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Abstract

GalnNAs material has been studied as a candidate for the fourth-layer in

multi-junction solar cells. However, the material quality of GalnNAs has inhibited

its practical use in While in GalnNAs
material using rapid thermal annealing and hydrogenation have been reported,

in this thesis, the main focus is on the effects of hydrogenation on GalnNAs

solar cells. The selective of i and nitrogen-nitrog
clusters by hydrogenation in GalnNAs bulk and solar cell samples is presented.
A comparison of reference and hydrogenated solar cells show improvements in

the material quality and device performance after passivation.



Chapter 1: Introduction

1.1: Basics and History of Solar Cells

Photovoltaic devices or solar cells are the devices that convert sunlight to
electricity. Solar cells have been studied as a clean and abundant form of
renewable energy compared to other energy resources such as fossil fuels or
nuclear power plants.

The photovoltaic effect was first reported by Edmund Bequerel in 1839
[1]l2). Wiliam Adams and Richard Day demonstrated the first solid-state
photovoltaic devices forty years later in 1876. They observed that a
photocurrent could be produced in a sample of selenium when contacted by two
heated platinum contacts. Although solar cells were studied extensively it was
not until 1950s when a practical silicon p-n junction solar cell was developed 1].
Daryl Chapin, Calvin Souther Fullter, and Gerald Pearson reported the first
silicon solar cell in 1954 at Bell Laboratories. The efficiency was only 6%, which
was huge improvement on all previous attempts [1]{3]. Other kinds of p-n
junction solar cells such as cadmium sulphide or gallium arsenide, indium
phosphide, or cadmium telluride were simulated theoretically in the following
years. However, it was not until the energy crisis in 1970 that this research
accelerated, and solar cells were considered seriously as an alternative energy
resource, that the improvement of the efficiency and variety of solar cells

produced increased dramatically [1]. Nowadays the highest efficiency solar cells



are the multi-junction solar cells with power conversion efficiencies of more than

40%.

1.2: Solar Cell Material Requirement

To produce high efficiency solar cells, the material needs to absorb light,
separate charge cariers, and transport this charge efficiently to generate
useable power. In terms of material properties the following are desirable [1]:

() For good optical absorption: high optical depths at energies above the
band gap, and small surface reflectivity to improve photon capture.

(i) For good charge separation: large built in bias, limited recombination
losses, and to locate the junction close to the surface for effective
charge separation over a wide range of wavelengths

(ii)  For efficient minority carrier transport: long minority carier lifetimes
and diffusion lengths, and small surface recombination velocities, and
low parasitic losses such as small series resistance and high shunt
resistance

(iv)  Optimum band gap close to the intended solar spectrum.

Even if the above conditions are satisfied, there are unavoidable intrinsic losses
due to the inability of a single energy gap (E,) solar cell to correctly match, and
therefore hamess, the broad solar spectrum. Furthermore, there are also

fundamental losses due to radiative recombination [4]. Only photons with fw in



excess of E; are absorbed and generate electron-hole pairs. If the photon has
energies lower than Eit will not be absorbed, but simply be transmitted through
the semiconductor. If it has higher energy, the photogenerated electron loses
almost all energy in excess of E; to heat when they relax to energies near the

band edges.

1.3: Solar Cell Characteristics and Operation

When measuring or characterizing photovoltaic devices, there are
several important terms and electronic properties that arise. The voltage under
illumination at zero current is termed the open circuit voltage, V. This develops
when the terminals are isolated (infinite load resistance). The short circuit
current, Iy, is the photogenerated current drawn when the terminals are
connected together. The cell develops a voltage V in the range of 0 to Vy and
delivers a current / such that V = IR, where R, is any intermediate load
resistance. The /, V, and R, are properties of the device and are characterized
by the current-voltage response of the solar cell under illumination. Typically,
the short circuit current density, /s, is evaluated rather than Isc because the
current is proportional to the illuminated area [1].

(i) Photocurrent Density, Open Circuit Voltage, and Energy:

The photocurrent generated by solar cells under illumination is proportional to

the incident light. The photocurrent density is expressed by:

Eodi
Jse= (lf bs(E)Q
g
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where q is the electronic charge, bs (E) is the incident spectral photon flux
density, and QE is quantum efficiency, which is the probability that an incident
photon of energy, £, will deliver one electron to the external circuit

Energy, E, is defined as:

In @ more convenient unit for semiconductors, the energy in electron-volt is:

1240
Ay @

where hiis Planck’s constant, ¢ is the speed of light in vacuum, and Ais the
wavelength of incident photon.
The open circuit voltage, V. is the maximum value of potential difference when
the contacts are isolated. This is the condition when the saturation current and
short circuit photocurrent exactly cancel. Itis expressed as
Voc ( Sy 1)

where k is Boltzmann's constant, T is temperature, /,is a constant [1].

(i) Quantum Efficiency:
Quantum efficiency (QE) is the ratio of the number of charge carriers collected
by the solar cell per photon of a given energy incident upon the solar cell. When
all photons are absorbed and the resulting minority carriers are collected, the
QE at that particular wavelength is unity. For photons with energy below the
band gap, the QE is zero. The QE can be considered as the collection

probability due the generation profile of a single wavelength integrated over the



device thickness and normalized to the incident number of photons. The ideal
QE shows the square shape as in Figure 1. However, because of parasitic
losses and recombination effects, the practical QE is reduced. The QE takes
two forms: external quantum efficiency (EQE), and internal quantum efficiency
(IQE). EQE incorporates the effect of the optical losses such as transmission
and reflection. That is, it determines the carriers extracted per photon impinging
upon the sofar cell, which includes the transmission and reflection losses. IQE,
however, is the internal QE, and considers the current extracted for only for the

photons that are absorbed in the cell removing losses associated with reflection

and transmission [5)].

The red response is
reduced due to rear
surface recombination,
reduced absorption at
fong wavelengths and
I low afusion lengths

\

Blue response is reduced
due to front surface recombination

s

Areduction of the overall QE 15
caused by reflection and a low
diffusion length

No light is absorbed
below the band gap
so the QE is zero at
long wavelengths

External Quantum Efficiency
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Figure 1: External Quantum Efficlency (5]



(iif)Fill Factor and Efficiency
Fill factor (FF) is the ideality or ‘squareness’ of the J-V curve and it is defined as

JnVim
FF =
JscVoc

where /,, and ¥, are the current density and voltage at the maximum power
point (Figure 2).The efficiency, 1, is power density delivered at operating point

as a fraction of the incident light power density, Px.

