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Integration of III-V semiconductors and Si is a very attractive means to achieve

low-cost high-efficiency solar cells. A promising configuration is to utilize a dual-junction

solar cell, in which Si is employed as the bottom junction and a wide-bandgap III-V

semiconductor as the top junction. The use of a III-V semiconductor as a top junction

offers the potential to achieve higher efficiencies than today’s best Si solar cell. Dilute

nitride GaNP is a promising candidate for the top cell in dual-junction solar cells because

it possesses several extremely important attributes: a direct-bandgap that is also tunable
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as well as easily-attained lattice-match with Si. As a first step towards integration of

GaNP solar cells onto Si, the goal of this dissertation is to optimize and demonstrate

GaNP solar cells grown by gas-source molecular beam epitaxy (GSMBE) on GaP (001)

substrate.

The dissertation is divided into three major parts. In the first part, we demonstrate

∼2.05 eV ([N]∼1.8%) dilute nitride GaNP thin film solar cells, in which the GaNP is

closely lattice-matched to Si, on GaP substrates. From transmission electron microscopy

(TEM), the device exhibits defects only at the GaNP/GaP interface, and no threading

dislocations in the active layer are observed. Our best GaNP solar cell achieved an

efficiency of 7.9% with anti-reflection (AR) coating and no window layer. This GaNP

solar cell’s efficiency is higher than the most efficient GaP solar cell to date and higher

than other solar cells with similar direct bandgap (InGaP, GaAsP). Through a systematic

study of the structural, electrical, and optical properties of the device, efficient broadband

optical absorption and enhanced solar cell performance using GaNP are demonstrated.

In the second part, we demonstrate the successful fabrication of GaP/GaNP

core/shell microwires utilizing a novel technique: top-down reactive-ion etching (RIE) to

create the cores and MBE to create the shells. Systematic studies have been performed

over a series of microwire lengths, array periods, and microwire sidewall morphology.

For a fixed length, short circuit current (Jsc) increases as physical fill factor (PFF) of

microwires increases, while, for a fixed array period, Jsc increases as microwire length

increases. Our studies show that the open circuit voltage (Voc) is degraded primarily

due to defects at the GaP/GaNP interface and in the shells, not surface recombination.

The best efficiency we achieved using our microwire solar cell is 3.2% using an AR

coating. Compared to thin film solar cells in the same growth run, the microwire solar

cells exhibit greater Jsc but poorer Voc. This results from greater light absorption and a

greater number of defects in the microwire structure, respectively.

xx



In the final part, vertical self-catalyzed GaP, GaNP, and GaNP/GaNP core/shell

nanowires are demonstrated. The growth window of GaP nanowires is comparable

to the growth window of GaNP nanowires. The diameter of nanowires (cores) can

be controlled by adjusting substrate temperature (Tsub). The shells can be grown by

decreasing Tsub and increasing the V/III incorporation ratio to reduce adatom mobility.

The crystal structures of GaP and GaNP nanowires are mixtures of cubic zincblend

phase and hexagonal wurtzite phase along the [111] growth direction. According to

photoluminescence measurements, the broad spectrum of nanowire arrays do not result

from the variation of N composition among nanowires, but from the mechanism of light

emission of GaNP.
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Chapter 1

Introduction

1.1 Motivation

Si-based solar cell technology dominates the global market with over 90% market

share according to a report in 2015.2 The primary driver behind the success of Si-based

solar cells is their combination of satisfactory efficiency and low cost. With solar cells

becoming more mainstream, the need for smaller (i.e., more efficient) and lighter (i.e.,

made from less material) devices is increasing. Unfortunately, the efficiency of Si-based

solar cells has remained for the past 15 years around 25% under 1 sun, close to but

under the theoretical limit of 30%. Figure 1.1 shows that, between 1999 and 2015,

the efficiency of Si-based solar cells has only increased 0.6%.3, 4 On the contrary, III-

V solar cell technology has seen continuous advancements over an initially sluggish

performance and currently provides a world record efficiency of 38.8% under 1 sun (46%

under concentrated light).3 III-V compound multi-junction solar cells have been the

most successful technology to achieve the highest solar efficiency, which is beyond the

single cell Shockley-Queisser limit, among all types of solar cells. Despite their higher

efficiency, wide adoption of III-V solar cells is impeded by the material cost, especially

1



2

Fi
gu

re
1.

1:
B

es
tR

es
ea

rc
h

so
la

rc
el

le
ffi

ci
en

cy
.1



3

Figure 1.2: Theoretical efficiency contour of top and bottom cells under AM 1.5G. The
dashed line indicates the fixed 1.12 eV Si bottom cell.5

the cost of the substrate. Thus, integration of high-efficiency III-V semiconductors

directly onto Si substrate is a very attractive approach to create low-cost, highly efficiency

solar cells.

In III-V/Si solar cells, Si can be used as a substrate or can also be used as an

excellent active bottom cells. In theory, a dual-junction solar cell that employs 1.12 eV Si

as the active bottom-junction could achieve a maximum solar efficiency of 45%5 under

one sun by employing III-V’s bandgap of 1.74 eV.,6, 7 as depicted in Figure1.2.

1.2 Background and proposed approach

Integration of III-V semiconductors on Si substrate for solar cells began in the

1980s using a monolithic (heteroepitaxial) growth approach. This approach proved to be

very challenging as it is susceptible to many forms of mismatch between the two materials:

lattice mismatch, thermal expansion mismatch, and polar/non-polar mismatch. In 1986,

GaAs was initially integrated directly on Si substrate as a first step towards integration of
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Figure 1.3: (a) Bright-field and (b) dark-field cross-sectional transmission electron
microscope (TEM) of GaP on Si substrate. The only defects observed are dislocations
due to the lattice mismatch between GaP and Si.18

lattice-matched InGaP/GaAs dual-junction solar cell on Si substrate.8 Unfortunately, the

aforementioned challenges of monolithic growth, especially the lattice mismatch of 4%

between GaAs and Si, resulted in a significant number of misfit dislocations leading to

an efficiency of only 7%. In response, researchers have investigated numerous methods

to mitigate defects which include (1) using thermal cycle growth with a very thick

buffer (e.g., a 7-µm-thick GaAs buffer) to reduce dislocation density,9 (2) introducing

superlattices to prevent threading dislocations from spreading to the active layers,10, 11

and (3) utilizing a metamorphic buffer layer (e.g., SiGe and GaAsP) to confine the

mismatch strain between the III-V top cell and the Si substrate across the thickness of

the metamorphic buffer.12–17

In recent years, it has been demonstrated that GaP can be successfully grown

directly on Si substrates using both molecular beam epitaxy (MBE) and metalorganic

chemical vapor deposition (MOCVD).18, 19 GaP is a particularly interesting III-V semi-

conductor because it exhibits the smallest lattice mismatch to Si (0.37% at 300K) of all

binary III-V materials. The successful growth of GaP on Si was accomplished using

several steps: (1) double-step formation utilizing an offcut (4◦-6◦ toward <110>) Si

substrate combined with proper annealing treatment, (2) Si surface cleaning, (3) Ga-first
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migration enhanced epitaxy (MEE) for GaP nucleation, and (4) a multi-temperature MBE

GaP growth process. Using these steps, GaP can be grown on Si without any nucleation-

related defects such as antiphase domains, stacking faults, and microtwins.18, 19 The only

remaining defects are misfit dislocations, which result from lattice mismatch between

GaP and Si, as seen in Figure 1.3.

The ability to grow low-defect GaP on Si makes GaP a very promising candidate

for the top junction of a dual-junction solar cell. Unfortunately, GaP suffers from an

indirect-bandgap and, consequently, a low absorption coefficient. This disadvantage

limits the efficiency of GaP to only a few percent, even in optimized designs.20–22

Moreover, GaP possesses a fixed bandgap of 2.26 eV, which is much larger than the

optimal bandgap for the top junction. For these reasons, GaP/Si is instead commonly

employed as a high-quality virtual substrate for other III-V top cells. For example, a

GaP/Si is commonly employed as a virtual substrate for 1.7 eV GaAsP solar cells.13 In

this particular case, a metamorphic buffer layer is sandwiched between the top cell and

the underlying virtual substrate to compensate for the high lattice mismatch between the

two. Unfortunately, while the buffer layer enables use of the virtual substrate, it also

increases device complexity and introduces crystal defects that naturally occur throughout

the buffer as it gradually transitions from one lattice constant to another. In this work, we

propose an alternative approach by using GaNP.

1.3 Dilute nitride GaNP

Dilute nitride GaNP alloys are a unique semiconductor material in which small

amounts of N atoms substitute P (group V) elements in a conventional GaP host semicon-

ductor. Incorporating a small amount of N into GaP splits the conduction band of GaP

into two sub-bands, E+ and E−, as seen in Figure 1.4. The E− acts as the fundamental
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Figure 1.4: Two sub-bands, E+ and E−, of GaNP as a function of N concentration. The
splitting of the conduction band results from the strong interaction of the N localized
states and the GaP host extended states.25

bandgap of GaNP. This unusual property of dilute nitride alloys is effectively predicted

using the band anti-crossing (BAC) model.23, 24 This model describes the interaction of

the two energy levels, which are the extended states of the semiconductor matrix and the

N localized states, using a perturbation Hamiltonian.

∣∣∣∣∣∣∣
E−EM VMN

√
x

VMN
√

x E−EN

∣∣∣∣∣∣∣= 0 (1.1)

where EM is the dispersion relation for the matrix conduction band, EN is the N state

energy which is located at 2.15 eV above the valence band maximum of GaP,25 VMN

is the interaction coefficient of the matrix conduction band and the N state energy (for

GaNP, VMN = 3.05 eV at Γ-band and VMN = 0.90 eV at the X-band ),25 and x is the N

concentration. The eigen values of this equation describe the E-k dispersion relation of
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Figure 1.5: Theoretical bandgap energy calculated from BAC model as a function of N
concentration. Inset shows the E-k diagram of both GaP and GaNP.

the dilute nitride alloy.

E±(k) =
1
2

{
EN +EM(k)±

√
(EN−EM(k))2 +4V 2

MNx
}

(1.2)

Dilute nitride GaNP is a promising candidate for the top cell in dual-junction solar

cells for several outstanding reasons. First, by introducing sufficient N concentration

into GaP, the resulting GaNP exhibits a direct-bandgap.26, 27 Figure 1.5 shows the

theoretical bandgap energy we calculated using the BAC model (i.e., Equation 1.2 using

the parameter values which were previously mentioned for GaNP) as a function of N

concentration and the inset of Figure 1.5 shows the E-k diagrams of both GaP and GaNP

to illustrate the N effect. As N concentration increases, the energy of the Γ-band decreases

faster than the energy of the X-band. This results from the greater interaction coefficient

between the matrix conduction band and the N state energy at the X-band, compared
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Figure 1.6: Absorption coefficient of common semiconductors including GaP and
GaNP.

to the Γ-band. At N concentration of only ∼ 0.4%, the energy of the Γ-band is lower

than the energy at the X-band. Thus, GaNP becomes a direct-bandgap semiconductor at

a N concentration of ∼ 0.4%. Figure 1.6 shows the absorption coefficient of common

semiconductors including indirect-bandgap GaP and direct-bandgap GaNP. A direct

bandgap semiconductor, like GaNP or GaAs, exhibits an absorption coefficient of about

104 cm−1 above the band edge. This is in contrast to indirect-bandgap GaP, which

exhibits an absorption coefficient between 102 and 103 cm−1 above the band edge.28–30

Second, incorporating N decreases the lattice constant of GaP. At N concentration

of ∼2%, GaNP becomes lattice-matched with Si. This facilitates the growth of GaNP

directly on Si without the need for a metamorphic buffer layer or GaP/Si virtual substrate.
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Consequently, the device complexity as well as any crystal defects associated with

lattice-mismatched growth can be reduced.

Third, incorporating a small amount of N into GaP drastically decreases the

bandgap of GaP due to the strong interaction of the N localized states and the GaP host

extended states, which causes the conduction band to split into two sub-bands, E+ and

E−, as depicted in Figure 1.4. This allows the bandgap of GaNP to be tuned to the

optimal top-junction bandgap of 1.7 eV by incorporating only ∼4.5% of N, resulting in

only ∼0.41% lattice mismatch with Si. Given all its advantages, GaNP is an ideal III-V

candidate for the top cell on Si substrates for low-cost solar cell applications.

1.4 Scope of dissertation

Given its solar-friendly properties and ease with which it can be grown on Si,

GaNP is a promising yet little-studied material for solar cell applications. As a first step

towards integration of GaNP solar cells onto Si, the goal of this dissertation is to optimize

and demonstrate ∼2.05 eV ([N]∼1.8%) GaNP solar cells on a GaP (001) substrate. GaP

is chosen as the substrate because it has the closest lattice constant to Si among all III-V

substrates. Using GaP as a substrate also rules out the negative effects resulting from

defects associated with growth directly on Si. In this dissertation, two configurations of

solar cells are explored: (1) thin film GaNP in Chapter 4, and (2) core/shell microwire

GaNP in Chapters 5 and 6. We also discuss the growth and characterization of smaller

scale GaNP nanowires on Si (111) as another potential solar cell structure in Chapter 7.

For all growths, gas-source MBE (GSMBE) is employed.

Chapter 2 describes the basics of solar cells and key solar cell performance

parameters. Simulations are performed to show the effect of short circuit current density

(Jsc) and external quantum efficiency (EQE) under various conditions: intrinsic layer
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width, emitter width, recombination velocity, and carrier lifetime in the intrinsic layer.

Chapter 3 describes our GSMBE modified to handle gas sources (PH3 and AsH3)

and a N plasma source. In addition, several techniques used for material characterization

including photoluminescence (PL), current density-voltage (J-V), and EQE measurements

are described. Finally, the fabrication and optimization techniques (i.e., rapid thermal

annealing (RTA), mesa etch, metallization) are discussed.

Chapter 4 is devoted to the optimization and demonstration of ∼2.05 eV ([N]∼

1.8%) GaNP thin film solar cells on GaP (001) substrate. A high-resolution Discover

D8 X-ray diffraction (XRD) system with a Bruker rotating anode diffractometer and

a FEI Tecnai F30 300kV transmission electron microscope (TEM) are employed for

determining N concentration and structural characterization, respectively. Solar cell

performance is determined by using J-V and EQE measurements. Finally, we compare

our solar cell performance with the most efficient GaP solar cell to date as well as

direct-bandgap InGaP and GaAsP solar cells.

Chapter 5 demonstrates GaP/GaNP core/shell microwire solar cells on GaP (001)

substrate. All microwire samples are p-i-n solar cells, for which the fabrication processes

are described. Systematic studies have been performed over a series of microwire lengths

(L = 6 µm, 8 µm, 10 µm), array periods (P = 4 µm, 6 µm, 8 µm), and microwire sidewall

morphology. The structural properties of the microwires are characterized using scanning

electron microscopy (SEM) and TEM, and solar cell performance is determined using

J-V and EQE measurements.

Chapter 6 describes the fabrication optimization of GaP/GaNP core/shell mi-

crowires including the process to create metal array patterns, the reactive ion etching

(RIE) process to create vertical microwires, and the wet etch technique to smooth the

rough sidewalls and the MBE shell layer.

Chapter 7 is devoted to the study of self-catalyzed GaP, GaNP, and GaNP/GaNP
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nanowires grown on Si (111) substrate. Growth windows, structural properties, and

optical properties are reported. The structural properties are characterized using SEM

and TEM. The optical properties are characterized using PL measurements on both the

nanowire array and a single nanowire.

Chapter 8 discusses possible future work.



Chapter 2

Design of the Solar Cell

This Chapter describes the physical principles of solar cell operation and its key

performance metrics. Simulations are performed to show the effect of short circuit current

(Jsc) and external quantum efficiency (EQE) under varying conditions: intrinsic layer

(i-layer) width, emitter width, recombination velocity, and carrier lifetime in the i-layer.

