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ABSTRACT

Upconversion is a process that converts two low energy photons to one high

energy photon. It could be applied to solar cell to increase the solar power conversion

efficiency. A novel upconversion nanostructure consisting of InAs quantum dots (QDs)

and Al-containing dilute Bismuthides was proposed previously[92]. Here I will discuss

the kinetic rate equation model that was developed to describe the kinetic processes

and predict the upconversion nanostructure performance. Combined with detailed

balance approach for the solar cell, the calculation showed that the structure could

potentially improve the solar cell performance significantly. We also analyze the ro-

bustness of the model by considering how the performance of both the upconverter and

an upconverter-backed solar cell are affected by variations in the assumptions made in

the model, including QD absorption cross section, solar spectrum splitting and carrier

lifetimes. We further analyze the performance of the nanostructure as a function of

solar concentration. The theoretical performance of this upconversion paradigm under

concentrated sunlight exceeds 60% solar energy conversion efficiency. Moreover, the

results show that the predicted performance is relatively insensitive to the assump-

tions made in the model, suggesting that practical realization of such a semiconductor

upconverter heterostructure paradigm is possible.

Incorporating a small amount of bismuth could cause a large band gap reduction.

Previous studies on GaBiAs and InGaBiAs have shown that the band gap reduction

occurs mostly in the valence band[64, 5]. This property is helpful for application in

the aformentioned upconversion nanostructure. MBE growth of Al-containing dilute

bismuthides (In)AlBiAs at low temperature was demonstrated. Good quality InAl-

BiAs thin films was achieved. However, AlBiAs growth condition needs to be further

explored to improve the material quality. We estimate band gap reduction from Bi
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incorporation of 47 meV/%Bi and 63 meV/%Bi for InAlBiAs and AlBiAs respectively

(linear band gap reduction value is often used when discussing the Bi-induced band gap

reduction). The experimental determined InAlBiAs band gap agree with valence band

anticrossing (VBAC) theory fairly well when Bi% is less than 3%. Further investigation

on the VBAC model and optimization of the (In)AlBiAs quality are needed.
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Chapter 1

TOWARDS HIGH EFFICIENCY SOLAR CELL

Global energy demand is projected to expand by 30% between 2017 and 2040,

which is the equivalent of adding another China and India to today’s global consumption[3].

Transitioning towards renewable energy is the approach to both reducing greenhouse

gas emission in combating the global climate change, and ensuring energy security.

Among the renewable energy sources, solar energy is the fastest growing. In recent

years, the solar market has been growing strongly as a result of cost reduction and

policy support, surpassing the growth of any other fuel. New PV capacity around

the world grew by 50%, reaching over 74GW in 2016[2]. International Energy Agency

forecasts that the total global PV capacity reaches 740 GW by 2022, with the capacity

addition well above wind and hydro[2]. Improvement on the solar cell efficiency can

further drive the growth. Upconversion, together with other techniques, shows great

potential in improving solar cell efficiency.

This chapter is focused on the introduction to the background information re-

lated to the research, which includes the theory and research development of PV tech-

nology(section 1.1 and section 1.2, and finally on the upconversion(section 1.3).

1.1 Efficiency Limit of Solar Cells

In a solar cell, sunlight is absorbed in the semiconductor material, where electron-

hole pairs are generated. The applied electric field across the p-n junction separates

the electrons and holes that flow through and power the external load (see figure 1.1).

The main loss mechanisms in the solar cell operation are: 1) the photons with

energy lower than the band gap cannot be absorbed; 2) photons with energy higher than

the band gap lose the extra energy through thermalization (figure 1.2. The theoretical
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Figure 1.1: Solar cell structure [81]

efficiency limit for a single junction solar cell is called Shockley-Queisser limit, and

could be derived from detailed balance method which will be discussed in the following

text.

1.1.1 Detailed Balance Model

The efficiency of the solar cell is presented in the form of power conversion

efficiency η, which is defined as the fraction of the power of the incident sunlight that

is converted to electricity:

η =
PSC
Pinc

=
J · V
Pinc

(1.1)

where PSC is the power of the solar cell, J is the current, V is the voltage, and the

Pinc is the power of the incident sun light. The net solar cell power conversion efficiency

is calculated with the detailed balance model introduced by Shockley and Queisser in

1961[97]. We could assume complete absorption of photons above the band gap by the

solar cell, and that each photons absorbed creates exactly one pair of electron and hole.
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Figure 1.2: Fundamental loss mechanisms in solar cell operation as a function of the
band gap [51]

The absorption of sub-band gap photons is zero. The detailed balance model examines

all the electron generation and recombination process to extract the electrical current

flow out of the cell to power up the external device, i.e.,

φout =φab − φemi

J =e · (φab − φemi)
(1.2)

where φab is the absorption flux, φemi stands for the emission flux, and e is the electron

charge. The thermal radiation could be described in the form of Plank’s distribution

for blackbody radiation:

φ(Ea, Eb, T, µ) =
2π

c2h3

∫ Eb

Ea

E2

exp(E−µ
kBT

)− 1
dE (1.3)

φemi(Eg,∞, T, µ) =
2π

c2h3

∫ ∞

Eg

E2

exp(E−µ
kBT

)− 1
dE (1.4)

≈ J0
(
exp(

eV

kBT
))− 1

)
(1.5)

where J0 =
2π

c2h3

∫ ∞

Eg

E2

exp( E
kBT

)− 1
dE (1.6)

3



Figure 1.3: Solar energy conversion efficiency limit for a single junction cell, calcu-
lated with AM1.5-global spectrum[1]

where µ is the quasi-Fermi level separation. J0 is called saturation current. The current

in the solar cell could be rewritten as:

J = eφab − J0
(
exp(

eV

kBT
)− 1

)
(1.7)

= JL − J0
(
exp(

eV

kBT
)− 1

)
(1.8)

In the work presented in this dissertation, AM1.5 spectrum at 1976 US standard

atmosphere (288.15K @ 1 atm) is applied to calculate the Pinc and JL. The efficiency

limit of single junction solar cell illuminating under one sun condition, with band gap

ranging from 0.4 eV to 4.3 eV calculated from the detailed balanced method is shown

in figure 1.3. The maximum solar cell efficiency is 33.7%, occurring around band gap

value of 1.3 eV. For the most popular solar cell material, silicon, the efficiency limit is

calculated to be 32%.
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1.2 Emerging Technologies for High Efficiency Solar Cell

Solar cells could be classified into three generations. The first generation solar

cell is the traditional crystalline silicon based solar cell. Thin film solar cells, such as

amorphous silicon, CdTe and CIGS cells are called second generation cells. The third

generation of solar cells includes both new cell materials like dye-sensitized solar cell

(DSSC), organic solar cell and perovskite cells, and new technologies to increase the

solar cell efficiency past the Shockley-Queisser efficiency limit, such as multi-junction

solar cell. Third generation aiming at achieving high solar conversion efficiency, thus

reducing the cost per watt since smaller area is needed for power generation. The goal

is to reduce the cost from $1 per watt to $0.5, or potentially $0.2 per watt [26].

The efficiency of single junction GaAs and Si solar cell has reach 27.8% and

26.1% respectively [40], close to the Shockley-Queisser limit. As mentioned in section

1.1, the thermalization of hot carriers and transmission of sub-band gap photons are the

main loss pathways of the solar energy (figure 1.2). In this dissertation, the transmitted

sub-bandgap photons are called low energy photons, corresponding to the high energy

photons that refers to the photons with energy higher than the solar cell band gap.

The approach to solving the challenge of further increasing efficiency is to maximize the

utilization of solar spectrum by harvesting the lost energies, either from the transmitted

low energy photons or the thermalization losses of the high energy photons. This could

be achieved by introducing multiple energy levels into the system to effectively collect

photons with different energies, or by capturing carriers before thermalization. There

are several implementations that work on different mechanisms, which will be discussed

in details in the following sections.

Multi-junction solar cell, or tandem solar cell, combines p-n junctions of differ-

ent materials into the stack, each section can absorb different photon energies, thus

increasing the efficiency by broadening the solar spectrum absorption range. The high-

est solar cell efficiency is 46.5%, achieved with a 4-junction cell by Tibbits et al. [105].

The predicted efficiency limit depends on the number of subcells. The maximum is
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Figure 1.4: Left: Structure of multi-junction solar cell[73]. Right: AM1.5 solar spec-
trum, with the maximum electricity conversion efficiency for every junc-
tion as a function of the wavelength[67].

68.2%(unconcentrated sunlight) and 86.8%(concentrated sunlight) with infinite num-

ber of subcells[110]. However, for the multiple subcells connected in series, the current

is very sensitive to spectral variation during the day, for terrestrial application.

Intermediate band solar cell (IBSC) contains an intermediate band (IB) ma-

terials between the original p- and n- section of the original single-junction solar cell

(Fig.1.5). By introducing an IB between the conduction and valence band, the sub-

bandgap photons could be absorbed through the VB to IB, and IB to CB transitions,

in addition to the VB to CB transition. Theory based on the detailed balance model

suggested IBSC efficiency could reach 47%[59]. However, the impurity band could also

be non-radiative recombination center, which prevents overall gain of extra current

from low energy photon harvesting. relaxation of excited electrons to IB is very fast.

Quantum dots (QD) could be used to generate IB. QD-IBSC are most widely studied,

however, no experimental cell have been able to demonstrate an increase of solar cell

efficiency compared to a single-junction reference cell. They all suffer from inability

to preserve voltage[60]. Using novel HMA Bulk IB materials like ZnTeO, has been

reported to have an 50% increase of power conversion efficiency compared to the ZnTe

reference cell[113].
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Figure 1.5: Band diagram of an intemediate band solar cell, (1) and (2) represent sub-
band gap photon absorption and (3) represents above-band gap photon
absorption.[60]

Another way to increase the solar cell efficiency past Shockley-Queisser limit

for single junction cell is upconversion, which will be discussed more thoroughly in the

next section.

1.3 Upconversion: Principle and Progress

Instead of introducing multiple band gaps within the solar cell, one can recycle

the low energy photons by converting them into high energy photons through a pro-

cess called upconversion. Upconversion is very useful in various applications, such as

bioimaging[30], medical therapy[111], lasers[90], and photovoltaics. In the upconver-

sion process, two or more low energy photons are absorbed and promote an electron

from ground state to high energy excited state through an intermediate state, the re-

laxation of the electron emits one high energy photon. Gibart et al. proposed to apply

upconversion process to enhance solar cell efficiency in 1996, and demonstrate the fea-

sibility with a ultra thin GaAs cell[39]. Trupke et al. first constructed a theoretical

model that predicted a maximum solar cell efficiency of 47.6% under non-concentrated

light.
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Figure 1.6: AM1.5 spectrum with the orange and red sections representing the low
energy photons to be upconverted, the emitted high energy photons in
bright green. The effective photon flux for the solar cell is the bright
green plus dark green.

1.3.1 Constraints and Requirements on the Upconverting System

An upconversion device, or upconverter, will be placed on the back of the solar

cell, electrically isolated from the solar cell with an transparent insulating layer as back

contact (as shown in figure.1.7 (a)). The low energy photons that transmit through

the solar cell will be converted into high energy photons in the upconversion layer.

The reflective layer helps reflecting the high energy photons to the solar cell to be

utilized. Integrating an upconversion layer, with the solar cell can increase the effective

photon flux on the solar cell, thus increasing the photocurrent while still preserving the

voltage. With the upconversion layer being electrically isolated from the solar cell, the

intermediate-energy states utilized for low-energy photon absorption are not located

within the host solar cell. The addition of the upconversion layer will not degrade the

solar cell performance, which is a key advantage of upconversion compared to IBSC.

The performance of the solar cell and upconversion materials could be independently

optimized.
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Figure 1.7: a). Schematic of a single-junction solar cell backed by an upconverter.
High energy photons (green) is absorbed by the host solar cell, while low
energy photons (orange and red) transmit through to be converted to
high energy photons and return to the host cell. Schematic depiction of
upconversion process with b): no energy loss, c)-d): intentional energy
loss used to suppress radiative and nonradiative loss.[93]
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Schematic upconversion process is shown in figure 1.7(b). Sequential low en-

ergy photon absorption excites the electron to high energy state, and the radiative

recombination of the electron across the entire gap emits one high energy photon. The

upconversion efficiency is limited by relaxation after each absorption step. To improve

the efficiency, it is necessary to move the electron to a lower lying state after excitation

to suppress the radiative and non-radiative loss( figure 1.7 (c) and (d)).

Photon energy sacrifice (PES) is defined as the intentionally introduced

energy lost during the upconversion process, analogous to the relaxation energy defined

by Trupke[107]. In Trupke’s work, including some amount of relaxation energy, which

comes from allowing the electrons or holes in excited states to relax to slightly lower

energy states, improves the upconversion efficiency significantly[9]. The theoretical

maximum of 47.6% solar cell efficiency is achieved based upon 330 meV of relaxation

energy in the system. Some intemediate band solar cell designs have also adopted this

concept of photon ratchet and proposed to implement with a quantum cascade design

[118, 27].

Another important parameter in the upconversion system is the absorption

bandwidth (AB), which is the spectral range of low-energy photons that can be ab-

sorbed by the upconversion material. For an upconverison system to make a significant

improvement on the solar cell efficiency, AB should be engineered to be as wide as pos-

sible.

1.3.2 Upconverting Materials/Systems

Upconversion has been observed in various material systems. There are three

typical upconversion materials available for photovoltaics application. One is the rare-

earth-doped nanocrystals known as Lanthanides (e.g. NaYF4 : Er3+,Yb3+) [36, 112].

