the micrographs and diffraction patterns
suggest that the Bi containing samples have a lower density of twin boundaries.
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the group III sites, thus the ErAs:GaBiAs samples were grown with a larger group V
deficiency than the GaBiAs samples, resulting in both larger Ga droplets and a higher
Ga droplet density. The different density and sizes of droplets are shown in Fig 5.9
(a)-(c), and EDS maps of the Ga droplets are presented in Fig. 5.9 (e), (g), and (h).
The Ga droplets were removed by mechanically polishing and cleaning the sample on a
hot plate with acetone, methanol, and isopropanol. Figure 5.9(d) shows a SEM image
of a polished sample and Fig. 5.9 (f), (i), and (j) shows energy dispersive maps of a
polished sample. The rectangular pillars present on the surface after the polish are
likely the start of GaAs droplet epitaxy where As; molecules diffused through the Ga
droplet to form GaAs on the surface. Note that EDS was unable to distinguish the
pillars from the surrounding surface. The start of droplet epitaxy is supported by pillar
height being ~10 nm, measured with AFM, not shown.

Again, the incorporation of Bi into GaAs results in a lattice mismatch with
the GaAs substrate. In the samples without droplets we saw that the GaBiAs film
was partially relaxed but incorporating ErAs provided a location for the strain energy
to be reduced. Reciprocal space mapping of the ErAs:GaBiAs droplet samples was
used to study the strain and relaxation of the GaBiAs films and determine if the
ErAs can still provide a location for the strain energy to be reduced. Additionally,
by comparing the separation between the film peak and the substrate peak in the
droplet samples to the samples without droplet also suggests that growing group III
rich created defects in the film that increased the absorption of sub-band gap light.
Ultimately leading to spectrophotometry overestimating the amount of Bi in the films,
discussed in Section 5.2.

Figure 5.10 shows the RSM for the (a) Droplet, No Er High Bi and (b) Droplet,
High Er High Bi samples. From Fig. 5.10(a) it is clear that the 2 ym GaBiAs sample
Droplet, No Er High Bi remains strained to the substrate. Additionally, the film peak
and the substrate peak are not fully separated, indicating that only a little Bi has been
incorporated, not the ~5% predicted by spectrophotometry. Figure 5.10(b) shows

that the 2 pm ErAs:GaBiAs sample Droplet, High Er High Bi also remains strained
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Figure 5.9: A selection of scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) maps of the ErAs:GaBiAs samples with droplets, both as grown
and post polish. SEM images of the as grown (a) Droplet, No Er High Bi, (b) Droplet,
Low Er High Bi, and (¢) Droplet, High Er High Bi show that increasing the Er amount
results in more and larger Ga droplets. The GaAs pillars present after droplet removal
are shown for sample Droplet, Low Er High Bi, Polished(d). Mixed color EDS map
(e) of the Droplet, High Er High Bi shows that the droplets are mostly (h) Ga, shown
as blue, and lack (g) As, shown as green. Bi and Er are depicted as red and white,
respectively. A mixed color EDS map (f) of sample Droplet, Low Er High Bi, Polished
shows that the pillars are of the same material at the matrix. In (f) white is As, also
shown in (i), red is Ga, also shown in (j), Bi is white, and Er is light blue. The inability
of the EDS maps to distinguish the pillars from the matrix suggests that the pillars
are the start of droplet epitaxial growth.
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to the substrate and the low separation between the substrate peak and the film peak
again suggests that much less than ~6% Bi was incorporated. The additional low
intensity peak in the bottom left hand side Fig. 5.10(b) could be either due to relaxed
ErAs nanoparticles or a part of the film ErAs:GaBiAs film that relaxed. The RSMs
presented here, which are representative of the other droplet ErAs:GaBiAs samples,
show that the films remain strained to the substrate, but only a small amount of Bi
has been incorporated in the film. The amount of Bi incorporated, shown by the
RSM, are much less than that predicted by spectrophotometry in Section 5.2. Again,
this indicates that growing group III rich results in defects in the film that increase

sub-band gap absorption in addition to Ga droplets.

5.4 ErAs:GaBiAs Electronic Properties

The next two required properties for PC switches are high dark resistance and
high mobility. The dark resistance and mobility of each ErAs:GaBiAs sample with-
out droplets was measured using a custom-built Hall effect system with indium con-
tacts in the van der Pauw geometry, results shown in Table 5.1. The incorporation of
ErAs nanoparticles into GaBiAs moves the Fermi level away from the valence band,
toward the conduction band, changing the material from p-type to slightly n-type.
The Fermi level pinned within the band gap causes high dark resistance and allows
for a high mobility. The Bi containing films measured here have resistivities higher
than and mobilities comparable to GaBiAs films previously studied for THz genera-
tion and detection.[169, 165] Note that the ErAs:GaAs samples, Low Er No Bi and
High Er No Bi, have low mobilities that are likely caused by the unfavorable ErAs:GaAs
growth conditions, near stoichiometric I11:V flux ratio and low growth temperatures,
for ErAs:GaAs.

To show the effect of Ga droplets on the surface of a film, the mobility and dark
resistance of each ErAs:GaBiAs samples with droplets was measured as grown and
after polishing. Again, the measurements were performed using a custom-built Hall

effect system with indium contacts in the van der Pauw geometry. Table 5.2 show the
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Figure 5.10: Reciprocal space maps (RSM) of samples (a) Droplet, No Er High Bi
and (b) Droplet, High Er High Bi show that the ErAs:GaBiAs samples with droplets
remain strained but have significantly less Bi incorporation than predicted by spec-
trophotometry.
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Table 5.1: The majority carrier type, carrier concentration, resistivity, and mobility of
the ErAs:GaBiAs samples without droplets depend on the Er and Bi incorporation.

Sample Carrier Carrier Conc. | Resistivity Mobility
Type (em™%) (Q cm) (";’,”:)

Low Er N 1.19 x 10" 1035 5

No Bi

High Er N 5.92 x 101 1113 1

No Bi

No Er B 8.08 x 10" 2838 272

Low Bi

Low Er N 9.38 x 10! 3613 184

Low Bi

High Er N 2.95 x 10%3 3129 68

Low Bi

No Er P 4.23 x 1012 2197 671

High B

Low Er N 1.18 » 10™ 201 273

High Bi

High Er N 1.41 x 10™ 185 239

High Bi
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resulting majority carrier type, mobility, and resistivity. From Table 5.2 it is clear that
the removal of the Ga droplets from the surface, by polishing, increased the resistivity
of the ErAs:GaBiAs films while having minimal effect on the mobility. The low mobility
in these films is likely due to defects in the material caused by growing group III rich.
Note that the incorporation of Er resulted in a larger As deficiency and likely caused
the reduction in mobility seen when comparing the droplet GaBiAs samples to the
droplet ErAs:GaBiAs samples. Note that the ErAs:GaAs films in Table 5.2 where
grown under normal GaAs growth conditions, Ass rich and at 530°C, which allows for
the high resistivity and high mobility.