A solar cell is an electronic device that converts photonic energy (i.e., light) into

electricity. Photons, which have greater energy than the bandgap of the solar cell, are

absorbed by the solar cell and generate electron-hole pairs. The electron-hole pairs are

subsequently separated by a built-in electric field and extracted to an external circuit. To

simplify the analysis, a solar cell is modeled as a current source in parallel with a diode

as is illustrated in Figure 2.1.

When exposed to light, a solar cell produces photo-current (i.e., short circuit

current (Isc)) that is proportional to the light intensity. This current develops a voltage

across the terminals of the cell that is inversely proportional to load resistance. This

voltage, in turn, forward biases the diode and generates a parasitic current in the opposite

direction to the photo-current that degrades the net current at the load. This reverse

current is called dark current (Idark), and it is named as such because it is the current that

12
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Figure 2.1: Equivalent circuit of a solar cell including parasitic resistances.

flows through the device when an external voltage is applied across the terminals of the

solar cell in the dark. The dark current is basically the diffusion current in a forward

biases cell, and is the saturation current of the diode in a reverse biases.

In a real solar cell, two parasitic resistances, which are series resistance (Rs)

and parallel (shunt) resistance (Rsh), are also included in the solar cell model. These

resistances cause the power losses in a solar cell. High Rs primarily results from the

resistance in the cell material and from the contacts. Low Rsh, on the other hand, primarily

results from current leakage of the solar cell due to manufacturing defects (e.g., cracks,

scratches) and local recombination sites (e.g., defects, dislocations, grain boundaries).31

Accounting for non-idealities, the net current density at the terminals of the cell in the

cell is given by:

J = Jsc− Jo(eq(V+JARs)/nkBT )−1)− V + JARs

Rsh
(2.1)

where q is electric charge, Jo is saturation dark current density, n is an ideality factor

that accounts for recombination effects, kB is Boltzmann’s constant, T is temperature in

K, and A is device area. The effect of the resistances on current density-voltage (J-V)

characteristics of solar cells are shown in Figure 2.2. For an efficient solar cell, Rs should
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be minimized,while Rsh should be maximized.

2.1 Performance characteristics

The standard test condition (STC) for a solar cell is air mass 1.5 global (AM 1.5G)

spectrum, which defines the power of the incident light as 100 mW/cm2 at sea level due

to direct and diffuse incidence. Figure 2.3, as an example, illustrates the experimentally

measured current density-voltage and the power-voltage characteristics of our GaNP

solar cell under AM 1.5G and highlights the key parameters of a solar cell: (1) short

circuit current density (Jsc), which is the current density when the voltage across the cell

is zero, (2) open circuit voltage (Voc), which is the maximum voltage of the operation

region of the cell, and can be determined as the voltage when the terminals of the cell are

isolated, and (3) the current density (Jm) and voltage (Vm) that result in the solar cell’s

maximum power density and are closely tied to its fill factor (FF) and solar cell efficiency

(η).

Fill factor (FF) is a measure of how closely a solar cell approaches its ideal

performance (i.e., Rs = Rsh = 0) and is defined as the ratio of the maximum power

density to the product of Jsc and Voc.

FF =
JmVm

JscVoc
(2.2)

For an ideal case, FF can be approximated within four decimal places as:32, 33

FF =

qVoc
nKBT − ln( qVoc

nKBT +0.72)
qVoc

nKBT +1
(2.3)

The efficiency of a solar cell (η), is defined as the ratio of its input energy (i.e.,

incoming light) to its output energy (electrical output at the terminals), and it is often
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Figure 2.2: The effect of (a) series resistance (Rs) and (b) shunt resistance (Rsh, Rρ) on
J-V characteristics of solar cells.
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Figure 2.3: J-V and P-V characteristics of a GaNP thin film solar cell.

used as a means to compare the performance of solar cells.

η =
Pm

Ps
=

JmVm

Ps
(2.4)

where Pm is solar cell’s maximum power density and Ps is the power density of the

incident light. Solar cell efficiency depends directly on the bandgap of the materials that

comprise the solar cell. As such, to compare the cell performance of solar cells made of

different materials, the bandgap (Eg) to Voc offset (Woc) is used.

Woc =
Eg

q
−Voc (2.5)

Woc has been theoretically and experimentally proven to be independent of Eg, and it is

commonly used to perform for a fair comparison between solar cells that are comprised

of different materials. Figure 2.4 depicts the theoretical and experimentally measured
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Figure 2.4: The theoretical and experimental data of bandgap to voltage offset as a
function of bandgap.34

values of Woc as a function of Eg. Two theoretical models are shown: (1) one in which

only radiative recombination is assumed and (2) one that derives Woc from the detailed

balance model.34 Both models calculate Woc as ∼0.4 V, which is comparable to the

experimental measurement.34

2.2 Short circuit current

In general, a solar cell junction is composed of three regions: (1) a neutral n-

region, (2) a depletion region, and (3) a neutral p-region. The current through the device

junction can be solved by using the semiconductor transport equations and Poisson’s

equation with appropriate boundary conditions. To simplify the problem, we assume

that (1) there are no free carriers in the depletion region, (2) within the quasi-neutral
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Figure 2.5: Schematic p-i-n solar cell showing emitter region, i-region, and base region.

regions, only the minority carriers determine the current, and (3) the minority carriers in

the neutral regions are driven only by diffusion due to the absence of electric field.

In this work, we use a p-i-n junction for our solar cell, a schematic for which is

shown in Figure 2.5. An n-type layer and a p-type layer are employed as an emitter and a

base, respectively. Both layers possess a doping concentration of high-1017 to mid-1018

cm−3, which creates a thin depletion width (< 20 nm) in each region, compared to the

a thick depletion width in i-region (> 500 nm). Thus, our case simply uses the emitter

width (We) as the neutral n-region, the i-layer width (Wi) as the depletion region, and the

base width (Wb) as the neutral p-region.

Using the above assumptions, Jsc can be calculated as:35

jsc(E) = je(E)+ jb(E)+ ji,gen(E) (2.6)

Jsc =
∫

∞

0
jsc(E)d(E) (2.7)

where je and jb are the minority carrier current densities from the emitter and the base

regions, respectively, and ji,gen is the current density generated in the i-region. Each

current density is given by:



19

je(E) = [
qbs(1−R)αLe

α2L2
e−1

]× [
(SeLe

De
+αLe)− e−αWe)(SeLe

De
coshWe

Le
+ sinhWe

Le
)

SeLe
De

sinhWe
Le

+ coshWe
Le

−αLee−αWe ]

(2.8)

jb(E)= [
qbs(1−R)αLb

α2L2
b−1

]e−α(We+Wi)×[αLb−

SbLb
Db

(coshWb
Lb
− e−αWb)+ sinhWb

Lb
)+αLbe−αWb

SbLb
Db

sinhWb
Lb

+ coshWb
Lb

]

(2.9)

ji,gen(E) = qbs(1−R)e−αWe(1− e−αWi) (2.10)

where bs is incident spectral photon flux density; R is the reflectance of the material; α is

the absorption coefficient of the material; Le and Lb are the diffusion length of minority

carriers in the emitter and the base regions, respectively; Se and Sb are the recombination

velocities at the front and the back surface, respectively; and De and Db are the diffusion

coefficients of minority carriers in the emitter and the base regions, respectively.

The short circuit current also can be calculated by:

Jsc = q
∫

bs(E)EQE(E)dE (2.11)

where EQE is external quantum efficiency, which is the ratio of the number of electrons

collected at the terminals of the cell to the number of incident photons. EQE is given by:

EQE =
je(E)+ jb(E)+ ji,gen(E)

qbs(E)
(2.12)
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2.3 Open circuit voltage

Open circuit voltage (Voc) is defined as the maximum possible potential across

the terminals of the solar cell which occurs when the contacts are isolated (i.e., J = 0).

Voc can be calculated by:

Voc =
nkBT

q
ln(

Jsc

Jo
+1). (2.13)

Jo is dependent on the minority carrier diffusion current of the emitter and base regions

(Jo,e and Jo,b) as well as the recombination current of the depletion region.

Jo = Jo,e + Jo,b + Jo,rec (2.14)

where

Jo,e =
qDeNcNv

Le
× [

SeLe
De

coshWe
Le

+ sinhWe
Le

SeLe
De

sinhWe
Le

+ coshWe
Le

]× e(
−Eg
kBT ) (2.15)

Jo,b =
qDbNcNv

Lb
× [

SbLb
Db

coshWb
Lb

+ sinhWb
Lb

SbLb
Db

sinhWb
Lb

+ coshWb
Lb

]× e(
−Eg
kBT ) (2.16)

Jo,rec = qWi

√
NcNv

tetb
× e(

−Eg
2kBT ) (2.17)

In indirect-bandgap material, carrier lifetime is long so very little recombination

occurs in the depletion region. Consequently, the diffusion currents Jo,e and Jo,b likely

dominate. Conversely, in direct-bandgap material, carrier lifetime is short resulting in

more recombination in the depletion region. In this case, Jo,rec likely dominates.
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Figure 2.6: Calculated maximum short circuit current density and maximum efficiency
as a function of bandgap.

2.4 Our GaNP solar cell design

In order to optimize our solar cell structure, we perform simulations on a p-GaP/i-

GaNP/n-GaP solar cell, which is the structure used in this work, in various conditions. The

MATLAB scripts used in calculation are shown in Appendix A. The default parameters

used for this structure are listed in Table 2.1. In these calculations, we assume that all

incident photons are absorbed in the solar cell (R=0) and that the dominate recombination

mechanism is the Shockley-Read-Hall recombination.

2.4.1 The maximum Jsc and η under one sun

The maximum Jsc of our GaNP solar cell is calculated using Equation 2.11. We

assume AM 1.5G and that 100% of photons possessing greater energy than the cell

bandgap are absorbed and converted into electricity at the terminals (i.e., EQE = 1). The

resulting value of Jsc is then used in combination with Woc = 0.4 (see Section 2.1) and
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Table 2.1: The parameters used in our calculations

General parameters
Bandgap (Eg) 2.26 eV
Effective conduction band density of states (Nc)36 1.8 × 10−19 cm−3

Effective valence band density of states (Nv)36 1.9 × 10−19 cm−3

Emitter (n-type)
Doping concentration (Ne) 4 × 1018 cm−3

Diffusion coefficient of minority carriers (De)37 1.68 cm2/s
Diffusion length of minority carriers (Le)21 190 nm
Recombination velocity (Se)38 1 × 106 cm/s
Width of emitter (We) 100 nm

Base (p-type)
Doping concentration (Nb) 6.5 × 1017 cm−3

Diffusion coefficient of minority carriers (Db)37 1.53 cm2/s
Diffusion length of minority carriers (Lb)37 4.1 µm
Recombination velocity (Sb)38 1 × 106 cm/s
Width of base layer (Wb) 300 µm

intrinsic layer (i-layer)
Width of i-layer (Wi) 1 µm
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Equation 2.3 to calculate the maximum η of the cell. Using Eg = 2.05 eV GaNP, our

GaNP solar cell is capable of providing a maximum Jsc and η of 13.5 mA/cm2 and 20.2%,

respectively, as depicted in Figure 2.6.

2.4.2 The effect of the i-layer width

In this study, we compare the EQE and Jsc of various solar cells that use varying

thicknesses of GaP or GaNP as its i-layer material. In this work, i-layer thickness is

varied between 0 and 10 µm. Figure 2.7 shows the EQE of p-GaP/i-Ga(N)P/n-GaP solar

cells with different i-layer thicknesses (Wi). The corresponding Jsc is shown in Figure

2.8. As can be seen in the figure, increasing Wi improves long-wavelength EQE for both

the i-GaP and i-GaNP cells, but the improvement is more pronounced in i-GaNP. This is

due to better absorption in direct-bandgap GaNP in comparison to indirect-bandgap GaP.

Furthermore, the graphs show that the i-GaP sample needs to be thicker than ∼10 µm in

order to maximize long-wavelength EQE whereas the i-GaNP sample only needs to be ∼

5 µm thick. We also note that Wi has negligible impact on short-wavelength EQE for

both samples. Thus, other parameters (e.g., emitter width, recombination velocity at the

surface) must be used to improve short-wavelength EQE performance.

2.4.3 The effect of the emitter width

In order to enhance short-wavelength EQE, which is independent of Wi, the effect

of the emitter, where short-wavelength photons are mostly absorbed, is studied. An

emitter is typically a highly-doped region that results in very short Le, which is ∼190

nm in our case. In our simulations, the thickness of the emitter (We) is varied from 50

nm to 1 µm. In the thick emitter region (We > Le ), the generated carriers outside the Le

range recombine before transporting across the junction and, consequently, they do not
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Figure 2.7: Calculated EQE from p-i-n solar cell utilizing (a) GaP, and (b) GaNP as an
i-layer, of which thickness is varied.
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Figure 2.8: The corresponding short circuit current density as a function of i-layer
thickness.

contribute to the current. Utilizing a thinner emitter layer (We < Le ) shows improved

response to short-wavelength photons, as shown in Figure 2.9(a), resulting in improved

Jsc as seen in Figure 2.9(b). Even though the simulation results show that the emitter

needs to be as thin as possible in order to obtain optimal short-wavelength response, a

very thin emitter (Le ≤ 20 nm) would likely be impractical. At very small values of Le,

the emitter layer would likely to be completely depleted and would likely to have high

contact resistance, which our simulation does not account for. We also note that varying

the emitter thickness shows no significant impact on long-wavelength EQE, which is in

line with the fact that long-wavelength photons are primarily absorbed deep in the cell

(i.e., not in the emitter) because of their long absorption depth.
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Figure 2.9: EQE and corresponding short circuit current density as the effect of emitter
thickness.
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Figure 2.10: EQE and corresponding short circuit current density as the effect of
recombination velocity at the surface.
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Figure 2.11: Open circuit voltage and corresponding efficiency as a function of carrier
lifetime.

2.4.4 The effect of recombination velocity at the front surface

Another factor that affects short-wavelength EQE response is recombination ve-

locity on the cell surface. Figure 2.10 shows the EQE response of solar cells with various

recombination velocities and their corresponding Jsc. A typical GaP layer possesses

a recombination velocity of 106 cm/s which, according to Figure 2.10, results in poor

short-wavelength EQE response. This is attributed to significant surface recombination,

which can be mitigated/eliminated by surface passivation to reduce the recombination

velocity at the surface.

2.4.5 The effect of carrier lifetime in the i-layer

In this study, the effect of carrier lifetime in the depletion region is examined.

Figure 2.11 shows Voc and η as a function of carrier lifetime. Note that we assume the
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carrier lifetimes of electrons and holes are the same. From the figure, we can see that the

carrier lifetime has a direct effect on Voc, which, consequently has a direct effect on η.

Longer lifetime reduces recombination current, which results in greater Voc. Note that,

carrier lifetime is proportional to the quality of GaNP film. Thus, in order to obtain high

Voc, the defects in films need to be minimized.



Chapter 3

Experiment Procedures

3.1 Overview

This Chapter describes our gas-source molecular beam epitaxy (GSMBE) modi-

fied to handle gas sources (PH3 and AsH3) and its N plasma source. In addition, several

techniques used for material characterization including photoluminescence (PL), current

density-voltage (J-V), and external quantum efficiency (EQE) measurements are de-

scribed. Finally, the fabrication and optimization techniques (i.e., rapid thermal annealing

(RTA), mesa etch, metallization) are discussed.

3.2 Growth

This section describes GSMBE system, which was used to grow all the devices in

this study including thin films, shells of core/shell microwires, and core/shell nanowires.

In addition, N plasma, which is an extremely important aspect of dilute nitride growth, is

described.

