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ABSTRACT OF THE DISSERTATION

Nanopillar Photovoltaics: Photon Management ancattiom

Engineering for Next-Generation Solar Cells

by

Giacomo Mariani
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2013

Professor Diana L. Huffaker, Chair

The sun delivers an amount of energy equivalentiiety billion hydrogen bombs detonating
each second. Despite the fact that only one btti@f that energy falls onto the surface of the
Earth, one day of sunlight would be sufficient toyer the whole human race energy needs for
over half a century. Solar electricity representseavironmentally-benign source of power.
However, such technology is still more than twiseeapensive as natural gas-fired generators.
I1I-V semiconductor nanopillars are defined as igaity aligned arrays of nanostructures that
hold the promise to aggressively diminish the abshe active photovoltaic cell by exploiting a
fraction of material utilized in conventional plarechemes. In this dissertation, we assess the
viability of two classes of high-performance narlapibased solar cells. We begin with the
incorporation of dedicated conjugated polymers thieve a hybrid organic/inorganic
heterojunction. Such configuration introduces ahhigptical absorption arising from the

polymeric layer in conjunction with an efficient rdar transport resulting from the
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semiconductor nanopillar array. We extend the odlatrility of the heterojunction properties by
replacing traditional spin-casting methods with electrodeposition technique where the
polymer is formed and doped in-situ directly orite hanopillar facets. The rational tuning of the
electrical conductivity and energy level of theywoér translates into an enhanced photocurrent
and open-circuit voltage, achieving 4.11% solar @owonversion efficiency. We then turn our
attention to all-semiconductor radial p-n homojimts embedded in the nanopillars. The first
architecture focuses on ex-situ ammonium-sulfidespation and correlates the optoelectronic
properties of the solar cell once two differentdymf transparent conducting oxides are adopted.
The barrier formed at the contact/semiconductarfate greatly depends on the Hall polarity of
the transparent electrode. The second design delt@san in-situ InGaP passivation shell to
alleviate the deleterious recombination effects sedu by surface states. The efficiency
improvement is over six-fold, up to 6.63%, compatedunpassivated devices. Lastly, a p-i-n
radial junction nanopillar solar cell highlightstesnal quantum efficiencies in great agreement
with numerical simulations. In such framework, th@me morphology of the top transparent
contact is found to concentrate and intensify tbical field within the nanopillar active volume,
resulting into resonance peaks in the quantum ydsurements, at 7.43% efficiency. These
findings confirm the potential of 3D nanopillar aplcells as a cost-effective platform with

respect to canonical thin-film photovoltaics.
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Chapter 1

| ntroduction

1.1 Overview

olar energy is the reason the human kind existytaed it is the main source

of energy for all life forms. The amount of eneitpat the sun outputs every

second is equivalent to ninety billion hydrogen Ibsth The sun has
maintained this colossal power output for at |lee billion years, and will continue to do so for
several more billion years. While the majority bétcurrent electricity production in the world is
generated from fossil fuels such as natural gaal, @nd oil, these traditional power sources
experience a number of difficulties including ireseng prices, long-term availability, and
growing climate change related to power generaigng fossil fuels. Solar energy has emerged
as one of the most rapidly growing renewable saudfeclectricity due to several advantages:
(1) reduced dependence on fossil fué®3 limited impact on the environmer{8) matched peak
time output with peak time deman@l) extended modularity and scalability, af) flexible
locations for installation at customer site.

The photon-to-electron process conversion occurs mmans of solar cells. The
advancements in the design and fabrication of pludt@mics can be categorized into three
different generations of solar cells. The first ggation includes large area silicon-based modules
estimated to account for 86%f the total photovoltaic market. However, maiulye to high
manufacturing costs, a second generation of devibesfilm solar cells, has been introduced to

address low costs and high flexibility that perimtegration on roof tops, solar shingles, etc. The
1



most cutting-edge technology is represented byttineg generation of solar cells that completely
replaces the standard paradigm of a two-dimensi¢2B)) planar p-n junction with new
materials and novel three-dimensional (3D) desigpr@aches. Polymer-based, nanostructure-
based or dye-sensitized solar cells represent sofimhe innovative alternatives on which
research teams are investing a considerable anobtinte.