Comparing the films grown with droplets, Table 5.2, to those without droplets,
Table 5.1 shows that growing group I1I rich causes defects within the film that lower the
mobility and growing ErAs:GaAs at low temperatures and a near stoichiometric I11:V
flux ratio results in defects that increase the resistivity and lower the mobility. The
GaBiAs samples without droplets have a significantly higher resistivity and comparable
or higher mobility than the GaBiAs sample with droplets, both as-grown and after
polishing. This suggests that growing group III rich introduced shallow defects that
are trapping carriers; a reduced carrier concentration allows the mobility to remain high
while decreasing the resistivity. All of the ErAs:GaBiAs samples have high resistivities,
due to ErAs trapping charge carriers, however the droplet samples have a significantly
lower mobility than the non-droplet samples. Since the ErAs:GaBiAs samples without
droplets have high mobility, the reduced mobility in the droplet samples is likely due
to defects introduced by the group III rich growth conditions. Finally, comparing the
ErAs:GaAs samples, it is clear that growing cold results in a significantly increased
resistivity and decreased mobility. This is likely due to defects caused by excess As

incorporation, and behaves similar to low temperature grown GaAs.[170]

5.5 Charge Carrier Lifetimes
The fourth required property for PC switches is short carrier lifetimes, which

ErAs provides. Carrier lifetimes of the ErAs:GaBiAs samples without droplets were
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Table 5.2: The majority carrier type, mobility, and resistivity of the ErAs:GaBiAs
samples with droplets all depend on the bismuth and erbium incorporation as well as
the presence of droplets on the surface.

As-grown Polished

Sample | Carrier | Resistivity | Mobility | Carrier | Resistivity | Mobility
Type (© em) %”Tj) Type (Q em) ‘:’S)
Droplets, | N 596 6,380 & - -
Low Er
No Bi
Droplets,
High Er
No Bi
Droplets, | P
No Er
Low Bi
Droplets, | N 506 7 N 682 8
Low Er
Low Bi
Droplets,| N 1,170 6 N 2,026 13
High Er
Low Bi
Droplets, | P 24 254 )£ 23 269
No Er
High Bi
Droplets, | N 874 8 N 2.230 19
Low Er
High Bi
Droplets, | N 540 7 N 2,040 18
High Er
High B

Z
~1
00
S
N
-~J
N
R

1

1

1

D
2
(i}
(e
=1
'ﬁ
™
L]
b2
o
on




determined using transient absorption optical pump optical probe spectroscopy. Note
that I will not discuss the carrier lifetimes of the droplet samples. The large size of
the droplets results in a high probability that the measurement would only probe the
metal Ga droplet or, in the case of the polished samples, residual metal Ga smeared
on the surface would distort the measurement and introduce a large uncertainty in
the data analysis. The transient absorption optical pump optical probe spectroscopy
measurement technique was discussed in Chapter 2 Section 2.6, the setup for this
particular measurements is described in detail elsewhere.[141] Briefly, the measurement
is the average of six scans, each done with the pump and probe beams set to 850 and
1300 nm, respectively. Measurements were checked to ensure linearity as a function of
pump intensity.

Briefly, the measurement technique works as follows. The optical pump popu-
lates the valence band with holes and conduction band with electrons. After a time
delay, a weak probe pulse with energy smaller than the band gap strikes the sample.
The difference in probe absorption (the probe’s absorption after the pump excitation
minus the probe’s absorption before the pump excitation) is measured as a function
of the time delay. The carrier lifetimes are determined by using a relaxation model
composed of multiple exponential decays to fit the change in probe absorption as a

function of time, shown in Equation 5.1.

= ZA*' et +yo (5.1)

Figure 5.11 shows the change in probe absorption as a function of time after the
pump laser with the relaxation models shown as dashed lines, insets are zoomed-in on
the first few picoseconds of the measurements. The transient absorption measurement
of the ErAs:GaBiAs films show that the system quickly returns to its pre-pump state,
which is desired for PC switches. Below, we propose that a combination of up to four
relaxation processes occur to return the system to the pre-perturbed state, some of

these processes can be seen in the ErAs:GaAs or GaBiAs samples.
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Figure 5.11: Transient absorption optical pump optical probe measurements showing
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that transients have been vertically offset. The insets are a zoomed-in view of the first
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The ErAs:GaAs samples, Low Er No Bi and High Er No Bi, were modeled
with a two exponential decay, Fig 5.11(a). The two lifetimes correspond with carrier
trapping by the ErAs nanoparticles and recombination across the bulk band gap, see
Fig. 5.12(a).[68, 98] The model determined the ErAs trapping time to be ~1.3 ps and
the recombination time across the bulk band gap is ~90.0 ps. The relaxation time
across the bulk band gap is lower than that of typical GaAs, likely due to defects
introduced by the low growth temperatures.

Both GaBiAs samples, No Er Low Bi and No Er High Bi, become more trans-
parent after the pump laser strikes the sample, observed as a decrease in absorption,
Fig 5.11(b). The pump laser bleaches the E+ valence band states that are formed by
the incorporation of Bi. Prior to the pump laser striking the sample, the probe laser
was able to be absorbed by exciting electrons from the E+ valence band states into the
conduction band tails or shallow defect states. When the pump laser strikes the sam-
ple, this transition is bleached. One explanation is that the E+ valence band states are
emptied by the pump laser and the electrons are unavailable to absorb the probe laser
because they were excited into the defect states by the pump laser. This reduces the
probe laser’s absorption, shown as a negative intensity. As carriers relax back into the
E+ valence band, the change in absorption becomes less negative as the probe laser can
be absorbed by again exciting electrons from the valence band into the defect states.
This type of bleaching requires the E+4 valence band states to be a limited number of
states near the E+ valence band maximum and to not form a continuous band with
the rest of the conduction band. Alternatively, the probe laser could bleach the E-
valence band to defect state transition by completely filling the defect states. As the
electrons relax from the defect states back into the conduction band, the probe laser
can again be absorbed by the E+ valence band to defect state transition. Thus, there
are two relaxation processes occurring in the GaBiAs samples, shown in Fig. 5.12(b),
the recovery of the bleached E+ valence band transition and normal bulk relaxation.
The change in absorption was modeled with a two exponential decay. One time con-