30
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3.2.1 Gas-source molecular beam epitaxy

Molecular beam epitaxy (MBE) was invented in the late 1960s at Bell Telephone

Laboratories by J.R. Arthur and Alfred Y. Cho.39 MBE is an advanced ultra-high vacuum

(UHV) evaporation technique, which provides atomic-level precision and produces high-

purity films. MBE has been widely used for growing thin epitaxial structures made of

semiconductors. The composition of the grown films and their doping level depend on

the deposition rate of the sources. The typical growth rate is∼1 µm/h or ∼1 monolayer/s,

which is slow enough to ensure surface migration of adatoms on the growing surface.

Consequently, the surface of the grown film is very smooth. The growth rate of a

III-V compound semiconductor is determined by the group-III flux. An overpressure

of group-V is provided. The ultra-high vacuum environment allows the use of in-situ

monitoring techniques such as reflection high-energy electron diffraction (RHEED).

RHEED intensity oscillations are used to determine the growth rate and composition of

an alloy, and it is key in enabling the fabrication of sophisticated device structures using

MBE.

Gas-source MBE (GSMBE) was introduced in 1980 bringing with its several

advantages over traditional MBE.40 First, GSMBE provides better composition control

of mixed group-V compounds enabling the growth of ternary and even quaternary

compounds. The flux of group-V material can also be abruptly changed, which facilitates

greater device structure flexibility. In addition, the use of thermally cracked arsine and

phosphine gases as precursors in GSMBE generates P2 and As2. These dimers possess a

higher accommodation coefficient on the growing semiconductor surface than P4 and

As4, which are generated by heating solid elemental phosphorus and arsenic in traditional

MBE.

Our lab employs a Varian Gen-II MBE modified to handle group-V hydride gas

sources. The schematic of our GSMBE system is shown in Figure 3.1. Solid elemental
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Al, Ga, and In are used as the group-III sources. Solid elemental Be and Si are used

as p-type and n-type dopants, respectively. All group-III fluxes and dopant sources are

controlled by varying the temperature of the Knudsen effusion cells. AsH3 and PH3 gases,

which are installed in two separate gas cabinets together with potassium permanganate

scrubbers, are used as the group-V sources. These gases are introduced into the growth

chamber through crackers that are heated to 1000 ◦C. The crackers thermally decompose

AsH3 and PH3 into As2 and P2 as well as H2 by-product before reaching the substrate.

The fluxes of the group-V sources are controlled by mass flow controllers (MFCs). The

maximum calibrated fluxes of As2 and P2 are 5 sccm and 20 sccm, respectively. All

furnaces are equipped in the front with mechanical shutters and pneumatic shutters,

which are used to cut off the beams when growth is not desired.

Our GSMBE system consists of three chambers: (1) growth chamber, (2) buffer

chamber, and (3) loadlock chamber. The growth chamber vacuum is maintained by an

Ebara cryo-pump with a pumping speed of 2200 l/s and a Pfeiffer Model TM U1600

turbo pump with a pumping speed of 1500 l/s. In addition to the pumps, liquid nitrogen

shrouds encompassing growth chamber and the sources are used to condense background

molecules that inhibit growth of high-purity layers. Typical background pressure in the

growth chamber with fed liquid nitrogen and sources heated to operating temperatures

is in the low-10−8 Torr. When group-V gas is introduced in the growth chamber, the

chamber pressure increases to low-10−5 Torr. The buffer chamber and loadlock chamber

vacuum are maintained by an ion pump and a small turbo pump, respectively.

3.2.2 N plasma source

A radio-frequency (RF) plasma N source is used for N incorporation in our

studies. This is the most common technique for N plasma source because it provides

stable excited N2 molecules and atomic N flux with good uniformity. The N plasma
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Figure 3.1: Schematics of the modified Varian Gen-II gas-source molecular beam
epitaxy (Adapted from V. Odnoblyudov’s Ph.D. thesis, UCSD, 2006).
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source is generated in multiple steps. First, ultra-high purity (99.99%) N2 gas is sent

through a regulator, which maintains a constant pressure of 50 psi. The regulated gas is

then purified using a Matheson Gases & Equipment 6190-V4MM Membrane to remove

water vapor and O2. The resultant N2 flux is then sent through an MFC and an RF plasma

excited at 13.56 MHz, which is created by an Oxford Applied Research Model MPD21

RF plasma generator. Within the RF plasma, active N radicals are generated and injected

into the growth chamber through a beam exit aperture, which has 16 holes each with a

diameter of 0.3 mm. The final component is a shutter that is used to cut off the N radical

beam when no N is required.

The N plasma discharge described earlier is generated in a pyrolytic boron nitride

(PBN) tube by inductively-coupled RF excitation at 13.56 MHz. The resultant N plasma

discharge is composed of (1) the desired N radicals, which are used in the growth; (2)

inert N2 molecules, which do not participate in the growth process; and (3) N2 ions,

which do not incorporate into films, but negatively impact growth by bombarding the

surface of the growing films. The undesired surface ion bombardment can be mitigated

by employing parallel deflector plates and establishing an electric field between them

to divert the ion beam away from the substrate. However, our system does not have this

feature.

The composition and rate of plasma discharge are controlled using two primary

factors, RF power and N2 flux. The effect of these parameters on the resultant plasma dis-

charge varies and can be inferred by monitoring the plasma discharge’s optical emission

intensity, which is monitored using a Si photodetector in our system. The relationship

between RF plasma, N2 flux, and optical emission intensity is illustrated in Figure 3.3,

the data for which was produced experimentally by previous students. Examining the

black lines, we note that for a fixed RF power, the optical emission intensity levels off as

flux increases. This indicates the generation of N radicals is saturating (i.e., poor flux to N
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Figure 3.2: Schematic of the N plasma source and N species produced by plasma
discharge (Adapted from V. Odnoblyudov’s Ph.D. thesis, UCSD, 2006).

radical conversion efficiency). Note that, increasing the flux increases pressure which is

detrimental to growth. Also, the proportional of undesired N2 ions increases as RF power

increases (>350 W) resulting in poor samples. Taken together, the optimal plasma source

conditions are those encircled in the lower left corner of 3.3. These conditions result in a

low pressure growth environment and provide maximum plasma source efficiency.

3.2.3 Reflection high-energy electron diffraction

Reflection high-energy electron diffraction (RHEED), which is an in-situ surface

analytical technique, is commonly employed in MBE to (1) investigate the surface quality

of the grown film and substrate and (2) calibrate growth rate. This geometry of RHEED

is suitable to MBE because a high energy electron beam from RHEED gun is at grazing

incidence (1◦-3◦), while atomic or molecular beams hit almost normally on the substrate.

Because of the grazing incidence, the penetration of the beam into the surface is low (only
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Figure 3.3: The experimental dependence of the plasma intensity as a function of the
N2 flux at a given applied RF power (Adapted from V. Odnoblyudov’s Ph.D. thesis,
UCSD, 2006).

a few atomic layers). To investigate surface quality, first the high energy electron beam

hits a sample and the reflected beam of electrons construct a pattern of reciprocal space

map of the sample which can be explained by using Bragg’s law. Such RHEED patterns

are displayed on a phosphorous screen. Streaky patterns indicate an atomically smooth

surface. In contrast, spotty patterns indicate a poor-quality film i.e., three-dimensional

island growth.

When the growth is initiated, the RHEED intensity exhibits an oscillatory behav-

ior. The oscillation period is commonly used to calibrate the beam flux to accurately

control the growth rate, layer thickness, and alloy composition. In our experiment, as

seen in Figure 3.4, we use RHEED oscillation induced by group-III adatoms under group-
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Figure 3.4: Ga and P2 induced RHEED oscillation (Adapted from Y. J. Kuang’s Ph.D.
thesis, UCSD, 2014). The top of the graph shows the status of Ga and P2 shutters i.e., 1
is open, and 0 is close.

V overpressure to calculate the incorporation rate of Ga. On the other hand, RHEED

oscillation induced by group-V adatoms on a surface with excess group-III adatoms is

used to calculate P incorporation rate. Thus, the V/III incorporation ratio reported in this

work is the ratio of P and Ga incorporation rate.

3.3 Characterization

This section describes the characterization method we employ. After a sample is

grown, PL measurements are performed to determine its optical properties. The sample

is then fabricated into solar cells, which are then characterized using J-V and EQE

measurements to determine the overall solar cell performance.
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Figure 3.5: Schematic of our PL measurement setup.

3.3.1 Photoluminescence

Photoluminescence (PL) is the technique we use to characterize the optical prop-

erties of materials in this study. In a PL experiment, a semiconductor sample is excited by

photons, which have an energy larger than the semiconductor’s bandgap. As a result of

this excitation, electron-hole pairs are generated, which then recombine radiatively with

the emission of photons (luminescence). The energy of the emitted photons roughly corre-

sponds to the bandgap of the excited material since the recombination of the electron-hole

pair represents the transition of electrons from the conduction band to the valence band.

The PL measurement system we employ in this work is depicted in Figure 3.5. A

50 mW semiconductor laser with an output wavelength of 532 nm is used as the light

source. First, the laser is sent through a chopper in the lock-in technique to mitigate noise

signal from external source before striking the sample. Then the light emission from the

sample is dispersed by wavelength inside a SPEX1870 monochromator and detected by
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a downstream Hamamatsu R636-10 photomultiplier tube (PMT). The last component, a

lock-in amplifier, works in conjunction with the chopper by sampling the output of the

PMT at the same frequency. By doing so, noise from external light sources is eliminated.

3.3.2 Current-voltage characteristic

Current-voltage (I-V) measurement is used to investigate the performance of

solar cells. The important parameters obtained from this measurement are (1) solar cell

efficiency (η), (2) short-circuit current (Jsc), (3) open-circuit voltage (Voc), and (4) fill

factor (FF). The relationship of between these parameters is described in Section 2.1. In

our I-V measurement setup, a Newport 67015 solar simulator using a 150 W Xenon lamp

equipped with a 1.5 AM filter is used as a light source. A 1 cm × 1 cm calibrated PV

Measurements, Inc. Si solar cell is used as a reference cell to calibrate the intensity of

the light source to AM 1.5G (100 mW/cm2) for measurements. A DY2300 potentiostat

instrument and its software are used to apply the voltage and measure generated current.

3.3.3 External quantum efficiency

External quantum efficiency (EQE) is the ratio of the number of carriers collected

by a solar cell to the number of incident photons at a given energy. Our EQE measurement

system is shown in Figure 3.6. EQE is performed as follows: light from a solar simulator

is dispersed by wavelength inside a Cornerstone 260 monochromator and only desired

wavelength of the light is allowed through a slit to strike the sample. When the single-

wavelength light strikes the sample, current is generated and measured by a picoammeter.

This process is done for all wavelengths of interest, and the results are consolidated

by a computer into a graph. In the experiment, a calibrated Newport 818-UV Si p-i-n

photodiode without OD3 attenuation is employed as a reference. The EQE is calculated
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Figure 3.6: Schematic of our EQE measurement setup.

as:

EQE = Rλ,sample
q

hν
=

Rλ,sample

λ
×1240 (3.1)

where Rλ,sample is the photoresponsivity of the sample, q is electronic charge, h is Planck’s

constant, ν is incident photon frequency, and λ is the photon wavelength. Rλ,sample is

calculated as:

Rλ,sample =
Jsample

Pinc
= Rλ,re f

Jsample

Jre f
(3.2)

where Jsample and Jre f are the measured current density from the sample and the reference,

respectively, Pinc is the incident optical power, and Rλ,re f is the photoresponsivity of the

reference.
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3.4 Solar cell fabrication

This section describes the fabrication process employed for our solar cells. Each

solar device begins with a grown sample about 0.5 cm × 0.5 cm to 1 cm × 1 cm in size.

The processes described here include RTA, mesa etch, and mineralization.

3.4.1 Rapid thermal annealing

Dilute nitride materials often contain a significant number of defects, notably anti-

site defects, due to the combination of N incorporation, relatively low growth temperature,

and ion damage from RF N plasma. Post-growth RTA is employed to mitigate such

defects, which degrade the solar cell performance of the device.41–43

Rapid thermal annealing (RTA) is performed using AG Associates Heatpulse

610 RTA tool. To optimize the process, GaNP samples are annealed under N2 ambient

over a series of temperatures for 30 s. The optical properties of each sample were then

characterized using PL, with a high PL intensity corresponding to a smaller number of

defects. Figure 3.7 shows the results of this characterization. As expected, the as-grown

sample exhibits very low PL intensity. With respect to the annealed samples, we observed

that PL intensity increases as temperature increases. The maximum PL intensities we

observed are obtained from an annealing temperature of 750 ◦C and 800 ◦C. Beyond

this temperature, and as noted in one of our previous studies, mutual passivation begins

to occur. Active Si dopants in the dilute nitride are passivated by N to form Si-N pairs

resulting in reduced doping concentration of the material. To avoid this, an annealing

temperature of 750 ◦C is determined as the optimal temperature for RTA, and RTA at

this temperature is employed on all device in this dissertation.
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Figure 3.7: PL performance after RTA for GaNP samples.

3.4.2 Mesa etch

Mesa etching is performed after RTA. Mesa etching by reactive-ion etching (RIE)

is employed to prevent short circuits at the edges of the cell and also to define the

dimensions of the active cell as shown in Figure 3.8. In our experiment, prior to etching,

an etch mask is fabricated by spinning photoresist onto the sample and subsequently

photolithography is used to create the pattern mask. The mesa etch is performed by

RIE using an Oxford Plasmalab 80 equipped with a 13.56 MHz RF source. The etching

gases used are Cl2 and BCl3. As with RTA, we determined the optimal RIE conditions

experimentally. Refer to chapter 6 for a detailed description of the optimization process.

The xperimentally-determined optimal conditions for RIE are as follows: 5 sccm

of Cl2 and 100 sccm of BCl3 gas with an RIE power and pressure of 200 W and 36.5
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Figure 3.8: Our p-i-n GaNP solar cell under optical microscope.

mTorr, respectively. The resultant etching rate under these conditions is approximately

0.4 µm/min. A 6-minute mesa etch is preformed on all samples to obtain a mesa with a

height of approximately 2.5 µm.

3.4.3 Metallization

The n-type top contact is deposited by using a Temescal BJD 1800 electron-beam

(e-beam) evaporator. This tool utilizes a high-energy electron beam to vaporize a source

material target that is directionally deposited onto the sample. The thickness of the

deposited metal is monitored using a 6 MHz quartz crystal thickness monitor.

For our contact to n-type GaP, Pd and Si targets are used. The device is first

masked with photoresist, and then a 50 nm layer of Pd is deposited followed by a 75 nm

layer of Si. The evaporation rate of each material is ∼0.5 Å/s. The evaporation process

takes place in a high-vacuum chamber. During the evaporation process, the pressure is in
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Figure 3.9: I-V characteristics of Pd/Si contact on n-type GaP.

the high-10−7 Torr.

The p-type bottom contact is deposited by using an Edwards E306A thermal

evaporator, which uses heat from a filament to vaporize metal pellets. As with the e-beam

evaporator, a 6 MHz quartz crystal is used to determine the thickness of the deposited

metal.

For our contact to p-type GaP, a Au/Zu/Au multilayer structure is used. The

device is first deposited by a 20 nm layer of Au, followed by a 30 nm layer of Zn, and a

final 30 nm layer of Au. The evaporation rate of each material is in the range of 0.5 - 1

Å/s. The process occurs in a high-vacuum chamber with a pressure in the low-10−6 Torr.

After each metal contact deposition, thermal annealing is performed to assure the

alloying of the deposited metal with the underlying semiconductor. More importantly, it

produces an ohmic contacts. To optimize the annealing conditions, various temperatures

and time are employed on Pd/Si and Au/Zn/Au contacts as illustrated in Figure 3.9 and

Figure 3.10, respectively.
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Figure 3.10: I-V characteristics of Au/Zn/Au contact on p-type GaP.

The Pd/Si contact is annealed with foaming gas (5% H2 balanced with N2) for 30

minutes at 350 ◦C, 360 ◦C, 380 ◦C, and 400 ◦C. As seen in Figure 3.9, ohmic contact

behavior results under all conditions with only a slight variation in resistance. Thermal

annealing at 360 ◦C is selected as the optimal condition as it provides the smallest

resistance of ∼6×10−4 Ω-cm2.