JnVon _ JscVocFF
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Current density BOWEL 06
Jse
Jn
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2
]
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Figure 2: an ideal cel (1]



(iv) Etfect of Temperature to Solar Cell Materials
Semiconductor devices are temperature dependent. Band gap energy, £,, of a
semiconductor is reduced with increasing temperature due to the thermal
expansion of the lattice. This is determined using Varshni's Law given by:

ar?
T+

Ey(T) = E4(0) —
where £,(0), «, and  are dependent on the material [6]. In solar cells, open-
circuit voltage is affected by an increase in temperature since the operating
voltage is directly proportional to the semiconductor band gap, following the
Varshni shift closely.

(i) Air Mass (AM)

Air mass (AM) is conventional unit for solar spectrum. It represents the
proportion of atmosphere that the light must pass through before hitting the
ground on the Earth relative to its overheard path length [5]. AM 0 is an
extraterrestrial spectrum, and AM 1 is when the sun is vertical position. The
standard test condition for solar cells is the AM 1.5, which is 1000Wm? at 25°C.
This is corresponding to the sun being at an angle of elevation of 42° [1]. The
AM is calculated as

1

M = 58

where 8is the angle of the position of the sun from the vertical [5].




1.4: Single Junction and Multi Junction Solar Cells

The most common solar cell in the market is crystalline silicon solar cell
R.S. Ohl reported the first silicon solar cell, whose efficiency was less than 1%
(7](8]. Since this first demonstration, this technology has improved considerably
with commercial cells operating with power conversion efficiency (PCE) of
~ 20% on the module. Since silicon technology is a well-developed electronic
material, which is abundant and cheap, it dominates the photovoltaic industry.
Moreover, the excellent performance of this technology has led to the recent
report of a record high efficiency close to 25% for a silicon solar cell [8]. The
highest theoretical efficiency, under AM1.5 illumination, predicted for a single

band gap semiconductor solar cell is around 30% (4]

040
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Figure 3: Limiting efficiency as function of band gap for the AM 1.5 solar spectrum, and the band

gaps of some common photovoltaic materials [1).



Crystalline silicon can absorb radiation greater than 1.12 eV (or below 1100 nm)
in solar spectra, which yields a predicted maximum power conversion efficiency
of around 27% according to the Shockley-Queisser limit [9], shown in Figure 3.
This high efficiency coupled with it is relative low-cost make silicon the current
material of choice for PV. However, despite the benefits of silicon, with respect
to other materials, the single gap nature of this material limits it overall
performance with large regions of the solar irradiation wasted to transmission
and thermal losses [10]. To overcome this problem, multi-junction solar cells
have been proposed and developed.

Solar cells with two or more semiconducting layers that are stacked as
p-n junctions to collect light are called tandem, or multi-junction solar cells.
Those layers are assembled with low resistive tunnel junctions and whose
junctions are formed monolithically on a substrate. The top layer is designed
with a higher band gap energy than the layer below it such that higher energy
light is absorbed in the upper cells while lower energy, longer wavelength light,
is absorbed lower in the stack [11][12]. Through stacking several semiconductor
p-n junctions, the multi-iunction solar cell can absorb a larger proportion of solar
spectra 1o produce more electricity. The first multiunction solar cells were
introduced by the Research Triangle Institute and by Varian Research Center in
the late 1970s and mid 1980s [13][14][11]. In multi-junction solar cells, the
current flows serially through the individual cells. Therefore, the current passing

through each layer should be matched. If one of the layers produces lower



current, the current produced by the solar cell is limited to the least amount of
current. Also, to produce highly efficient solar cells, the system must be of high
material quality with each layer lattice matched, or of similar atomic constant
Lattice matching is important because mismatches in the lattice constant lead to
defects and dislocations, which form recombination centers that limit
performance.

According to a simulation [4], the calculated efficiencies of 1, 2, 3, and 36
serially connected energy gaps are 37, 50, 56, and 72% respectively, at
concentration of 1000 suns with the solar cell at 300K. Since the efficiencies of
multi-junctions solar cells based on increasingly higher number of layers
saturates due to the thermodynamic limit [4], numbers of three to four layers for

junctions are the most efficient to stack up.



Chapter 2: Dilute Nitride Solar Cells

2.1: 1II-N-V Material for Solar cells

Bandgep (6V)
&
T

56 58
Lattice Constant (A)

Figure 4: Band gap versus lattice constant. The grey boxes indicate nitrogen-containing alloys

The incorporation of a small amount of isoelectronic impurity whose
electronic levels are resonant with the host conduction band gap in a
semiconductor has been shown as an effective method to engineering the
transition energy of several III-V and 1l-VI semiconductor alloys [16]. The

incorporation of small (dilute) amounts of nitrogen into I1I-V semiconductors has

1



been shown to dramatically change the host band gap. After the discovery of
the ability to decrease the band gap energy of GaAs by incorporating nitrogen
to form GaNAs by Weyers [17], Kondow et al. demonstrated that the alloy
GalnNAs could be lattice matched to GaAs with an absorption energy in the
infrared, promoting the potential for the use GalnNAs in long wavelength laser
diodes.

The properties of lll-N-V material is mainly effected to the large
difference in size and the electronegativity between As and N atoms. While
nitrogen is isoelectronic, it acts as an electron trap due to this electronegativity
difference{18][19]: the crystal potential is deformed at the N site such that a
highly localized N-related state is formed [16].

In 1998, Kurtz et al. introduced the idea of the dilute nitride solar cell
where it was proposed that GalnNAs with a band gap of 1.0 eV was a potential
candidate for the use in 4" layer of mulijunction solar cells (20]. The
combination of indium and nitrogen in GaAs could be used in tandem to tune
the alloy band gap with increasing indium reducing the energy gap, while
increasing nitrogen composition increased the gap [21]. Both lattice matching to
GaAs and maintaining a 1eV band gap s required for the optimum efficiency.