The most efficient upconversion mechanism in Ln involving two ions is that the exci-

tation energy of two ions in close vicinity is transferred by energy transfer resulting in

one ion to be found in a higher excited state whereas the other ion is in a lower ex-

cited state, known as the energy transfer upconversion (ETU). The typical absorption
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bandwidth of the Yb3+ ion sensitizer in Lanthanide materials is around 40 nm with a

small absorption cross section; using organic dyes as the absorber could expand this

range[114]. Current state of the art Lanthanides-doped nanocrystals could achieve up-

conversion efficiency of more than 16% [85].Multiple core-shell structure spatially sep-

arating different rare-earth ions could avoid the cross relaxation between the ions while

widening the absorption bandwidth. Shao et al. demonstrated absorption bandwidth

of 270 nm with NaY F4 : 10%Er3+@NaY F4@NaY F4 : 10%Ho3+@NaY F4@NaY F4 :

1%Tm3+@NaY F4 multiple core-shell structure [115]. Lanthanide ions doped upcon-

version layer integrated with solar cell has been demonstrated on various solar cell

materials, including c-Si, a-Si, DSSC, and achieved noticeable improvement on the cell

efficiency [28, 31, 58].

The other popular upconversion material is the organic molecules upconverting

based on triplet-triplet annihilation (TTA) process that uses conjugated molecules as

emitters and organometallic complexes as a sensitizer[98, 10], which is more promis-

ing compared to the rare-earth doped nanocrystals since it has higher upconversion

quantum efficiency even at lower excitation power, for example, more than 30% up-

conversion quantum yield [77, 24]. In the upconversion process, a sensitizer is excited

to the lowest singlet state and relaxes through intersystem crossing to the triplet state.

The triplet state of the sensitizer transfers the energy to the emitter triplet state. Two

emitter molecules in the triplet state annihilate yielding one emitter in the high energy

singlet state that emit an high energy photon, and one in the ground state (see figure

1.8). Typical TTA systems have a narrow absorption bandwidth of tens of nm [14].

Recent advances that include multiple sensitizers could increase the absorption band-

width in TTA systems to more than 100 nm[71, 44, 23]. Schulze et al. demonstrated

a 0.2% increase in photocurrent under concentrated sunlight in a TTA-UC solar cell

integrated system, and calculated to show that the maximum current enhancement

from the PQ4PdNA sensitizer on a-Si:H solar cell could be 0.4mA/cm2.[91]. However,

current successful TTA system emits at short wavelength (≤780nm ). Therefore for

most solar cells, TTA cannot enhance the efficiency significantly. It could, however,
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(a) (b)

Figure 1.8: a) Energy transfer upconversion process in Lanthenides upconversion sys-
tem (based on figure in reference [96]; b) The process in TTA upconver-
sion. The singlet state S1s of the sensitizer molecules is excited low-energy
photons, followed by intersystem crossing (ISC) into the long-lived triplet
state T1s. Triplet–triplet energy transfer (TET) excites emitter molecules
to their lowest triplet state T1e. TTA excites a high-energy singlet state
S1e in one of the emitter molecules. Radiative decay into the ground
state leads to the emission of one upconverted photon.[41]

work well with wide band gap solar cells, such as DSSC. TTA-backed DSSC has been

demonstrated to achieve large photoncurrent enhancement of 18.8% and 35.2% under

1- and 2-sun illumination[57]. TTA is also used to construct IBSC [51].

The third type of material for application on photovoltaics is semiconductor

quantum nanostructures. By carefully tailoring the band alignment in the nanos-

tructure consisting of different compound semiconductor materials, the second photon

absorption can be achieved through two step two photon absorption or Auger mediated

energy transfer[32, 33]. Compared to the molecular systems, the semiconductor-based

upconversion has the advantage of broad absorption bandwidth as well as good con-

trol of the electronic band structure. The Oron group demonstrated upconversion

from near infrared to visible wavelengths in colloidally-synthesized PbSe/CdSe/CdS

core/shell QDs under pulsed optical excitation [102] (see figure.1.9), as well as in the
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Figure 1.9: PbSe/CdSe/CdS upconversion structure and band alignment. [102]

system consisting two CdSe(Te) QDs seperated by CdS tunneling barrier that upcon-

verts 680nm into 570nm light with upconversion quantum yield of 0.1%[32]. There are

also recent reports on using a hybrid semiconductor nanocrystal-TTA upconversion

system that takes advantages of the broad absorption bandwidth of the semiconductor

materials[61, 70, 62].

Another paradigm of applying upconversion process to solar cell that is different

from the electrically isolated upconversion system, is to achieve upconversion within

the solar cell by redesigning the solar cell structure, similar to the IBSC. Two photon

upconversion has been known to occur at the hetero-interfaces between III-V semicon-

ductors and InAs/GaAs QD[103, 79, 50, 25]. Asahi et al. developed a two step photon

upconversion solar cell(TPU-SC) with a hetero-interface where upconverted electrons

are directly collected by the top electrode in solar cell[8], and observed an large in-

crease in both the photocurrent and photovoltage. Solar cell efficiency exceeding 50%

is possible using this TPU-SC structure [7].

In this chapter, I have introduced the main loss mechanisms that limit the solar

cell power conversion efficiency and discussed several approaches to surpassing the limit.

Upconversion, which converts two low energy photons to one high energy photon, is

very promising in improving the solar cell efficiency. I will have in-depth discussion

on both the theoretical and experimental work on a novel upconversion nanostrucutre

using semiconductor material in this dissertation.
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Chapter 2

KINETIC RATE EQUATION MODEL FOR A NOVEL
UPCONVERSION NANOSTRUCTURE

With the aforementioned advantages over the molecular upconversion system,

semiconductor based upconversion system has a great potential in the PV application.

Figure 2.1 plots the potential improvement on the solar cell efficiency for the currently

most-studied upconversion materials Lanthanides-doped nanocrystals and TTA sys-

tems based on the reported experimental upconversion efficiencies[85, 77]. Although

the efficiency could be further increased for these materials, the potential impact is

limited by the energy that these systems work in (around 1.3 eV for Ln-based, and

around 2 eV for TTA based materials), which do not fall in the range where most

solar photons reside. Ideally, the upconversion system should around 1.2-1.5 eV, where

the Shockley-Queisser efficiency limit peaks. This is achievable with semiconductor

upconversion system. A novel solid state nanostructure that implements upconversion

for high efficiency photovoltaics was introduced by Sellers et al.[92]. In this chapter,

I will discuss the details of the nanostructure, and the kinetic rate equation model

that was developed to predict the theoretical performance of the upconversion nanos-

trucutre and its impact on the solar cell efficiency. This chapter is organized into

three parts: section 2.1 introduces the proposed upconversion nanostructure, section

2.2 provides detailed description on the kinetic rate equation model and section 2.3

discuss the theoretical performance from the kinetic rate equation model calculation.

The work presented in this chapter was performed in collaboration with Dr. Eric Y.

Chen, Dr.Diane Sellers and Dr. Matthew Doty, and published in reference [21, 93, 92].
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Figure 2.1: Calculated improved solar cell efficiency from addition of Ln-doped
nanocrystals and TTA upconversion systems, compared to Shockley-
Queisser limit for a single junction solar cell.

2.1 A Novel Solid-state Upconversion Nanostructure

The proposed solid-state upconversion nanostructure (shown in figure 2.2) con-

sists of an epitaxially-grown heterostructure composed of an InAs quantum dot em-

bedded in InyAl1–yBixAs1–x (InAlBiAs) compositionally-graded barrier. The InAlBiAs

graded funnel region is used to guide carriers to the recombination zone, via built-in

quasi-electric field as a result of the energy difference between the left and right side

of the funnel. Both low energy photons are absorbed within the InAs QD via two step

two photon absorption. The active region is confined in InAlGaAs barrier. The new

paradigm for photon upconversion engineering semiconductor nanostructures to make

a small sacrifice of energy after each photon absorption step (the “photon ratchet”).

This controlled energy sacrifice dramatically improves upconversion efficiency and min-

imizes the loss of energy to heat. To describe the processes taking place within the

structure, we denotes the states that carriers could resides in with number 1 to 5. State

1 is the valence band edge of the InAs QD. State 2 is the lowest confined state of the

15



Figure 2.2: Schematic of the proposed novel upconversion nanostructure and available
states. Pathways that carriers go through in the upconversion process
are indicated by the colored arrows. The continuum band energy states
are indicated by the red and black graded regions. The solid black dot
represents electrons and the empty dot represents holes.

InAs QD conduction band. State 3 is the minimum energy of the continuum density

of states above the InAlBiAs conduction band edge in the vicinity of the QD (i.e. it is

the lowest energy state from which electrons have no energy barrier to escape to state

4). State 4 describes the conduction band states in the recombination zone. Electrons

added to state 4 originate in the adjacent states 3 and 5. State 5 describes the valence

band states in the recombination zone.

The first photon absorption step promotes the electron to the first excited state

of the InAs QD (1→2) via an interband transition. The hole rapidly escapes to the right

side of the graded InAlBiAs barrier due to the built-in electric field in the valence band

of the InAlBiAs and the zero valence band offset between the InAlBiAs left barrier and

the InAs QD (1→5). This spatial separation of the electron and hole suppresses the

recombination loss pathway after the first photon absorption. The second low energy

photon excites the electron to the bulk conduction band state (2→3) via an intraband

transition. States 1 and 3 have a continuous density of states in the valence and
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conduction bands, respectively. As a result, the optical absorption in both transitions

is broadband, as the absorption of a direct gap semiconductor for photons with energy

larger than the band gap. Electron relaxation within the QD is suppressed by phonon

bottleneck effect, which occurs in low dimensional QDs where the mismatch between

the discrete energy levels and phonon frequencies leads to a long carrier relaxation

time[101, 108]. The slow relaxation allows a relatively high probability that electrons

escape out of the QD to the right side of the InAlBiAs barrier. The electron can then

recombine with the hole, emitting a high energy photon. The carrier escape to the

recombination zone is driven by the potential energy sacrifice in the graded InAlBiAs

region, which results in a photon energy sacrifice (PES, the amount of energy sacrifice

is denoted as ∆EPES). Note that ∆EPES is the sum of two energy sacrifices, one in

the valence band (∆EVB) of the InAlBiAs layer and the other in the conduction band

(∆ECB).

∆EPES = ∆ECB +∆EVB (2.1)

The design for the upconverter backed solar cell would have 50 or more up-

converter layers to fully absorb low energy photons in the sunlight (figure 2.3). No

current is harvested from the upconversion nanostructure. This new paradigm for pho-

ton upconversion could be implemented with both epitaxially-grown Quantum Dots

(QDs) embedded in semiconductor heterostructures and solution-processed colloidal

core/multi-shell QDs, such as CdSe(Te)/CdSSe/CdSe system. Here I modeled an epi-

taxial system with the structure of InAs QD and InAlBiAs funnel barrier.

2.2 Kinetic Rate Equation Model

In the detailed balance calculation developed by Trupke et al.[107], the upcon-

verter is modeled as two solar cells in series driving one large bandgap LED. This is

an idealized model that provides a good framework for estimating the maximum solar

energy harvesting that could be obtained via upconversion. However, practical realiza-

tion of improved solar energy harvesting via upconversion depends on many details of

the upconversion process. We develop a kinetic rate equation model that allows us to
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Figure 2.3: Schematic of upconverter-backed solar cell. The upconverster layer con-
sist of multiply layers of the proposed nanostructure[21].

evaluate the performance of the proposed upconversion nanostructure using the known

material parameters which provides an approach to optimize the structure by varying

details including PES and spectrum splitting. In the following sections, I will discuss

the methods used to compute and optimize net solar energy harvesting for a host solar

cell backed by this upconversion material in detail.

The kinetic rate equation model computes the change of carrier concentration

with time at each of the 5 possible states depicted in figure 2.4 as a function of the

rates of the possible transitions associated with the carriers in the respective materials.

The rate constant from state i to state j (i,j = 1 to 5) is denoted in kij.

The figure of merit that quantifies the upconversion material performance used

here is the internal upconversion quantum efficiency (iUQE), which is defined

as the number of high energy photons upconverted per pairs of low energy photons

absorbed. The maximum iUQE is 100% under this definition. Note that some literature

use internal upconversion quantum yield that is defined as the number of high energy

photons upconverted per number of low energy photons absorbed, which results in an
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Figure 2.4: Schematic of the band diagram of a single upconverter nanostructure,
with competing pathways indicated by the colored arrows. [21]

upper limit of 50%.

2.2.1 Solar Spectrum Splitting Between the Two Photon Absorption Pro-

cesses

The two photon absorption processes in InAs QD target different bands of

the solar spectrum, which will maximize the use of solar spectrum (figure 2.5 left).

This is similar to the spectral utilization in multi-junction devices except that current-

matching between the solar cell and upconversion layers is not necessary. We define

several parameters related to the processes: E3 is the energy of the emitted upconverted

photon, E1 is the minimum photon energy required for transition 1→2, E2 is the

minimum photon energy required for transition 2→3, and Eg is the host cell band gap

(see figure 2.5). The model finds the optimal spectral bands for the low-energy photon

absorption according to the following constraints:

E3 = E1 + E2 −∆EPES (2.2)

E3 ≥ Eg > E1 > E2 (2.3)
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Figure 2.5: Solar spectrum with energy levels in the upcnoversion system labeled.[93]

Equation 2.2 states that the difference between the upconverted photon energy

and the sum of the incoming low energy photon energies is equal to the total PES of

the system. Equation 2.3 requires that the upconverted photon energy is greater than

the energy of the host cell band gap. Photon selectivity, which constrains photons with

energy in the range from E1 to Eg only excite carriers via process 1→2 and photons

with energy between E2 to E1 only excite carriers via process 2→3, is also assumed.