stant was held at 90.0 ps, corresponding with the bulk recombination determined in
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Figure 5.12: Schematic showing the proposed processes that change the change in
absorption. Two relaxation processes are present in the ErAs:GaAs samples (a), re-
laxation across the bulk band gap (90.0 ps) and relaxation of carriers into the ErAs
nanoparticles (1.3 ps). Two processes are present in the GaBiAs samples (b), relax-
ation across the bulk band gap (90.0 ps) and recovery of the bleached Bi E+ valence
band to defect transition (89.8 and 28.6 ps). The ErAs:GaBiAs samples have up to
four processes (c), relaxation across the bulk band gap (90.0 ps), relaxation of carriers
into the ErAs nanoparticles (1.3 ps), recovery of the bleached Bi E+ valence band to
defect transition (89.8 and 28.6 ps), and recovery of the bleached Bi E+ valence band
to defect transition with the aid of semimetallic ErAs nanoparticles (1.2 ps). In this
schematic the recovery of the bleached Bi E-+ valence band to defect transition is shown
as filling the emptied Bi E+ valence band states by carriers relaxing out of the defect
states or carriers relaxing out of the ErAs nanoparticle. Alternatively, the recovery of
the bleached Bi E+ valence band to defect transition could occur by filling the emptied
Bi E+ valence band states from the conduction band or by emptying the electrons in
the defect states within the band gap into the ErAs nanoparticle. Note that a dashed
line is used for the E+ valence band in (b) and (¢) to show that the E+ valence band
may not form a complete band at the Bi concentraitons studied here. [29]
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the ErAs:GaAs samples. The second time constant corresponds with recovering the
bleached E+ valence band to defect transition depends on the amount of bismuth; this
was determined to be 89.8 and 28.6 ps for samples No Er Low Bi and No Er High
Bi, respectively. Note that the pre-exponential factor for recovering the bleached E-
valence band transition is negative.

The ErAs:GaBiAs samples, Low Er Low Bi, High Er Low Bi, Low Er High Bi,
and High Er High Bi, shown in Fig 5.11(c), can be understood by a combination of up
to four relaxation processes. Three of the relaxation process come from the previously
discussed control samples: relaxation across the bulk band gap, relaxation of carriers
into the ErAs nanoparticle, and recovery of the bleached Bi E+ valence band to defect
transtion by electrons either relaxing from the conduction band to the E+ valence band
or electrons relaxing out of the defect states. The fourth process is the recovery of the
bleached Bi E+ valence band to defect transtion with assistance from the semimetallic
ErAs nanoparticles. Either electrons relax from the ErAs nanoparticle into the empty
E+ valence band states, this does not depend on the relaxation of carriers into the ErAs
nanoparticle since semimetallic ErAs nanoparticles have carriers readily available to fill
the bleached states, or electrons in the defect states relax into the ErAs nanoparticle.
Similar to the recovery of the bleached Bi E+ valence band to defect transtion in the
GaBiAs samples, the revoery of the bleached Bi E+ valence band to defect transition
with the aid of the ErAs nanoparticles causes the change in the probe’s absorption
to become less negative and has a negative pre-exponential coefficient. These four
processes are depicted in Fig. 5.12(c¢). The exponential model was done using the
lifetimes for the bulk recombination (90.0 ps), relaxation into the ErAs nanoparticle
(1.3 ps), and recovery of the bleached Bi E+ valence band to defect transtion (89.8
and 28.6 ps) obtained from the fits of samples Low Er No Bi, High Er No Bi, No
Er Low Bi, and No Er High Bi. The recovery of the bleached Bi E+ valence band
to defect transtion with the aid of the ErAs nanoparticles was determined to have a
time constant of 1.2 ps. While modeling the probes absorption as a function of time

the pre-exponential coefficients were allowed to change and in some instances nearly
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went to zero. For example, the recovery of the bleached Bi E+ valence band to defect
transition without the aid of ErAs was nearly zero for samples Low Er Low Bi and
High Er Low Bi. Again, note that the Bi E+ valence band to defect transtion states
being bleached by emptying the E+ valence band states requires a limited number
of states near the E+ valence band maximum. Ultimately, the transient absorption
optical pump optical probe shows that the ErAs:GaBiAs samples have fast recovery

times, faster than those of previously studied GaBiAs.[169, 165]

5.6 Conclusion

In conclusion, the growth of ErAs:GaBiAs group III rich results in the forma-
tion of droplets on the surface and defects throughout the film that alter the film’s
properties. The growth of ErAs:GaBiAs under stoichiometric or slightly group V rich
results in films that exhibits properties of interest for PC switches for THz generation
and detection, among other (opto)electronic applications. Due to the valence band
anticrossing, the incorporation of Bi has reduced the band gap of the nanocomposite
from 1.42 eV to 1.02 eV. The incorporation of ErAs nanoparticles pins the Fermi level
near the middle of the band gap, changes the material from p-type to slightly n-type,
and creates high dark resistance while maintaining high mobility. Finally, the ErAs
nanoparticles act as recombination centers, providing short carrier lifetimes. These

properties make FErAs:GaBiAs a promising material for fiber-coupled PC switches.

143



Chapter 6
CONCLUSION AND FUTURE WORK

The previous chapters have focused on the growth and characterization of LN-V
based materials. A review of the growth and properties of the LN-V based materials,
both LN-V nanoparticles and films, and a background on the many of the techniques
utilized throughout this dissertation were discussed in Chapters 1 and 2. In Chapter 3
the characterization of ThAs nanoparticles in GaAs and Ings3GagarAs shows that
ThAs nanoparticles have a band gap and that TbAs forms a type I heterojunction
with GaAs and a type Il heterojunction with Ing53Gag 47As. This discovery can help
explain the large Seebeck coefficient previously observed for ThAs:Ing 53Gag47As,|37]
and Section 6.1 will discuss this. Section 6.1 will also discuss how the techniques
used to determine the band structure of ThAs nanoparticles could be applied to other
materials. The growth and characterization of the ThAs films presented in Chapter 4
shows that TbAs films are degenerately doped semiconductors. This makes ThAs films
interesting for possible future applications, discussed in Section 6.2. The growth and
characterization of ErAs:GaBiAs presented in Chapter 5 shows that ErAs:GaBiAs is a
promising material for fiber coupled photoconductive switches for THz detection and

generation. Section 6.3 discusses the possibilities to move forward with this project.

6.1 Implications of the TbAs Nanoparticle Band Structure

In Chapter 1 I discussed how TbAs nanoparticles in Ings3Gag4rAs have both
a high Seebeck coefficient and a high electrical conductivity resulting in a high ther-
moelectric power factor [37]. This high Seebeck coefficient, electrical conductivity,
and thermoelectric power factor is even more obvious as a function of temperature,

Fig 6.1. Figure 6.1 also shows that both the electrical conductivity and Seebeck
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coefficient increases with increasing temperature. As discussed for superlattices of
ErAs:Ing 53Gag 47As/Ing 53Gag2s Alg 19As, an increase in both electrical conductivity and
Seebeck coefficient with temperature is indicative of electron filtering.[112] The discov-
ery in Chapter 3 that ThAs nanoparticles form a type II, straddled, heterojunction
with Ing 53Gag 47 As suggests that the ThAs nanoparticles may be acting as energy de-
pendent electron filters. The results from a simple model predicting the conductivity
improvement, Seebeck coefficient improvement, and thermoelectric power factor im-
provement provided by a barrier that perfectly scatters electrons with energy lower
than the barrier’s height is presented in Fig. 6.2. The improvement is the number
of times the parameter is improved over Si:Ings3GagyrAs. Additionally, this model
predicts that Si doping the TbAs:Ing 53Gag 47 As films should result in an even larger
improvement. To help prove this idea, a more detailed model that takes into account
the possibility of low energy electron tunneling or traveling around the ThAs nanopar-
ticle barriers should implemented. Once a model that accurately predicts the observed
thermometric properties is developed, the model should be used to calculate the opti-
mum TbAs amount and doping level required to maximize the thermoelectric power
factor. Finally, it would be interesting to grow the predicted ThAs:Ing 53Gag 47As film
and measure its thermoelectric properties. It is also worth mentioning that TbAs
nanoparticles do not appear to scatter phonons as well as ErAs nanoparticles and the
reason for this is presently unknown.