In Figure 5, the squares show lattice matching to GaAs with different
amounts of In and N incorporation. Here, Vegard's law is assumed for both
GalnAs and GaNAs [22]. Vegard's law is based on a linear relation between the

crystal lattice parameter of an alloy and the concentrations of the elements



composing the alloy, at constant temperature [23]. For the lattice matching, the
mixing ratio of In and N in alloy Gaj,In,N:As ., requires the well known ratio
Xy ~ 133 [22]. This mixing ratio is from xy = 0.41:1.14~1:3 where those
numbers are calculated based on the difference between the lattice constants of
GaAs: metastable cubic-GaN (c-GaN) and GaAs:inAs; the difference between
GaAs and c-GaN is 1.14 A and that between InAs and GaAs is 0.41 A where

the lattice constant of GaAs is 5.65A, c-GaN is 4.51 A, and InAs is 6.06 A.

0 © 16V Material
f —u— lattice matching

N Content %]

0 5 f 15 2 2 3 3
In Content [%]

Figure 5: Range of In and N compositions in GalnNAs, for which lattice matching (squares) occurs
and for which the samples have a fundamental band gap of 1 eV (circles) [22]

The circles in Figure 5 show the experimental data on a wide range of multiple
quantum well (MQW) and bulk samples with different amounts of In and N,
which maintain a eV band gap. This experimental data is not linear; instead of
a linear relationship this behavior is best described by a quadratic one. The
parameter for the quadratic term is known as the bowing parameter. For

13



GalnNAs the band gap bowing becomes weaker as the In composition
increases. Theoretically, the intersection is where both the requirements are
achieved, i.e. lattice matching to GaAs and 1eV band gap for an optimal
material [22]. Here, although In=6.6% and N=2.3% are found to be the optimal,
other amounts of In and N are used in experiments, such as In=8% and

N=2.8%[24], In=0.3% and N=:

1%[25] and In=0% and N=2.8%[26). The
thermodynamic efficiency limit for the III-N-V solar cell - absorbing at 1 eV —
incorporated in a 4-junction solar cell grown on germanium is 52%, while for
current 3-junction, GalnP/GaAs/Ge systems it is of the order of 40% under AMO

[24)27).

2.2: Problems of Dilute Nitride materials for Solar Cells

Despite its potential GalnNAs as the 4" junction in next generation multi-
junction solar cells, there are issues with this material. The synthesis of Ill-N-V
is difficult due to the metastability and large miscibility gap of these materials
[28)(29](30]. Incorporation of nitrogen into GaAs is not easy. The calculated
equilibrium solubility of nitrogen is 0.0000001% at 700°C in GaAs and 0.2% in
InAs [31]. However, growing InGaAs at high temperature causes phase
segregation [15][32]33]. The bond energy is strongest for Ga-N in GalnNAs so
In-As and Ga-N bonds are more energetically favorable and that causes phase
segregation and ‘clusters” of Ga-N and In-As. Nitrogen-related phase

segregation must be kinetically limited by growing at low temperature, typically



380-450°C for molecular beam epitaxy (MBE). These temperature are non-
optimum for the Ga(in)As system and incorporate only small fractions of
nitrogen. Also, several previous investigations discuss the need for high arsenic
fluxes to produce higher quality material. It is suggested that higher group-V
fluxes force reactive incorporation of group-lil adatoms effectively reducing the
surface mobility [34]. Effective growth of this material requires a careful
combination of a lower growth temperature limit coupled with an upper limit to
the arsenic flux, to inhibit the formation of arsenic anti-sites and other defects
that are efficient non-radiative recombination centers [35](36]. Although for 1 eV
band gap GalnNAs material, nitrogen incorporation is 2.8%, this composition
can lead to significant defect densities and nitrogen cluster formation, which are
problematic since such defects decrease the carrier lifetimes and diffusion
length of carriers in GalnNAs materials. This leads to reduced voltage and poor

quantum efficiencies [28](37](38), reducing the performance of the solar cells.

2.3: Rapid Thermal Annealing (RTA) of GalnNAs

The low growth temperatures required to incorporate nitrogen into
GalnNAs to avoid nitrogen-related phase segregation, results in poor material
quality; with low — non optimurn - temperatures, the growth of Ga(In)As evolves
with the formation of various point defects [28]. These defects include group-ll
vacancies, arsenic anti-sites (36], interstitial nitrogen (39), and even arsenic

dimers [40]. All of which degrade the optical quality of the materials. Post-



growth rapid thermal annealing (RTA) has been shown to significantly improve
the quality of GalnNAs material [16](24][41). Although the optimal temperature
for RTA is somewhat sample specific, a window of between 800-900°C for

30 seconds has been widely demonstrated.

RTA910°C
RTA825°C

450 600 750 900 1050 1200 1350
Wavelength (nm)

Figure 6: Comparison of external quantum efficiency for GaliNAs solar cells rapid thermal

9107 < i )tor the
10°C device at 300 K is also shown, indicating co-incidence between emission and absorption
1.

Figure 6 [41] shows an example of the improvement of a GalnNAs solar
cell after optimized RTA. It shows the external quantum frequency of samples
annealed at 825°C (closed circles) and 910°C (open squares) with
photoluminescence (PL) of the sample annealed at 910°C. The EQE result of
the sample annealed at 825°C shows the well-known sloping behavior at longer
wavelengths, which is due 1o a reduced minority carrier diffusion length in the
GalnNAs material at longer wavelengths, between the GalnNAs band gap at

16



1200nm, and the GaAs absorption edge at 870 nm. On the other hand, there is
a substantial improvement in performance with a band edge EQE of GalnNAs
solar cell annealed at 910°C, both in terms of absolute EQE and minority carrier
diffusion length. The more “top-hat" like EQE indicates more efficient carrier
collection [41].

The main effect of annealing is considered to be the change of the
neighboring configuration of atoms in the crystal lattice [28]. The amount of
Ga-N bonds is reduced compared to In-N bonds [42][43]. The improved
materials quality reduces the losses to non-radiative recombination and

enhances carrier collection and ~ therefore — EQE [42]44].

ydrogenation of lll-V and Dilute Nitride Materials
Hydrogen exists in the plasmas, etchants, precursors, and the transport
gases of growth processes and device mass production steps [45]. Hydrogen
atoms can diffuse into a semiconductor with relative ease and have been used
to passivate dangling bonds and defects, resulting in the improved electronic
properties of a number semiconductor systems, most prominently in silicon
[45][46][47]. The first discovery of the effect of hydrogenation passivation in
semiconductors was in ZnO [45]. The effect of hydrogenation has been
investigated in several IIl-V materials [48][49] and recently Polimeni, Capizzi

and others reported the result of hydrogenation of GalnNAs [50]145]. In Refs.