This assumption is commonly applied in other theoretical calculations, as in the work

by Trupke et al.[107]. Because two low-energy photons are required to produce one

high-energy photon, the initial approach taken is to match the two photon absorption

rate to achieve high iUQE, at the operating PES and absorption cross sections of

our characteristic nanostructure. AM-1.5 spectrum is used to calculate the photon

flux. The optimal energies for the E1 and E2 transitions are computed for every host

cell band gap in order to achieve photon fluxes that result in approximately equal

absorption rates (kij) for both transitions. kij is calculated by multiplying the total

flux of solar photons within the absorption bandwidth of each transition (N ij
photons) by

the absorption cross section of that transition (α12 is the InAs QD interband absorption
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cross section, α23 is the InAs QD intraband absorption cross section, both taken from

literature reported values as summarized in table 3.1) as follows:

k12 =
E2∑
E1

N12
photons × α12

k23 =
E3∑
E2

N23
photons × α23

(2.4)

The results of this calculation are shown in figure.2.6. The photon absorption

rate will depend on the AB, which varies as a function of the selected host cell band

gap and the PES introduced into the system. As an example, the calculation below is

performed for a GaAs solar cell backed by a 280 meV PES upconverter.The calculation

using equation 2.4 yields a k12 and k23 on the order of 103 photons per second. We

note that result is only valid for some spectral range as the achievable band gaps of

the constituent materials is limited. Although some energy range is not feasible with

the proposed material, the purpose of applying the model to the full spectral range

is to examine how different host cell band gap response to the addition of an ”ideal”

upconversion layer.

The minimum photon energy that can drive process 1→2, for example, is the

energy difference between the confined state in the QD and edge of the valence band.

A photon with slightly higher energy could be absorbed by promoting an electron

from deeper within the valence band. This optical absorption would result in an

excited hole that rapidly relaxes to the valence band edge (state 1). The rate of this

intraband relaxation is a few hundreds of femtoseconds, faster than all other processes

in our model, and is therefore neglected in our models. The potential energy gradient

implemented in the InAlBiAs zone allows us to control the carrier drift velocity and

thus the rates at which electrons and holes are extracted from the QD region and

transferred to the recombination zone.

2.2.2 Upconversion Kinetic Rate Equations

In the kinetic rate equation model, a system of rate equations that describes the

carrier dynamics is solved. The equilibrium populations of the five states designated
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in figure 2.2 are computed. Each equation describes the physical processes by which

the carrier population of that state changes, including photon absorption, radiative

recombination, carrier escape and non-radiative loss. Literature values for similar

material systems for the radiative and non-radiative relaxation rates are used. All the

rate constant values are compiled in table 2.1. And literature values used are complied

in table 3.1. The population n in state i (or j) is given as a function of time t. n

is not the conventional carrier density, but represents the state occupation of i. The

subscripts h and e represent the hole and electron. nc is the maximum number of states

available in state 2. The equations that will be discussed in detail are:

∂n1h(t)

∂t
= k12 ·

(
1− n2,et

nc

)
+ k51 · [n5,h(t)

− n1,h(t)]− k21 · n2,e(t) · n1,h(t)

+ k15 · n1,h(t)

(2.5)

∂n2,e(t)

∂t
= [k12 + k32 · n3,e]

(
1− n2,e(t)

nc

)
− k23 · n2,e(t)

− k21 · n2,e(t) · n1,h(t)

(2.6)

∂n3,e(t)

∂t
= k23 · n2,e(t) + k43 · [n4,e(t)− n3,e(t)]

− k32 · n3,e(t)

(
1− n2,e(t)

nc

)
− k34 · n3,e(t)

(2.7)

∂n4,e(t)

∂t
= k34 · n3,e + k54 − k43 · [(n4,e(t)− n3,e(t)]

− k45 · n4,e(t) · n5,h(t)

(2.8)

∂n5,h(t)

∂t
= k15 · n1,h(t) + k54 − k51 · [n5,h(t)− n1,h(t)]

− k45 · n4,e(t) · n5,h(t)

(2.9)
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2.2.2.1 Holes in State 1 - Equation 2.5

The rate at which holes in state 1 change with time depends on the equilibrium

populations and rates of carriers transferring between adjacent states 1 and 2 (for

electrons) and states 1 and 5 (for holes). The sign correspond to carrier generation or

leaving the state.

Holes are generated by photon absorption with rate constant of k12 that is

dependent on the AB and host cell band gap, and is on the order of 103 per second. In

addition, the rate is limited by the maximum charge occupancy of state 2, nc, which

corresponds to the maximum number of electrons that can be contained in the InAs

QD. In our model we take nc to be 6 (2 electrons in each of the s, px, and py states).

Holes leave state 1 to state 5 via the built-in electric field, and is described as

a drift process. The drift rate of holes from state 1 to state 5, k15, is related to the

electric field ϵVB from the potential difference between the initial and final state of the

hole (equation 2.10). It is calculated using the mobility of holes (µh) in GaBiAs [53]

and is directly proportional to the ∆EVB (equation 2.11).

ϵVB =
∆EVB

l
(2.10)

k15 = µh
ϵVB

l
(2.11)

State 1 population increases when holes diffuse from state 5 to state 1. The dif-

fusion of holes is described by a rate constant k51 and is proportional to the population

difference between states 5 and 1 and the exponential of the ∆EVB. The full expression

for the diffusion process is shown in equation 2.13 based on Fick’s Second Law, where

the diffusivity Dh is obtained Einstein’s relation (equation 2.12), and calculated using

the mobility of holes µh in GaBiAs [53]. The full length of the InAlBiAs barrier is 100

nm. We assume that a hole at least leff = 20 nm away from the QD is sufficiently far

away to suppress k21 and can be considered to effectively be in state 5. The diffusion
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process, which drives carriers up a potential energy gradient, is also dependent on the

exponential term that considers the thermal contribution.

Dh = µh · kB · T (2.12)

∂n5,h(t)

∂t
=

Dh

l − leff

[
n5,h(t)− n1,h(t)

l − leff

]
exp

(
−∆EVB

kT

)
(2.13)

k51 =
Dh

(l − leff)2
exp

(
−∆EVB

kT

)
(2.14)

k21 describes the radiative recombination of an electron from state 2 with a

hole from state 1, which decrease the hole population in state 1, and is equal to 1/τ21

with τ21 being the radiative lifetime. We estimate the rate for our nanostructure to

be two orders of magnitude slower than the rate for InAs quantum dots in a GaAs

matrix [65, 94]. This estimate is supported by measurements of the radiative lifetime

in type-II InAs/GaAs1−xSbx QDs being longer than the InAs/GaAs system[20, 75].

These lifetimes are attributed to the reduced overlap of the electron and hole wave

functions, which may be a conservative estimate due to the zero valence band offset

that allows for a broader spatial extent of the hole wave function in our nanostructure.

All the literature values used in the model are listed in table 3.1.

2.2.2.2 Electrons in State 2 - Equation 2.6

The rate at which electrons population changes in state 2 depends on the equi-

librium populations and rates of carriers flowing between state 2 its adjacent states 3

(for electrons) and 1 (for holes). The term containing rate constants k12 representing

the electron-hole generation through photon absorption and the term containing k21

representing electron-hole recombination are thoroughly described in the previous part

2.2.2.1.

The term with k32 correspond to intraband relaxation within the InAs QD from

state 3 to state 2, depending on the intraband relaxation lifetime. The rate constant k32
is equal to 1/τ32 with τ32 being the intraband relaxation lifetime. The rate is weighted

25



by the occupation of the QD. Electron leaves state 2 via second photon absorption

and excited out of the QD ground state. The rate depends on the photon arrival rate

and the number of available electrons on state 2. k23 is on the order of 103 s−1 from

calculation based on equation 2.4. Note that the absorption of a low-energy photon

that drives the transition 2→3 does not depend on the occupancy of state 3 because

of the continuous density of states in the conduction band of the InAs.

2.2.2.3 Electrons in State 3 - Equation 2.7

The rate constants k32 and k34 describe electrons leaving state 3, while k43 and

k23 describe electrons entering state 3. Electron leaves state 3 via drift process and

populates state 3 via diffusion process, same mechanism as described for holes in state

1 in subsection 2.2.2.1. The diffusion and drift rate of electrons is of the same form

as equation 2.13 and 2.11, except for that the subscript is substituted from “h” into

“e”and that the processes depend on the energy sacrifice in the conduction band.

Literature value of the mobility of electrons µe in GaBiAs is used.

2.2.2.4 Electrons in State 4 - Equation 2.8

Population of electrons in state 4 increase from electrons escaping state 3 via

drift process, and decrease from electrons diffusing back to state 3 and radiative re-

combination with holes in state 5 resulting in emission of high energy photons. The

drift and diffusion process takes the same form as in equation describing electrons in

state 3.

The recombination rate depends on the electron and hole population in state

4 and 5, and on the electron lifetime τ45 which is reflected in rate constant k45. This

lifetime is approximated as the radiative lifetime of carriers in a GaAs QW [48, 43].

Because our model considers only a single upconversion nanostructure, we assume that

reabsorption of photons emitting from the same structure is negligible, i.e., k54, the

generation of excitons in the QW by optical absorption, is zero.
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2.2.2.5 Holes in State 5 - Equation 2.9

Population of holes in state 5 increase from holes escaping state 1 via drift pro-

cess, and decrease from electrons diffusing back to state 1 and radiative recombination

with electrons in state 4. The drift and diffusion processes are described in subsection

2.2.2.1. The radiative recombination is described in subsection 2.2.2.4

2.2.3 Solving for Internal Upconversion Quantum Efficiency

We assume all states are empty at t = 0 and numerically solve the rate equations

to find the steady-state solution, which returns the steady-state carrier population in

all the five states. The internal upconversion quantum efficiency (iUQE) of a single

upconversion nanostructure is calculated as:

iUQE = 100%× 2 · k45 · n4,e · n5,h

k12

(
1− n2,e

nc

)
+ k23 · n2,e

(2.15)

The numerator accounts for the rate of high energy photon emission from state

4 to 5 electron-hole recombination. The denominator accounts for the inter- and intra-

band photon absorption processes in the InAs QD. Steady-state population from solv-

ing the model are used for ni,e/h. The factor ”2” in the numerator is to correct the

upper limit of iUQE to 100% from 50% given that one high energy photon is emitted

per pair of low energy photon absorbed at maximum iUQE .

2.2.4 Calculating Solar Cell Efficiency

The results from the kinetic rate equation model for upconversion nanostructure

is combined with the detailed balance method for solar cells to obtain the total solar

energy conversion efficiency of a single-junction cell backed by an upconverter. The

external upconversion quantum efficiency, which is defined as number emitted high

energy photons per pairs of low energy photon incident on the upconverter, is assumed

to be equal to the iUQE. We modified the current density equation 1.7 used in the
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detailed balance method to include the extra photons contributed by the upconversion

layer:

JT = eNphotons − J0 · exp(
eV

kB · Tcell
) (2.16)

Nphotons = Nhostcell +Nupconverted (2.17)

where JT is the total current density, Nphotons is the photon flux incident on the

host solar cell, which consists of both the incident solar photons with energy above the

host cell band gap and the high-energy photons emitted by the upconverter. Nhostcell is

the flux of incident solar photons with energy above the host cell band gap under one-

sun conditions and Nupconverted is the flux of upconverted high-energy photons returned

to the host cell from the upconverter. We can determine the Nupconverted by computing

the flux of photons incident on both upconversion transitions from the solar spectrum

(E1 to Eg and E2 to E1), choosing the smaller of the two (e.g. red line in figure 2.6 (b)),

and multiplying this number by the iUQE, assuming that there is sufficient number of

layers of upconversion nanostructure to absorb all the solar photons.

2.3 Theoretical Performance of the Upconversion Nanostructure and

Upconverter-backed Solar Cell

This section, we will discuss the results from the kinetic rate equation model.

The iUQE and solar conversion efficiency are calculated for a wide PES range, and

for host cell band gap ranging form 0.4 to 4.5 eV (corresponding to the energy range

of the photons in the solar spectrum). Again, although some energy is not feasible

with the proposed material, we applied the model to the full spectral range to examine

how different host cell band gap response to the addition of an upconversion layer

designed for that specific energy range. The result will serves as a guideline for future

upconversion material development by pointing out the importance of some structural

parameters on upconversion performance. In addition, the kinetic rate equation model

can be generalized to any material platform that implements upconversion in a similar

fashion.
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Figure 2.7: Equilibrium populations for increasing time (offset for clarity). At equi-
librium the populations in states 2 and 5 reach ≈ 0.8 carriers per state
while the other states have no carriers. Assuming GaAs host cell.[21]

2.3.1 Steady-State Population

At steady state, the populations in states 2 and 5 reach ≈ 0.8 carriers per

structure while the other states have no carriers, as shown in figure 2.7. Since less

than 1 carrier occupies each state at equilibrium, we therefore do not consider changes

to the quasi-Fermi levels (QFLs) or band bending when using these rate equations to

compute the performance of a single nanostructure.

2.3.2 Upconversion Nanostructure Performance and Impact on Solar Cell

Efficiency

Figure 2.8 plots the iUQE of the proposed upconversion nanostructure layer as

a function of both the band gap of the host cell and the PES value. iUQE strongly

depends on the PES value. More than 200 meV of PES is required in the nanostructure

to yield significant iUQE. An increase in the PES increases the rate of carrier drift into

states 4 and 5 and decreases the rate of carrier drift out of these two states. In other

words, adequate PES is required to increase the rate of carriers escaping to the state

4 and 5 for raidative recombination to compete with the loss pathways. As a result,

iUQE is strongly dependent on PES. A PES of approximately 400 meV is necessary to
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Figure 2.8: Left: iUQE for solar cell band gaps ranging from 0.4 to 4.75 eV with
varying values of PES. Right: Assuming GaAs host cell(Eg = 1.42eV ),
iUQE as a function of the PES[21].

reach high iUQE, but additional PES beyond this point does not significantly improve

iUQE. The maximum iUQE is around 96%.

Net solar energy conversion efficiencies exceeding 39% could be realized with

PES values larger than 400 meV by using host solar cells with band gaps between 1.3

and 1.75 eV (figure 2.9 (top)). Note that GaAs, with a band gap of 1.42 eV, lies within

the window of host cell band gaps for which overall high efficiency improvements can

be achieved. Figure 2.9 (right) shows the net solar conversion efficiency for several

common solar cell materials. The wide band gap solar cells (e.g. GaAs, CdTe, CGS)

yield the highest net solar conversion efficiency at moderate PES, and have the largest

net improvement of efficiency from addition of the upconversion layer. Enhancement

on the solar cell efficiency starts to drop when PES exceeds 550 meV, as a result of

the trade-off between UQE and PES: higher UQE increases the number of high-energy

photons emitted for a given number of incident low-energy photons, but increasing

PES reduces the number of low-energy solar photons that can be harvested by the

upconversion material. Taking PES value into consideration,
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Figure 2.9: Left: Solar conversion efficiency of the upconverter-backed solar cell in
color scale as a function host cell band gap and PES[93]. Right: Potential
improvement on the solar conversion efficiency of the upconverter-backed
solar cell for some typical solar cell materials as a function of PES[21].