In Chapter 3, I presented a method that was used to understand the band
structure of ThAs nanoparticles in both GaAs and Ing 53Gagq7As. It should be possi-
ble to extend this method to other LN-V:III-V systems such as ThErAs:Ing 53Gag 47 As.
TbErAs core-shell nanoparticles have recently been demonstrated in Ings3GagarAs
but the electronic structure of this nanocomposite system is unknown.[14] Now that
the constituent systems, ErAs and ThbAs nanoparticles, are better understood, the
electronic structure of ThErAs nanoparticles can be investigated. Many of the mea-
surements used to determine the TbAs:Ing 53Gag7As band alignment have already

been performed including optical pump terahertz probe and Hall effect measurements.
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Additionally, Th and Er have been co-deposited in GaAs; expecting to form ThErAs
core-shell nanoparticles with a pure ErAs shell have been grown. The TbErAs:GaAs
samples have also been measured, but it is currently unknown if the core shell struc-
ture expected formed. Atom probe tomography measurements of these samples are
currently being performed. Once the core-shell structure is confirmed, the electronic
measurements can be utilized to determine the electronic structure of the nanocom-

posite.

6.2 TbAs Film Applications

In Chapter 4 TbAs films were grown and studied, showing that ThAs, unlike the
other Ln-V materials, is a degenerately doped semiconductor. Due to the degenerate
doping, the band gap of TbAs still remains unknown. One method to determine
the band gap is to grow a series of ThAs films of differing thicknesses, which should
change the doping level in each sample. The optical absorption energy versus carrier
concentration could then be mapped out, developing a map of the conduction band’s
density of states. This would allow for the calculation of a band gap and possibly the
effective mass of electrons in ThAs.

Another future direction for TbAs films would be to further study where the
carriers come from and the applications possible with ThAs. TbAs being a rock-
salt semiconductor provides the opportunity to grow a semiconductor on top of LN-V
semimetals without the defects associated with the rotation symmetry difference be-
tween the rocksalt and zincblend crystal structures. If the carriers of the degenerately
doped TbAs film are coming from the interface, as expected, growing on a rocksalt
structure such as ErAs may reduce the carrier concentration of the film. The growth of
a rocksalt semiconductor on a rocksalt semimetal could be extended to growing an all
rocksalt semimetal-semiconductor superlattice. These types of structures could have

applications for thermoelectrics and metamaterials.

148



6.3 Future Work on ErAs:GaBiAs

Chapter 5 demonstrated the growth and characterization of ErAs:GaBiAs films
that are capable of being pumped with a 1064 nm laser and show electrical proper-
ties that are promising for photoconductive switches. We are currently working with
Dr. Etienne Gagnon at Franklin and Marshall College to develop a model to pre-
dict THz detection with LN-V:III-V based detectors. Currently, the model is being
developed to predict the performance of the ErAs:GaAs photoconductive switch al-
ready characterized.[124| Once the model can accurately predict the performance of
ErAs:GaAs, it should be extended to predicting the performance of a device made from
ErAs:GaBiAs. It would also be worthwhile to make a device from the ErAs:GaBiAs
samples compatible with the 1064 nm fiber coupled lasers presented here and demon-
strate THz detection and generation. Additionally, while a photoconductive switch
capable of being pumped with a 1064 nm fiber coupled laser is a technologically im-
portant step, it would be ideal to develop a switch capable of being pumped with a
1330 nm, or better yet, a 1550 nm, fiber coupled laser. It should be possible to achieve
1330 nm with the incorporation of slightly more Bi than presented here. It might also
be possible to achieve 1550 nm with even more Bi, however incorporating this much
Bi could be challenging and might introduce a significant amount of defects. Alter-
natively, a 1550 nm compatible photoconductive switch could be achieved with the

proper amount of indium and aluminum incorporated into the GaBiAs matrix.
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Appendix A

PASSIVE POWER GENERATION IN A TEMPORALLY-VARYING
TEMPERATURE ENVIRONMENT VIA THERMOELECTRICS

While attending the University of Delaware, 1 was fortunate enough to have
the opportunity to work on a project exploring a novel way to generate power with
thermoelectric devices. Typically, thermoelectrics convert thermal energy into electri-
cal energy when a temperature difference is applied across the thermoelectric device.
Instead of using a thermoelectric to transform temperature differences in space to elec-
trical energy, our goal was to transform temperature differences in time into thermal
energy with a thermoelectric. Our hypothesis was that by placing a thermoelectric
plate between two heat exchangers that change temperatures at different rates, the
temperature changing with time could be transformed into a spatial temperature dif-
ference and ultimately into electrical energy. 1 focused on the initial modeling of this
concept, demonstrating power generation with a thermoelectric in a temporally-varying
temperature environment. Once the model was complete, I oversaw the work of two
students experimentally verifying the model. Since the experimental verification, our
group has had four undergraduate researches work on optimizing this device for max-
imum power output and explore the use of this device for a specific application.

While this work does not completely fit in with the rest of my dissertation, it
has been an important part of my career here at the University of Delaware and I seem
to keep coming back to this project. Thus I will present much of this work here. The
contents of this chapter is adapted from a manuscript on the modeling that the author
wrote and a second manuscript on experimental verification on which the author is a
co-author of, both papers have previously been published. |5, 9] Section A.1 will describe

the device and environment being modeled as well as details into the numerical model.
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Section A.2 shows the result of the numerical model. Section A.3 will highlight some
of the work done to experimentally verify this work. Some of the work to optimize the
device is presented in Section A.4. Finally, the exploration of this device for a specific

application is presented and a summary of this work is presented in Section A.5.