[45](50](51), the neutralization of the electronic and optical activity of nitrogen

atoms through the formation of N-H bonds was discussed.
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Figure 7: (a) T= 10 K PL spectra of the GassasMoca: opilayer after irradiation at diferent H dose,
e (B) T=10 K PL specira of the GaAsqmsNow: epilayer, hydrogenated at dy = 100H, for different
thermal annealing times f, (annealing temperature T, = 330). LO indicates phonon replica
transitions, Hy= 5x10" ions em? and laser power density P = 10Wem ? (51].

Figure 7 shows the PL spectra of (a) a hydrogen irradiated dilute nitride
sample with different hydrogen doses, and (b) a hydrogenated sample exposed
at different annealing times. From Figure 7 (a) increasing the hydrogen dose
leads to a progressive and complete quenching of the N-related centers as well
as of the broad underlying band. For dy = 5x10' ions cm™, only two bands
remain, which are related to pure GaAs and the longitudinal optical (LO) phonon
replicas of the C-related free-to-bound transition in the GaAs substrate [45].
Such 100% passivation of impurity luminescence bands is extremely unusual

and difficult to attain even in the common case of H passivation of shallow
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impurities in GaAs or Si [51]. This property is unique to the nitride materials.
Figure 7(b) indicates that the hydrogenation effects are fully reversible by
thermal annealing. Most of the N-related lines, as well as the broad background
beneath them, are progressively recovered by increasing the annealing time.
Depending on the strength of the N-H bond, the different lines recover their

intensity at different rates [51].

PL Intensity (arb. units)

hy (eV)

Figure 8: (s) Normalized PL specira, at 10 K, of the IngGacsASosrsza QW for increasing H
dose, dy, from bottom to top (H, = 10"* ions cm™). Short-dashed lines refer to the Ing ,GagssAS

reference sample. (b) Normalized PL specira, at 10 K, of the Ing.,Gal ssASosssNacz: QW with d =

50H, for i 0 poy ty P= 102 Wem®.
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Figure 8 shows the effect of hydrogenation and its reversibility by RTA in
GalnNAs. With increasing hydrogen dosage (d), the GalnNAs QW band gap
blueshifts towards that of the barrier. At the highest dy, the peak is at the
position of the GalnAs band gap. On the other hand, annealing leads to a shift
in the band gap back to the original position of the GalnNAs. This behavior
suggests Hydrogen can controllably tune the effect of the nitrogen in GalnNAs
material. Indeed this has been demonstrated to include the band gap, electron
effective mass, exciton wavefunction extent, lattice constant, and temperature
coefficient [45][51]. Furthermore, thermal annealing can provide the activation
energy to break the bonds of the N-H complexes responsible for these effects
)

In this thesis, an investigation for the potential for improvements in
GalnNAs solar cell performance will be presented. Specifically, the work
described investigated the potential to selectively passivate nitrogen clusters
and defects known to reduce the performance of GalnNAs solar cells.
Improvements of the material quality through hydrogen passivation of the

nitrogen-nitrogen clusters and defects in solar cell will be discussed.
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Chapter 3: Experimental Procedure and Setup

.1: Sample Descriptions

In this project, a combination of GalnNAs bulk reference samples and
solar cell devices were investigated. The GalnNAs samples were grown using
solid-source molecular beam epitaxy (MBE) on n-ype GaAs substrates at
CRHEA-CNRS in France. Nitrogen radicals were generated from high-purity
(6NS) N gas using a radio frequency plasma source (ADDON). For n- and
p-type dopants, Si and Be were used, respectively. The GaAs was grown at

580°C and Ga a1INo 0sNo 02sASo 572 Was grown at 450°C.

P: GalnNAs 4x10'® cm30.1um

Gain! 1 1-GainNAs GalnNAs Tum
NAs: Undoped 1um
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N: GainNAs 1x107 em20.1pm
N+ : Gaks 0.2um
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Figure 9: The structure of bulk sample S1098 (left), | = 500 nm solar cell sample 1095 (middile).

and 1= 1 pm solar cell sample S677 (righi).



#1098 - Reference Bulk Sample

The GalnNAs bulk sample has a 1.0 pm GaosilnoosNoozsASoere layer
terminated with a 75 nm GaAs cap layer for optical measurements (Figure 9
left). The samples were post-growth annealed in nitrogen-rich conditions at
800°C for 30s. Thermo-power measurements revealed that the nominally
intrinsic GalnNAs samples used in the project are slightly n-type in nature due
to the non-ideality of the growth conditions [52]. For the hydrogenated sample of
$1098, a UV-activated hydrogenation process was developed at Amethyst

Research Inc. The ination of low and U! is

beneficial in that it reduces the impact damage typically observed in
conventional  high-energy  irradiation processes commonly used for
hydrogenation [26](53). To determine the concentration of hydrogen, deuterium
(instead of protium) is used to distinguish it from environmental hydrogen;
concentration analysis was performed using nuclear reaction analysis. The
sample $1098 was determined to have an optimized hydrogen concentration of
1.1x10'® cm™ that has a penetration depth of approximately 2 pum.

#1095 — Lower quality solar cell sample

The GalnNAs solar cell sample #51095 was grown in a series of devices used
by the MBE growers to evaluate the effects of the intrinsic layer thickness. This
sample (Figure 9 middle) consisted of the following structure: The lower base
region of the device consists of a 200 nm n-type (6x10'® cm?) buffer layer, then

followed by 350 nm of n-type GaAs doped at 1x10'® cm?; the intrinsic region is
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a 500 nm layer of nominally intrinsic Gao 511 0o 02sASo 572 grown at 450°C; the
emitter region has two layers: a 250 nm p-doped (1x10'® cm™) GaAs layer with
a 30 nm Alp;GaosAs window layer with the same doping concentration; the
structure is finally completed with the deposition of a highly p-doped
(5x10'® cm®) 250 nm GaAs contact layer. The post-growth rapid thermal
annealing was conducted at 800°C for 30 seconds. In addition to this reference
sample, two hydrogenated samples were prepared using the same sample,
taken from the original via cleaving. Hydrogen irradiation was performed at
Amethyst Research Inc. as described previously for #51098. The two
hydrogenated samples were passivated with hydrogen levels of 1.0x10'* cm®
(low concentration) and 1.0x10'® cm? (high concentration).