2.4 Summary

I have described in detail the proposed solid state upconversion nanostructure

and the kinetic rate equation model developed to predict the theoretical performance

of the upconversion nanostructure with material paramters integrated. Theoretical

analysis shows that the structure is very promising in improving the single-junction so-

lar cell efficiency via broad band upconversion. The maximum upconversion quantum

efficiency achievable with this naostructure is around 96%, and the solar energy con-

version efficiency for a single-junction solar cell integrated with the upconversion layer

could reach over 39% under 1-sun condition. From the kinetic rate equation model,

we have learned that PES plays an important role in the upconversion efficiency. It is

necessary to introduce adequate amount of PES in the upconversion system in order to

achieve high iUQE. Sensitivity analysis performed on parameters spectrum splitting,

photon absorption cross section, carrier relaxation and recombination rate provide

guidance in terms of the material properties required to optimize the upconversion
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nanostructure. Moreover, the upconversion nanostructure performance improves dras-

tically with concentrated incident light. And the efficiency of a solar cell backed by

the modeled upconverter could exceed 60% under concentrated sunlight. Use of con-

centrated sunlight relaxes constraints on the host solar cell band gap and the amount

of PES required for high solar energy conversion efficiency. Analysis indicates that the

upconversion nanostructure performance is most sensitive to intraband relaxation τ32,

i.e. the greatest change in net solar cell efficiency occurs when this rate is decreased by

one order of magnitude. It is important to reduce this loss with material engineering.
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Chapter 3

SENSITIVITY ANALYSIS OF THE UPCONVERSION
NANOSTRUCTURE

I have introduced the new paradigm for photon upconversion using solid state

nanostructures implemented with epitaxially-grown QDs embedded in semiconductor

heterostructures and the kinetic rate equation model that shows outstanding theoretical

performance in the last chapter. In this chapter I will discuss the sensitivity of the

theoretical performance of the upconversion nanostructure to change of parameters

like spectrum splitting, QD absorption cross section, incident sunlight concentration

values, and electron lifetimes. This analysis provides important insights on how the

upconversion nanostructure could be optimized for solar cell application and can focus

experimental efforts on achieving the composition and structure most likely to have a

significant impact on net solar energy harvesting. The work presented in this chapter

was performed in collaboration with Dr. Eric Y. Chen and Dr. Matthew F. Doty.

3.1 Sensitivity Analysis of the Theoretical Performance under Varying

Conditions

The upconverter and solar cell performance are determined by many factors.

For example, the PES is intentionally introduced to assist the escape of carriers out

of the QDs and reduce carrier loss due to fast relaxation rates. However, there is a

trade off between improved carrier separation and decreasing energy of the emitted

photons as PES is increased. In the previous section 2.3, the effect of PES on the

upconverter and solar cell performance is discussed. In this section, we will explore

the sensitivity of the models to the following conditions: changing spectrum splitting,

smaller absorption cross-sections, changing radiative and nonradiative relaxation rates,
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Parameter Description Original Value Range explored
τ21(1/k21) Radiative recombination rate

for electron
100 ns [20, 75] –

µe Electron mobility 1500 cm2/(V· s) [53] –
µh Hole mobility 100 cm2/(V· s) [53] –

k12/k23 Spectrum splitting 1 0.01 - 10

α12 Interband absorption cross sec-
tion

1.1× 10−14cm2 [78] down to 1% of
original value

α23 Intraband absorption cross
section

2.3× 10−14cm2 [89] down to 1% of
original value

τ32(1/k32) Intraband relaxation time
from state 3 to 2

10 ps [83] 5 ps, 1 ps

τ45(1/k45) Radiative recombination life-
time from state 4 to 5

10 ns [48, 43] 100 ns, 1000 ns

Table 3.1: List of values of parameters used in the model and the range explored in
the sensitivity analysis

changing hole mobilities, and incident light intensity. Table 3.1 summarize the original

experimental values and the range explored in the sensitivity analysis.

3.1.1 Varying Spectrum Splitting: k12/k23
The initial approach taken was to split the solar spectrum between the two

absorption steps that take place within InAs QD such that the photon flux absorbed

results in k12, the rate of interband excitation, being equal to k23, the rate of intraband

excitation. Since the two photon absorption processes are the rate-limiting steps in

the upconversion process, and sequential photon absorption is necessary to generate

a high-energy electron-hole pair, unequal k12 and k23 rates could have a significant

effect on the upconverter performance. To evaluate the potential impact of unequal

k12 and k23 rates, iUQE and solar cell efficiency for k12/k23 values (based on equation

2.4) between 0.01 to 10 while keeping all other parameters the same are calculated.

1-sun illumination conditions is assumed for these calculations.

Figure 3.1a shows that the internal quantum efficiency of the upconverter de-

creases with increasing k12/k23 ratio, i.e. when more of the solar spectrum is absorbed
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in the first transition in the QD. This trend arises due to the order of magnitude dif-

ference in lifetimes between transitions state 2→1 and state 3→ 2 (100 ns and 10 ps,

respectively). Choosing the splitting to allow for more photon absorption in the state

2→3 transition compensates for the faster relaxation of carriers through the 3→2 tran-

sition compared to the 2→1 transition. Thus, iUQE will maximize when the k12/k23
is very low.

Although putting more photons in the 2→3 step increases the iUQE, it does not

necessarily create the best solar cell efficiency, i.e. the overall best solar cell efficiency

does not occur under highest iUQE. As shown in figure 3.1b, the maximum net solar

energy conversion efficiency of the host cell backed by the upconverter (46.4%) occurs

at a k12/k23 ratio around 0.5 for all host cell band gaps. This is exactly the ratio of the

absorption cross sections for the inter- and intraband transitions α12/α23. The same

result is obtained when the power conversion efficiencies are computed for α12/α23

ratios of 0.05 and 5 (by changing the α values when using equation 2.4), as shown

in figure 3.1c. This result is related to the assumptions made in this model, namely:

1) perfect spectral selectivity, 2) the external upconversion quantum efficiency of the

upconversion layer is assumed to be equal to the iUQE for an individual upconversion

nanostructure, 3) the upconversion layer is assumed to be sufficiently thick that all

incident photons are absorbed, and 4) the extra photon flux provided by upconversion

is calculated based on the N12
photonsandN23

photons. Under these assumptions, maximum

energy conversion is obtained when the flux of photons incident on each transition is

the same.

3.1.2 Varying QD Absorption Cross Section

How InAs QD inter- and intra-band absorption coefficients affect the upcon-

verter and solar cell performance are also analyzed. The literature values used for

the inter- and intra-band absorption cross section are 1.1 x 10−14cm2 per QD [78] and

2.3 x 10−14cm2 per QD [89] respectively. These are values experimentally measured

on similar material systems. In the calculation presented in the previous chapter, the
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Figure 3.1: a): iUQE as a function of k12/k23 and solar cell band gap,assuming PES
of 300 meV; b): maximum solar cell efficiency as a function of solar cell
band gap and k12/k23 ; c): maximum solar cell efficiency as a function of
solar cell band gap and k12/k23 , assuming different α12/α23.
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absorption cross section is approximated to be the same across the whole absorption

wavelength range. However, in reality, the cited value is the maximum for a specific

wavelength, and the absorption decreases as the wavelength changes. In order to under-

stand how variation in the absorption cross section values could affect the performance

of the upconverter, we modeled the theoretical upconverter performance by reducing

the k12 and k23 values, which is equivalent to having a smaller net absorption cross

section.

The absorption cross section ratio (AR) is defined as a percentage of the cited

absorption cross section, i.e. a number less than 1. For example, an AR of 0.1 refers

to an α12 and α23 that is 10% of the value used in reference [21]. This is equivalent to

averaging the absorption cross section across the wavelength range, leading to a more

conservative set of assumptions. 1-sun illumination conditions is assumed for these

calculations. Relative variations in the absorption cross section, which might arise

physically due to polarization or lateral propagation in thin-film upconversion layers,

are captured by the k12/k23 analysis described above.

Figure 3.2a shows the internal upconversion quantum efficiency as a function of

PES, the energy sacrificed to efficiently funnel carriers to the recombination region, and

AR, the reduced absorption cross section of the QD inter- and intra-band transitions.

These calculations are performed for a fixed optimal k12/k23 of 0.5 and, to provide a

clear example, the spectral splitting appropriate for an upconverter backing a GaAs

host cell. The figure shows that a decrease in AR from 1 to 0.01 (slower photon arrival

rate) reduces the iUQE, from ∼80% to ∼20% at a PES of 400 meV. However, the

upconverter can still achieve moderate iUQE (>30%) despite low AR as long as the

PES is large, e.g. more than 400 meV.

To show how net solar energy harvesting is affected by varying absorption cross

section, the highest solar cell efficiency achievable for each host cell band gap, from 0.4

to 4.5 eV, for a range of AR from 1 down to 0.01 is plot in figure 3.2b. In each case the

figure is plotted with the PES that maximizes net solar energy harvesting efficiency
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within the PES range of 200 meV to 480 meV. Figure 3.2b shows that net solar efficien-

cies in excess of 40% can be achieved even for AR values as low as 0.01, verifying that

upconversion provides a promising route toward high-efficiency solar energy harvesting

that is relatively insensitive to changes in the absorption cross section. Note that the

kinetic rate equation model assumes that the upconversion material is sufficiently thick

to absorb all low-energy photons, so additional cost considerations will come into play

in engineering cost-competitive devices. There are a variety of photonic engineering

techniques like gratings or waveguides that can be implemented to enhance the light

absorption and minimize the amount of material required.

3.1.3 Varying Intraband Relaxation Time

The phonon bottleneck in the conduction band of the QD helps reduce the rate

of electron relaxation from the continuous band to the ground state by inhibiting the

coupling to phonon modes. In previous section, a conservative 10 ps intraband relax-

ation time (τ32) based on literature values was assumed. Because no experimental data

on the intraband relaxation time is available for the proposed system, the sensitivity

of the predicted upconverter performance to this rate should be analyzed. Specifically,

as shown in figure 3.3, the iUQE of an upconverter designed for a GaAs host cell, as a

function of PES for three different values of τ32: 10ps, 5ps and 1ps, is calculated.

The iUQE and net solar cell efficiency as a function of PES for three values of

τ32 are plot in figure 3.3 To assess the importance of τ32. Decreasing the τ32 by one

order of magnitude from 10 ps (blue triangles) to 1 ps (black squares) decreases the

iUQE from 90% to 60%, and the solar cell efficiency from 44% to 41% at 475 meV PES

(or a 7% relative decrease), as shown in Fig. 3.3 (top). The reduction in iUQE is a

result of increased loss from state 3 to state 2. When such loss is present, introducing

a slightly larger PES still allows net solar cell efficiency of over 43%, as shown in figure

3.3(bottom). However, further decreasing τ32 below 5 ps severely impacts the iUQE and

upconverter-backed solar cell efficiency improvement. This sets an important constrain

on the τ32 that must be achieved for efficient upconverter performance.
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Figure 3.3: Top: iUQE as a function of PES, bottom: solar cell efficiency as a function
of PES. Both calculations assume a GaAs host cell and compare the
effects of different τ32 assumptions.

3.1.4 Varying Radiative Recombination rate

Radiative recombination from state 4 to state 5 emits a high energy photon.

The rate of this radiative recombination is a very important parameter. Previous

modeling assumed a conservative lifetime of 10 ns based on GaAs QW[48, 43]. Here

we evaluate the importance of this rate by calculating the change in the upconverter

and upconverter-backed solar cell performance for longer τ45 lifetime that represents a

less efficient radiative recombination efficiency.

We changed the τ45 radiative recombination lifetime from 10 ns to 1000 ns,

corresponding to recombination rate constant k45 from 108 to 106 s−1. The results are

shown in figure 3.4. When increasing the τ45 by one order of magnitude from 10 ns

(black squares) to 100 ns (red squares), the iUQE decreases from 95% to 85%, and the

net solar cell efficiency decreases from 44% to 43% (or a 2% relative decrease) at 470

meV PES. These results, combined with the previous results, show that the upconverter

performance is less sensitive to the τ45 than it is to the intraband relaxation, τ32. Only
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Figure 3.4: Top: iUQE as a function of PES, bottom: solar cell efficiency as a function
of PES. Both calculations assume a GaAs host cell and compare the
effects of different k45 assumptions.

by reducing the radiative recombination efficiency by increasing the τ45 by another order

of magnitude from 100 ns to 1000 ns would lead to an iUQE and solar cell efficiency

change comparable to that of the range of τ32 values tested. Although this degradation

in performance could be compensated by introducing more PES, the calculations verify

that it is important to achieve a high recombination efficiency.

3.1.5 Varying Solar Concentration

Analysis of the potential benefits of concentration for the performance of up-

conversion systems can inform the trade offs that must be made when designing cost-

effective routes toward high efficiency. Changing the illumination incident on the

system will affect the photon arrival rate in the inter- and intra-band absorption steps

(k12 and k23). The rate is proportional to the concentration ratio (CR), which is de-

scribed in units of “number of suns”. Under concentration, both the solar cell and

upconverter experience higher incident photon intensity. The concentration ratio has

42



a theoretical maximum of 46165 [55], which is determined by the sun-earth geometry.