A.1 Model Description

In this numerical analysis, a thermoelectric plate is sandwiched between two
different heat exchangers, shown in Fig. A.1. The heat exchangers are designed such
that one has a large thermal mass (HE1) and the other a small thermal mass (HE2),
allowing the temperature of HE1 to remain relatively constant while the temperature
of HE2 responds quickly to fluctuations in the environments temperature. With these
design constraints considered, HEI is chosen to be a truncated quartz sphere, allowing
a flat top for good thermal contact with the thermoelectric device. The thermoelectric
device consists of 254 elements in a 16 x 16 array, with two elements removed to
allow for electrical contacts. Each element has a length of 3.11 mm, corresponding to
the thickness of the thermoelectric (see the inset in Fig. A.1). The thickness of the
thermoelectric was determined based on a fill factor of 1 and the optimization of the
power output.[171, 172]

Thermoelectric elements are generally sandwiched between two ceramic plates
for mechanical stability; in this model, we neglect the ceramic plates. The ceramic
plates lie at the interface between the heat exchangers and the thermoelectric module.
Thus, at any given instance in time, they would reduce the temperature differential
across the thermoelectric and reduce the output power at that time. However, by
introducing additional thermal resistance, the ceramic plates would help to insulate
the two heat exchangers from each other and maintain their temperature differential,
extending the time period over which power is produced. Thus, neglecting the ceramic
plates causes a slight overestimation of the power output at any given time, but the

time period over which power is produced is somewhat conservative. Since the ceramic
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Heat Exchanger 2 (Cu rods)

Thermoelectric

Heat Exchanger 1
(Quartz Sphere)
Ty

Figure A.1: A schematic of the device setup. Heat exchanger 1 is the sphere below
the thermoelectric plate, with a temperature of Th. Heat exchanger 2 is the rod array
and copper plate assembly mounted to the top of the thermoelectric plate, with a
temperature of Tt. The inset shows the array of thermoelectric elements that make up
the thermoelectric module. |5] Reprinted from [5] with permission from Elsevier.
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Table A.1: Material properties of HE1 and HE2. [1, 2, 3, 4] Reprinted from [5] with
permission from Elsevier.

Material | Thermal Specific Heat | Density | Absorptivity | Emissivity
Conductivity | C,, (ﬁ) p(z=) |a ¢
W i
iy (m—K
HE1 | Quartz | 1.4 44.2 2.635 = =
HE2 | Copper | 401 24.6 8.96 0.7 0.78

plates have much higher thermal conductivity compared to the thermoelectric elements,
we believe these effects to be relatively small.

The other side of the thermoelectric device is thermally bonded to HE2. HE2
consists of an array of copper rods, configured to maximize heat transfer with the
surrounding environment, mounted on a copper plate that spreads the heat from the
copper rods, laterally over the surface of the thermoelectric, and vice versa. In this
setup, HE1 is on the bottom and HE2 is on the top. The material properties for HE1
and HE2 are shown in Table A.1.[1, 2, 3, 4] The performance of the thermoelectric
power generation is limited by one of the semiconductors, the n- or p-type.[173| This
model uses the materials properties of the p-type BiyTes because it performs slightly
worse than n-type Bi2Te3, resulting in a conservative power output estimate. P-type

W

BiyTes has a thermal conductivity of 2.06 ——, Seebeck coefficient of 162

uV

Ee, and

electrical resistivity of 5.5 pQ m. [174, 175]

In this simulation, the device is assumed to be operating during the summer
in an environment similar to that of Death Valley, CA. Based on this location, the
temperature of the air fluctuates sinusoidally with a maximum of 321 K occurring at
2 p.m. and a minimum of 293 K occurring at 2 a.m. The fluid surrounding the device is
assumed to be dry air with constant properties given in Table A.2.[6] It is assumed that
the air is moving at a constant velocity of 0.894 =, there is no temperature gradient
within the fluid, and any heat transferred from the device to the fluid has a negligible
effect on the fluids temperature. Due to the small temperature range, it is assumed

that the properties of HE1, HE2, the thermoelectric device, and the air do not change
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Table A.2: Material properties of the air. [6] Reprinted from [5] with permission from
Elsevier.

Material | Thermal Prandtl Kinematic Velocity
Conductivity | Number Pr Vigcosity v |V (%)
B (m‘fK (%)

Dry Air | 0.03003 0.697 2.056x10~° | 0.894

with time.

This model considers three modes of heat transfer: convection between the air
and HE1 and HE2, heat flow between HE1 and HE2 (across the thermoelectric), and
radiation between HE2 and the sun or night sky. Conduction between the device
and the earth is neglected by assuming a thermally isolating stand to hold the device
above the earth; this stand would make minimal contact with the device resulting in a
negligible amount of heat transfer between the stand and the device. Additionally, due
to the small contact area, the stand would not inhibit the devices ability to exchange
heat with the air. In some plausible applications, the contact between the device
and the environment can be minimized as in the current implementation. In other
situations, any physical contact between the device and surrounding material will affect
the heat transfer process. Such an effect can be estimated only after the specific
material and the exact nature of the contact are known. Our goal here is to present
the simplest situation where such contact is minimized.

A lumped-parameter analysis is implemented such that thermal gradients within
the solid bodies may be neglected. The Biot number is used to assess the validity of
the lumped-parameter analysis. The Biot number is given as Bi — % where h is the
heat transfer coefficient between the body and the surroundings, R is the characteristic
length scale of the body, and & is its thermal conductivity. For true lumped-parameter
behavior, Bi must be much less than 1. The Biot number is reported for each simulation
in Section A.2.

The rate of heat flow is calculated assuming the temperature difference between

two time steps (dT) is insignificant. The time step was selected to be less than 7,
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where 7 is given by Equation A.1. Here, R is a characteristic length, p is the density,
Cp 1s the molar heat capacity at constant pressure, & is the thermal conductivity, and

MW is the molecular weight.

R?pC,
kMW

The governing equations of the rate of convective heat transfer between the

(A.1)

fluid and the bottom and top heat exchangers, are given in Equations A.2 and A.3
respectively. In Equations A.2 and A.3 Ay, and Ay, are the surface areas of HEL and
each rod in HE2 that is exposed to the fluid, respectively,[176, 177] and n is the number
of rods in HE2. The heat transfer coeflicients for the bottom and top heat exchangers
are given by Equations A.4 and A.5, respectively. In Equations A.4 and A.5 iy is the
thermal conductivity of the air, and R, and R, are the radii of the sphere and one rod,
respectively. The Nusselt numbers are calculated with Equations A.6 and A.7 and the
Reynolds numbers are calculated using Equations A.8 and A.9. In Equations A.8 and

A9 V} is the air velocity, and vy is the air’s kinematic viscosity.[176, 177]

Qb = hoAs(Ty — Tp) (A.2)
Qe = nh Ap (T — Ty) (A.3)
e (A4)
hy N?;jf (A.5)
Nuy = 2+ 0.6Red® Pr3 (A.6)

7.4055
RG;

Nug = (0.376 Re% + 0.057Re?) Pri/? + 0.93(log( ) + 4.18Re,) T Ref Pri (A7)
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ViR,