Crystalline silicon solar cells have recently agki® laboratory efficiencies of 2585,
requiring an inverted honeycomb texturing alonghwat rear local diffusion of dopants. The
adjective ‘crystalline’ refers to the crystal gromthase during the preparation of the cylindrical
semiconductor ingots. After oxygen, silicon (Si) tise most abundant element on Earth.
Generally, silicon is obtained by the reductiorsititon dioxide (SiQ) with carbon in an electric
furnace from 1500 to 2000 °C. The silicon usechm $emiconductor industry for the fabrication
of devices is then further purified to bring impurievels below the parts-per-billion level. In
order to fabricate a silicon solar cell, a largeped ingot is first sectioned into smaller ingots o
proper size. Subsequently, each ingot is sliced eedned to yield a series of wafers.
Phosphorus is then diffused into the semiconduictaronstitute the second side of the photo-
junction. Lastly, metal grid contacts are realizZiegl screen-printing techniques. The non-
optimized material usage and the multi-stepped idabon involved are hindering the
achievement of solar grid parity. A situation ofdgparity occurs when a source of alternative
power (e.g. solar) becomes cost competitive witindard sources (e.g. fossil fuel-based). In
order to minimize the material usage and reduceotrezall costs, new radical strategies to
further slice the silicon wafers into thin films s#miconductors are being studied.

A first alternative approach to lower the cost aoflas cells is represented by the

development of conjugated polymers. One of the nimggortant milestones was the introduction



of a Gy fullerene derivative to replace the convention&ype polymers in organic solar cefls.

In a typical organic device, donor and acceptoerfates are intimately mixed together to
constitute a bulk heterojunction. Such blends dturistthe active absorber, able to harvest the
photons and generate free charge carriers thabeawllected at the electrodes. The mixture is
in liquid form and can be promptly spin-coated abiteary substrate3.One of the main
challenges is to unravel the complex selectionegirddation phenomena that occurs in this type
of optoelectronic devices. Photolytic and photocicain reactions are activated under
illumination directly from the polymer, degradinfietconversion efficiency over time in ambient
atmospheré.To date, the highest efficiency for this classsofar cells amounts to 10.6%.
Building efficient devices requires a systematialgsis of three different areas: materials
design, morphology, and interface engineering. toked thickness for the light-harvesting active
layer in solution processed photovoltaics is onfgwa hundred nanometers. This allows for low
cost and flexible architectures, with processes padible with roll-to-roll manufacturing for
high volume production.

Another alternative solution to reduce manufacwmosts is to dramatically minimize
the absorbing material usage with respect to plphatovoltaic configurations. Nanostructure-
based solar cells integrate semiconductor layetts minimal thickness into lightweight, rugged
solar cells that are flexible and adaptable toedéfit surface$? The thickness range of such
layers can vary from a few nanometers to severarameters while ensuring ultra-high

broadband solar photon absorpt8n.



1.2 Nanopillar Photovoltaics

Nanopillars (NP) are vertical arrays of semiconductanostructures. Their geometry
accesses one additional spatial dimension compargdanar semiconductor films, therefore
they are often referred to as 3D nanostructtird$P photovoltaics represents a sustainable
method to ensure high-efficiency solar power whéducing the manufacturing costs. Next-
generation solar cells based on nanostructures fegved increasing attention due to light
trapping effects that dramatically increase thetiporof absorbed photons while reducing the
overall quantity of utilized semiconductor material periodically- and vertically-aligned arrays
of NPs the incident optical field interacts withhstavelength structures in a completely different
manner compared to planar architectures: whileNRs only cover a small percentage (5-15
%)'? of the surface area, they exploit a principle knoas resonant trapping to enhance the
optical absorption by waveguiding light within thanostructure as well as by recycling photons
that bounce between adjacent NPs before beingctefleback into the open spade? This

situation is presented in Fig. 1.1.

Pinc

pREFL

'

Figure 1.1. Comparative situation of light interaction wittpknar semiconductor slab (left) and periodic NiRwar
(right) of the same semiconductor material: resbm@pping occurring within each NP (i.e. light veguide) and
photon recycling taking place among neighboring heseases the probability of absorption of photdt#esnce, the
overall optical reflected power is dramatically uedd.



Light impinging onto a planar semiconductor slalgaverned by the Snell's law and
Beer-Lambert’s absorption laWw.With no anti-reflective coating or surface textgy; the portion
of reflected light is simply determined by the esfiive index mismatch at the boundary of the

two materials as

R = (w)z (1.1)

ni{+n,

Equation (1.1) represents the reflection inheremitising from the refractive index
mismatch of two media. For example, assuming therfecce between aing, = 1) and GaAs
(Ngaas = 3.9), the reflection amounts to ~ 35%. This vatae be reduced with anti-reflection

coatings. Arrays of NPs are sequences of peridgieatanged subwavelength structures.