We define two terms:

kCR12 = CR× k112

kCR23 = CR× k123

(3.1)

where k112 is the rate of incident photons for the transition from 1 to 2 under

normal AM-1.5 one sun conditions in [21], i.e. the superscript indicates a CR of 1. The

current in the solar cell from equation 2.16 is modified to be:

JT = e

Nphotons(CR)− J0 · exp(
eV

kB · T
)

]
(3.2)

Nphotons(CR) is the photon flux incident on the host solar cell, which consists of

both the incident solar photons with energy above the host cell band gap and the high-

energy photons emitted by the upconverter. In other words, equation 2.17 becomes:

Nphotons(CR) = CR ·Nhostcell +Nupconverted(CR) (3.3)

The solar photon flux that is directly absorbed by the host cell under concen-

tration simply scales with the CR, as has been previously computed for single junction

solar cells[46]. The dependence of Nupconverted on CR is more complicated: the flux of

low energy photons incident on the upconverter increases linearly with CR, but the

efficiency of the upconversion process also changes due to the competition between

excitation and relaxation rates. Kinetic rate equation model is used to numerically

compute Nupconverted(CR) for use in equation 3.3 and the subsequent calculation of

net solar energy harvesting efficiency. The change in efficiency of the upconverter

(iUQE) and the overall improvement in solar cell efficiency are analyzed separately.

The parameters used in the model for the rate of the transitions are experimental

values from the same or similar material system from literature from lack of experi-

mental measurements on the proposed upconversion nanostructure (Table 2.1). The
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Figure 3.5: iUQE as a function of concentration and PES. An upconverter designed
for a GaAs solar cell is assumed.

outcome of the modeling serves as a guideline for the ongoing growth and characteri-

zation of the nanostructure. Experimental verification of the resultant nanostructure

can then further refine the model parameters.

To assess the impact of concentrated sunlight on the performance of an upcon-

verter, we compute performance with a fixed k12/k23 ratio of 0.5 and values for k12
and k23 increased by the concentration factor. As expected, a faster arrival rate for

photons (higher k12 and k23) improves iUQE because fewer electrons and holes are lost

to recombination pathways that have fixed rates. In figure 3.5 we consider the iUQE

of the upconverter as a function of both PES and concentration. iUQE increases with

PES for any fixed solar concentration until it reaches the maximum theoretical iUQE

of around 96%. However, the threshold PES required to reach the 96% maximum

decreases with increasing concentration. This occurs because higher CR reduces the

requirement for fast escape of carriers in order to overcome carrier loss processes.

Next, the maximum solar energy conversion of an upconverter-backed solar

cell as a function of concentration is computed. Following the approach used in the

preceding section, for each concentration considered, the net solar energy conversion
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is computed using the PES that leads to best performance. The results are presented

in figure 3.6a. For comparison, the performance of solar cells without an upconverter

under the same concentration conditions is also plotted. Adding the upconverter leads

to significant improvements in net solar energy conversion efficiency as CR increases.

For example, with 100 times CR, the calculation reveals a solar cell efficiency as high

as 52.4% for a host cell band gap of 1.9 eV, compared to an efficiency of 25.7% for

a solar cell without an upconverter under the same concentration conditions. The

theoretical maximum solar cell efficiency that can be achieved with an upconverter

under concentration is 60.8% for a host cell band gap of 1.59 eV under theoretical

maximum CR of 46165. This theoretical maximum is comparable to the maximum

achievable with 3-junction devices [46].

Note that the addition of the upconverter broadens the range of host cell band

gaps over which high efficiency under concentration is possible. This implies a great

deal of flexibility in the choice of host solar cell materials that could be backed by the

upconverter. Moreover, even for host cell band gaps as high as ≥ 3 eV, a significant

increase in the efficiency of solar cells backed by an upconverter under moderate solar

concentration is still achievable.

In figure 3.6b the minimum PES required to achieve the highest possible solar

cell efficiency as a function of solar concentration for a GaAs host cell is plotted. The

model computes 60% GaAs solar cell efficiency under maximum concentration with a

PES of as little as 280 meV. The physical reason for this decrease in the PES necessary

for high efficiency is the improved iUQE under concentration as discussed above with

respect to figure 3.5. A secondary benefit is that reducing the PES required for

high iUQE also increases the range of the solar spectrum that can be harvested by

the upconverter, further increasing the overall efficiency of the solar cell-upconverter

system.

Lastly, the performance of the upconverter-backed solar cell in terms of the

additional short-circuit current, ∆Jsc, is shown. This is the additional current gained
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Figure 3.7: Additional short-circuit current in the host solar cell as a function of host
cell bandgap and PES, computed for 1 sun excitation conditions.

due to the increased photon flux from upconverted photons, which is a useful figure-of-

merit when comparing full photovoltaic devices. The performance of the upconverter

under 1-sun excitation as a function of PES and host cell band gap in figure 3.7. We

predict nearly 14mA/cm2 additional ∆Jsc, which approaches the best ∆Jsc realized

in an upconverter-backed crystalline Si solar cell, 17mA/cm2 obtained under 94-sun

concentration [41].

3.2 Summary

Sensitivity analysis performed on parameters spectrum splitting, photon ab-

sorption cross section, carrier relaxation and recombination rate provide guidance in

terms of the material properties required to optimize the upconversion nanostruture.

Moreover, the upconversion nanostructure performance improves drastically with con-

centrated incident light. And the efficiency of a solar cell backed by the modeled

upconverter could exceed 60% under concentrated sunlight. Use of concentrated sun-

light relaxes constraints on the host solar cell band gap and the amount of PES required

for high solar energy conversion efficiency. Analysis indicates that the upconversion
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nanostructure performance is most sensitive to intraband relaxation τ32, i.e. the great-

est change in net solar cell efficiency occurs when this rate is decreased by one order

of magnitude. It is important to reduce this loss with material engineering.
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Chapter 4

INTRODUCTION TO GROWTH AND CHARACTERIZATION
TECHNIQUES

MBE is a powerful tool to obtain high quality epitaxial layers with very good

control of composition and thickness down to monolayer precision, along with the

capability of in-situ monitoring during the growth. All of the samples were grown

via molecular beam epitaxy (MBE) which I will introduce in section 4.1, focusing

on both the MBE machine and mechanisms in MBE growth. Sample characterization

techniques are introduced in section 4.2. Specifically, I will introduce high-resolution X-

ray diffraction, Rutherford backscattering spectrometry and spectroscopic ellipsometry.

4.1 Molecular Beam Epitaxy

Molecular beam epitaxy was developed during the 1960s and 1970s as a tech-

nique to grow high quality single crystal materials. A schematic of the MBE chamber

is shown in figure 4.1. There are solid, gas, plasmonic type of MBE classified based

on the type of source used. The MBE used here in University of Delaware is OSEMI

Nextgen III-V solid source MBE. High purity elemental source materials are placed in

the thermal evaporation cells on the bottom part of the chamber (there is also hori-

zontal configuration). The evaporated source materials condense on the substrate, and

form crystalline thin film.

4.1.1 MBE Chamber Components

MBE requires ultra high vacuum (UHV). UHV enables MBE to produce high

quality materials with very low impurity concentration. Another benefit of the UHV

is that the mean free path of the evaporated source materials exceeds the deposition
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distance between the source cell and the substrate. This ensures the atoms/molecules

travel to the substrate in a beam-like path, without interaction between different source

materials before reaching the substrate. To achieve UHV condition, the stainless steel

chamber is pumped by various pumps (ion pumps, cryo pump, liquid nitrogen cooled

cryo-panel etc.) to background pressure in the range of 10−10 or even 10−11 torr level.

The substrate wafer is attached to the substrate manipulator (or continuous azimuthal

rotation, CAR assembly), which is capable of performing both substrate rotation and

substrate temperature control during the growth. The beam equivalent pressure (BEP)

of the source is measured with a hot cathode ionization gauge attached to the backside

of the substrate manipulator. BEP is proportional to the amount of material incor-

porated. Calibrations of BEP vs growth rate or elemental composition are performed

to obtain the correct growth parameters required. Typical growth rate is rather slow,

around 1µm/hr. Mechanical shutters above the source cell aperture are used to inter-

rupt the beam. The temperature of the wafer is monitored with band edge thermometry

(BET). The band gap of the semiconductor decreases with increasing temperature de-

scribed by Varshni relation. BET measures the band gap of the wafer by detecting the

light transmitted through the wafer from a broad band light source locating behind

the wafer, and determines the band gap. Radiation from the substrate heater is also

a major source of input light. However, low temperature monitoring with BET is dif-

ficult in our MBE system as the radiation from heater is very low. In-situ monitoring

of the growth is achieved with the reflection high energy electron diffraction (RHEED)

which will be further discussed in the following subsection.

4.1.2 MBE Growth Process

Examining the epitaxy from the thermodynamic consideration of surface energy,

there are three main growth modes during epitaxial growth: 1) Frank–van der Merwe

(FM) mode, also referring to the layer-by-layer. In the FM mode, growth proceeds in

the layer by layer manner, with one layer completes before the second layer growth (see

figure 4.2 (b)). The adatoms preferentially bound to the surface than to each other.
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Figure 4.1: Schematic of MBE growth chamber [37]
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Figure 4.2: Thin-film growth mode: (a) Volmer–Weber , (b) Frank–van der Merwe ,
and (c) Stranski–Krastanov.[17]

2) Volmer–Weber (VW) mode, where adatoms bound to each other strongly rather

than to the surface, forming 3D islands during the growth when he surface energy is

minimized. (figure 4.2 (a)). 3) Stranski–Krastanov (SK) mode (figure 4.2 (c)). which

is a mixture of layer plus island growth. The growth form 2D layer initially, then

transit to island formation shortly. Transition from the 2D to 3D growth occurs at a

critical thickness which dependents on the lattice parameters mismatch between the

substrate and the layer material. The gradual accumulation of strain leads to island

growth. A good example of the SK growth mode is the growth of InAs self-assemble

quantum dots on GaAs substrate using MBE.

While the crystal growth is a competition between thermodynamics and kinet-

ics, and that the surface thermodynamic analysis is useful in understanding the general

direction that the growth tends to develop, the detailed mechanisms of MBE growth

are better described with kinetics since the growth take place far from equilibrium.

Processes like adatom adsorption, desorption, nucleation, growth and surface diffusion

should be considered when describing the kinetics of the epitaxial growth. Adsorp-

tion and desorption of the atoms are quantified by sticking coefficient which depends

strongly on the specific material and growth condition. Take GaAs growth which fa-

vors using As2 for instance, compared to As4, the sticking coefficient of As2 can be

maximize to unity on a Ga-rich surface. Adatom surface diffusion, which affects the
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Figure 4.3: Schematic of growth processes occurs on the surface during MBE growth

surface morphology strongly, depends on the temperature and material. For example,

at low growth temperature, adatoms have reduced surface mobility and will lead to

island growth and rough surface. Atoms diffusing on the surface could either encounter

another atom to nucleate, or get incorporated into a existing island. The kinetic pro-

cesses are strongly dependent on growth parameters like growth rate (magnitude of the

flux), growth temperature, group V species and group III/V flux ratio etc. The mor-

phology of the layer can be optimized by carefully adjusting these growth parameters.

More detailed discussion on how the growth parameters affects the crystalline quality

will be discussed in next chapter.

The surface atoms with dangling bonds tend to rearrange to a different structure

from the bulk crystal. This process is termed reconstruction. Surface reconstruction

can be in-situ monitored during the growth by reflection high energy electron diffrac-

tion (RHEED). In the RHEED system, very high energy electron (usually 10-20 keV) is

used to incident on the sample surface at grazing angle of less than 5 °. The diffraction

pattern is observed on the phosphor screen and recorded by camera. The reconstructed

surface structure have larger unit cell than the bulk, which is reflected on the RHEED

pattern as dim fine spots between the bright fundamental spots. Wood’s notation that

is based on the ratio of unit cell parameters between the surface and bulk structure

is used to describe the surface reconstruction. The RHEED pattern is very sensitive

to surface morphology, and changes with growth condition. For example, under the

normal growth condition, As-terminated GaAs (100) surface displays a (2x4) pattern

while Ga-terminated GaAS (100) suface displays a (4x2) pattern. The shape of the
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Figure 4.4: Schematics of different surface and their corresponding RHEED
patterns[45].

RHEED spot also change with morphology. Examples of different types of surface mor-

phology and the corresponding RHEED spot shapes are shown in figure 4.4. RHEED

pattern provides feedback on the surface, as a streaky pattern indicates smooth sur-

face, a spotty pattern indicates rough surface. Surface with oxides yield hazy pattern.

Transition from hazy to clear RHEED pattern is useful when preparing the wafer be-

fore growth. RHEED is also capable of providing information regarding layer growth

rate through monitoring the intensity oscillation which changes as the surface changes

between flat and stepped.

4.2 Characterization Techniques

Samples are characterized by various characterization techniques. In this sec-

tion, I will present brief introduction on some of the techniques used in characterizing
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the samples, including high resolution X-ray diffraction, Rutherford backscattering

spectrometry and spectroscopic ellipsometry.

4.2.1 High Resolution X-ray Diffraction on Epitaxial Film

High resolution X-ray diffraction (HRXRD) is a powerful tool in characterizing

the epitaxial sample structural properties. High-resolution PANalytical X’Pert PRO

materials research diffractometer at University of Delaware is used. Bragg’s law states

that the diffraction in a crystal occurs when the spacing of plane (hkl) dhkl, scattering

angle θ and x-ray wavelength λ satisfy the following equation:

2dhkl · sinθ = nλ (4.1)

The diffraction condition can also be expressed in reciprocal space as:

k⃗f − k⃗i = ∆k⃗ = G⃗ (4.2)

Equation 4.2 means that the difference between the incident and diffracted wavevector

( k⃗i and k⃗f respectively) must equal to the reciprocal lattice vector ( G⃗ ) for diffraction

to occur. In the Ewald construction as shown in figure 4.5, drawing a Ewald sphere with

diameter equals to 2π
λ

when the origin of reciprocal space is placed at the tip, diffraction

will occur only when the Ewald sphere cuts a reciprocal lattice point that represents

planes in real space. In HRXRD, monochromatic X-ray Cu Kα with wavelength of

1.54056 Å is used.