R(‘Bb = Vs (A‘S)
B, = 22 (A.9)
vy

Radiative heat transfer between the device and its surroundings was considered
only for the case of radiative heat transfer from the sun and space to HE2. The rods in
HE2 are arranged so they do not shade each other, allowing maximum radiative heat
transfer with HE2. Due to the geometry of the device, it was assumed that HE2 shades
the thermoelectric module and HE1 from exposure to the sun and the sky preventing
radiative interactions. Additional shading can also be provided to eliminate radiative
heat transfer between the sun or sky and the thermoelectric module or HEL. It was
also assumed that the temperatures of the earth and any nearby objects were close
enough to the temperature of the heat exchangers such that radiative heat transfer
can be neglected. Sun angle data for Death Valley from a Nautical Almanac during
the summer were fitted to a sinusoidal function to determine the radiation between
the sun, sky, and HE2 as a function of time.[3, 177, 7, 8 The radiative flux between
the sun and HE2 during the day in kilowatts is given by Equation A.10 where oy and
Ay are absorptivity and the area seen by the sun of each rod in HE2 respectively, ¢ is
time measured in seconds from 9:00 am and Cy, €, C2, and Cj are fitting parameters
given in Table A.3 based on the angle of the sun as a function of time. Ay is given by
Equation A.11 where R, and H,; are the radius and height, respectively, of each rod in
HE2. The radiative flux between HE2 and the sky is given by Equation A.12 where
Apt is the area of each rod seen by the night sky, and ¢ is the emissivity of HE2. A,
is given by Equation A.13 where R, and H, are the radius and height, respectively, of
each rod in HE2. A, and A,; differ because at any instance the sun only sees one side
and the top of the rod while all sides and the top of a rod are viewable by the night

sky.
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Table A.3: Fitting parameters for radiative exchange between HE2 and the sun, based
on the angle of the sun as a function of time on July 10th, 11th, and 12th.|7, 8]Reprinted
from [5] with permission from Elsevier.

Co Ch Cs Cy
0.0060 | 1.12537 | 10836.19437 | 43206.60646

Qo = nothAa(Co+ C anﬂ%;b)) (A.10)
Ag =2R.H;+ R} (A.11)

Q‘m‘. : 'f'f-Antaft(T:E - T},d) (A-12)

Ant = 2nRyHy + T R? (A.13)

The foregoing discussion pertained to heat exchange between the two bodies
and their surroundings. Next, we focus on heat transfer from HE1 to HE2. There are
two modes of heat transfer between HE1 and HE2: heat flow by conduction across the
thermoelectric plate and direct heat flow via radiation. Because the view factor between
the two heat exchangers is approximately zero, radiation between HE1 and HE2 is
neglected. The rate of heat flow between the heat exchangers and the thermoelectric
module is given by summing the rate of heat flows due to conduction, Peltier heat
transfer, Joule heating, and the Thomson effect. The rate of heat transfer across the
thermoelectric by conduction is given by Equation A.14 where A,, ke, and L. are the
area, thermal conductivity, and thickness of one thermoelectric element, respectively,
and A,, is the area of the entire thermoelectric plate (which is equal to (N + 2) A, for
a fill factor of 1). The Peltier heat flux into and out of HE1 and HE2 are given by
Equations A.15 and A.16, respectively, where S is the Seebeck coefficient, and 7" is

the temperature of the heat exchanger in question at the time of interest. When the
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external resistance is load-matched to the internal resistance, the current is given by
Equation A.17 where T; — T}, is the temperature differential across the thermoelectric
plate, and p is the electrical resistivity of the thermoelectric element. Note that when
HE2 is warmer than HEI, the current is positive, resulting in the Peltier effect adding
heat to HE1 and removing heat from HE2; the reverse is also true. Joule heating
within the module is assumed to distribute the heat equally into each heat exchanger.
The rate of resistive heating in each heat exchanger is given by Equation A.18. It
is important to note that both the Peltier effect and Joule heating are far smaller in
magnitude when compared with conduction, convection or radiative heat flow. Thus,
these two modes of heat transfer could have been neglected with minimal effect on
the power production. The Thomson effect can be neglected because the temperature
fluctuations within the device are on the order of only a few degrees, resulting in a

negligible change in the Seebeck coefficient.[178, 179, 171]

_ (KeAeN + kf(Am — NA))(T; — Tp)

Qoond= - (A.14)
Qpettierinpr = NST,I (A.15)
Q!’f:i’.t'x;ﬁrHE‘Z : _NL‘;T},I (A ]_6)

_ ST -T)4

!
2pL,

(A.17)

. 1. I%L.p
Qres@stive — EN A—e

Assuming that the thermoelectric plate does not store heat, is isolated from the

(A.18)

environment, and that the energy removed from the system by electricity is negligible
relative to the total energy flow,[180] the change in temperature for HE1 is given by

Equation A.19. The change in temperature for HE2 during the day and the night,
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respectively, are given by Equations A.20 and A.21 where M, and M; are the masses
of HE1 and HE2, respectively. The temperature differential across the thermoelectric
plate is equal to T;-T}, assuming that the thermal resistance of the interface between
the thermoelectric plate and the heat exchangers is insignificant.[178] Thus, the in-
stantaneous electrical power output is given by Equation A.22. The power density is
obtained by dividing the instantaneous power output by the area of the thermoelectric

plate.

- be I Qc{md | Q;x:!t’i.erHPH I Qresis.‘.ive

My
MW, Cpy

AT, At (A.19)

. th | Qst - Qcmw’. I Qpeitie'r'HE‘z | Q-resisté've

AT, L At (A.20)
m(/pt
; C ’n - c:o C e i:E:-r' ¥ res;is ive
AT, - st + Qni Q.nd:; Qy;nr.c HE2 T Qresist At (A.21)
W(zpt
ST — T )N A,
B, Rt (A.22)

4;0 e L{e

A.2 Simulation Results and Discussion

In the lumped-parameter analysis, Bi < 1 corresponds to a body whose internal
temperature is essentially uniform and therefore internal temperature gradients may
be ignored. For a spherical body, Bi ~ 0.1 corresponds to a surface temperature that is
within 5% of the center temperature. At larger Biot numbers, the surface of the sphere
equilibrates more quickly with the surroundings than the center, resulting in a larger
difference between the center and the surface temperatures and the lumped-parameter
analysis is no longer valid. HEL is designed to have a large thermal mass, which
implies a large size, in order to suppress its rate of response to temporal variations in
the temperature of the environment. Bi increases with length scale, hence it is not
possible to simultaneously satisfy the requirements for both a large thermal mass and

the lumped-parameter limit. In the current design, it is expected that the surface of
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HE1 equilibrates more rapidly with the surroundings than its center. However, the
use of the lumped-parameter analysis in this work forces the center of the sphere to
equilibrate with the surroundings as quickly as the surface.