The Au/Zn/Au contact was initially annealed at 400 ◦C for 5 minutes, 10 minutes

and 15 minutes. The resultant I-V characteristics of the contacts annealed under these

conditions, shown in Figure 3.10, clearly demonstrate non-ohmic behavior. Consequently,

the annealing temperature is raised to 420 ◦C for 5 minutes and 450 ◦C for 5 minutes.

Their resultant I-V characteristics conclude that the only condition to produce ohmic

behavior is annealing at 420 ◦C for 5 minutes, making it the optimal annealing condition

for p-type contact. The contact resistance of a contact annealed under this condition is

∼6.8×10−5 Ω-cm2.



Chapter 4

GaNP Thin Film Solar Cells

4.1 Overview

This Chapter is devoted to the optimization and demonstration of ∼2.05 eV

([N] ∼ 1.8%) GaNP thin film solar cells on GaP (001) substrate as a first step toward

the integration of GaNP on Si. This GaNP layer is almost lattice-matched with Si. A

high-resolution Discover D8 X-ray diffraction (XRD) system with a Bruker rotating

anode diffractometer and a FEI Tecnai F30 300kV transmission electron microscope

(TEM) are employed for determining N concentration and structural characterization,

respectively. Solar cell performance is determined by using current density-voltage (J-V)

and external quantum efficiency (EQE) measurements. Finally, we compare our solar

cell performance with the most efficient GaP solar cell to date as well as direct-bandgap

InGaP and GaAsP solar cells.

46
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Figure 4.1: Cross-section schematic of the solar cells presented in this work. Insets
are the measured XRD spectra. The XRD spectra of the GaNP samples confirm proper
incorporation of N.

4.2 Device structures

To explore the range of GaNP solar cell performance, we conducted a systematic

study to correlate the GaNP material quality with their device figures of merit. Figure

4.1 shows a cross-section of our solar cell structures. Their band diagram is depicted

in Figure 4.2. The p-i-n GaP solar cell is used as the control sample. To compare GaP

and GaNP, the second sample is identical to the control sample except that i-GaP is

replaced with i-GaNP. For further improvement, the i-GaNP thickness of a third sample is

increased to 2000 nm to allow more efficient optical absorption. Henceforth, these three

samples will be referred to as <material>-<i-layer thickness>: GaP-800, GaNP-800,

and GaNP-2000, respectively.

Regarding our solar cell structures (Figure 4.1), highly doped p-type (6.5×1017

cm−3) GaP (001) is chosen as the substrate to minimize series resistance to the back

contact. The next layer, i-Ga(N)P, serves to enhance carrier collection by extending
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Figure 4.2: The band diagram of (a) GaP-800 and (b) GaNP-800.

the built-in electric field across the absorbing undoped region. This intrinsic layer also

aids the short diffusion length of dilute nitride material.44–46 The following n-type layer

is divided into two sub-layers: first, a standard 100 nm thick n-GaP sub-layer doped

with Si at 4×1018 cm−3 to act as the emitter, followed by a 15-nm-thick highly doped

(8×1018 cm−3) n-GaP sub-layer, denoted as n+-GaP, to reduce series resistances from

the inner portions of the cell to the metal contacts and to create a thin tunneling barrier

for ohmic-like contacts. The n+-GaP sub-layer is also kept very thin to minimize carrier

loss by recombination due to its very short hole minority carrier diffusion length, which

is below 190 nm.21 No window layer is used for any of the samples discussed in this
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Figure 4.3: RHEED reconstruction patterns of device layers (a) after oxide desorption
(b) during the growth of GaNP, and (c) after the growth of GaNP.

work.

4.3 Growth

All samples were grown on p-GaP (001) substrates in a Varian Gen-II molecular

beam epitaxy (MBE) system modified to handle gas sources. Thermally cracked PH3

at 1000◦C and RF N plasma excited at 13.56 MHz were used for P and N sources,

respectively. Solid elemental Ga was used to generate a Ga beam from an effusion cell.

Solid Si was used as the n-type dopant. Prior to growth, native oxide was desorbed

under P2 overpressure at 600◦C. The substrate temperature was then decreased to 570◦C

to grow the i-Ga(N)P layer followed by the n-GaP layer. A substrate temperature of

570◦C was chosen because this is in the optimal growth temperature range to minimize

N-related defects before phase separation in dilute nitride. During growth, reflection high

energy electron diffraction (RHEED) measurements were used to monitor the surface

morphology of the samples in situ. The surface reconstruction pattern after the growth

of each layer showed a streaky 2x4 reconstruction, indicative of a smooth surface. As

an example of RHEED pattern, Figure 4.3 shows the RHEED patterns in [1-10] or a

2x pattern (a) after oxide desorption but prior to growth, (b) during growth, and (c)
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after the growth of GaNP. The chevron shaped diffraction pattern in (a) is indicative

of rough surface conditions before growth. The spotty-steaky pattern in (b) indicates

that the surface conditions were beginning to smooth. The surface conditions became

very smooth in (c) as indicated by a steaky RHEED pattern. All layers were grown at 1

µm/h with V/III incorporation ratio ∼2.5, calibrated by Ga-induced RHEED intensity

oscillation. The substrate was rotated at 5 RPM during growth to ensure uniformity.

4.4 Structural characterization

X-ray diffraction (XRD) was performed to determine the N concentration. An

XRD 2θ/ω line scans on the (115) and (004) plane is shown in Figure 4.4. According to

XRD measurements, our GaNP samples have a N concentration of ∼1.8%.

GaNP with [N] = 1.8% has a lattice mismatch f = 0.31% with GaP. Using the

energy balance model for misfit strain relaxation,47 and assuming 60◦ mixed dislocations

typical for zincblende materials, we estimate a GaNP critical thickness of ∼40 nm. This

is well below the ∼1 µm optical absorption length in GaNP and below the thicknesses

used in our cells. Therefore, full relaxation of misfit strain is expected in our structures.

To characterize the structural integrity of the GaNP/GaP structures, we conducted detailed

TEM characterization on all three sample structures as shown in Figure 4.5 and Figure 4.6.

For the GaP-800 structure, an epitaxial defect-free interface was obtained, as expected

(Figure 4.5(a)). All GaNP/GaP samples exhibited epitaxial, yet defective interfaces

with misfit defects that were often found to have edge dislocation components in the

cross-sectional cut plane. Figure 4.5(b) shows the GaNP-2000 structure with clearly

visible defect contrast at the GaP/GaNP interface. Aside from the interface, the GaNP

layer is a single crystalline layer, as obtained by extensive selective area diffraction

(SAD) characterization and imaging in the <110> beam axis. Figure 4.5(c) shows a
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Figure 4.4: (a) XRD spectra showing two {115} asymmetric peaks, labled as (115A)
and (115B), peformed on GaNP-800. The GaNP peaks for both scans are shown at the
same position, indicating a fully relaxed GaNP layer on GaP substrate for GaNP-800.
According to this result, GaNP layer of GaNP-2000 can be assumed as a fully relaxed
layer. With their fully relaxed GaNP layers together with (b) (004) symmetric XRD, we
estimate that the GaNP layers have [N] of 1.8%.
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representative high-resolution TEM (HRTEM) image at the center of the GaNP layer

(area enclosed with a small red square in Figure 4.5(b)). Notably, we do not observe

threading dislocations in the GaNP layers which is the key for enhanced power conversion

efficiencies in our cells. The contrast of misfit dislocations at the GaNP/GaP interface

was observed for multiple g-vector orientations in TEM.

4.5 Electrical results and discussion

J-V characterization was performed under dark and AM1.5G conditions. Figure

4.7 shows the J-V characteristics of GaP-800, GaNP-800, and GaNP-2000, respectively,

and Table 4.1 lists key performance metrics extracted from the aforementioned graphs.

We used the slope of the semi-log dark J-V curve to calculate the ideality factor (n-

factor) of the devices. Despite series resistance effects that led to nonlinear slope of

the J-V characteristics, we estimate n-factor = 1.8 for GaP-800 and ≥ 2 for the GaNP

cells. The n-factor of GaP-800 is similar to prior reported n-factor for GaP cells.22 The

higher n-factor of GaNP indicates that GaNP samples suffer higher Shockley-Read-Hall

recombination in the depletion region when compared to GaP-800.35 This likely results

from the GaP/GaNP defective interface.

By examining the GaP-800 and GaNP-800 samples in Figure 4.7(b) and Table

4.1, the GaNP-800 sample exhibits a slightly lower fill factor (FF) as expected. This is

due to its higher n-factor value. The lower FF in the GaNP-800 sample is more than

compensated by a significant increase in Jsc and a slight increase in Voc. This results in a

net efficiency of approximately twice that of GaP-800. However, because the bandgap of

GaP-800 and GaNP-800 are not the same, a portion of the GaNP-800 Jsc can be attributed

to its lower bandgap. To more accurately compare GaP-800 to GaNP-800, we define
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Figure 4.5: TEM images along the [001] zone axis with a g=[020] beam condition
showing (a) defect free GaP-800 and (b) GaNP-2000 with misfit defects at the GaP/-
GaNP interface. (c) High resolution TEM (HRTEM) showing the crystalline i-GaNP
layer in the region enclosed by the red square in (b). (d)-(e) Merged relatively high
magnification TEM images at the GaP/GaNP interfaces showing the defect density of
GaNP-800 and GaNP-2000, respectively.
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Figure 4.6: TEM images of a typical misfit dislocation. (a) An Overview TEM image
of the GaNP-2000 cell, (b) Low magnification TEM image of a misfit dislocation, (c)
HRTEM image with a Burgers circuit completed around one misfit dislocation at the
GaP/GaNP interface indicating a projected a/3<111> Burgers vector.

the Jsc-ratio, listed in Table 4.1, as the measured Jsc over the maximum possible Jsc

calculated by assuming EQE equal to 1 for all energies above the bandgap. By using

this method, the Jsc-ratio of GaNP-800 is ∼1.4x higher in comparison to the Jsc-ratio of

GaP-800. This clearly indicates that adding N has a large impact on improving Jsc and,

ultimately, solar efficiency. Consequently, we conclude that the interface defects seen in

TEM observations do not have a significant adverse effect on the solar cell efficiency of

the GaNP-800 sample.

Having established GaNP as a better material than GaP for solar cell applications,

we now investigate the effect of intrinsic layer thickness on solar cell performance.

Examining GaNP-800 and GaNP-2000 in Figure 4.7(b), Jsc increases with thickness, as

expected, due to the longer light absorption length of the thicker samples and results

in slightly elevated Voc. With the Jsc and Voc observations combined, the overall solar

efficiency of GaNP increases as thickness increases. Furthermore, our work shows that
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Figure 4.7: J-V characteristics of GaP-800, GaNP-800, and GaNP-2000 under (a) dark
condition and (b) AM 1.5G condition with and without AR coating.
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Table 4.1: Performance parameters of GaP-800, GaNP-800, and GaNP-2000 with and
without AR coating.

sample
Jsc

(mA/cm2)

Voc

(V)

Jsc-ratio

(%)

FF

(%)

η

(%)
n-factor

GaP-800 2.69 1.19 30 77 2.5 1.8

Without AR GaNP-800 5.52 1.26 42 73 5.1 2.7

GaNP-2000 7.80 1.31 60 71 7.3 2.0

GaP-800 3.17 1.19 35 76 2.9 -

With AR GaNP-800 6.08 1.26 46 71 5.5 -

GaNP-2000 8.53 1.33 65 69 7.9 -

Figure 4.8: The calculated reflectance of GaP with/without the double layer AR coating,
which consists of Si3N4 (40 nm) and SiO2 (20 nm), as a function of wavelength.

efficiency is not yet limited by minority carrier diffusion length. Thus, this trend may

continue beyond the maximum thickness, 2000 nm in GaNP-2000, studied in this work.

In addition to studying the impact of intrinsic layer thickness on solar efficiency,
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we also investigated the impact of surface reflection reduction on solar performance. To

do so, we added a Si3N4/SiO2 double-layer anti-reflection (AR) coating on the surface

of each device. The AR layers were deposited by plasma-enhanced chemical vapor

deposition (PECVD) with a thickness of 50 nm and 20 nm, respectively. The thicknesses

of the layers were calculated to have a low reflectance, < 5%, across wavelengths

in the range of 400 nm - 600 nm as shown Figure 4.8. Figure 4.7(b) shows the J-V

characteristics of each device with and without an AR coating. The AR coatings enhance

Jsc but have very little effect on Voc. Accordingly, AR coatings increase overall solar

efficiency for all devices studied. Combining all techniques mentioned thus far, our best

solar cell, GaNP-2000, produces an efficiency of 7.9%.

4.6 Optical results and discussion

To closely probe each material’s solar cell performance, EQE measurements

were performed. EQE is the ratio of the number of carriers collected by a solar cell

to the number of incident photons at a given energy; thereby accounting for both light

absorption and recombination losses. Figure 4.9 shows the measured 300 nm - 700 nm

EQE spectra for GaP-800, GaNP-800, and GaNP-2000. In Figure 4.9(a), the absorption

edges of GaP-800 and GaNP-800 are ∼540 nm and ∼615 nm, respectively. This agrees

with the GaP bandgap (2.26 eV) and GaNP bandgap (2.05 eV). Of particular note, GaNP-

800 exhibits two EQE peaks. The short wavelength peak in the range of ∼350 nm to

∼450 nm is comparable to the peak of GaP-800 in the same region. We suggest that this

characteristic is driven by the n- and p-type GaP layers of GaNP-800 cell structure (Figure

4.1). It follows, then, that the long wavelength peak in the range of∼450 nm to ∼615 nm

can be attributed to the GaNP layer and its lower bandgap. Additionally, the absorption

edge of GaNP-800 increases more sharply than that of GaP-800 due to the direct bandgap
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of GaNP. This considerable advantage has a direct effect on solar efficiency within the

wavelengths of interest. This is clearly reflected in the improved Jsc-ratios listed in Table

4.1. Finally, with respect to the effects of AR coatings on solar efficiency, while overall

solar efficiency is increased as expected, we observed degradation of performance at

shorter wavelengths. This is possibly due to the AR coating absorbing light in the shorter

wavelengths, especially given that Si3N4 has a bandgap of 2.4 - 4.7 eV.

Examining the EQE of the GaNP devices (Figure 4.9(b)), we observe increased

EQE at all wavelengths as the thickness is increased. With regard to our highest efficiency

solar cell, GaNP-2000 with AR coating, its EQE is larger than 0.80 in the range of ∼450

nm to ∼560 nm and reaches its maximum value of 0.95 at 530 nm. This confirms that

the photocurrent is not yet limited by the minority carrier diffusion length in the i-GaNP

and p-GaP layers. In addition, high EQE at long wavelengths indicates little to no effect

from rear surface recombination. With respect to front surface conditions, the EQE

of all devices slowly decreases at short wavelength. This is indicative of poor surface

conditions. This can be improved by (1) increasing the diffusion length in the emitter

region (e.g., optimizing growth conditions), (2) optimizing the emitter thickness, and

(3) reducing the front surface recombination velocity (e.g., passivating the front surface,

implementing a window layer). Such improvements should be the focus of future work.

4.7 Comparison to other solar cells

In this work, we also compare our results against the current most efficient GaP

solar cell, henceforth denoted ME-GaP, which was reported to have a solar efficiency

of 2.90%20 (ME-GaPW ) and 2.42%21 (ME-GaPNW ) with and without a window layer,

respectively. Since none of our devices implemented a window layer, we performed

comparisons against ME-GaPNW . ME-GaPNW consists of an 8 µm thick p-type GaP base
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Figure 4.9: (a) EQE measurements with and without an AR coating of GaP-800 and
GaNP-800 (b) EQE measurements with an AR coating of GaP-800, GaNP-800, GaNP-
2000, and ME-GaPNW .
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Figure 4.10: Comparison of EQE measurements between our best GaNP solar cells
and InGaP and GaAsP solar cells, which have similar direct bandgap.

layer and a 0.8 µm thick n-type GaP emitter layer.