4.2.1.1 ω − 2θ Coupled Scan

A schematic of the measurement geometry is shown in figure 4.6. The data are

collected in ω − 2θ coupled scan geometry. ω is the incident angle between the X-ray

source and the sample. 2θ is the diffracted angle between the detector and the incident

ray. During the scan, the ω changes while the 2θ changes with the ω in a way that

keeps ω = 1
2
· (2θ). The coupled scan plots the X-ray intensity vs. ω or θ, and can

be used to study sample composition based on the peak position and Vagard’s law
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Figure 4.5: Left: Bragg’s diffraction condition; Right: Ewald construction[18].

which describes the linear relation between the lattice constants of alloy A1−xBx and

the constituting components A and B as:

aA1−xBx = (1− x)aA + xaB (4.3)

a =
√
h2 + k2 + l2 · dhkl (4.4)

Equation 4.4 is true for the cubic structure crystals studied in this dissertation.

HRXRD is capable of examining fine structures that present near a diffraction peak in

the epitaxy samples where the layers usually have very close lattice constants. Typically

scan range is around 1◦ with step size as small as 0.0001◦. The ω− 2θ scan can also be

used to calculate the thickness of the layers. To calibrate the MBE flux - growth rate

relation, a set of film with total thickness around 1 µm are grown under different source

flux. Thickness of the film were determined from HRXRD fringes. Fringes around the

peak arise from the constructive and destructive interference of X-ray reflected from

smooth interfaces and the period is related to the thickness of the layer (figure 4.7 and

equation 4.5).

thickness =
(n1 − n2)λ

2(sinω1 − sinω2)
(4.5)

4.2.1.2 Reciprocal Space Mapping

In a heteroepitaxy system where the epitaxial film is lattice mismatched to the

substrate, the film could be either strained or relaxed (figure 4.8). For a strained film,
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Figure 4.6: Geometry of X-ray diffraction setup[99].

Figure 4.7: Interference fringes in the XRD.
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Figure 4.8: Schematic of relaxed and compressive strained epitaxy layer.

the lateral lattice constant is forced to be the same as the substrate, distorting the film

unit cell. When the film is fully relaxed, the lattice parameters of the film are equal to

those of the bulk material. Reciprocal space mapping (RSM) combines the ω scan with

the ω − 2θ scan and investigate a region around the reciprocal point of interest. The

mapping allows for studying the strain and lattice relaxation in the sample. Figure 4.9

shows the schematic of the reciprocal space map of a relaxed heteroepitaxy system,

where the red dots represent the substrate and the black dots represents the epitaxial

overlayer reciprocal points. The black frame indicates the RSM scan range. Lattice

mismatch could be determined from the RSM scan.

The reciprocal coordinates, (Qx, Qz), are expressed with reference to the angular

positions as follows in the unit of rlu (reciprocal lattice unit):

Qx = R(cosω − cos(2θ − ω)) (4.6)

Qy = R(sinω + sin(2θ − ω)) (4.7)

R = 1/λ (4.8)

4.2.2 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is used to study the composi-

tional and structural properties of the material. The samples are measured in the ion

beam analysis facilities in Rugters University and University of Minnesota. In a RBS

measurement, high energy ions (He2+, 2 MeV) bombard the sample. The elemental
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Figure 4.9: Schematic of a relaxed epitaxy layer (blue dots) on a substrate (red dots)
in reciprocal space. The black frame is the RSM scan range in (224)
plane. [74]

and depth information of the sample are obtained by measuring and analyzing the

backscattered ions at a particular angle. The energy of the backscattered particle de-

pends on the mass of the nuclei, elemental density and depth in the sample. A RBS

spectrum plots the intensity of the detected backscattered ions as a function of signal

intensity. SIMNRA software is used to analyze the experimental data. An example is

given in figure 4.10. The position of the peak depends on the mass of the element and

its depth in the sample. The width and height of the spectrum peak depends on the

elemental concentration and depth in the sample. Elemental contribution to the full

spectrum can be resolved. Ion channeling on single crystal samples is another powerful

technique provided by RBS. It can be used to determine the crystal defects. When

the ion beam is aligned with the crystal direction, the number of backscattered ions is

greatly reduced unless interstitial defects exist in the sample.

4.2.3 Spectroscopic Ellipsometry

Ellipsometry measures the change in polarization state of light reflected from the

surface of a sample (figure 4.11). It can be used to characterize sample thickness, optical

constants, surface and interfacial roughness, etc.. VASE variable angle spectroscopic

ellipsometer(J.A.Woollam) in Institute of Energy Conversion at University of Delaware
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Figure 4.10: Illustration of RBS spectrum from a sample with heavy surface atoms in
black solid dots (m3, Z3)and light substrate atoms in empty dots (m2,
Z2). Modified based on reference [6].
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Figure 4.11: Geometry of the spectroscopic ellipsometry experiment[52].

was used to conduct measurements.

The linearly polarized light reflected off the sample surface is measured by the

combination of rotating analyzer and detector which transform light signal to electric

signal. General procedures involves measuring sample, developing model and fitting

the model to experimental data. Regression analysis is implemented for the fitting

process. The measured values are expressed in Ψ and ∆ that relate to the Fresnel

reflection coefficients Rs and Rp by equation 4.9. The polarization of the light is

defined in the direction and phase of the electric field component of the light. The

subscript p represents the p-direction which is in plane with the plane of incident.

Subscript s represents the direction that lies perpendicular to the p-direction. The

Fresnel coefficient describes the change in electric field of light, and is a function of

optical constants of the materials and angles of light propagation.

ρ =
Rp

Rs

= tan (Ψ)ei∆ (4.9)
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4.2.3.1 Optical Constants

The optical constants can be expressed in the form of complex dielectric function

(equation 4.10) or complex refractive index (equation 4.11). The dielectric function

describes how the material responds to the applied electric field, while the refractive

index can describes how the materials affect the light propagating through the material.

The optical constants is a function of wavelength, and the real and imaginary parts

obeys Kramers-Kronig relationship. Thus the optical constants can be modeled using

functional forms.

ε̃ = ε1 − iε2 (4.10)

ñ = n− ik =
√
ε̃ (4.11)

Critical points that occur at energy band extrema or saddle points, usually with

high symmetry, has large joint density of states and large transition probability which

contribute to prominent features in the imaginary part of dielectric function ε2. There-

fore, we could extract information of interband transition energies from spectroscopic

ellipsometry measurement. An example of the energy band diagram and ε2 of InAs

from theory calculation is shown in figure 4.12. The transitions are labeled on each

figure.

4.2.3.2 Parametric Model

Parametric model, developed at the J. A. Woollam Co., Inc. by Craig Herzinger

and Blaine Johs[47], is very useful for analyzing dielectric and semiconducting mate-

rials that have complicated critical point structures. The model uses parameterized

functions to describe the critical point structures. Each critical point structure is com-

posed of 4 polynomial with total of 12 parameters. sets of functions, each associated

with one critical point feature. The complex dielectric function ε̃ can be written into a

function of photon energy that contains broadening function and unbroaden absorption

spectrum.
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Figure 4.12: (a)Band structure of InAs. High symmetry points are shown in cir-
cles and important interband transitions are labeled; (b) Imaginary di-
electric constant from theory calculation (solid and dashed lines) and
experiment (filled circles).[84]

For example, figure 4.13 shows the dielectric function of GaAs with both tabu-

lated spectra from literature and parametric model fit with seven critical point struc-

tures. As shown in the figure, parametric model is capable of reproducing the data

accurately even with fine details. Some III-V or II-VI semiconductors have established

parametric model. And some of the parameters are global values determined for several

materials. Therefore the number of parameters that need to be fit is greatly reduced

when working on a new material basing on a known, well-studied material.

The figure of merit used in the fitting process is mean square error (MSE) that

presents the quality of the match between the data calculated from the model and the

experimental data:

MSE =

√√√√ 1

2N −M

N∑
i=1

[(ψmodi − ψexpi

σexpψ,i

)2
+
(∆mod

i −∆exp
i

σexp∆,i

)2]

=

√
1

2N −M
χ2

(4.12)

where N is the number of experimental data pairs of ψ and ∆, M is number of variable
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Figure 4.13: GaAs dielectric function. The legend gaastab denotes the tabulated
spectra from the literature, while gaasprm denotes the spectra calcu-
lated from the best-fit parametric semiconductor model for GaAs.[52]

parameters in the model, and σ is the standard deviation of the experimental data.

Small MSE is desired.
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Chapter 5

GROWTH AND CHARACTERIZATION OF DILUTE BISMUTHIDES

We proposed to use InAlBiAs in the funnel region of the upconversion nano-

structure. The graded band structure of this region requires the material band could

be flexibly engineered. The advantage of using dilute bismuthides is that it provides an

extra degree of freedom in band engineering which will be discussed in details later. In

this chapter, I will focus on the growth and characterization on the Al-containing dilute

bismuthides: AlBiAs and InAlBiAs. First I will introduce background information of

dilute bismuthide in section 5.1. The growth and characterization of InAlBiAs and

AlBiAs are discussed in section 5.2 and section 5.3 respectively.

5.1 Introduction to Dilute Bismuthides

Dilute bismuthides are type of highly mismatched alloy (HMA), which contain

an element that is significantly different from the matrix elements in terms of size and

electronegativity. The covalent raidus of Bi is 1.46, which is much larger than As.

Another example of HMA is the dilute nitrides, where N is much smaller than Ga, As

etc.. HMA are difficult to synthesize due to the high miscibility gap. Therefore they

are mostly studied in the dilute range, and requires specific growth conditions. MBE

growth, being kinetically driven, is a great tool to overcome the miscibility gap issue.

Other examples of HMA are II-VI oxides, and IV materials such as GeSn. Examples

of dilute bismuthides are GaBiAs, InAsBi, InGaBiAs, InPBi, InSbBi, etc.[34, 38, 22,

87, 82].

By adding a small amount of Bi into the conventional III-V semiconductor, the

host band gap is reduced significantly. In addition to the large band gap reduction

from Bi incorporation, spin-orbit splitting increase with Bi content, and can become
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larger than the band gap. This is a property that is strongly desired in optoelectronic

applications. Another intriguing property of the dilute dismuthides is the hypothesized

temperature-insensitive band gap�which could stabilize the laser emission wavelength

with temperature without thermoelectric cooling system. It was observed in GaBiAs

that adding Bi could significantly reduce the temperature sensitivity of the band gap

[116, 117]. However, temperature-dependent band gap measurements do not suggest

the same effect occurring in InGaBiAs[64, 19]. The dilute bismuthides have been shown

to have great potential in applications like infrared lasers[15] , photodetectors[42], solar

energy conversion[92, 104].

5.1.1 MBE Growth of Dilute Bismuthides

MBE is capable of synthesizing the materials with good crystalline quality.

However, the growth window for dilute bismuthide is narrow. Generally, the growth

requires low growth temperature, low group V overpressure. Bismuth incorporation

depends strongly on the growth temperature (figure 5.1(a)). Works by Zhong et al.

on InyGa(1–y)BixAs(1–x) (InGaBiAs)[119] showed that it is necessary to grow at low

temperature less than 330°C. This range of growth temperature is much lower than

the normal GaAs or InGaAs growth temperature around 500◦C. The Bi concentration

increases as growth temperature decreases. At higher growth temperature over 330

°C, almost no Bi get incorporated into the film[119, 34]. Moreover, growth surface

becomes rough and droplets starts to emerges[120, 12] at higher growth temperature,

indicating the difficulty of Bi incorporation into the film. Zhong et al.’s work showed

that the Bi droplets are separated into two phases, with one side of much higher Bi

concentration[119]. At normal InGaAs growth temperature above 450°C, no detectable

Bi incorporation could be observed as a result of enhanced Bi desorption rate. Instead,

bismuth acts as surfactant, yielding a smoother surface compared to film grown without

Bi[34].

Increasing Bi/III flux ratio also increase the amount of Bi incorporation, as

indicated in the figure5.1. The Bi% increases as increasing the Bi flux, although growing
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Figure 5.1: Effects of growth conditions on Bi incorporation in InGaBiAs. (a) Bi%
dependence on growth temperature. (b) Bi% dependence on Bi BEP[119]

with high Bi flux can lead to problems such as the formation of Bi droplets and Bi

concentration gradient within the film[119]. Another way to adjust the ratio is to

lower the growth rate by lowering the group III flux. For InGaBiAs, decreasing the

In/Ga flux ratio improves the amount of Bi incorporated somewhat[121], similar to the

GaPBiAs study on the strain effect[72]. I have been able to incorporate up to 6% with

less In%. without gradient

Bi% is very sensitive to arsenic flux. Bi% decrease with increasing As2 flux.

Group III atoms prefer to bond with As rather than Bi, therefore excess As atoms

arriving during growth hinders the Bi incorporation[119]. When As flux is too high,

no detectable Bi% is incorporated[56]. Dilute bismutihde is grown with As:III flux

near stoichimetric, instead of the traditional large As overpressure[38]. However, low

As flux could result in group III, like Ga, droplets. Careful control of III:Bi:As2 flux

ratio is necessary to incorporate Bi without Bi or III droplets. It was reported that

when growing with As4 instead of As2, the As flux does not show significant impact on

the amount of Bi incorporated [86, 11], and the growth temperature lower than 330°C
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does not affect the amount of Bi incorporate into the film[12].

The incorporated Bi atoms locate on substitutional sites in InGaAs lattice,

as confirmed by channeling RBS[35, 119]. Both RBS and HRXRD confirms good

crystalline quality even grown at low temperature. Although adding Bi into InGaAs

(with In/Ga ratio close to lattice matching to InP) introduces compressive strain to

the film, Zhong et al. have reported the growth of InGaBiAs film of several hundred

nanometers thick, which remains fully strained to the InP substrate and far exceeding

theoretical critical thickness[119]. While MBE is capable of producing good quality Bi-

containing thin film, the low solubility of Bi can lead to alloy disorders like Bi clusters,

phase separation and atomic ordering exit in the alloy[76].