The sizes of HE1, HE2 and the thermoelectric module were selected to obtain
the smallest possible Biot number while maintaining a reasonable time step. HEL,
the quartz sphere, has a diameter of 22 mm and is truncated at 17.6 mm from the
bottom. Each of the four copper rods of HE2 has a diameter of 4.4 mm and a height
of 88 mm. Each element of the thermoelectric has a cross-sectional area of 0.96 mm?
resulting in a total module area of 245.2 mm? From their characteristic lengths,
thermal conductivities, and heat transfer coefficients (Equations A.4 and A.5), the
Biot numbers for HE1 and HE2 are 0.29 and 0.00036, respectively. A Biot number of
0.29 results in a temperature difference between the center of a sphere and the surface
of the sphere of about 15%.[181]

Temperature and power output profiles for this geometry are shown in Fig.A.2.
It is shown in Fig. A.2(a) that the air temperature experiences lower excursions than
both HE1 and HE2 due to the radiative heat transfer HE2 experiences, and the conse-
quent heat flow from HE2 to HE1 and vice versa. The temperature difference between
HE1 and HE2 in Fig. A.2(b) is just a few degrees. In Fig. A.2(b), the overshoot in
the temperature differential when the temperature gradient is reversed arises from the
radiation model used. When the sun sets below the horizon, HE2 instantaneously
switches from receiving radiation from the sun to radiating to the night sky; similarly,
when the sun rises above the horizon, HE2 instantaneously begins receiving solar radi-

ation instead of emitting radiation. This temperature difference results in a fluctuating

4

power density with a maximum of 1.16 2%, an average of 0.164 X, and a minimum

of 0

f':’; This corresponds to a maximum power output of 0.285 mW and an average
power output of 0.04 mW, for the size of the thermoelectric selected (245.2 mm?).
Because the hot and cold sides switch once during the diurnal cycle, the tem-

perature differential (7} - T;) where T; and T}, are the temperatures of HE2 and HE1,

respectively, experiences two zero-crossings during each 24-hour period, and so the
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Figure A.2: (a) Temperature profiles for HE1, HE2, and the surrounding fluid; (b)
resulting temperature difference (Tt-Th) across the thermoelectric; (¢) instantaneous
and time-averaged power density generated by the thermoelectric device. |5] Reprinted
from [5] with permission from Elsevier.
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power production drops to zero at those two time instants. This diurnal cycle can
be seen in Fig. A.2(b), where (7; - Tp) is positive for half of the day and negative
for the other half of the day. During the daylight hours, HE2 receives heat from the
sun via radiation, such that (7} - T;) > 0. During the night, HE2 emits heat to the
night sky via radiation, such that (7; - T;) < 0. The temperature differential between
the clear night sky in the desert and HE2 is greater than the temperature differential
between the sun and HE2 during daylight hours. As a result, (1} - T,) experiences
a negative temperature excursion at night that is much larger in magnitude than its
positive excursion during the day. The corresponding radiative heat flux scales as the
fourth power of the temperature differential between the source and the sink. It is also
seen in Fig. A.2(c) that the frequency of the power curve is exactly equal that of the
diurnal temperature variation.

Figure A.3 shows the effect of scaling up the size of the device on the aver-
age power density, and the inset shows the effect of size scaling on the average and
maximum power. Device size is changed by proportionately changing all length scales
including the sphere radius, the size of the thermoelectric module, the radius of the
rods, and the lengths of the rods. The thermoelectric modules surface area is chosen
as a representative dimension to indicate device size as this approximates the area
the device would occupy on the ground. It is seen that the average power density
increases rapidly with device size, reaches a maximum for a size of 2.03 m?, and de-
clines thereafter. The inset shows that an increase in size results in an increase in
the temperature difference across the thermoelectric module and subsequently a larger
power. As the device size increases further the thermal mass of HE2 also increases, re-
ducing the temperature variation that the rods experience in response to the changing
environment temperature. This effectively restricts the temperature difference across
the thermoelectric module, and thus restricts the amount of power generated. As a
result, the power out plateaus beyond 2 m?, and the power density peaks at 2.03 m?.
It should be noted that although the lumped-parameter analysis may not be valid for

larger device sizes, this only creates a temperature variation within HE1. This slightly
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affects the magnitude of the change in average power density with size, but the trend
in the variation still holds. Additional optimization such as scaling the sizes of HE1
and HE2 independently, changing material type, and considering other thermoelectric
module and heat exchanger geometries could result in a higher power density.

From these simulations, it is clear that using thermoelectrics in a thermally
time-dependent environment produces relatively small amounts of power. Moreover,
the power output is not steady. However, both shortcomings can be overcome by wiring
several of these devices together and using recent advancements in power switching and
electrical storage systems, leading to devices that could prove useful for remote power
applications such as sensors and communication devices.

Initial estimates suggest that the cost of materials to build these devices is less
than $10. While other technologies certainly exist for larger-scale and less-expensive
power generation for many applications, we believe that this approach is particularly
useful when other power sources are not possible or reliable. In the proposed desert
application, this approach offers the advantage over solar photovoltaics of greater me-
chanical robustness, immunity to coverage by dust storms, and night-time generation.
Miniaturized, portable versions of these devices could be designed to power sensors
on passive robots probing remote environments and tracking beacons for shore birds,
fish, and other wildlife whose movements cause temporal temperature changes. While
A3 shows that smaller sizes produce less power, we can optimize other design features
to generate more power for small devices. For example, increasing either the surface
area-to-volume ratio of HE2 via surface roughening, or adding thermal insulation to
HE! would increase the amount of power generated for a fixed device size. In addition
to optimizing for the geometry and materials for a given size, one must also consider
the rate at which the fluid changes temperature. A device operating on the concepts
presented here could be designed to exploit the temperature fluctuations in the hu-
man bloodstream to power sensors for health monitoring or mechanisms for targeted
drug delivery by considering exotic materials and suitable geometries that generate

an adequate temperature gradient from thermal variations occurring on a faster time
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Figure A.3: Average power density produced by the thermoelectric module as a func-
tion of the thermoelectric modules surface area. Inset shows that power increases with
Reprinted from [5] with permission from Elsevier.

size at small sizes. [5

181



'._1

22 mm ~ 50 mm ] 110 mpmn 130 mm

Figure A.4: Picture of the devices tested, labels indicate the quartz sphere’s diameter.
9] Reprinted from [9] with permission from Elsevier.

scale.

A.3 Experimental Verification

In an attempt to verify the theoretical model described above, five devices with
varying heat exchanger sizes and configurations were built, as shown in Fig. A.4 The
devices consist of a series of 10 e¢m long copper rods attached to a heat-spreading
copper plate, a thermoelectric device with elements composed of bismuth telluride,
and a truncated quartz sphere. The copper rods are the rapid heat exchanger and the
quartz sphere is the slow heat exchanger. The heat exchangers were bonded to the
thermoelectric plate using thermally conductive silver epoxy. Acrylic support plates
were used to secure the vertically upright copper rods and are assumed to have a
negligible effect on the heat transfer to and from the rods. The devices were supported
by stands that made minimal contact with the quartz spheres, shown in Fig. A.4. The
specifications for each devices is presented in Table A.4; throughout this chapter the
devices are referred to by the diameter of the sphere.|9]

To measure the power output of each devices as a function of the temperature
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Table A.4: Device specifications. Reprinted from [9] with permission from Elsevier.