For GaP-800 and ME-GaPNW , both absorption edges, depicted in Figure 4.9(b),

begin at ∼550 nm due to their identical GaP material. The EQE of ME-GaPNW then

increases much faster than that of GaP-800 at the long wavelength range of ∼460 to

∼550 nm. This can be attributed to it being a much thicker device. However, utilization

of a thinner emitter layer (shorter than the hole minority diffusion length) in GaP-800

results in significant gains in short wavelength EQE when compared to ME-GaPNW .

Comparing our most efficient sample, GaNP-2000, to ME-GaPNW , GaNP-2000 exhibits

considerably improved EQE performance across all wavelengths.

In addition, to date, our GaNP solar cells exhibit higher efficiency than other wide

direct-bandgap solar cells grown on GaP substrate, illustrated in Figure 4.10. InGaP (2.12

eV) and GaAsP (1.92 eV) solar cells with active layer thicknesses of ∼ 2 µm achieve
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efficiencies of only 3.89%48 and 4.8%,49 respectively; the low efficiencies partly result

from their lattice mismatch, which requires the growth of defective metamorphic buffer

layers.

4.8 Conclusions

In summary, these are some highlights of our materials and devices studies.

First, in the materials studies, the dilute nitride GaNP layers were grown by gas-source

molecular beam epitaxy with [N]∼1.8% (2.05 eV), which is closely lattice-mated to

Si. TEM shows epitaxial layers that have no observable defects under HRTEM in the

volume of the GaNP layer above the interface. Most of the lattice-mismatch appears

to stem from misfit dislocations in the plane of the GaNP/GaP interface. This is a

significant observation because any threading dislocations in the volume of the GaNP

layer would reduce the minority carrier lifetime. Second, the interface defects have some

impact on ideality factor and resulted in slightly lower FF, compared to GaP. Third, the

reduction in FF was more than fully offset by the higher light absorption in the direct

bandgap GaNP. This resulted in significantly increased solar efficiency as compared with

pure GaP. Finally, we conclude that we have not yet reached the optimal thickness of

GaNP for solar cell applications. Thus far in our studies, thicker GaNP layers exhibited

significantly higher EQE across all wavelengths. However, we have not yet observed the

solar conversion efficiency be limited by the minority carrier diffusion length, even for

our thickest sample, GaNP-2000. It is likely that further increases in the layer thickness

will provide additional gains in solar efficiency until the minority carrier diffusion length

is exceeded. A more in-depth study of the effect of layer thickness on solar cell efficiency

is required. Overall, we conclude that GaNP solar cells provide a significant increase in

efficiency over their GaP counterparts. Experimentally, the best GaNP solar cell studied
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in this work delivers better efficiency (7.9%) than the most efficient indirect-bandgap

GaP and direct-bandgap InGaP and GaAsP solar cells to date. These performance gains

are expected to motivate further investigation into the integration of GaNP into future

dual-junction solar cells on Si substrate.
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Chapter 5

GaP/GaNP Microwire Solar Cells

5.1 Overview

An array of radial-junction microwires has garnered much attention recently as an

alternative to planar solar cells and as a means to enhance solar cell efficiency.50, 51 The

array configuration and microwire geometry can be independently tuned to allow multiple

passes of light through the microwire material resulting in enhanced light absorption over

a wide range of wavelengths. Furthermore, the radial junction decouples the direction of

light absorption and carrier collection. This provides a short minority-carrier collection

path, the length of which is equal to the wire diameter, resulting in effective light

collection. In addition, instead of nanowires, microwires possess the optimal diameter

that is in the order of the minority-carrier diffusion length to obtain maximum solar cell

efficiency.52 In contrast to thin film, microwires also open up the market for light-weight,

portable, and flexible solar cells.53, 54

For the past decade, Si-based radial-junction solar cells have been intensively

researched, and array morphologies have recently achieved an efficiency of ∼16.5%.55

Multi-junction solar cells have been demonstrated to achieve higher efficiency than the

63
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efficiency achievable with single-junction solar cells. Thus, integration of high-efficiency

III-V semiconductors on Si is a very attractive approach to accomplish both low cost

and highly efficient solar cells.56, 57 A simple exemplary configuration is a dual-junction

solar cell that employs Si as the inner junction and 1.7 eV III-V semiconductor as the

outer junction.6, 7

In Chapter 4, we previously optimized and demonstrated ∼2.05 eV GaNP, which

is nearly lattice-matched with Si, thin film solar cells on GaP (001) substrate. The GaNP

thin film solar cells achieve a maximum efficiency of 7.3%, even in the absence of a

window layer and an anti-reflection (AR) coating (7.9% with an AR coating). This

GaNP solar cell’s efficiency is higher than other wide-bandgap solar cells: 2.42% for

an indirect- bandgap GaP (2.26 eV), 3.89% for direct-bandgap InGaP (2.12 eV), and

4.8% for direct-bandgap GaAsP (1.92 eV). Although there are few studies focused on the

integration of III-V onto Si wires,58–61 to the best of our knowledge, no similar studies

have fabricated and discussed GaNP microwire solar cells to date.

This Chapter is devoted to demonstration of GaP/GaNP core/shell microwire

solar cells on GaP (001) substrate, depicted in Figure 5.1(a). All microwire samples

are p-i-n solar cells, for which the fabrication processes are described. Systematic

studies have been performed over a series of microwire lengths (L = 6 µm, 8 µm, 10

µm), array period (P = 4 µm, 6 µm, 8 µm), and microwire sidewall morphology. The

array periods of the microwires are shown in Figure 5.1(b-d) for P = 4 µm, 6 µm, 8 µm,

respectively. The structural properties of the microwires are characterized using scanning

electron microscopy (SEM) and transmission electron microscopy (TEM), and solar cell

performance is determined using current density-voltage (J-V) and external quantum

efficiency (EQE) measurements.
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Figure 5.1: (a) Schematic of GaP/GaNP core/shell microwire solar cells in this work
(b)-(d) SEM showing top-view of microwires with different array period: 4 µm, 6 µm,
and 8 µm, respectively.

5.2 Device structure

All microwire samples are p-i-n solar cells that were fabricated by using a top-

down dry etching technique to create p-GaP microwires, followed by using a step-

mediated growth approach by gas-source molecular beam epitaxy (GSMBE) to grow

the surrounding i-GaNP and n-GaP shells, respectively. The benefit of utilizing an RIE

approach instead of MBE vapor-liquid-solid (VLS) growth for cores is that it does not

suffer from twining planes which are commonly observed in III-V semiconductors grown

by VLS.62–64 However, using MBE growth is beneficial for shell growth because it

provides the freedom to independently control the thickness, the material, and the doping
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Figure 5.2: The fabrication process schematic of GaP/GaNP core/shell microwire solar
cell, involving (a) RIE to create p-GaP cores, (b) wet etch to smooth the sidewalls of
the microwires, and (c) i-GaNP and n-GaP shell growth by MBE. (d) SEM showing the
dimension of the final device, which consists of microwire array (black) and the front
contact (blue).

concentration of the shells.

Our p-i-n microwire structures are fabricated on highly doped p-type (1.5 ×1018

cm−3) GaP (001) substrate to form microwire cores with minimal series resistance to the

back contact. The GaP core diameter is approximately 2 µm, which is comparable to its

minority diffusion length of the highly-doped GaP.37 The next layer is a 500-nm-thick

i-GaNP shell grown in MBE. GaNP is used to promote light absorption due to its direct

bandgap, and an i-layer is employed to aid the short diffusion length of dilute nitride

materials. The final layers are a 100-nm-thick n-GaP (4 ×1018 cm−3) layer that acts as a

standard emitter followed by a 15-nm-thick highly doped n+-GaP (8 × 1018 cm−3) to

reduce series resistances from the inner portions of the cell to the metal contacts.

Figure 5.2 displays SEM images of the microwires at different steps of the
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Figure 5.3: SEM images showing microwire arrays with length of 6 µm swept across
array periods of (a) 4 µm, (b) 6 µm, and (c) 8 µm.

fabrication procedure that consists of (a) reactive-ion-etching (RIE) to obtain vertical

microwires, (b) wet etch to mitigate the rough sidewalls, (c) shell growth in MBE, and

(d) the final device of a microwire solar cell. The details of the fabrication are discussed

in Chapter 6. The microwires after the shell growth exhibit the formation of sidewalls,

shown in Figure 5.2(c), indicating anisotropic shell growth. The tips of the microwires

feature facets with various orientations, which more likely stem from the facet tips after

the wet etch process. Base on SEM observations of several shell growths, the growth rate

of the shell roughly corresponds to half the growth rate on the planar layers.

5.3 The effect of array period and microwire length

We now focus on the geometrical effects on microwire solar cell performance

for a fixed dot diameter of 2 µm. Figure 5.3(a-c) show 45◦ SEM images of arrays of

microwires with length of 6 µm swept across array periods of 4 µm, 6 µm, 8 µm. J-V

characteristics of these samples, depicted in Figure 5.4(a) and listed in Table 5.1, show an

increase in short circuit current (Jsc) in microwires with tighter pitch (i.e. higher physical

fill factor, PFF); the microwires with P = 4 µm exhibit a 16% higher Jsc compared to

those with P = 8 µm. It should be noted that Jsc is generated by both the microwires

and the underlying planar layer. These results are as expected since microwires exhibit
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Figure 5.4: (a) J-V characteristics and (b) EQE of 6-µm-long microwire solar cells with
different period arrays.
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Table 5.1: The solar cell parameters from microwire solar cells with different lengths
and array periods

L (µm) P (µm) Jsc (mA/cm2) Voc (V) FF η (%)

6

4 4.87 0.74 0.47 1.69

6 4.46 0.81 0.47 1.70

8 4.19 0.84 0.57 2.01

8

4 5.48 0.71 0.50 1.96

6 4.65 0.74 0.51 1.75

8 4.13 0.82 0.55 1.86

10

4 1.57 0.52 0.45 0.36

6 4.85 0.78 0.52 1.95

8 4.30 0.78 0.52 1.75

higher light absorption and more efficient carrier collection over thin films. In addition, it

has been demonstrated theoretically and experimentally that the reflectance of the wires

with facet tips is reduced when compared to planar surface or even wires with flat tips.65

This increase of Jsc with higher PFF is accomplished with a reduction of open-circuit

voltage (Voc).60 This indicates that the gains of Jsc with tight pitch are outweighed by

an increase in recombination currents. The increased recombination current in tight

pitch can result from a larger recombination at (1) the microwire outmost non-passivated

surface, (2) defective GaP/GaNP interface, and (3) defective GaNP shells. The fill factor

(FF) decreases with higher PFF for the same reasons.

To delve further into the physics of operation of our microwire cells, we performed

EQE measurements on the different pitch samples in the wavelength range of 300 nm to

650 nm. The EQE spectra, shown in Figure 5.4(b), shows the absorption edges at ∼615

nm for all samples indicating that the GaNP shells possess a bandgap of ∼2.05 eV. All

microwires exhibit two EQE peaks, which is similar to the behavior seen in Figure 4.9
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for GaNP thin films. The short wavelength peak (∼350 nm to ∼450 nm) stems primarily

from the GaP layer, while the long wavelength peak (∼450 nm to ∼615 nm) stems

primarily from the GaNP layer. As PFF of the microwires increases, we observe that

short wavelength EQE increases, yet there is no significant change in long wavelength

EQE. This implies that the increase in short wavelength EQE is the main contributor in

the enhancement of Jsc. This could result from better short-wavelength absorption in

the microwires compared to the underlying planar layers. It should be noted that short

wavelength light is primarily absorbed in the highly-doped emitter layer. The thin film

emitter (∼230 nm), from MBE growth, is two times thicker than the microwire emitter

(∼115 nm). This thin film emitter, which is thicker than the hole-minority diffusion

length (∼190 nm21), results in high recombination and degraded short-wavelength EQE.

As a result, the thinner emitter layer of the microwires provide significant gains in short

wavelength EQE compared to the underlying thin films. Higher short-wavelength EQE

at higher PFF also implies that surface recombination, which is primarily related to

short wavelength performance, do not exhibit a major negative impact on microwire Jsc.

This observation suggests that surface recombination is not a major factor in the Voc

degradation discussed earlier.

In order to understand the effect of length on solar cell performance, we also

fabricated and studied longer microwires. Microwire pattern and period were kept

the same and only length was varied as L = 8 µm and L = 10 µm. The resulting

J-V characteristics and EQE spectra are depicted in Figure 5.5. For L = 8 µm, J-V

characteristics show that Jsc increases and Voc decreases with microwire array density,

and the EQE results show that Jsc is sensitive to short wavelengths. Both observations are

in line with the L = 6 µm sample. This trend continues for L = 10 µm with the exception

of the P = 4 µm sample. The P = 4 µm sample exhibits much lower Jsc and Voc compared

to other microwires in this study, and we attribute this to MBE shadow effect, which
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Figure 5.5: J-V characteristics and EQE of microwire solar cells with different period
arrays for (a),(b) 8-µm-long microwire solar cells, and (c),(d) 10-µm-long microwire
solar cells.
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Figure 5.6: TEM image along the [110] zone axis with a g = [1-11] beam condition
showing (a) low magnification bright field image of the microwire with L = 6 µm and P
= 6 µm, (b) HRTEM image of the tip area (red square), and (c) HRTEM image of the
non-defective sidewall (purple square).

is exacerbated by the length of the microwire. Excluding this result, we also observe

that for a fixed period, Jsc increases as microwire length increases.59 This effect is more

pronounced in higher PFF, which is as expected.

To investigate the crystal quality of the microwire solar cell, TEM measurement

was perform along [110] zone axis on the 6-µm-long microwire with P = 6 µm, as an

example. From TEM image, shown in Figure 5.6(a), it is observed the microwire pos-

sesses a large number of misfit defects at the GaP/GaNP interface, which also contribute

to a large number of threading dislocations in the shell layers. We strongly believe that

these defects are the main cause of Voc degradation in the microwire solar cells with
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Figure 5.7: SEM showing 6-µm-long microwires (P = 6 µm) with (a) rough sidewalls,
and (b) smooth sidewalls.

high PFF. The density of interface defects in the microwire is greater than what is seen

in our previous work of GaP/GaNP thin film. This implies that the number of defects

at the GaP/GaNP interface of the microwire is not only a result from GaP/GaNP lattice

mismatch, but a result from the surface roughness of the core prior to shell growth. While

wet etch smoothening can help to mitigate the issue, we were unable to completely

eliminate the introduction of interface defects resulting from the sidewall roughness in

our experiment. TEM image also shows the facet tips aligning in multiple orientations.

The intersection of tip facets (red square) are shown in high-resolution TEM, as seen in

Figure 5.6(b).

5.4 The effect of sidewall morphology

To decrease the number of aforementioned defects both at GaP/GaNP interface

and in the shell, we repeated our previous experiment for L = 6 µm and P = 6 µm with

the only difference being that we performed a slower wet etch to further smoothen

the rough core sidewalls caused by RIE prior to shell growth. After shell growth, the

resultant SEM image, Figure 5.7(b), shows smoother shell sidewalls which is likely to



74

Figure 5.8: J-V characteristics of textured and smooth 6-µm-long microwires (P = 6
µm) under dark condition.

be less defective. To compare solar cell performance with different sidewall morpholo-

gies, J-V characteristics were performed under dark and AM 1.5G conditions on this

smooth microwire sample and compared against the measurements performed on the

original (textured) microwire sample, which feature the same length and array period.

Maximum ideality factors (n-factor) calculated from the slope of the semi-log dark J-V

curve, depicted in Figure 5.8, are 3.5 and 4.8 for the smooth microwires and textured

microwire, respectively. This higher n-factor in the textured microwires indicates that the

textured microwires suffer higher Shockley-Read-Hall recombination in the depletion

region,35 which results in greater recombination current and consequently degrades the

Voc performance.