#5677 ~ Higher quality solar cell sample

The GalnNAs solar cell sample #5677 (Figure 9 right) was grown in a series of
devices used by the MBE growers to evaluate the potential of doped GalnNAs
in these devices. This is an advanced structure in use for solar cells, This
sample consisted of the following structure: The lower base region of the device
consists of a 0.5 um n-type bufer layer doped to 4x10'®em®, followed by 0.3 ym
of ntype Alo2Gas sAs for a back surface field (electronic confinement) layer and
0.2 um of n-type (5x10'" cm™) GaAs. The intrinsic region consists of an n- and
p- type doped GalnNAs — 0.1 um n- type GalnNAs doped 1x10' em®, 1 um
thick nominally intrinsic GalnNAs, and 0.1 um pype GalnNAs doped

4x10" cm™® grown at 400°C. The active region was followed by the emitter
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region that consists of a 0.5 pm p-doped GaAs layer and a 0.05 um Alo sGao 2AS
window layer doped to the same level. This structure was completed with the
deposition of a highly p-doped GaAs contact layer (Figure 9). Post-growth
annealing was conducted at 825°C for 30 seconds. In addition to this reference
sample, one hydrogenated sample was prepared using the same material,
taken from the original via cleaving. Hydrogen irradiation was performed at
Amethyst Research Inc. as described previously for #51098. The hydrogenated

sample was passivated with a hydrogen density of 8.7x10'* cm®,

3.2: Device Fabrication Procedure

Al dilute nitride solar cell samples were processed into devices using
standard semiconductor device fabrication techniques. All processing for this
project was performed in the Nielson Hall cleanroom at OU by the author. A
detailed description of this process follows:
Samples are cleaved in the size needed. Typical device geometries fabricated
in this project ranged from 1 mm? to 25 mm?’. For the solar cell, #5677 (I = 1um),
the devices were fabricated using the 2.5 mm x 2.6 mm (6.25 mm?) solar cell
design.
Cleaning: the cleaved samples were cleaned in an ultrasonic bath via a triple
solvent process to remove residual dirt and dust particles from the sample
surface. The triple solvent process consisted of a 5-minute sonic bath of

trichloroethylene (TCE), acetone, and isopropanol (IPA) in succession. After



cleaning the samples the main processing steps were performed. These are
listed below:

RTA: Dilute nitride samples are annealed after the cleaning to improve the
material quality. For #5677, the annealing temperature was 825°C for
30 seconds in a custom-built AG Associates Heatpulse 610 annealer.

Oxide Removal: To create a uniform surface and improve adhesion of the
contact during metallization a chemical oxide removal is applied. The etchant
used to remove the residual oxide is a mixture of NH;OH: DI HzO in 1:20 ratio,
in which the samples are immersed for 30 seconds. After etching, the samples
are rinsed by DI water for 1 minute.

Upper _electron_metallization/photolithography _(Negative): To remove any
residual moisture, the samples are then baked at 150°C for 10 minutes.
Photoresist is then applied o the sample and spun at 4000 revolutions per
minute (rpm) for 40 seconds. This is followed by a soft bake for 60 seconds at
95°C on a hot plate. The photoresist is then exposed with UV radiation for
2.5 seconds with a standard 275 W Xenon bulb illuminated via a mask used to
define the upper finger electrodes using a Susse-MJB3 mask aligner. The
sample is then “soft-baked’ on hot plate for 90 seconds at 120°C. This is
followed by a flood exposure under UV radiation for 50 seconds without the
mask. Here, the previously unexposed area loses its photosensitivity and

becomes soluble in the developer solution. The unwanted photoresist is then



removed (‘developed") in AZ 1:1 developer for 60 seconds. The sample is then
rinsed with DI water for 2 minutes and dried with N, gas.

Plasma Ash: A “descum’” process was then performed on the sample using an
oxygen plasma to clean the sample and remove any residual photoresist. The
conditions were set at 55 W for 5 minutes using a March Plasmod GCM 200
system. A hard bake was then carried out on hot plate for 1 minute at 120 °C to
harden the resist pattern for durability.

Evaporate Finger Contact: Metallization of the top ohmic p-contact for the
device proceeded via the thermal deposition of 5 nm Au, 20 nm Zn, and 250 nm
Au.

Finger Liftoff: The pattern of the finger electrodes was exposed using 1165-Strip
remover to “iift-off’ the unwanted metal. The samples are soaked for 5 to
10 minutes to enable this process, agitating by hand — if required — to promote
removal. The sample was then rinsed with DI water.

Cleaning: Agitate samples by hand in acetone and IPA for 5 minutes each.
Contact RTA: To promote adhesion, contact anneal at 420°C for 30 seconds.
Mesa Photolithography (Positive): Prior to mesa etch, the samples are baked at
150°C for 10 minutes to remove any remaining moisture. Photoresist is then
applied to the sample and spun at 4000 rpm for 40 seconds. This is followed by
a soft bake for 60 seconds at 95°C. The sample is then exposed under the

mask aligner according to a second mask to define the mesa profile. This is
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then “developed” for 60 seconds. The sample is then rinsed with DI water for
2 minutes, and dried with N, gas.

Plasma Ash: The sample is then cleaned using the oxide plasma, removing
residual photoresist that is not removed during development. The conditions for
this process were once again 55 W for 5 minutes. The sample was then hard
baked on hot plate for 1 minute at 120°C.

Mesa Etch: The etchant used to produce the mesa diode is a 2:1:20 mixture of
HN.OH: H;0;: DI H;0. The etching time is varied depending upon the sample
conditions and materials. For sample #5677, this required an etching time on
the order of 4-7 minutes. To ensure the correct mesa etch depth, each sample
is measured using an Ambios-XP2 profilometer. Thereafter, the photoresist is
removed in acetone.