Sphere Sphere Number Copper Thermoelectric | Number of

Diameter | Truncation | of Copper | Rod Di- | Area (mm?) Thermoelectric

(mm) Distance Rods ameter Element Pairs
(mm) (mm)

22 4 1 4.76 15x 15 31

50 11 9 4.76 36 %36 49

80 13 1 9.53 5050 127

110 15 5 9.53 62x62 127

130 13 9 9.53 62x62 127

change over time, each devices was placed in an Espec ECT temperature-controllable
chamber and connected to an external resistor that is approximately load-matched to
the internal resistance of the thermoelectrics. The devices were allowed to equilibrate
at 34°C. Once equilibrated, the temperature of the chamber was sinusoidally varied
from 20°C to 48°C. The voltage across the resistor and the environmental temperatures
were logged during the measurement and the power was calculated using P = L—RE[‘J]
The measured voltage and power output was molded using the method described
above.|5| The device properties including: heat exchanger mass, thermoelectric Seebeck
coefficients, and resistances were all measured experimentally. The heat transfer co-
efficients of the heat exchangers were found experimentally, rather than theoretically,
using the procedure provided by Russell et al.[182] Additionally, the experiment was
performed without a radiation source, and thus this was removed from the model.
With these modifications, the model was found to be in reasonably good agreement
with the experiment and did not require the use of a fitting parameter. Figure A.5
shows the comparison of an experimental and theoretical power profile for the 110 mm
devices for a temperature oscillation period of 1 hour. As the model predicted, the
power profile exhibits a frequency double that of the environment temperature. Note
the device generally takes about three cycles to reach a dynamic equilibrium with the
environmental temperature profile. Thus, the first three power peaks differ from those

of the subsequent peaks; the shape of the power profile approximately repeats after the
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Figure A.5: Experimental and theoretical power profiles for the 110 mm device and the
corresponding environments temperature profile, indicating good agreement between
theory and experiment.|9] Reprinted from [9] with permission from Elsevier.

first three peaks. [9]

A.4 Optimization

In an attempt to optimize the device’s power output, the effect of heat ex-
changer size and geometry was tested using the five devices configurations presented
in Table A.4. To aid in the comparison geometries, we defined a proportionality con-
stant K termed the thermal response rate coefficient. The derivation of the thermal
response rate coefficient is shown in Equation A.23 where T is temperature of the heat
exchanger, h is the convective heat transfer coefficient, p is the density of the heat

exchanger, C, is the specific heat capacity of the heat exchanger, {1 is the surface
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area to volume ratio of the heat exchanger, and 7, is the ambient temperature. All
devices use the same heat exchanger materials, and thus the heat transfer coefficient i
is roughly constant. This results in the ratio of heat exchanger thermal response rate
coefficients reducing to the ratio of heat exchanger surface area to volume ratios. Thus
the ratio Kyapia/Ksiow increases for a given K., with increasing sizes for the slow
heat exchanger, resulting in an increase in the power generation. The effect of increas-
ing the ratio of K,upia/Ksow by increasing the device size is shown in Fig. A.6 where
increasing Kapia/ Ksiow increases the power output. Note the power output eventually

levels off with increasing devices size for Kapid/Ksiow > 3.5.19)]

ar 4
dt  pC,V

A second method to increase power output by increasing the ratio of heat

(T, —T) = K(T, — T) (A.23)

exchanger thermal response rate coefficients is to insulate the slow heat exchanger.
Adding insulation to the slow heat exchanger reduces the thermal response rate coeffi-
cient by reducing the effective heat transfer coefficient. The effect of adding insulation
is shown in Fig. A.7(a) where the theoretical average power output is plotted against
the slow heat exchanger’s heat transfer coeflicient for three values of the rapid heat ex-
changers heat transfer coefficient. Note the average output power rapidly decreases for
the slow heat exchangers heat transfer coefficient that corresponds to Kiapia/Ksiow=1.
This corresponds to the rate of temperature change for each heat exchanger being
equal and no power is generated. The effect of insulating the slow heat exchanger was
experimentally tested by adding layers of 3.175 mm thick polyester insulation to the
slow heat exchanger, shown in Fig A.7 for the 22 mm device and temperature oscilla-
tion period of 1 hour. Adding three layers of insulation resulted in the average power
output increasing from 5.940.8x10~7 W to 7.45+0.04x10~° W. Adding one layer of
insulation to the 130 mm device results in a power increase from 0.12440.004 mW to
0.160£0.002 mW. Thus, insulating the slow heat exchanger is an effective means of

improving the device power output.|9]
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Figure A.6: Experimental and theoretical average power output as a function of
Kapia/ Ksiow indicating increased device sizes result in increased power output.|9]
Reprinted from [9] with permission from Elsevier.
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With the knowledge that the slow heat exchanger can be optimized with added
insulation, we recently theoretically explored the possibility of optimizing the rapid heat
exchanger. The theoretical model suggests that increasing the number of rods from one
to nine and increasing the rod length increase the power output. Both of these changes
effectively increases the surface area to volume ratio of the rapid heat exchanger, which
increases the rate at which the top heat exchanger can change temperature with the
environment. Similarly, increasing the radius of the rods generally decreases the power
output. Finally, attempts to change the orientation of the rods was not conclusive and
is an area worth further exploration. Note the theoretical calculations do suggest that
spacing the rods further apart increases the power output, but alignment of the rods

with respect to air flow direction is inconclusive.

A.5 Summary and Applications

In this chapter I have shown both theoretically an experimentally that a ther-
moelectric power generator placed between two different heat exchanges in a dynamic
temperature environment can produce small amounts of power. Experimentally we
were able to output power on the order of 10~* W, which is comparable to low-
power thermoelectric applications for preamplifiers and sensor control systems and
radioisotope-power probes for space exploration.[183, 184] I have also explained our ef-
fort to optimize the power output of such a device, demonstrating the effects of adding
insulation to the slow heat exchanger and optimizing the geometry of the rapid heat
exchanger. The power output could be further increased with increased thermoelec-
tric efficiency. Additionally, the device materials and geometry can be optimized for
maximum power output.

We recently explored the use of this device to power a Global Positioning System
(GPS) attached to sperm whales. As the whale periodically dives through the ocean
thermals, the device would experience an environment that changes temperature pe-
riodically and the two heat exchanges could convert the temporal temperature profile

into a spatial temperature gradient across the thermoelectric. The goal would be for
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the thermoelectric device to produce enough power to recharge the AA batteries that
power the GPS, allowing the GPS system to run indefinitely. Preliminary results show
that a device made with an acrylic block for the slow heat exchanger and aluminum
fins as the fast heat exchange can produce small amounts of power when submerged in
a tank of water that changes temperature with time simulating a whale diving through
ocean thermals. Unfortunately, this device did not produce enough power to com-
pletely recharge the batteries. However, this device is far from optimized and future

optimization could allow for more power output.
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Figure B.16: Reprint permission for Fig. 1.20.
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Figure B.17: Reprint permission for Fig. 2.1.
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Figure B.18: Reprint permission for Fig. 3.1, Fig. 3.2, Fig. 3.3, and Fig. 3.4.
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Figure B.22: Reprint permission for article [27].
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Figure B.23: Reprint permission for article [5].
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