According to J-V curves under light condition, the sample with smooth sidewalls

exhibits significant improvement in Voc performance over the sample with textured

sidewalls, as shown in Figure 5.9(a), and listed in Table 5.2. This is in line with the
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Figure 5.9: Comparison of (a) J-V characteristics and (b) EQE of 6-µm-long microwire
(P = 6 µm) solar cells between the textured and the smooth microwire solar cells.
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Table 5.2: The solar cell parameters from microwire solar cells (L = 6 µm and P = 6
µm) with different sidewall morphology, after AR coating and also the parameters from
the thin film solar cell in the same growth run

Jsc (mA/cm2) Voc (V) FF η (%) n-factor

Textured microwires 4.46 0.81 0.47 1.7 4.8

Smooth microwires 4.57 1.05 0.60 2.9 3.5

Smooth microwires with AR 5.01 1.07 0.60 3.2 -

Thin film 4.17 1.36 0.77 4.4 1.8

results from the dark current. This is direct evidence to confirm that defects in the shell

layer and interfacial defects have a major impact on the Voc performance in the microwire

solar cells. FF is also improved with the smooth microwires as expected due to their

lower n-factors. However, we note that sidewall morphology has no significant impact

on Jsc, as no change of Jsc was observed. The EQE results, as depicted in Figure 5.9(b),

also show negligible change as a result of sidewall smoothening. It should be noted that

textured sidewalls do provide the benefit of better light absorption due to good coupling

of incident light,59 but this benefit is offset by poorer minority carrier collection in these

microwires resulting in no significant change in Jsc performance between textured and

smooth samples.

To confirm the lower number of defects in the microwires with smooth sidewalls,

TEM along [110] zone axis was performed. Figure 5.10(a) shows that the smooth

microwire possesses much fewer defects at the GaP/GaNP interface and also in the shell.

The fewer defects result in lower recombination current. This result is in line with the

aforementioned J-V characteristics. It should be noted that, these defects are still greater

than the defects observed in thin film solar cell.
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Figure 5.10: TEM image along the [110] zone axis with a g = [1-11] beam condition
showing (a) bright field image of the smooth microwire with L = 6 µm and P = 6 µm,
and (b) HRTEM image of the shell (red square).

5.5 Effect of anti-reflection coating

In addition to the above studies, we also investigated the impact of surface

reflection on solar cell performance. A TiO2/Si3N4/SiO2 AR tri-layer was deposited on a

smooth microwire sample with thicknesses of 33 nm, 52 nm, and 88 nm, respectively.

The AR layers were deposited using sputtering for TiO2 and plasma-enhanced chemical

vapor deposition (PECVD) for Si3N4 and SiO2. The calculated reflectance of these three

AR layers are sub-5% for wavelengths between 400 nm and 1100 nm, as shown in Figure

5.11. Figure 5.12 shows the J-V characteristic and EQE of identical samples with and

without the AR coating. The AR coating provides an appreciable improvement in Jsc and

a slight improvement in Voc. The EQE result reveals that the increased Jsc results from

improved light response for short and medium wavelengths but not for long wavelengths

near the band edge. From this, we infer that the long-wavelength EQE is not limited by

the reflection of light but is, instead, limited by the i-GaNP thickness. It should be noted

that the long-wavelength EQE (500 nm to 615 nm) corresponds to the absorption and

carrier collection only in i-GaNP. GaP, which has larger bandgap, cannot absorb those
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Figure 5.11: The calculated reflectance as a function of wavelength of GaP with/without
the AR coating, which consists of TiO2 (33 nm), Si3N4 (52 nm), and SiO2 (88 nm).

long-wavelength photons. Thus far, our best microwire sample achieves an efficiency of

3.2% with Jsc = 5.01 mA/cm2, Voc = 1.07 V, and FF = 0.60.

5.6 Conclusions

In conclusion, we have successfully fabricated GaP/GaNP core/shell microwires

utilizing a novel technique: top-down dry etching to create the cores and MBE to create

the shells. The following are some highlights of our results. First, for a fixed length,

Jsc increases with increasing PFF. This improvement in Jsc stems primarily from better

response in short-wavelength light. Second, for a fixed array period, Jsc increases as

microwire length increases. Third, the degradation of Voc in our microwire sample

is caused primarily by defects at the GaP/GaNP interface and in the shells. Surface
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Figure 5.12: (a) J-V characteristics showing the improvement of Jsc on the microwire
solar cell (L = 6 µm and P = 6 µm) after AR coating and (b) their corresponding EQE.



80

recombination does not show a substantial negative impact on microwire performance

in our experiment. Finally, our best efficiency from microwire solar cell is 3.2% with

smooth sidewalls and AR coating. Compared to the thin film solar cell in the same growth

run, the parameters for which are listed in Table 5.2, our best microwire solar cell exhibits

greater Jsc but poorer Voc. This results from larger light absorption but greater number of

defects in the microwire structure. For future work, optimization of core fabrication and

shell growth process must be studied with the goal of minimizing defects. We believe

that mitigating defects will enable our microwire solar cell to surpass thin films in term

of efficiency.
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Chapter 6

The Fabrication of GaP/GaNP

Core/Shell Microwire

Chapter 6 is devoted to the description of the fabrication optimization of GaP/-

GaNP core/shell microwires reported in this work including the process to create metal

array patterns, the reactive ion etching (RIE) process to create vertical microwires, and

the wet etch technique to smooth the rough sidewalls and the MBE shell layer.

Figure 6.1 illustrates the microwire fabrication procedure. Processing begins

with a p-type GaP (1.3 × 1018 cm−2) substrate with dimensions of 0.5 cm × 0.5 cm

to 1 cm × 1 cm, as shown in (a). An array pattern, illustrated in (b), is applied using

photolithography technique, and Ni metal is subsequently deposited to create an etch

mask, as seen in (c). In (d), the sample is RIE etched to create vertical microwires.

Wet etch is then employed in (e) to smooth the rough sidewalls, which arise from the

RIE etching procedure. Finally in (f), the shell layer is grow on the top of the existing

microwire structure using MBE. The process equipment used in this report is described

in Chapter 3.

Prior to all process steps, samples are ultrasonically cleaned in acetone, iso-
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propanol (IPA), and deionized (DI) water in the given sequence to degrease the surface.

Samples are then baked at 120 ◦C on a hotplate for 10 minutes to evaporate moisture.

6.1 Step 1: Fabrication of etch mask

The array pattern shown in Figure 6.1(b) is created by photolithograhpy using a

Karl Suss Mask Aligner 6. The photomask used in this work has an opaque hole array,

each 2 µm in diameter and with spacing of 4 µm and 6 µm. After the hole pattern is

created, depicted in Figure 6.2(a), Ni metal is deposited onto the pattern, and subsequently

the Ni metal outside the holes (i.e, on photoresist) is lifted off. The result is a Ni dot

pattern, shown in Figure 6.2(b), that is then used as an etch mask. The detailed procedure

is as follows:

1. Spin NR71-1500P negative photoresist onto samples at 4000 RPM for 40 s and

acceleration of 500 RPM/s. The final film thickness is approximately 1.3 µm.

2. Hard-bake samples at 150 ◦C on a hotplate for 1 min.

3. Expose the photoresist for 16 s (176 mJ/cm2 ) under UV light to create an array

pattern.

4. Soft-bake samples at 100 ◦C on a hotplate for 2 min.

5. Develop the resist in a Resist Developer RD6 solution for 8 s.

6. Rinse in DI water and blow dry with N2 gun.

7. Load samples into an e-beam evaporator chamber and immediately pump the

chamber down to a base pressure of 2 × 107 Torr.

8. Deposit a 300-nm-thick Ni metal layer onto the samples. Gradually increasing the

deposition rate from from 0.5 Å/s to 1.5 Å/s.
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Figure 6.1: The fabrication steps of microwires: (a) a p-GaP substrate used for process-
ing, (b) an array pattern from photolithography, (c) a Ni array as an etch mask, (d) a
microwire array from RIE process, (e) a smooth-sidewall microwire array from wet
etch, and (f) i-GaNP and n-GaP shells over the etched microwires using MBE.
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Figure 6.2: The opical microscope images showing (a) the patterned photoresist de-
ployed by photolithography, (b) the Ni dot array used as an etch mask after lift-off
process, (c) and (d) is a high resolution images of (a) and (b), respectively.

9. Lift-off the excess Ni by submerging the samples in Remover PG solution at 80 ◦C

for approximately 3 hours or until the lift-off process is completed.

10. Rinse the wafer with acetone, IPA and DI water in sequence resulting in a completed

circular Ni dot array that will be used in the dry etch step.

6.2 Step 2: Top-down dry etch process

A variety of chemistries are available to etch the GaP wafer.66–68 The most

common processes utilize Cl2, BCl3, or a combination of the two. Etching is achieved in

two ways: (1) a chemical process in which Cl2 and BCl3 are excited and produce reactive
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Figure 6.3: Optimization process of RIE with various ratios of Cl2 to BCl3 under a
constant pressure and power of 36.5 mtorr and 200 W, respectively. All RIE is performed
for 15 minutes.

Cl atoms, which react promptly on the GaP surface to form highly volatile GaCl3; and

(2) a physical process in which the surface of the sample is bombarded by ions that are

also produced in plasma.68 By controlling each process, we can control the resulting etch

profile and surface morphology. A smooth isotropic under cut profile can be achieved by

employing only the chemical process, and employing only the physical process results

in a rough but vertical profile. In this work, a smooth vertical profile is desired so a

combination of both processes is required.

In our experiment, the RIE etching process is performed in an Oxford Plasmalab

80 system equipped with a 13.56 MHz RF source at room temperature. The etching gases

employed are Cl2 and BCl3. In working towards the optimal RIE etching conditions for

our work, we first determined the best ratio of Cl2 and BCl3. Samples with the Ni mask
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described in section 6.1, were etched using various ratios of Cl2 and BCl3 (Cl2/BCl3):

0.00, 0.03, 0.06, and 0.10. In all cases, RIE power, pressure, and the flow rate of BCl3

were kept constant at 200 W, 36.5 mTorr, and 100 sccm, respectively. The resulting etch

rate and etch profile are observed using scanning electron microscopy (SEM). Figure

6.3 shows 45◦ SEM images of the samples after RIE for 15 minutes under various gas

mixture ratios. Among the conditions, faster etch rates are achieved by using greater

Cl2/BCl3, but we also observed that employing greater Cl2 and BCl3 reduces anisotropic

profile. This suggests that Cl2 is the primary contributor to the chemical etch process

whereas BCl3 is the primary contributor to the physical etch process. In addition, BCl3

was researched by other groups to be able to form a polymer that could passivate sidewalls

thereby facilitating anisotropic etch.69

The approximate etch rate of the 0.00, 0.03, and 0.10 samples was calculated to

be 70 nm/min, 490 nm/min, and 800 nm/min, respectively, and their 45 ◦ SEM images

highlighting their etch profile and morphology are shown in Figure 6.4. For the images,

the 0.00 condition results in a smooth anisotropic etch. However their etch rate are too

slow for our microwire solar cells with the length of 6-10-µm. On the other hand, the

0.10 condition produces much faster etch rate, but the resulting microwires feature least

anisotropic etch. Consequently, the 0.03 condition is selected as an optimal condition

since it produces acceptable vertical etch profiles with a reasonable etch rate.

Similar to the Cl2/BCl3 ratio, RIE power was also swept in order to determine the

optimal condition. In this experiment, RIE power was swept from 200 W to 300 W with

pressure and Cl2/BCl3 held constant at 36.5 mTorr and 0.03, respectively. Figure 6.5

shows the resulting microwires after etching for (a) 200 W and (b) 300 W for 30 minutes.

As expected, faster etch rates are achieved with greater RIE power but the resulting

sample suffers from severe undercut as shown in 6.5b. Consequently, RIE power at 200

W is selected as the optimal condition.
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Figure 6.4: The 45 ◦ SEM images of the etch profile and their morphology of the etched
samples under the Cl2/BCl3 of (a),(d),(g) 0.00, (b),(e),(h) 0.03, and (c),(f),(i) 0.10.

In summary, we experimentally determined the optimal RIE conditions for our

work as RIE power of 200 W, and a Cl2/BCl3 ratio of 0.03 under the pressure of 36.5

mTorr. These conditions are used during microwire fabrication as well as during mesa

etch. The detailed fabrication procedure is as follows:

1. Clean the etch chamber using O2 plasma for 30 min.

2. Condition the chamber.

(a) Pump the chamber down to 5 × 10−5 Torr.

(b) Inject 3 sccm of Cl2 and 100 sccm of BCl3 for 90 s while simultaneously
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Figure 6.5: Comparison of the microwires using (a) 200 W and (b) 300 watt for
30 minutes under the identical pressure and the Cl2/BCl3 of 36.5 mTorr and 0.03,
respectively.

adjusting chamber pressure to 36.5 mTorr.

(c) Light the plasma using an RIE power of 200 W.

(d) Wait 10 min.

(e) Stop RIE power and all gases.

(f) Clean the chamber by injecting Ar for 30 s and pumping down to 1 × 10−4

Torr. Repeat 5 times.

3. Load samples with Ni patterned mask into the chamber.

4. Pump the chamber down to 5 × 10−5 Torr.

5. Inject 3 sccm of Cl2 and 100 sccm of BCl3 for 90 s while simultaneously adjusting

chamber pressure to 36.5 mTorr.

6. Light the plasma using an RIE power of 200 W.

7. Wait X min, where X depends on the target length (the etch rate for these conditions

is ∼490 nm/min).

8. Stop RIE power and all gases.
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9. Clean the chamber by injecting Ar for 30 s and pumping down to 1 × 10−4 Torr.

Repeat 5 times.

10. Pump the chamber down to 5 × 10−5 and vent the chamber.

11. Take out the sample and dip it in Ni etchant TFB for 15 min to remove the Ni dots.

This ensures the Ni dots are completely removed. Ni etchant TFB consists of nitric

acid, potassium perfluoroalkyl sulfonate, and water.

12. Clean the sample with DI water and blow dry it with a N2 gun.

13. The microwires are ready for the next step.

6.3 Step 3: Wet etch

The RIE etch performed in the previous step results in microwires with rough

sidewalls. Wet etching aims to smoothen these sidewalls, which will promote better MBE

shell growth. Standard wet chemical etching of GaP involves oxidizing the surface with

an oxidizer and etching the oxide using various acids or bases. Our procedure uses H2O2

as an oxidizer and HCl is used to etch the oxide.70

In our experiment, the wet etch is performed using a HCl:H2O2:H2O = 1:1:1

solution at room temperature. To prepare the solution, 60 ml of HCl is added into 60

ml of DI water, followed by adding 60 ml of 30% H2O2. This condition provides an

approximate etch rate of 20 nm/min. The samples are submerged in this solution for about

25 minutes to smooth the sidewalls, and then they are rinsed with DI water and blow dried

with a N2 gun. This wet etch process is very sensitive and cannot be reproduced reliably.

Consequently, microscope is employed for coarse-detail evaluation of the sidewalls, and

find-detail evaluation is then performed using SEM for assuming positive results. If the

sidewalls are rougher than desired, the sample is dipped again in the solution.
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The morphology of the sidewall is vitally important to achieve a smooth shell

layer. Figure 6.6 shows 45◦ SEM images of microwires after undergoing the wet etch

process for (a) 0 min, (c) 15 min, and (e) 25 min. The subsequent shell growth of

each sample is depicted in (b), (d), and (f), respectively, and clearly shows a strong

relationship between sidewall roughness and branch growth. In the extreme case, the very

rough sidewalls of the sample in (a) provide a large number of nucleation sites, which

result in the formation of branched nanowires during shell growth, depicted in (b). As

sidewall roughness decreases, the number nucleation sites decreases resulting in fewer

branch formations after shell growth in (d). This trend continues, as expected, eventually

resulting in clean shell formation without branches as shown in (f).