Finger/Window Etch: The final wet-etching step is used to remove the contact
layer between the finger contacts using a 1:2:200 mixture of HN:OH: H0p
DI H;0. The etching time is, again, variable with the sample conditions and
materials. For #5677, about 13-30 seconds etching time is needed to remove
the cap layer.

Back Contact Deposition: The lower “back” p-type ohmic contact is an alloy of
InGe-Au which is thermally evaporated in the following sequence: 20 nm In-Ge,

and 200 nm Au.
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Contact RTA: The device was then annealed to improve metal adhesion and
diffusion the metals into the device to produce high-quality ohmic contacts. The
specific conditions for this anneal were 420°C for 30 seconds.

Taking pictures: After each step, pictures of the device are taken to observe the

surface using an optical microscope (Figure 10).

ML

Figuro 10: (a) #S677 hydrogenated sample, (b) #8677 reference sample, and (c) magnified #8677

hydrogenated sample.

3.3: Experimental setup
Photoluminescence (PL)

Temperature dependent PL was measured in a Janis closed-cycle cryostat
between 4.2 K and 300 K using HeNe laser excitation at 632.8 nm, dispersed
with a Princeton instruments 2560i spectrometer, and detected using a liquid
nitrogen-cooled InGaAs linear array. A HeNe laser is focused by a 25 mm lens

(f = 200 mm) on the samples. The emission is collected by a 2 inch (50 mm)

collimating lens (f = 100 mm) and a 50 mm focus lens (f = 250 mm). There is
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715 nm long-pass filter in front of the focus lens to block the laser line from
entering the spectrometer.

Current and voltage (1-V) characteristic

Solar cell IV analysis was performed using a Newport Class ABA solar
simulator under 1-sun conditions. Temperature dependent IV characteristics
were taken in a Linkam THMS600E cryostat between 80 K and 320 K.

External Quantum Efficiency (EQE)

Solar cell EQE was measured using a Newport system. Temperature
dependent EQE spectra were taken in a Linkam cryostat between 80 K and

320 K.
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Chapter 4: Results and Discussions

4.1: Optical Observations of Hydrogen Irradiation Effect to GalnNAs

Material - #51098 Reference Bulk Sample

Intensity (arb. u)

- 1.10
1050 1075 1100 1125 1150 0 50_100 150 200 250 300
Wavelength (nm) Temperature (K)

Figure 11: Reference bulk - @) PL, 42K (upper)
10 300 K (lower). (b) The peak energy position for each temperature of (a).

Figure 11(a) shows the temperature dependence of the PL for the
reference GalnNAs bulk sample. At low temperature, the peaks that are
attributed to the lower energy nitrogen clusters (N) and defect centers (Dy) are
dominant. With increasing the temperature, a transition in the peak PL from that
associated with defects (Dy) to that atiributed to localized nitrogen-related
isoelectronic centers (Nx) is observed. As there is further increase in
temperature, the PL finally transitions to that dominated by free excitonic
transition. These transitions are reflected by the “s-shaped” dependence of the

peak PL energy versus temperature shown in Figure 11b. This is a common
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characteristic in dilute nitride materials, which it is due an electronegativity
difference caused by the substitution of nitrogen with arsenic. That is, since the
electronegativity in N is much larger than As, electrons are more localized
around the nitrogen atoms, and therefore positive holes are atiracted by
Coulomb force, creating an excitonic complex. When the temperature is low
(T < 30 - 40 K) this effect dominates, but increasing the temperature causes

those carriers to redistribute to higher energy states.

Bulk Hydrogenation Bulk Hydrogenation

o @] St1epl ®)

Intensity (arb. u.)

&1
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1050 1075 1100 1125 1150 Tomperatire (4

Wavelength (nm)
Figure 12: Hydrogenated bulk GalnNAs sample (¢51098). a) Temperature dependence PL, 4.2 K
(upper) o 300 K (lower). (5) The peak energy posiion for each temperature of (a).

Figure 12 shows: (a) the temperature dependent PL and (b) peak energy
of the bulk GalnNAs sample after hydrogen irradiation. The effect of hydrogen
passivation is evident in the improvement in material quality for this sample; as
seen by the removal of the luminescence from the low-energy defect centers,

and a spectral narrowing of the dominant PL emission. The passivated sample
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shows the classical Varshni behavior in the peak energy (Figure 12b), which is

attributed to band-to-band or fr i Previous reports

[51](45] of hydrogenation of GalnNAs have also observed the passivation of
nitrogen centers and defect-related transitions using PL. However, in those
reports, the complete removal of the effect of nitrogen from the alloy was.
observed before any evidence of the removal of the “s-shape” behavior was
demonstrated (See Chapter 2) [51). This occurred because of the complete
passivation of N in the alloy to form N-H bonds in these previous works. This
resulted in a blueshift in the band gap energy to that of the host materials. In
this thesis, the complete removal of substitutional nitrogen is avoided as seen in
the PL position, which is attributed to the free excitonic transitions, once the
passivation of N-N clusters or defects is optimized. This suggests that the
hydrogen passivates the N-N clusters or defects prior to passivating the N in the
alloy.

Since hydrogen passivates both donors and acceptors, including vacant
isoelectronic centers in GalnNAs [54], the elimination of the localized
isoelectronic emission at low temperature observed in Figure 12b is considered
to be the result of hydrogen passivation of donor impurities [52). Previous
studies of our materials [52] indicated that the background impurity
concentration is n-type and that these donor electrons are localized in N-cluster
and acceptor levels. This results in intense emission, through recombination of

photoexcited holes and localized donors in PL measurements. However, a




slight p-type co-doping of the materials was observed to passivate donors
bound to the nitrogen isoelectronic centers; removing the effects of localized
recombination due to the dominance of faster — more efficient — band-to-band

recombination (52).