5.1.2 Valence Band Anti-crossing

For ternary alloy, the band gap is a quadratic function of the composition:

Eg(A1−xBx) = (1− x)Eg(A) + xEg(B)− cx(1− x) (5.1)

where c is the bowing parameter. A and B are constituting binary compound. For

example, InGaAs is the alloy of InAs and GaAs. However, the large band gap bowing

in the HMA cannot be explained with the virtual crystal approximation (VCA). Shan

et al. first proposed a band anti-crossing (BAC) model in explaining the strong bowing

behaviour in the dilute nitrides[95]. Alberi et al. successfully applied the BAC theory

to the GaSbAs and GaBiAs[5]. As shown in the figure 5.2 (a), where experimental

determined band gap of GaBiAs deviate significantly from the dashed line representing

VCA calculation while the BAC solid line is able to fit the experimental data fairly

well. Unlike the dilute nitrides where the N primarily perturbs the conduction band,

Bi mostly interact with the matrix in the valence band. The localized Bi impurity level

locates in the host matrix valence band (GaAs or InGaAs, for example), causing the

split of the valence band and upwards shift of VB, leading to large band gap reduction

(see figure 5.2 (b)). Hence valence band anti-crossing (VBAC). The interaction between
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(a) (b)

Figure 5.2: a): Band gap of GaBixAs1−x over the full composition range.[5]; b):
VBAC of InGaBiAs [120]

the extended states of the matrix and the localized Bi states is treated as perturbation

which leads to the following eigenvalue problem:∣∣∣∣∣∣∣
E − EM

√
βx

√
βx E − EBi

∣∣∣∣∣∣∣ = 0 (5.2)

This predict the splitting of VB into two subbands E + andE−. The new VB energy

of the (III)BixAs(1–x) could be expressed as:

E+
M =

(EM + EBi) +
√
(EM − EBi)2 + 4βx2

2
(5.3)

where EM is the energy of the matrix valence band edge, EBi is the energy of the

Bi impurity state, and β describes the interaction strength between the matrix VB

and the Bi impurity state that depends on both group III composition and Bi% [80].

More sophisticated model such as tight-binding and 12 band k·p model have also been

studied[19, 109]. Band gap reduction around 88 meV/%Bi was observed in GaBiAs [38]

and around 56 meV/%Bi in InGaBiAs [80]. The experimental data agree fairly well

with the theory in the low Bi content InGaBiAs, while the higher Bi content (> 5%)
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Figure 5.3: E0 (open squares) and E0 + ∆SO (open circles) energies of
In0.53Ga0.47BixAs1–x of various Bi% obtained from CER measurements[54]

experimental band gap deviate from the theory prediction. This is possibly due to the

Bi disorder strongly affecting the band structure[19]. As shown by works done using

photoreflectance and contactless electron reflectance measurements (figure 5.3), while

the spin-orbit splitting ∆SO increase with Bi content, E0+∆SO stays relatively constant

[54, 64], indicating that the band gap reduction occurs largely from the upwards shifting

of the valence band edge.

As the ∆SO increase with Bi content, it was predicted that the Eg = ∆SO

crossover point for GaBiAs should occur when Bi% of 10.5%. And for InGaBiAs,

the crossover point should occur when Eg < 0.55eV , around 3.2% Bi at RT (an-

other study suggests 3.8% [19]). Experimentally, it has been observed ∆SO > Eg for

InGaBi0.058As0.942, with Eg = 550meV , and ∆SO = 620 meV, respectively[19]. With

the ∆SO larger than the band gap, Auger recombination and inter-valence band ab-

sorption (IVBA) are largely suppressed, which is ideal for improving the performance

of devices like mid-IR lasers.

I will discuss the MBE growth and characterization in the order of InAlBiAs in
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section 5.2 first, and then AlBiAs in section 5.3.

5.2 InAlBiAs

Prior to growing InAlBiAs we first explored the effect of arsenic species on the

Bi incorporation on InGaBiAs. The requirement of As2:III flux being close to the sto-

ichimetric ratio could be less stringent when switching the As species to As4. The affect

of As4 BEP on Bi incorporation in quaternary alloy was explored on In0.54Ga0.46BiAs.

The result is shown in figure 5.4. Limited amount of Bi could be incorporated into the

film under high As overpressure. There seems to exist a sharp increase of Bi% once the

As4 BEP is in the correct range. And the Bi% does not change with As4 BEP fallen

within that range, similar to what was observed in GaBiAs[11]. InGaBiAs grown with

high Bi flux and As2 of 2 × 10−6 torr yields Bi gradient, which means the Bi% along

the growth direction is not uniform and that Bi% is higher closer to surface. Small

droplets could also be observed under optical microscope. Reducing the As2 flux some

or slowering the growth rate did not improve the quality. However, the gradient and

droplets on the surface were not observed when substituting As2 with As4 while keep-

ing the other growth conditions the same. If the Bi gradient exists, the RBS Bi signal

shape would become a slope (figure 5.5) instead of a flat platform. As4 was used for all

the (In)AlBiAs growth in the following sections. To incorporate more Bi, In% could

be reduced some to reduce the strain. This is also studied in GaPBiAs[72]. Uniform

Bi distribution on the growth direction InGaBiAs with Bi% up to 6.2% was obtained

with a composition of In0.42Ga0.58Bi0.062As0.938.

InxAl1–xBiyAs1–y thin film was grown on 500µm (001) InP Fe-doped substrate.

Surface oxides on InP wafer was removed by heating the substrate temperature to

565°C (cooled down immediately after reaching 565°C to avoid melting the wafer) and

repeated for several times until clear RHEED pattern could be observed. InAlBiAs was

grown directly on InP substrate at 300°C. As mentioned in the last chapter, low tem-

perature monitoring with BET is difficult at 300°C. Therefore the actual temperature

fluctuate about 5°C. In/Al BEP ratio was chosen to be close to In0.52Al0.48As latticed
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Figure 5.4: Bi% changes with As4 BEP in In0.54Ga0.46BiyAs1–y.

Figure 5.5: Bi signal in RBS as a result of the presense of Bi% gradient along the
growth direction.

72



matched to InP. In and Al BEP chosen based on calibration done on InAlAs grown

at 490°C that would achieve InAlAs growth rate of 0.6 µm/hr. As4 overpressure of

4×10−6 torr is used. Streaky RHEED was observed throughout the growth. However,

the RHEED pattern could not be clearly identified due to the limited resolution as the

phosphor screen was coated by As and Sb.

5.2.1 Characterization of MBE Grown InAlBiAs Film

RBS was used to identify both the group III and group V composition in the

InxAl1–xBiyAs1–y samples. An example of the RBS spectrum with elemental contribu-

tion resolved is shown in figure 5.6. The step on the left side at channel number ≤ 325

is the signal from the InP substrate. Layers closer to surface and heavier atoms yield

signals at higher channel number. The InAlBiAs layer contributes to the signal in the

channel number from ∼ 450 to ∼570. Bi contribution is indicated by the green line

that rise up at the right-most side of the spectrum around channel 550. The flat plat-

form from Bi contribution indicates that there is no Bi concentration gradient along

the growth direction. And no Bi droplets were observed under optical microscope on

all the samples. In composition determined from RBS has an error range of ±0.005.

The relation between the Bi% and Bi BEP used for the growth is shown in figure 5.7.

More Bi are incorporated in the film with higher Bi flux, until around BEP of 2× 10−8

torr where Bi% seems to saturate around 3% under the given growth condition.

HRXRD ω − 2θ scan on (004) plane was performed for all the samples. Figure

5.8 shows ω−2θ scan for InAlBiAs samples with Bi% from 2% to 3.2%. The sharp and

intense peak at 63.3382◦ correspond to the InP substrate. The less intense peak to the

left of the substrate peak correspond to the InAlBiAs layer. The layer peak locates at

a lower angle than the substrate peak due to larger Bi atom incorporation. Very clear

fringes could be observed for all the composition range, even for highest Bi% of 3.2%,

indicating smooth interface could still be achieved under the growth condition and it is

also supported by the observed streaky RHEED pattern throughout the growth. While

the position of the XRD peak is a way of determining the composition using Vagard’s
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Figure 5.6: RBS spectrum of 200 nm In0.56Al0.44Bi0.032As0.968 thin film grown on InP
substrate, with the black line corresponding to the experimental data and
the red line corresponding to the simulation. Elemental contribution are
indicated in colored lines other than the red line.

Figure 5.7: Bi% in InAlBiAs determined by RBS as a function of Bi BEP used in
MBE growth, with error bars of Bi% shown.
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Figure 5.8: HRXRD ω−2θ scans of InAlBiAs thin films with different Bi composition.

law. It is not applicable to quaternary InAlBiAs, because both group III and group

V composition are unknown, and that XRD peak is affected by inhomogeneity and

lattice super-dilation from Bi incorporation[120]. RBS is more suitable in determining

the composition. InAlBiAs layer thickness is smaller than expected, around 90% of

the expected thickness. The reduced growth rate at lower growth temperature was

also observed in GaAs [68]. Reciprocal space mapping on (224) plane was performed

on the sample with highest amount of Bi, which is more likely to relax. The result is

shown in figure 5.9 with the fully strain line drawn. The strongest signal is from the

InP substrate. The less intense peak is the signal from InAlBiAs. The InAlBiAs peak

falls at vertical extension of the substrate peak, i.e. on fully strained line, indicating

that the 200 nm film is fully strained to the substrate.

InP’s band gap is 1.34 eV at room temperature, and In0.52Al0.48As’s band gap

is 1.47 eV. Therefore absorption based method like spectrophotometry is not able to

provide band gap information of InAlBiAs since the thick substrate will absorb at

lower wavelength than the layer. And small amount of Bi will reduce band gap to be
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Figure 5.9: Reciprocal space mapping of In0.55Al0.45Bi0.032As0.968 on (224) plane with
vertical black line showing the fully strained line.

close to the InP band gap. Therefore, photoluminescence signal will be cover by the

substrate peak. We chose to use spectroscopic ellipsometry to characterize the band

gap of InAlBiAs.

The substrate wafers used were double-side polished. So sand paper was used

to create rough back-surface to prevent abnormal signal at the long wavelength due

to the light reflecting from smooth back-surface being received by the detector. The

measurements were taken with incident light wavelength from 265 to 1400 nm with step

size of 5 nm, at incident angles of 68, 73 and 78 degree. Tabulated optical constants

was used for InP substrate layer. The parametric model was used for InAlBiAs layer.

Parameters from established InAlAs parametric model were used as initial values for

InAlBiAs. The In0.52Al0.48As parametric model was tested on In0.52Al0.48As grown on

InP, and was able to fit the reference sample very well. The Bruggeman effective

medium approximation (EMA) was used to describe the surface roughness. EMA

calculate the optical constants of mixture of materials of known optical constants and
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is very useful for describing surface and interfacial roughness.

Four InAlBiAs samples with same composition (In0.54Al0.46Bi0.024As0.976) but

different layer thickness of 50, 100, 200 and 300 nm were grown to perform multi-

sample analysis to obtain the InAlBiAs parametric model values. Examples of the

InAlBiAs raw ellipsometry spectrum are shown in figure 5.10. Most of the samples has

MSE less than 2, which indicates a good fit between the model and the experimental

data.

Band gaps of InAlBiAs were extracted from the model and plot as a function

of Bi concentration in figure 5.11. Bi reduces the band gap strongly by ∼ 113 meV/%

Bi, which is very large compared to 57 meV/% Bi reduction in InGaBiAs[80] and 88

meV/% Bi in GaBiAs[38]. VBAC was applied to fit the interaction parameter β in

equation 5.3.

β was fit as a linear function of In%: ax + b, based on the InAlBiAs with Bi%

less than 3%. The VBAC model reults are presented in figure 5.11 as colored solid lines

with the coloring indicating different In%, corresponding to the scattered experimental

points. The experimental values agree with the VBAC calculation well in the low

Bi% range, while the measured band gap for InAlBiAs with ∼3% Bi deviate from the

VBAC prediction. It is possible that Bi-related alloy disorder like Bi clusters within

the sample affect the band structure strongly, which is not captured by the VBAC

model. Further investigation on the theoretical model is needed to understand the

effect. As mentioned in the previous section, this deviation from the VBAC theory

was also observed in InGaBiAs with Bi% ≥ 5%. If we only consider Bi% < 3%, band

gap reduction is around 47 meV/%Bi.

From the ellipsometry, other critical points energies are also obtained. In figure

5.12, I show how critical points E0 (Eg)and E0 + ∆0 change with Bi%. The critical

point energies of InxAl1–xAs are calculated using the reported composition-dependent

expression [29]. The result suggest that E0 + ∆0 energy is less affected by the in-

corporation of Bi compared to E0, which is consistent with studies on GaBiAs and

InGaBiAs.
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(a)

(b)

Figure 5.10: Example of InAlBiAs spectroscopic ellipsometry spectrum: a)Psi,
b)Delta. Black, blue and green line are experimental data taken with
incident angle of 68◦, 73◦ and 78◦. Dashed red line is the model fit.
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Figure 5.11: InAlBiAs band gap as a function of Bi composition. In0.52Al0.48As
lattice-matched to InP is also shown in red square as a reference. Sample
groups with different group III composition are distinguished by color.
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Figure 5.12: E0 and E0+∆0 of InxAl1–xBiyAs1–y, with the squares representing E0+∆0

and the circles representing E0. Sample groups with different group III
composition are distinguished by color.
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Based on the VBAC, we could produce a contour map that provides InAlBiAs

band gap in a wide range of composition, which is useful in determining the composition

needed for growing a full upconversion structure. We applied the parameters obtained

based on the samples discussed above, and created a contour map in figure 5.13. Al-

though the assumption that the simple VBAC model is adequate to describe the band

gap as a function of Bi% is only valid in the low Bi% range, the map could still act as

a guideline for initial study and will be optimized should more experimental data and

more sophisticated modeling are available. The preliminary calculation result in figure

5.13 plots the band gap of InAlBiAs in color scale as a function of In and Bi composi-

tion. InAlBiAs band gap could be direct or indirect based on the In composition. The

horizontal dashed line at In= 0.37 indicates the crossover from indirect to direct band

gap based on the InAlAs. To show how this map could be applied to upconversion

nanostructure growth, I presents two examples drawn in the solid black lines with the

end points composition marked on figure 5.13. One of the assumptions in upconver-

sion nanostructure is that the valence band offset between the InAs and left side of

the InAlBiAs barrier is zero, allowing for fast carrier escape. Any composition along

the line on the lower left corner would satisfy this zero-valence-band-offset assumption.