6.4 Step 4: Shell growth

All microwire shell layers reported in this work are grown in a Varian Gen-II

MBE system modified to handle gas sources. Thermally cracked PH3 at 1000 ◦C and

radio frequency (RF) N plasma excited at 13.56 MHz are used as P and N sources,

respectively. Solid elemental Ga is used to generate a Ga beam from an effusion cell.

Solid Si and Be are used as the n-type and p-type dopants, respectively.

Prior to the growth of the shells, the GaP microwire samples, for which the

fabrication process is described in previous sections, are dipped into a HCl solution

at room temperature for 5 minutes to remove oxide, and subsequently bonded to the

substrate holder using In. In order to observe the growth morphology using RHEED, a

thin film sample is mounted at the middle of the substrate holder as this is where the

RHEED electron beam . The samples are then loaded into the load-lock chamber, buffer

chamber, and growth chamber, respectively. In the growth chamber, oxide removal is

again performed. This time is by desorption at 600 ◦C under P2 overpressure to protect
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Figure 6.6: The 45◦ SEM images of microwire after wet etch process for (a) 0 min, (c)
15 min, and (e) 25 min. Their corresponding morphology of shell layer are depicted in
(b), (d), and (f), respectively.
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Figure 6.7: The optical images of our final device illustrating a top contact (blue) and a
microwire array (black).

the sample surface. The PH3 shutter is opened to inject P2 into the chamber for the

whole growth. The substrate temperature is then decreased to 570 ◦C, and the Ga and

Be shutters are opened to grow a 200 nm p-GaP shell as a buffer layer with a doping

concentration of 1.3 × 1018 cm−2, which is the same as the doping concentration of

the substrate. Based on SEM observations of several shell growths, the growth rate of

the shell roughly corresponds to half the growth rate on the thin film control sample,

calibrated by Ga-induced RHEED intensity oscillation. Thus, a 200 nm thick shell

corresponds to a grown buffer layer thickness of 400 nm on the thin film control sample.

After completing the 200 nm p-GaP shell, the Be shutter is closed and the RF N plasma

is ignited to grow a 500 nm i-GaNP shell layer. Upon completion of the 500 nm i-GaNP

shell, the plasma is stopped, and then the Si shutter is opened to grow the n-GaP (4

× 1018 cm−2) and n+-GaP (8 × 1018 cm−2) shell layer. During the growth, the V/III

incorporation ratio is set approximately 2.5 and the substrate is rotated at 5 RPM to

ensure uniformity.

With the GaP/GaNP core/shells fabricated, the next step is to fabricate the mi-
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crowire sample into a solar cell device. The process to do so includes RTA, mesa etch,

and metallization, all of which are described in Chapter 3. The final device is depicted in

Figure 6.7.



Chapter 7

The Growth and Characterization of

GaNP/GaNP core/shell Nanowire

7.1 Overview

In recent years, III-V semiconductor nanowires grown on Si substrate have been

considered to be very promising nanoscale structures for various applications due to their

combination of the superior properties of III-V materials and the low cost of Si.71–74 With

respect to solar cells, a core/shell nanowire configuration provides several advantages,

which are similar to those of microwires, over traditional thin films: (1) greater light

absorption,75, 76 and (2) decoupled the requirements for light absorption and carrier

extraction resulting in enhancing carrier collection.52 A further advantage of nanowires

is that the core is sufficiently thin to accommodate the strain caused by lattice mismatch

enabling epitaxial growth between III-V semiconductor and Si substrate.77, 78 Nanowires

also open up the market for light-weight, portable, and flexible solar cells.79, 80

Our nanowires studies focus on dilute nitride GaNP/GaNP core/shell nanowires

with different N concentration within the core and shell. The GaNP/GaNP structure
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exhibits a type-II band alignment, which can assist electron-hole pair radial separation

across the heterojunction. In addition, N can be incorporated into GaP up to 16% allowing

the GaNP bandgap to be tunable from 1.22 eV to 2.15 eV, covering a wide range of

the solar spectrum.81 To obtain the optimal solar efficiency of this promising material,

a solar cell simulation software EtaOpt is employed. EtaOpt uses the detailed balance

limit of efficiency to evaluate the potential power output of solar cells and then compare

the performance among various bandgap structures. An ideal condition is assumed in

the EtaOpt simulation: (1) all photons with E>Eg are absorbed and (2) each absorbed

photon creates an electron-hole pair. In our simulation, the AM 1.5G spectrum is set

to illuminate the dual junction of various bandgap structures at 300 K. The variation of

the bandgaps are limited to the GaNP tunable range. The result shows that the optimal

efficiency of GaNP/GaNP core/shell nanowires is ∼44%, with 9% [N] cores and 1% [N]

shells.

This Chapter is devoted to the study of self-catalyzed GaP, GaNP, and GaNP/-

GaNP nanowires grown on Si (111) substrate. Growth windows, structural properties,

and optical properties are reported. The structural properties are characterized using

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The

optical properties are characterized using photoluminescence (PL) measurements on both

the nanowire array and a single nanowire.

7.2 GaP nanowires

7.2.1 Growth

The GaP nanowire growth is a first step towards the growth of GaNP/GaNP

core/shell structure. Prior to all growth, the Si (111) substrate is dipped in an HF solution

at room temperature for 10 seconds to remove the intrinsic oxide, and then it is rinsed
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Figure 7.1: Ga droplets as catalysts on Si (111).

with deionized (DI) water. The substrate is then treated in 30% KOH at 80 ◦C for 20

seconds to expose a fresh Si surface, and then it is rinsed with methanol. The substrate

is again dipped in an HF solution for 10 seconds and then rinsed with DI water. The

substrate is finally blow dried with a N2 gun, and then it is immediately loaded into the

MBE load-lock chamber. In the growth chamber, the substrate is heated to ∼710 ◦C for

15 minutes for thermal cleaning, and then substrate temperature (Tsub) is decreased to the

growth temperature.

The GaP growth is initiated by depositing Ga atoms as catalysts on the Si (111)

surface at an amount needed to grow 16 monolayers (MLs) of GaP thin film. The film

is then annealed for 30 seconds to form Ga droplets, as shown in Figure 7.1. PH3 is

subsequently injected into the growth chamber through a hydride injector together with

Ga flux. During growth, the Ga flux is set to 0.63 ML/s, calibrated by Ga-induced

reflection high energy electron diffraction (RHEED) intensity oscillation for the planar

growth of GaP under the same Tsub. GaP nanowire growth lasts 15 minutes under a V/III

incorporation ratio of 2.5 and a substrate rotation speed of 8 RPM..

To study the growth windows and the temperature-dependent structural charac-

teristics of GaP nanowires, the growth runs are performed at several Tsub: 515 ◦C, 585
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Figure 7.2: The schematic showing the VLS growth of Ga(N)P/GaNP core/shell
nanowires.

◦C, 600 ◦C, 615 ◦C, and 630 ◦C, which correspond to GaP-515, GaP-585, GaP-600,

GaP-615, and GaP-630, respectively.

7.2.2 Structural properties and discussion

The vapor-liquid-solid (VLS) growth mechanism, suggested by Wagner in 1964,

has been widely used to explain the growth of nanowires,82 as shown in Figure 7.2. In

this mechanism, the nanowires are assumed to be grown by the adsorption of vapor atoms

on the catalyst nanoparticles (Ga droplets) and their transfer to the crystal phase due to

the solidification of liquid alloy under the droplets. Consequently, the diameters of the

subsequently grown nanowires depend on the size of the droplets. Thermodynamically,83

the minimum radius of a liquid droplet is defined as

Rmin =
2σV LVL

RTsublnσ
(7.1)

where σV L is the liquid-vapor surface free energy, VL is the molar volume, and σ is the

vapor phase supersaturation. According to Equation 7.1, using high Tsub results in small
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Figure 7.3: SEM images of GaP nanowires on Si (111): (a) GaP-585, (b) GaP-600, and
(c) GaP-615.
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Table 7.1: The average diameters and lengths of nanowires grown at different tempera-
tures

Tsub (◦C) Diameter (nm) Length (µm)

GaP-515 - -

GaP-585 89±9 0.84±0.06

GaP-600 83±4 0.93±0.02

GaP-615 76±8 1.35±0.13

GaP-630 - -

droplets that, in turn, yield nanowires with a small diameter.

In our growth experiment, vertical GaP nanowires are successfully grown on the

Si (111) substrate under Tsub from 585 ◦C to 615 ◦C. These growths are depicted in

Figure 7.3 and are referred to as GaP-585, GaP-600, and GaP-615, respectively. Their

corresponding average diameters and lengths, depicted in Table 7.1, are 89±9 nm, 83±4

nm, and 76±8 nm, respectively. At higher Tsub, the average diameter of our grown

nanowires becomes smaller, which is in line with Equation 7.1. Moreover, at high Tsub,

Ga adatoms contribute to axial growth, in the [111] direction, rather than lateral growth

because the surface mobility is higher such that Ga adatoms diffuse to the Ga droplets on

nanowire tips and grow preferentially in the [111] direction.84

The higher growth rate of nanowires via the VLS mechanism depends on several

factors such as a higher rate of chemical reaction, better adsorption on the droplet, and a

faster nucleation of crystal phase. This implies that thick nanowires with large droplets

grow faster than thin nanowires. On the other hand, the nanowire growth rate from MBE,

in contrast to chemical vapor deposition (CVD), is also by diffusion-induced mode,85

increased by the contribution of adatoms diffusing from the substrate and the sidewall up

to the catalyst. From theoretical calculations, the diffusion-induced contribution has a

larger effect on smaller nanowires. This could be because a larger amount of adatoms
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Figure 7.4: SEM images showing the GaP nanowires grown outside the growth temper-
ature window: (a) GaP-515, and (b) GaP-630.

diffuses from the substrate surface to the tip of the nanowire as the diameter of the

nanowire increases. This is attributed to the larger area, πdL, of the side surface of the

nanowire, where d is nanowire diameter, and L is nanowire length. On the contrary, as

the diameter increases, the required amount of adatoms for grown nanowire increases as

πd2L.

Table 7.1 shows that greater nanowire length is achieved at higher growth temper-

atures or at smaller nanowire diameters. The observed lengths are 840±60 nm, 930±20

nm, and 1350±130 nm for GaP-585, GaP-600, and GaP-615, respectively. In other

words, smaller diameter nanowires have higher axial growth rate. In MBE, the nanowire

growth rate is the combination of the VLS-controlled and diffusion-induced modes. Our

growth, regardless Tsub, shows the diffusion-induced mode is dominant. Raising Tsub

also increases the effect of diffusion-induced mode. At high Tsub, Ga adatom mobility on

the surface is increased. Consequently, more Ga adatoms can diffuse to the Ga droplets

on nanowire tips, which contribute to the nanowire axial growth.

At temperatures outside the range of 585 ◦C to 615 ◦C, GaP nanowires could

not be grown. Growth results outside this range are shown in Figure 7.4. At low Tsub

(GaP-515), the short diffusion length of Ga adatoms on the surface due to the low Ga
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Figure 7.5: TEM image of GaP-615 showing the twinning planes (red solid arrow)
along [111] nanowire growth direction.

adatom mobility impedes the diffusion-induced growth mode. Thus, only the adatom

flux directing to the droplets, which is low compared to the total flux, can contribute to

the nanowire growth. On the other hand, due to the Gibbs-Thompson effect, the chemical

potential difference of the components in the alloy droplet increases as the size of the

droplet decreases.86 Hence, it becomes more difficult for the vapor component to dissolve

into a small size of liquid alloy. At high Tsub (GaP-630), it is possible that only a small

amount of vapor can dissolve into Ga droplets due to the small size of the droplets, as

shown in Equation 7.1. Consequently, the liquid alloys do not reach the supersaturation

state thereby preventing them from contributing to the growth of nanowires.

For further structural analyses, TEM experiments are performed on GaP-615

using an FEI-Tecnai microscope operating at 300 keV. The TEM image, shown in Figure

7.5, shows that the crystal structure of the GaP nanowires is a mixture of cubic zincblend

(ZB) phase and hexagonal wurtzite (WZ) phase, resulting in random twinning planes

between these phases along the [111] NW growth direction. These twinning planes are

commonly observed for III-V semiconductor nanowires with moderate ionicity values,

including GaP, due to the small energy difference between ZB and WZ.87
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7.3 GaNP nanowires

7.3.1 Growth

After GaP nanowires are successfully grown vertically on Si (111), GaNP

nanowires were grown on Si (111) with the similar growth conditions but injecting

N plasma in the growth. However, we found that GaNP nanowires could not be grown

under RF-plasma-activated N ambient.88 One possible reason is that the activated N am-

bient increases the nucleation rate at the substrate surface such that it is comparable to the

nucleation rate at the droplet/Si interface, resulting in planar formation of GaNP instead

of nanowires. Consequently, we modified the growth conditions by initiating growth of

short GaP nanowires first and then activated N plasma to grow GaNP nanowires.

Prior the growth, the Si (111) substrate is prepared the same way as the GaP

growth, described in Section 7.2.1. Then, in the growth chamber, Ga atoms are deposited

as catalysts on the Si (111) substrate for 30 seconds with a Ga flux of ∼0.7 ML/s, and

is annealed for 30 seconds to form Ga seed droplets. Growth started by opening the Ga

shutter and injecting PH3 into the growth chamber to initiate growth of GaP nanowires.

After 90 seconds of growth, RF N plasma is then ignited, and the GaNP nanowires are

grown for 15 minutes with a V/III incorporation ratio of ∼2.5. To ensure uniformity, the

substrate is rotated at 5 RPM during growth.

To study the growth window of GaNP nanowires, Tsub is set to 515 ◦C, 585 ◦C,

600 ◦C, 615 ◦C, and 630 ◦C, henceforth referred to as GaNP-515, GaNP-585, GaNP-600,

GaNP-615 and GaNP-630, respectively.

7.3.2 Structural properties and discussion

By first growing the GaP nanowire seeding roots, GaNP can be successfuly grown,

as shown in Figure 7.6, for Tsub from 585 ◦C to 615 ◦C, which are comparable to the
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Figure 7.6: SEM images of GaNP nanowires on Si (111): (a) GaNP-585, (b) GaNP-600,
and (c) GaNP-615.
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Table 7.2: The average diameters and lengths of GaNP nanowires grown at different
temperatures

Tsub (◦C) Diameter (nm) Length (µm)

GaNP-515 - -

GaNP-585 92±13 0.4±0.1

GaNP-600 67±5 0.7±0.1

GaNP-615 65±9 2.2±0.1

GaNP-630 - -

growth window of GaP nanowires. Within the growth window, as Tsub increases, the

average diameter of nanowires decreases, while the average length increases, as shown

in Table 7.2. This trend is in line with the explanation detailed in Section 7.2.2. Below

the growth window (GaNP-515), the short Ga adatom diffusion length on the surface

impedes VLS growth. Conversely, above the growth window (GaNP-630), only a small

amount of vapor can dissolve into Ga droplets and contribute to VLS growth.

For further analyses, TEM experiments are performed on GaNP-615. The crystal

structure of GaNP-615 features random twins and stacking faults between cubic ZB and

hexagonal WZ phases along the [111] nanowire growth direction as illustrated in Figure

7.7. This mixture of the two structures are also observed in GaP nanowires, as shown

in Figure 7.5. Based on our examination, the majority phase of GaNP nanowires is still

ZB, which is also favored by GaNP thin films. Figure 7.7(d) shows the high resolution

electron microscopy image of the boxed region of Figure 7.7(a). This clearly presents

both structures exist - the upper and lower halves are associated with WZ and ZB phases,

respectively, as clarified by the fast Fourier transformation images.
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Figure 7.7: TEM images of GaNP nanowires (GaP-615). (a),(b) ZB and WZ phases
are formed in parallel in individual nanowires. (c) In transmission electron diffraction
(TED) pattern, twin spots are indicated by white arrows, and ZB and WZ spots are
indexed in white and yellow, respectively. (d) High resolution TEM image showing ZB
and WZ structure with corresponding fast Fourier transformation images.