N-core

3 b] \ (C
_~Organic side
Schottky contact

~Inorganic side

Ohmic contact

P-shell

Figure 1.2. Schematic representations of a NP-based (a) &ghjotiction, (b) organic-inorganic hybrid junction,
and (c) all-semiconductor p-n junction.

In such framework of objects smaller than light el@ngth, the interaction of optical field/NPs

cannot be analyzed with the standard geometricit=}3 Full-wave simulations employing



Maxwell's equations (and not approximations) areessary to rigorously model the light
behavior once incident on NP5,

An efficient optical absorption is the first stepward a high performing solar cell.
Subsequent to photon absorption, the photo-genkicdeiers are separated at the electrical
junction by means of a built-in electric field. Thkctrical junction can be implemented in the
NP as a(a) Schottky junction® (b) organic-inorganic hybrid junctiolf, and (c) all-
semiconductor p-n junctiofl.The three categories of junction are schematicipjicted in Fig.
1.2.

A Schottky junction solar cell is based on the rifstee between a metal and
semiconductor that can induce a depletion or inwerfayer in the semiconductor. A built-in
potential defined as the Schottky barrier appeata/den the bulk of the semiconductor and the
surface?!

An organic-inorganic hybrid junction solar cell coimes conjugated polymers with
inorganic nanostructures, with the intent of in@rgting the advantages associated with both
material groups. The inorganic electron donor nigtprovides a more stable system in terms of
chemical stability and photo-induced degradatiohilevoffering a high-mobility channel to the
photo-generated charge carriéfs.

An all-semiconductor p-n junction solar cell expdoihe direct incorporation of dopant
atoms during the crystal formation to realize dyfflinctional p-n (or p-i-n) diode. One of the
greatest challenges is to control dopant interngixand diffusion in the range of tens of
nanometers to successfully embed the junction witdich NP Besides, doping levels and
gradients have to be finely controlled to estabéisrabrupt metallurgical junction. The electrical

properties can be severely perturbed by surfadessthat be mitigate by different surface



passivation techniques. Transparent electricalaadsitcan form barriers and parasitic junctions
that can block part of the charge carrier extractm the external electrodes. This dissertation

will focus on the two last types of junction.

1.3 Organization

This dissertation is divided into seven chaptedsager 1, the current chapter, sets the
research framework of solar power, presents sewsrarging photovoltaic technologies that
potentially can penetrate deeper into the currerd@rgy market, and succinctly outlines the
dissertation. Chapter 2 introduces the conceptngebrganic-inorganic hybrid solar cell, the
device structure, the material combination utilizedd the effect of ex-situ surface passivation
on the properties of the active heterojunction. fi&a3 addresses the controllability of the
polymer deposition onto high-aspect-ratio vertgtalictures. Standard spin-casting dispensing is
substituted by direct electropolymerization wherelymer thickness, energy levels, and
electrical conductivity can all be tuned in concé&hapter 4 shifts gears and provides a second
approach to NP photovoltaics that utilizes all-semductor p-n junctions embedded inside the
nanostructures. The study is carried out as a cosgpabetween two transparent conducting
oxides sputter deposited onto the solar cell. Theier extraction is found to be highly
dependent on the Hall polarity of the electrodeaitr 5 discusses the effect of lattice-matched
epitaxial surface passivation as a tool to redbeestfect of native surface charge and states. The
solar cell efficiency is maximized over six-foldthvirespect to a non-passivated device. Chapter
6 demonstrates enhanced open-circuit voltage bynsnef a passivated p-i-n radial junction.
Full-wave electromagnetic modeling highlights artiaa coupling tightly dependent on the

morphology of the transparent top contact. A dohmape electrode intensifies the photon field
7



inside the NP, while generating resonance pealxed wavelengths that appear in external
guantum efficiency measurements. Chapter 7 provédesief summary of the research work

performed and future outlook.
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Chapter 2

Hybrid solar cells employing spin-casting deposition

2.1 Overview

n the past few years polymer solar cells have gatiention due to their low cost,

flexibility and ease of manufacturidgdlthough conjugated polymers benefit from

high absorption coefficients compared to inorgasgmiconductors, low carrier
mobilities (10 cnf/Vs) limit their power conversion efficiencCE) to less than 11.1%In
contrast, inorganic solar cells have high carri@bilities, enabling effective charge extraction
and thus high quantum efficiencies; WREEs of 44.4% This suggests exciting possibilities for
hybrid polymer/inorganic solar cells, which maydesigned to simultaneously exploit the high
carrier mobility from inorganic semiconductors astfong absorption coefficient from the

polymer.Numerous hybrid devices have been demonstrated.