4.2: Optical Observations of Hydrogenation Effect to GalnNAs Solar Cell
Material - #51095 Low quality solar cell

The effect of hydrogen passivation was also examined in GalnNAs solar
cell material. The structure of these devices is a p-i-n diode, which was

introduced in Chapter 3 (Figure 9).
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Figure 13: 4.2 K PL of reference solar cell (¢51095). The axis of ntensily isin logarithm scale.
Figure 13 shows the PL at 4.2 K of the reference solar cell sample. In
GalnNAs materials, in addition to the Dy states, there is a large impurity band

due to donor-acceptor (D-A) transitions at > 1125 nm, which is not shown fully.
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in the temperature dependent results for clarity. This is attributed to p- and

n-type dopants in the GaAs regions of the solar cell structure
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Figure 14; Reference -RTA 800°C nor-hydrogenated GalnNiAs solar cell sample (£$1095). (a)
Temperature dependent PL, 4.2 K (upper) to 300 K (lower). (b) The peak energy position for each
temperature of (a).

Figure 14a shows the temperature dependent PL of the reference
GalnNAs sample. The reference sample is annealed at 800°C and not
hydrogenated. Figure 14b shows the highest peak energy extracted from the PL
measurement in Figure 14a. Similar to the reference bulk sample, this reference.
solar cell sample is dominated by a large impurity band (D) around 1075 nm at
low temperatures (Figure 14a). The peak energy again ~ therefore — shows the

“s-shape” transition (Figure 14b) as observed in the bulk reference material.
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Figure 15: RTA 800 °C and UV-hydrogenated in low hydrogen concent
sample (#51095). (a) Temperature dependent PL, 42 K (upper) 10 300 K (iower). (b) The peak
‘anergy position for each temperature of a).

Figure 15a and 15b show the same solar cell structure (material) with a

hydrogenation concentration of 1.0x10'* em? Again, as seen in the
hydrogenated bulk sample, the peaks due to the defects or impurities are
dramatically quenched. In the solar cell material with this relatively low
concentration of hydrogen, the peaks related to the isoelectronic centers (Na)

are dominant at low temperatures, until thermal delocalization (T > 30 K)

enables a transition to the dominance of band-to-band peaks (Figure 12a)
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Figure 16: RTA 800 “C and UV-hydrogenated in high hydrogen concentration GalnNAs solar cell
sample (#51095). (a) Temperature dependent PL, 4.2 K (upper) to 300 K (lower). (b) The peak

‘energy position for each temperature of (a).

Figure 16a and 16b show the same material with a higher hydrogenation

concentration of 1.0x10' cm'?

Again, it is observed that the passivation
process reduces the effects of defects and impurities. Though the hydrogen
concentration is “high" relative to the lower hydrogenation process, the higher
hydrogen concentration is too low to totally eliminate the contribution of all the
centers. This is due to the large concentration of defects and impurities in solar
cell material compared to the bulk sample, which is expected in a thicker and
more complicated structure.

Comparing the hydrogenation effect in the reference, low concentration,
and high concentration, it is clear that clusters and/or larger defects and
impurities, Dy, that dominate the PL in the reference solar cell material (Figure

14a) are passivated. The PL evolves from that of delocalized transitions, N, to



eventually band-to-band recombination, Es, when the samples are
hydrogenated (Figure 15a and 16a). This indicates that the selective

passivation of defects and impurities is translated to solar cell devices.
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Figure 17: () Comparison of PL highest intensities of the reference solar cell sample (#51095)
(black squares) and the highest hydrogen concentration irradiated solar cell sample (#81095) (red
circles). (b) Comparison of peak energies of the reference solar cell sample (£51095) (black
squares) and the highest hydrogen concentration irradiated solar cell sample (¢S1095) (red
circles).

Figure 17 is the comparisons of the PL of the reference and
hydrogenated GalnNAs solar cell samples. Figure 17a, shows the PL peak
intensities of the reference sample (black circles) and a hydrogen irradiated

sample (red squares) extracted from the temperature dependent PL. In Figure
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17b, a comparison of the peak energies of the reference and hydrogenated
devices is shown. In Figure 17b, a significant drop in intensity for the reference
sample is seen with increasing temperature in the range of T < 30 K. Thereafter,
the intensity stabilizes until 50 K, when it decreases further with increasing
temperature. This behavior is attributed to the localized nature of the carriers. In
the area where in the intensity drops, the carriers are thermally activated from
lower energy levels (Dy, D-A) to the relatively shallow, higher energy,
isoelectronic acceptor levels (N:). As the temperature increases, the peak
intensities saturate until the carriers localized in the shallow acceptor levels
reach thermal equilibrium with the bands around 50 K. On the other hand, at
T < 50 K the intensity of the hydrogenated sample (red circles) remains
relatively consistent. This behavior is attributed the removal of the effects of
localized states, and the passivation of donors bound to isoelectronic centers
For all temperatures, the PL intensity of the reference sample is brighter
than that of the hydrogenated samples. It is considered that this is related to an
improved carrier mobility, which serves to decrease recombination pathways
potentially increasing carrier extraction in photovoltaic devices. This observation

is discussed in the next section using the processed solar cell devices.
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4.3: Electronic Observations of Hydrogenation of GalnNAs Solar Cell
Material - #5677 High Quality Solar Cell

In previous our work, the reference and hydrogenated samples of
#51095 were processed and analyzed [26]. However, the material was non-
optimum in terms of quality. Therefore, the reproducibility during device
fabrication was poor, which was attributed to alloy fluctuations and
inhomogeneities across the wafer. As such, any comparison of device
performance was unreliable. The sample #5677, however, is of higher quality
than previous structures, with relatively homogeneous material quality in

comparison to #51095.
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Figure 18: (s) Current density - voltage (-V) measurements of 25 mm x 25 mm devices of
reference (black squares) and hydrogenated (red circles) material from #S677. (b) EQE
measurements of 2.5 mm x 25 mm devices of reference (black squares) and hydrogenated (red

circles) material from #S677.
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To compare the device performance, all the various #5677 samples were
fabricated into 2.5 mm by 25 mm (6.25 mm?) solar cells during the same
processing run for consistency and to limit anomalies.