7.4 GaNP/GaNP core/shell nanowires

7.4.1 Growth

Among our GaNP nanowire samples, GaNP-615 has the highest density ranging

from ∼4 × 108 cm−2 to ∼1.2 × 109 cm−2 across the substrate with an axial growth rate

of ∼150 nm/minute. Consequently, the growth conditions of GaNP-615 are employed to

grow the core of GaNP/GaNP core/shell nanowires (S-GaNP/GaNP). For S-GaNP/GaNP,

the GaNP cores are grown at 615 ◦C, subsequently, Tsub is decreased to 450 ◦C and the

V/III incorporation ratio is increased to 3.5 by increasing the PH3 flow rate and the shells

are grown for 15 minutes. Decreasing Tsub and increasing the V/III incorporation ratio
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Figure 7.8: SEM images showing (a) GaNP-615 (the cores of S-GaNP/GaNP) and (b)
S-GaNP/GaNP.

reduce Ga adatom mobility on the growing surface. This decreased mobility suppresses

the VLS mechanism, which decreases axial growth rate, and, instead, promotes the radial

growth rate through step-mediated growth mode as shown in Figure 7.2. Lowering the

Tsub facilitates N incorporation; hence, a higher N composition is expected in the shell.

7.4.2 Structural properties and discussion

Figure 7.8 shows the SEM images of GaNP-615 (the cores of S-GaNP/GaNP) and

S-GaNP/GaNP. For S-GaNP/GaNP, the average diameter and length of the nanowires are

115±4 nm and 2.3±0.2 m, respectively. After the shell is grown, the average diameter

increased by ∼80% with no significant increase in length. This confirms that lowering

Tsub and increasing the V/III incorporation ratio suppress the axial growth, instead,

promote the radial growth.

7.4.3 Optical properties and discussion

PL measurements are carried out for optical studies. Figure 7.9 illustrates the

results of PL measurements at 300 K, performed on GaNP-615, and S-GaNP/GaNP. The

PL emission shows single PL peaks for GaNP-615 and S-GaNP/GaNP. The single PL



107

Figure 7.9: PL emission from arrays of GaNP-615 and S-GaNP/GaNP performed at
300 K.

peaks of S-GaNP/GaNP is believed to come from their shells, as a result of fast diffusion

of photo-excited electrons from the core to the shell with lower conduction band edge

for S-GaNP/GaNP. With regard to GaNP-615, the higher energy PL peak is attributed

to lower N incorporation in the core ([N]∼1%) relative to the shell ([N]∼2%) based on

studies of PL emission vs. N, in which an increase in [N] causes a red-shift of the PL

emission.

In addition, PL signals from an ensemble nanowires and a single nanowire are

compared. For an ensemble nanowire study, the nanowires are dry transferred to another

Si substrate and then are characterized by PL measurement at room temperature. The

individual nanowire was characterized by Prof. Buyanova’s lab using their micro PL

(µPL) employing a Horiba Jobin Yvon HR800 spectrometer with a 325 nm He-Cd laser.

These experiments are carried on GaP/GaNP core/shell nanowires (S-GaP/GaNP), for



108

Figure 7.10: PL emissions from an ensemble (blue) and a single (red) S-GaP/GaNP.

which the shell was grown using the same conditions as the shell of S-GaNP/GaNP. Since

GaP has indirect bandgap, the PL signals result from only GaNP shells.

According to PL between an ensemble S-GaP/GaNP and a single S-GaP/GaNP,

it is notable that the width of the PL spectra from the ensemble and single nanowires

are nearly identical, with a full width at half maximum (FWHM) of ∼0.3 eV. This

suggests that the width of the signal is not due to the variation of N content among

different nanowires, but the mechanism for light emission of nanowires. This supports

the explanation that the radiative recombination originates from the excitons trapped at

various N-related localized states of GaNP.
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7.5 Conclusions

In summary, vertical self-catalyzed GaP, GaNP, and GaNP/GaNP core/shell

nanowires are successfully grown on Si (111) using GSMBE. The growth window of GaP

nanowires is from ∼585 ◦C to ∼615 ◦C, which are comparable to the growth window

of GaNP nanowires. The shells are grown by decreasing Tsub and increasing the V/III

incorporation ratio to reduce adatom mobility and increase N incorporation. According

to TEM measurements, the crystal structures of GaP and GaNP nanowires are mixtures

of cubic ZB phase and hexagonal WZ phase along the [111] growth direction. With

regard to optical properties, photo-excited electrons in the core exhibit fast diffusion to

the shell, which has lower conduction band edge. The nearly identical PL line shape

of an ensemble of GaP/GaNP core/shell nanowires and a single nanowire indicates that

the broad PL width of an ensemble nanowires does not result from the variation of N

composition among nanowires, but from the mechanism of light emission.
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Chapter 8

Future work

8.1 Thin film solar cells

Our best GaNP thin film solar cell with anti-reflection (AR) coating achieves

an efficiency of 7.9% with short circuit current (Jsc) of 8.53 mA/cm2, open circuit

voltage (Voc) of 1.33 V, and fill factor (FF) of 0.69. According to its external quantum

efficiency (EQE) in Figure 4.9(b), greater efficiency can be achieved by improving the

EQE performance in the short-wavelength (<425 nm) and long-wavelength (>550 nm)

regions.

Based on our analysis, short wavelength EQE can be improved in a number of

ways: (1) increasing the diffusion length in the emitter region (e.g., optimizing growth

conditions, lowering doping concentration), (2) optimizing the emitter thickness, and (3)

reducing the front surface recombination velocity (e.g., passivation, window layer). A

promising window layer for our GaNP solar cell that we recommend for further study is

AlGaP. This material features a higher bandgap than GaP resulting in reduced photon

absorption in the passivation layer. It possesses a small lattice mismatch with GaP, and it

has already been demonstrated that it can reduce the surface recombination velocity of

111
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GaP from 1 × 106 cm/s to 1 × 104 cm/s.20, 89

Long wavelength EQE can be improved by increasing the thickness of the GaNP

i-layer of the solar cell. The maximum i-layer thickness of 2 mu studied in this work was

not found to be a limiting factor in solar efficiency. Thus, we conclude increasing the

thickness of the i-layer should further increase solar efficiency until the gain in greater

light absorption is outweighed by the recombination current in the depletion region.

In addition to optimizing EQE, future work should also focus on incorporating

additional N and/or As as a means to decrease the bandgap of GaNP to the optimal value

of ∼1.7 eV for dual-junction configurations in which the bottom cell is composed of

Si. Finally, detailed investigations into the integration of GaNP(As) solar cells onto Si

substrates need to be performed.

8.2 Microwire solar cells

Our best core/shell GaP/GaNP microwire solar cell with AR coating (microwire

length = 6 µm, array period = 6 µm) achieves an efficiency of 3.2%. The short-wavelength

EQE and long-wavelength EQE of the microwire solar cells can be optimized using

techniques similar to those described for our thin film solar cells in Section 8.1. Ad-

ditionally, efficiency can be further increased by optimizing the structure’s geometry

(e.g., microwire length, microwire diameter, array period, array pattern). However, MBE

shadow effect must be accounted for. A more focused examination of the microwire

sidewall roughness should also be undertaken as our analysis indicates surface roughness

is strongly related to solar efficiency. Regarding to the fabrication process, smoother

sidewalls resulted in fewer defects and, consequently, higher efficiency so further investi-

gation into wet etch optimization (e.g., adjusting wet etch solution ratio, reducing bubble

formation using a magnetic stirrer) is recommended. Finally, minimization of defects and
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threading dislocations by optimizing the shell growth process (e.g., adjusting the growth

temperature and growth rate89) and the solar cell structure (e.g., adding superlattices90–92)

should be performed.



Appendix A

MATLAB scripts for a p-i-n

GaP/GaNP solar cell

A.1 The effect of the i-GaNP layer

The following MATLAB script is used to calculate the effect of the i-GaNP width

on short circuit current (Jsc) and external quantum efficiency (EQE) of a p-GaP/i-GaNP/n-

GaP solar cell in Section 2.4.2. A modified version of this MATLAB script that sweeps

across different variables is also used in Sections 2.4.3 and 2.4.4.

clc

clear

%Constant definitions

%spectrum irradiance (W*m-2*nm -1)

bs0 = [3.3569E -03

6.5654E -02

2.0579E -01

4.0688E -01

114
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4.5418E -01

5.1862E -01

5.4231E -01

6.6788E -01

1.0847E+00

6.7673E -01

9.3964E -01

1.1668E+00

1.2235E+00

1.1376E+00

1.3480E+00

1.4987E+00

1.5611E+00

1.5562E+00

1.5976E+00

1.5198E+00

1.5490E+00

1.5578E+00

1.4952E+00

1.5348E+00

1.5353E+00

1.5427E+00

1.5153E+00

1.4932E+00

1.5042E+00

1.4497E+00

1.4657E+00

1.4715E+00

1.4423E+00

1.4107E+00

1.4470E+00
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1.4014E+00

1.3570E+00

1.4139E+00

1.3933E+00

1.2180E+00

1.2919E+00

];

%Wavelength (nm)

lam = [3.0000E+02

3.1000E+02

3.2000E+02

3.3000E+02

3.4000E+02

3.5000E+02

3.6000E+02

3.7000E+02

3.8000E+02

3.9000E+02

4.0000E+02

4.1000E+02

4.2000E+02

4.3000E+02

4.4000E+02

4.5000E+02

4.6000E+02

4.7000E+02

4.8000E+02

4.9000E+02

5.0000E+02

5.1000E+02
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5.2000E+02

5.3000E+02

5.4000E+02

5.5000E+02

5.6000E+02

5.7000E+02

5.8000E+02

5.9000E+02

6.0000E+02

6.1000E+02

6.2000E+02

6.3000E+02

6.4000E+02

6.5000E+02

6.6000E+02

6.7000E+02

6.8000E+02

6.9000E+02

7.0000E+02

];

%Reflectance of GaP

R = [0.335389271

0.338317678

0.358920463

0.387429202

0.46732241

0.462001638

0.425036008

0.410300539

0.397651128
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0.386522899

0.376718617

0.368397468

0.361528971

0.355637645

0.355637645

0.349013391

0.34002413

0.34002413

0.34002413

0.323432229

0.31695021

0.31695021

0.311190855

0.311190855

0.305920486

0.301336477

0.301336477

0.297115935

0.297115935

0.293208024

0.293208024

0.289535326

0.289535326

0.286013677

0.286013677

0.286013677

0.286013677

0.286013677

0.282968709

0.282968709
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0.280219865

];

%absorption coefficient of GaP

alpha = [436332

440026

455180

493335

249576

145283

97857

80000

71244

54643

43207

34054

30000

26896

16744

11000

3694

2500

1450

1000

760

600

487

350

233

0

0
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

];

%absorption coefficient of GaNP

alphaN =[436332

440026

455180

493335

249576

145283

97857

80000

71244

54643

43207

34054

30000

26896
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24000

24000

24000

24000

24000

21000

21000

21000

21000

19777.34352

18140.75909

15074.87478

12736.7502

10047.57244

6987.87609

3876.71375

1677.71656

527.5873

204.7378

5.74542

0.19919

0

0

0

0

0

0

];

%parameters of p-GaP/i-GaNP/n-GaP

Eg = 2.26; %eV
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n = 1; % ideality factor

q = 1.6e -19;

Nc = 1.8e19;

Nv = 1.9e19;

De = 1.68;

Ne = 4e18;

Le = 0.19e -4;

Se = 1e6;

We = 0.1e -4;

te= 1e-6;

Db = 1.53;

Nb = 6.5e17;

Lb = 4.1e -4;

Sb = 1e6;

Wb = 300e-4;

tb = 0.1e -6;

Wi = 800e-7;

%photon flux

bs = bs0./q.*lam./1240;

i = 1;

for Wi = [0 2e-5 5e-5 1e-4 5e-4 1e-3]

%minority carrier current density from the emitter

Jln1 = q.*bs.*(1-R).*alpha.*Le./((alpha.*Le).ˆ2-1);

Jln2 = (Se.*Le./De+alpha.*Le)-exp(-alpha.*We)

.*(Se.*Le./De.*cosh(We./Le)+sinh(We./Le));
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Jln3 = Se.*Le./De.*sinh(We./Le)+cosh(We./Le);

Jln4 = alpha.*Le.*exp(-alpha.*We);

Jln = Jln1.*(Jln2./Jln3 -Jln4);

%minority carrier current density from the base region

Jlp1 = (q.*bs.*(1-R).*alpha.*Lb./((alpha.*Lb).ˆ2-1))

.*exp(-alpha.*We).*exp(-alphaN.*Wi);

Jlp2 = Sb.*Lb./Db.*(cosh(Wb./Lb)-exp(-alpha.*Wb));

Jlp3 = sinh (Wb./Lb)+alpha.*Lb.*exp(-alpha.*Wb);

Jlp4 = Sb.*Lb./Db*sinh(Wb./Lb)+cosh(Wb./Lb);

Jlp5 = alpha.*Lb;

Jlp = Jlp1.*(Jlp5 -(Jlp2+ Jlp3)./Jlp4);

%current density generated in the i-region

Jgen = q.*bs.*(1-R).*exp(-alpha.*We).*(1-exp(-alphaN.*Wi));

%total current density

J = Jln+Jlp+Jgen;

%short current current density

Jsc (i,:) = 0.1*trapz(lam,J);

%EQE

QE1 (:,i)= J./q./bs;

i = i+1;

plot(lam, QE1,'r')

hold on

end
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A.2 The effect of carrier lifetime in the i-GaNP layer

The following MATLAB script is used in Section 2.4.5 to calculate open circuit

voltage (Voc) and solar cell efficiency (η) of a p-GaP/i-GaNP/n-GaP solar cell under

various carrier lifetimes within the i-GaNP layer.

clc

clear

%Constant definitions

Eg = 2.26; %bandgap of GaP

EgN = 2.05; %bandgap of GaNP

n = 1; % ideality factor

q = 1.6e -19;

Nc = 1.8e19;

Nv = 1.9e19;

De = 1.68;

Ne = 4e18;

Le = 0.19e -4;

Se = 1e6;

We = 0.1e -4;

te= 1;

Db = 1.53;

Nb = 6.5e17;

Lb = 4.1e -4;

Sb = 1e6;

Wb = 300e-4;

tb = 1;
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Wi = 1e-4;

i = 1;

for te = [1000000000 100000000 10000000 1000000 100000 10000

1000 100 10 1 0.1 0.01 0.001 0.0001];

%diffusion current

Jn = q.*De.*Nc.*Nv./Le./Ne.*((Se.*cosh(We/Le)+De./Le.*sinh(We./Le))

./(De./Le.*cosh(We./Le)+Se.*sinh(We./Le)));

Jp = q.*Db.*Nc.*Nv./Lb./Nb.*((Sb.*cosh(Wb./Lb)+Db./Lb.*sinh(Wb./Lb))

./(Db./Lb.*cosh(Wb./Lb)+Sb.*sinh(Wb./Lb)));

J0 = (Jn+Jp).*exp(-Eg./0.0259);

%recombination current at depletion region

Jscr = q*((Nc*Nv/te/te)ˆ(1/2))*Wi;% assume that te = tb

Jscr1 = Jscr*exp(-EgN./2./0.0259);

%total dark current

Jt (i,1)= J0 + Jscr1;

Jsc = 6.93306039929750; % from Section A.1

%open circuit voltage

Voc (i,1) = 0.0259.*log(Jsc./Jt(i,1)+1)

%fill factor

Voc1(i,1) = Voc(i,1)/0.0259;

FF (i,1)= (Voc1(i,1)-log(Voc1(i,1)+0.72))./(Voc1(i,1)+1)

%efficiency

eff (i,1)= Jsc.*Voc(i,1).*FF(i,1)
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i = i+1;

end
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