Common processing techniques for polymers, inclydipin-coating, inkjet printing, or
doctor blading (only applicable to planar subssgteesult in non-conformal coating or a
thickness gradient when applied to three-dimensistnactures. Hence, the reported hybrid solar
cells are usually fabricated by either intimatelikimg n-type inorganic nanostructures such as
silicon nanocrystal cadmium selenidézinc oxide® lead sulfid& or titanium dioxidé into the
polymer prior to spin-coating, or infiltrate thelpmer solution/dispersion into the 3D inorganic
arrays to form an interdigitated block-like filmo approaches diminish the purpose of having
well-oriented, high mobility, 3D structured inorgamrrays that possess the unique advantage of

directional charge transport and light trapping.
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Aside from the device structure, the flexibly-tuteaphysical properties of the polymeric
conductors by modern synthetic chemistry enablefitenization of the energy level alignment
for organic and hybrid solar cells. Unfortunatedych desirable properties come at the price of
extensive molecular engineering and intensive addynthesis, and the resulting polymers are
often air-sensitive and need to be processed ineghmxes. These structural and property
limitations serve as the major hurdle in buildingractical, highly efficient hybrid solar cell that
can be potentially commercialized. Furthermore, tinoga a well-defined 3D inorganic
semiconductor pattern, such as oriented nanowiviés,an organic conductor allows for a high
interface area and 3D features for the overall @gwvhich is difficult to achieve with the all
organic counterparts due to the lack of effectiattgrning techniques. As a result, materials
development leading to inorganic and organic senadaotor/conductors with desired properties
that can offer optimized morphology for charge $gort and light harvesting is crucial and has
become an expanding field of investigation. Sunpgly, relatively little work has been done
involving hybrid solar cells with 1ll-V inorganic amostructures, despite the high efficiencies

achieved in llI-V bulk solar cells.

This chapter presents a type of hybrid inorganiglogated polymer photovoltaic device
based on an array of patterned P3HT-coated n-GaAshé&terojunctions. The corresponding

schematic cartoon is shown in Fig. 2.1.
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2.2 Fabrication of hybrid junction

The n-doped GaAs NPs are grown by selective aretl neeganic chemical vapor
deposition (MOCVD) using a 300 A SiQnask evaporated onto a GaAs (111)Bdoped
substrate. Multiple 1 chdlies are patterned by e-beam lithography with 5@D&um? patches
on a 600 nm pitch. By using patterned growth rathan catalyzed, highly crystalline material
free from residual Au-dopants is created, whichultesin very low leakage currefitMoreover,
the highly regular geometric structure increasesdptical path length by several times due to
confinement of the optical rays in the nanostrieduarray, thereby enhancing the optical
absorbance with respect to the bulk counterpafter the patterning, the samples are loaded

into the MOCVD reactor.

“ 17O

_—P3HT

n-GaAs
NP

SiO, patterned mask

/Metal contact

Figure 2.1. Schematic diagram of the GaAs/P3HT hybrid soldr ce
Trimethyl-gallium and tertiary-butyl-arsine sourgases are flowed for 60 min with a
V/III flux ratio of 8.5 and equivalent planar grdwtate of 0.5 A/s. Disilane is introduced to dope

the pillars with a nominal doping concentration ©fx 10% cm™ from previous thin-film
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calibrations. Prior to any processing step, thepdasnare characterized by scanning electron
microscopy (SEM), as shown in Fig. 2.2a. The aweidg diameter and height are about 250 nm
and 1.3um, respectively. An annealed AuGe/Ni/Au alloy forthe bottom ohmic contact. Prior
to the polymer spin-coating, the samples are chaiyidreated in aqueous HCI (10 v/v%)
solution at room temperature for 30 s to removerstive oxide on the pillar surface that could
hinder the carrier extraction at the interfacehd junction. The hybrid solar cells are prepared
by spin-coating regioregular poly(3-hexylthiophéhg-diyl) (P3HT 90%-93%, Rieke Metal)
from an o-dichlorobenzene solution onto the NP dasio produce a polymer film thickness of
about 100 nm (as measured on flat substrate). BM #nage in Fig. 2.2b shows that P3HT
clings uniformly to the base and sides of the gllavith only a thin layer on top. To complete
the devices, transparent indium tin oxide (MN,O3 10:90 wt%) (ITO) is RF sputtered at

room temperature, providing an anode with an optieasmittance greater than 85% (range 400

nm <A<1000 nm) nd a sheet resistance of¥28q from planar calibrations.