Figure 18 shows the (a) current density-voltage characteristic and (b)
EQE spectra of the reference (black squares) and hydrogenated (red circles)
solar cells. The total hydrogen concentration was determined to be 8.7x10™* cm™.
In Figure 18a, the Jsc and Voc of the hydrogenated sample is improved relative
to the reference. The Jsc of the hydrogenated sample is about three times that
of the reference. This is also reflected in a significant improvement in the EQE
of the hydrogenated sample with respect to the unpassivated cell as seen in
Figure 18b. The large improvement in EQE (and Jsc) reflects lower losses and
more efficient carrier extraction. This is consistent with the reduced PL intensity
observed in Figure 17b for the hydrogenated sample. Previous investigations
have indicated that even in higher quality GalnNAs large losses to radiative
processes occur [41][42]. Here, some evidence for the perturbation of this

process is evident.
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Figure 19: (a) Temperature dependent current density - voltage characteristics with temperatures
from 80 K (fight) to 320 K (let) and (b) temperature dependent EQE with temperatures from 80 K
(lower) to 320 K (upper) of reference higher quality solar cell material (S677).

Figure 19 shows the (a) temperature dependent J-Vand (b) temperature
dependent EQE of the reference sample #S677. In Figure 19a, there are
fluctuations in Voc at lower temperatures. Figure 19b shows an increasing EQE
as the temperature increase, which indicates enhanced thermally activated
carrier extraction and the existence of localized centers. The energy dependent
shift of the absorption edge can be somewhat accounted for by the thermal
expansion of the lattice at increasing temperatures, although the large increase

in EQE suggests further, as yet unknown, processes also play a role.
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Figure 20: (a) Temperature dependent current density - volta

characteristics with temperatures
from 80 K (right) to 320 K (ef) and (5) temperature dependent EQE with temperatures from 80 K
(lower) to 320 K (upper) of hydrogenated higher quality solar cell material (#S677).

Figure 20 shows (a) the temperature dependent J-V from 80 K to 320 K
and (b) the temperature dependent EQE from 80 K to 320 K for the
hydrogenated sample. As compared to the reference (Figure 19), the relative
change in J-V with temperature is more uniform, while the EQE has a more
“top-hat’ shaped response indicative of improved minority carrier lifetime. The
increased carrier extraction observed for the hydrogenated solar cell may also
reflect a reduced background impurity concentration, which would increase the
depletion width across the intrinsic region of the p-i-n structure. Capacitance-

Voltage measurements are planned to evaluate this property
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Figure 21: (s) The area of EQE extracted from temperaturo dependent EQE of the reference
'sample (black filled square) and the hydrogenated sample (red filled circle). (b) Short circuit
current density of the reference sample (black filed square) and the hydrogented sample (red
filed circle), and open cirut voltage of the reference sample (black open square) and the
hydrogenated sample (red open circles) exiracted from temperature ~dependent J-V
measurements.

Figure 21a shows a comparison of the integrated EQE for the GalnNAs
absorbing region (between 870 nm and 1200 nm) at each temperature for the
reference (black filed square) and the hydrogenated solar cells (red filled circle)
The integrated EQE is directly related to the current density produced by the
solar cell device as shown in section 1.3 in Chapter 1. The gap between the
areas of the hydrogenated sample and reference sample is dramatically spaced
out. This implies that the hydrogenated sample produces more photocurrent
Figure 21b shows the Jsc and Voc for each temperature. The black filled
squares represent the Jsc and black open squares, the Voc of the reference

sample extracted from temperature dependent J-V characteristics. The red filled
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circles are the Jsc and red open circles, the Voc of the hydrogenated sample
The Jsc behavior in Figure 21b reflects the behaviors of reference and
hydrogenated samples, as expected. The Voc of the hydrogenated solar cell
(open red circles in Figure 21b) shows a linear decrease with increasing
temperature, following the thermal reduction of the energy gap although the
change in Voc s larger than expected. In the case of the reference solar cell,
the Voc fluctuates at lower temperatures, indicating an effect of operating
voltage limited by localized centers and thermally activated carrier processes.
The large difference in Voc at lower temperatures between the two solar cells,
with the hydrogenated sample almost 0.5 V. larger, indicates, again, the
reduction of non-radiative centers at lower temperatures. As the temperature
increases, however, the Voc between the two samples becomes comparable
with similar Voc values observed at T > 200 K. This large change in the Voc,
which is also reflected in the large ~ non incremental - transition in the
illuminated Jsc versus Voc curves (Figure 20a) for the hydrogenated sample,
suggests that the operation of the hydrogenated samples is quiet subtle with at
least two competing processes driving their operation. The nature of these

processes was still under investigation at the time of writing,



Chapter 5: Conclusions

IV dilute nitrides offer potential as the additional layer in next
generation multiunction solar cells. GalnNAs is considered a good candidate
since it has the potential to be lattice matched to current GaAs systems, while
absorbing at 1 eV. However, the material quality of GalnNAs has been a
concern. Although RTA is used to improve the material quality, by reducing
point defects and catalyzing N-As substitution, the formation of stable N-N
clusters and alloy fluctuations remains significant. Previously, hydrogenation of
GalnNAs, and the complete passivation of substitutional nitrogen have been
reported. Contrary to previous reports, in this project, it has been shown that
selective hydrogen passivation can be achieved, with lower energy defects
related to nitrogen clusters, and impurities passivated controllably using a UV-
activated hydrogenation process. The selective passivation was observed in
both GalnNAs bulk and solar cell samples optically using PL measurements,

and in device characteristics using J-V and EQE measurements, including

dependent In dependent PL
measurements, clear improvements in optical quality and the removal of
localized centers and defect-related states were observed upon hydrogenation.
J-V and EQE measurements also confirmed that hydrogenation could improve
the performance of passivated devices with respect to reference — as grown -

solar cell devices.



In conclusion, this project — hydrogenation of dilute nitride materials for
application 1o multijunction solar cells ~ demonstrated the benefit of
hydrogenation for GalnNAs material, providing a potential route to make these
materials a stronger candidate for the fourth layer of next generation multi-

junction solar cells.
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Appendix B: Symbols

Constants

¢ speed of light

h Planck’s constant

k Boltzmann's constant

A wavelength of incident photon

q  charge on the electron

Symbols and Acronyms Used in the Thesis
n efficiency

AM  air mass

bs  incident spectral photon flux density

& energy

E;  band gap energy

FF  fill factor

Isc  short circuit current

Jm  current density at maximum power point
Jsc - short circuit current density

Ps  incident light power density

QE  quantum efficiency

IQE  internal quantum efficiency

EQE external quantum efficiency



Voc open circuit voltage

Vin

voltage at maximum power point
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