The band gap varies between AlBi0.073As0.937, 1.79 eV and In0.37Al0.63Bi0.083As0.927, 1.56

eV. Assuming that 150 meV photon energy sacrifice is introduced in the valence band

and that the right side of the barrier to have direct band gap which is beneficial for

photon emission, the available composition that meet the requirements fall on the solid

black line on the upper right corner. The band gap varies between In0.6Al0.4Bi0.15As0.85,

0.94 eV and In0.37Al0.63Bi0.16As0.84, 1.41 eV.

5.3 AlBiAs

AlBiAs thin film with thickness of 200 nm were grown on 500µm (001) GaAs

unintentionally doped substrate. The wafer was kept at 620°C for 10 minutes to remove

the surface oxides under As overpressure of 1×10−5 torr. 50 nm GaAs buffer layer was

grown at 530°C. After the buffer layer growth, substrate temperature was lowered and
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Figure 5.13: InAlBiAs band gap as a function of In and Bi composition calculated
from the VBAC model.

As4 BEP reduced to 4× 10−6 or 2× 10−6 torr for AlBiAs layer growth. Al BEP chosen

based on the growth rate calibration grown at 530°C that would achieve AlAs growth

rate of 0.6 µm/hr. As in the InAlBiAs growth, the actual growth rate is lower than

expected at low growth temperature. 50 nm of GaAs cap layer was grown to protect

AlBiAs from oxidation in the atmosphere.

Due to the malfunction of BET temperature monitor, AlBiAs were grown by

setting the thermocouple (TC) steady at 400°C. Because the TC is located behind

the substrate heater instead of directly contacting the wafer, the temperature read by

the TC is much higher than the actual sample temperature. The actual temperature

varies with factors like substrate type and substrate holder. Moreover, a steady TC

temperature is not a good indicator of a steady substrate temperature.

Low temperature grown AlBiAs quality is poor. Al adatom on the surface has

high chemical reactivity and slow migration mobility. Therefore high MBE growth
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(a) (b)

Figure 5.14: a) Streaky RHEED pattern observed during the first few tens of nanome-
ter of AlBiAs growth. b) RHEED transitions into spotty pattern as
growth proceeds.

temperature is neccessary to achieve high quality film. For example, AlGaAs is usually

grown at temperature over 640°C[68]. Generally, the RHEED during the first tens of

nanometers of AlBiAs layer growth was clear and streaky (see figure 5.14 (a)) similar

to what was observed in the buffer layer, indicating that the surface was still relatively

smooth. However, the RHEED transit into a spotty pattern (figure 5.14 (b)), indicating

that the growth proceed as 3D island mode with rough surface. Two different RHEED

patterns were also observed addition to the spotty RHEED pattern. Figure 5.15 shows

one example where the RHEED spots is more diffused with satellite spots in one

direction than the other. The RHEED turned into clear spotty pattern in both direction

at the GaAs cap growth. Figure 5.16 shows another example where the diffraction

pattern is arc-shape in one direction and a mixture of arc and spots in the other

direction. The pattern suggest some degree of disorder with misorientation. This type

of pattern was also observed in growth like GaN on GaAs[63]. Note that only two

samples exhibit strange RHEED pattern in figure 5.15 and 5.16. The actual growth

temperature being too low was probably the cause. All the other AlBiAs exhibit clear

spotty pattern in both direction as shown in figure 5.14.
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(a) (b)

Figure 5.15: Another RHEED pattern observed during AlBiAs growth showing a)
satellite spots in one direction and b) clear spots in the other.

(a) (b)

Figure 5.16: RHEED pattern during AlBiAs growth showing a) arc-shape pattern in
one direction and b) arc plus spots in the other direction.
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Figure 5.17: RBS spectrum of AlBi0.066As0.934.

5.3.1 Characterization of MBE Grown AlBiAs Film

An example of the AlBiAs RBS spectrum is in figure 5.17. The light Al atom in

the AlBiAs layer contributes to the step from channel ∼650 to ∼750. GaAs cap layer

with thickness of around 50nm contributes to the sharp peak around channel 1100.

And the platform in the far right centering around channel 1200 originates from the Bi

in the AlBiAs layer. Up to 6.6% Bi was incorporated without observable concentration

gradient along the growth direction.

Figure 5.18 shows the HRXRD ω − 2θ scan on (004) plane from several sam-

ples. No clear thickness fringes was observed on any AlBiAs sample. AlBiAs peak

is generally broad and have low intensity. For Bi% ≥ 6%, there is no AlBiAs peak

distinguishable from the background noise. RSM was performed on sample with com-

position of AlBi0.06As0.94, as shown in figure 5.18 with fully strained line(vertical solid

black line) drawn. The AlBiAs peak could be vaguely distinguished. However, it seems

that the layer is still fully strained to the substrate.
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Figure 5.18: HRXRD ω − 2θ scans of AlBiAs with different Bi%.

Figure 5.19: Reciprocal space mapping of AlBi0.06As0.94in (224) direction, with the
vertical black line representing the strained line.
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AlBiAs band gap is extracted from spectroscopic ellipsometry measurements.

The sample is modeled as 4 layer structure: GaAs substrate + AlBiAs layer + GaAs

cap + GaAs oxide. Tabulated optical constants were used for both GaAs and GaAs

surface oxide. AlBiAs layer modeled with parametric model based on the AlAs, which

is able to describe the AlAs reference sample very well.

The quality of the ellipsometry result seems to depend on the crystalline quality

of the sample. The ellipsometry data of the AlAs reference sample grown at 530°C

agrees fairly well the the model. However, not all the low temperature grown AlBiAs

samples were able to yield sensible ellipsometry result that fit well with the model.

Only two samples containing 4.5% and 3.3% Bi% have ”good” ellipsometry quality,

meaning that the model agrees with the experimental data (The ellipsometry spectrum

of the 4.5% sample are shown in figure 5.20). Both samples has clear XRD layer peak

as shown in figure 5.18. Whereas the other AlBiAs samples that has a relatively

indistinguishable XRD layer peak as shown in the three lower scans in figure 5.18 do

not have good ellipsometry scan quality. An example of the ”bad” ellipsometry scan is

shown in figure 5.21. Growth condition needs to be improved to obtain good quality

materials.

The ellipsometry result suggest the Γ − Γ energy gap of the 4.5% and 3.3%

AlBiAs to be 2.70 and 2.77 eV. The band gap reduction is estimated to be around

63 meV/%Bi. Alaya et al.[4] reported theoretical calculation on AlBiAs and predicted

Γ− Γ band gap to be 2.76 and 2.82 eV for 4.5% and 3.3% AlBiAs respectively.

The optical constants of the InAlBiAs, AlBiAs and InGaBiAs are shown in

figure 5.23, 5.24 and 5.22.

5.4 Summary

The growth and characterization of Al-containing dilute bismuthides InAlBiAs

and AlBiAs were demonstrated in this chapter. Samples were grown by MBE at low

temperature and low As4 overpressure. InAlBiAs thin film on InP substrate contains

up to 3.2% Bi%. Valence band anti-crossing theory was applied to describe the band
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(a)

(b)

Figure 5.20: AlBi0.045As0.955 spectroscopic ellipsometry spectrum: a)Psi, b)Delta.
Black, blue and green line are experimental data taken with incident
angle of 70◦, 75◦ and 80◦. Dashed red line is the model fit.
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(a)

(b)

Figure 5.21: Example of spectroscopic ellipsometry spectrum: a)Psi, b)Delta from
a AlBiAs sample with poor crystalline quality. Black, blue and green
line are experimental data taken with incident angle of 70◦, 75◦ and
80◦. Dashed red line is the model fit. The model deviate from the
experimental data. 89



(a)

(b)

Figure 5.22: Optical constants of InGaBiAs: a) refractive index n; b) extinction
coefficient k.
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(a)

(b)

Figure 5.23: Optical constants of In0.54Al0.46BiyAs1–y: a) refractive index n; b) ex-
tinction coefficient k.
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(a)

(b)

Figure 5.24: Optical constants of AlBiyAs1–y: a) refractive index n; b) extinction
coefficient k.
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gap change with Bi%. The band gaps determined by spectroscopic ellipsometry agree

with the VBAC fairly well up to 2.4% Bi composition in InAlBiAs. Band gap reduction

was shown to be around 47 meV/%Bi in this low Bi% range. For the samples with

≥ 3% Bi%, the experimentally determined band gaps deviate significantly from the

VBAC. This is possibly caused by alloy disorder in the sample containing high Bi%

like Bi clusters impacting the valence band strongly which is not captured by the

VBAC model used here. Further investigation of the model and optimization of the

InAlBiAs quality are needed. AlBiAs with up to 6% Bi% were grown by MBE. We

observed around 63 meV/% Bi of band gap reduction. We still need to explore the

growth condition at low temperature to obtain good quality thin film for ellipsometry

analysis.
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Chapter 6

CONCLUSION AND FUTURE WORK

I have discussed the potential performance of the proposed upconversion nano-

structure using a kinetic rate equation model and the growth and characterization of

Al-containing dilute bismuthides which could be applied to the upconversion nano-

structure. The calculation with kinetic rate equation model have shown that the up-

conversion nanostructure is very promising in converting low energy photons into high

energy photons with high upconversion quantum efficiency. The expected solar cell

efficiency is also greatly increased with the addition of such upconversion layer.

MBE growth of (In)AlBiAs at low temperature was demonstrated. Good qual-

ity InAlBiAs thin films with thickness of several hundred nanometers were achieved.

However, AlBiAs growth condition needs to be further explored to improve the mate-

rial quality. We estimate band gap reduction from Bi incorporation of 47 meV/%Bi

and 63 meV%Bi for InAlBiAs and AlBiAs, respectively.

In the next section, I will discuss some of the future directions for dilute bis-

muthides and upconversion nanostructure.

6.1 Future Work in Dilute Bismuthides and Upconvesion Nanostructure

MBE growth temperature, growth rate and III:V flux ratio’s effect on Bi in-

corporation and crystalline quality of the Al-containing dilute bismuthides need more

study for the purpose of achieving better quality films with higher Bi composition.

Temperature plays a very important role in both sample quality and Bi incorpo-

ration. Al surface migration is very slow at low temperature, leading to island growth

and rough surface. For AlBiAs, low temperature growth under the aforementioned

growth condition yield poor crystalline quality film mostly. However, low temperature
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growth is essential for Bi incorporation. Finding the balance between crystal quality

and growth temperature is even more important for AlBiAs growth. Since the actual

growth temperature are unknown for the samples due to the lack of BET temperature

control, temperature stability may be another factor that contributes to poor crys-

talline quality. Previous study on AlGaAs have shown that growing with III: V flux

at stoichimetric condition was able to improve the low temperature grown AlGaAs

quality[68]. The two samples with 4.5% and 3.3% Bi% that possess best quality of all

AlBiAs samples, were grown under As4 BEP of 4 × 10−6 and 2 × 10−6 respectively.

Further lowering the As flux may help improve both the thin film quality and Bi in-

corporation. However, low As flux would increase the risk of Bi or group III droplets

formation on the surface. Modulation techniques like migration enhanced epitaxy is

an alternative to improving low temperature growth quality and increase Bi incorpo-

ration. By alternating supply of group III (Ga or Al, for example) and group V atoms,

the migration of group III atoms is enhanced on group III stabled surface[49, 16]. Al-

ternatively, by periodically interrupting the Bi supply to allow for deplete the surface

Bi could potentially prevent Bi droplet formation[87]. Digital alloy of intermixing con-

stituting binaries could be another viable approach. It was reported on GaNSb that

alloy produced by this method could maintain high crystallinity at high Sb composition

while the alloy still behaves like the bulk crystal in terms of band gap determined by

optical absorption [88].

Post-growth rapid thermal annealing is an effective way to improve material

quality. It has been demonstrated on GaBiAs that rapid thermal annealing can im-

prove the PL intensity without affecting the peak energy [69]. By performing thermal

annealing at various temperature up to 750°C, for 180s, Stanionytė et al., investigated

the post growth rapid thermal annealing effect on the Ga0.485In0.515As1−xBix properties

and found enhancement in room temperature PL intensity, carrier lifetime, and elec-

tron mobility. However, decreased out-of-plane lattice constant has been observed and

the InGaBiAs band gap increases tens of meV after annealing. The optimal annealing

temperature window is quite narrow. Only annealing over 600°C shows improvement
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of the optical and electrical characteristics, while too high a temperature, for example

750°C, strongly degrades the surface[100].

Alloy clustering and phase segregation could occur in the low temperature

growth, affecting the electrical and optical properties of the dilute Bismuthides, as

evidenced by the ellipsometry results of InAlBiAs and AlBiAs. CuPtB-type of As and

Bi atomic ordering and phase segregation was observed in GaBiAs via electron mi-

croscopy [76, 13]. S-shape temperature dependence PL peak energy is attributed to

Bi-related clustering[66]. Future work on (In)AlBiAs using techniques like high resolu-

tion transmission electron microscopy could provide structural information of the alloy

and possibly help understanding the results observed in the last chapter.

The first generation epitaxy upconversion nanostructure could use the compo-

sition proposed in the figure 5.13 in the low Bi% as high Bi% incorporation is still dif-

ficult. We could use this first generation structure to study the energy level offsets and

upconversion quantum efficiency with photoluminescence spectroscopy, and dynamics

of carrier generation and relaxation with time-resolved PL and transient absorption

spectroscopy. The results can be applied to validating the kinetic rate equation model

and optimizing the subsequent generations of upconversion nanostructure design.
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