Figure 2.2. Cross-Sectional SEM of (a) an array of patternetbpmed GaAs NPs grown by MOCVD, (b) NP array
after P3HT spin-coating, and (c) final hybrid devigith ITO top contact.

Figure 2.2c shows that the sputtered ITO complatelers the NPs, forming a ball on

top of each pillar. Control devices are also fadted with the same NP growth, bottom contact
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and ITO as a transparent front electrode, withoytR3HT deposition, as well as control devices

with P3HT spun on to the patterned-gdvered GaAs substrate without NPs.

2.3 Reaults and discussion

Figure 2.3 shows th&V characteristics of the P3HT/GaAs hybrid solar,csiéasured
both in the dark and under AM1.5G (1 sun) illumioat(1000 W/m). The active device area is
0.25 mnf and encompasses approximately 250,000 NPs. Theedexhibits an open circuit
voltage Woc) of 0.2 V, a short circuit current densitlgf) of 8.7 mA/cn, and fill factor EF) of
32%. The measureBCE is n = 0.6%. Under dark conditions, these devices eklvibiy low
leakage currents glage= 110 NA @ -1 V), which it is attributed to extreyéigh crystallinity
of the GaAs NPs and the high quality of the pilabstrate interface. Furthermore, since the
patterned NPs are grown catalyst free, they comtaimesidual dopants from catalyst material

such as Au.
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Figure 2.3. Current-voltage characteristics of the hybrid sakll using P3HT and as-grown GaAs Nfsthout
ammonium sulfide passivatipander both dark conditions and AM1.§Gsur) illumination.
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The overall performance of the hybrid solar ceésndnstrated here are likely limited by
several factors. The offset of the GaAs conductiamd and the P3HT lowest unoccupied
molecular orbital is large; although this helps amage electrons from P3HT excitons to
transfer into the GaAs conduction band, it alsellikresults in the observed lovisc. Second,
the presence of surface states on the GaAs NPseaddny dangling bonds on the NP surface or
by residual native oxide, are known to introducemadiative recombination sites, trap charfes,
and pin the Fermi level to midgap. These effectsaiter the effective doping concentration and
deplete the NPs, reducing the size of their condgathanneld! Fortunately, it is known that
chemical passivation can reduce both surface deatsity and surface recombination velodity.
Both theoreticdf and experimentl analyses suggest that ammonium sulfide represents
suitable surface passivation agent, enhancing alppierformance and eliminating the surface

states on the NP facets.
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Figure 2.4. Comparison ofl-V characteristics of the passivated and unpassivatbdd solar cells along with a
control cell without P3HT and another one withoiltaps. Measurements are carried out under AM1(&Gur)
illuminations.

Thus, a second set of hybrid devices is prepar@dioh the GaAs NPs are passivated in
aqueous ammonium sulfide (WIS solution (22 v/iv%) for 60 min at room temperattoe
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minimize the surface-state density. It is obsenad equal extent of photoluminescence
guenching for the passivated and nonpassivatedlegmpdicating that the passivation step did
not significantly affect exciton harvesting. Figutel compares-V characteristics of the hybrid
cells with and without surface passivation (as waslithe control cells without either any P3HT
or any NPs). The samples that underwent passivatieatment exhibited a noticeable
improvement in overall performance; despite a smalliction inVoc (from 0.2 to 0.18 V)Jsc
increases from 8.7 to 18.6 mA/€and theFF improves from 32% to 43%, resulting ilPEE of
n = 1.44% with leakage curremdakage= 45 NA @ -1 V (under dark conditions).

Figure 2.5 shows the external quantum efficienEQK) data for passivated and

unpassivated P3HT/GaAs hybrid solar cells.
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Figure 2.5. EQE measurements of passivated and unpassivated tsddadcells.

The contribution of P3H* is visible in the left tail of th€QE plot, showing that absorption of
light by the polymer (with absorption coefficier8»1® cm* @ A = 500 nm) contributes to the

photocurrent, despite the fact that the P3HT fdnguite thin. Moreover, the absorption of GaAs
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is also apparent throughout the entt@E spectrum, showing that the hybrid device alsodas
significant fraction of photocurrent that resulterh absorption in GaAs and subsequent hole
transfer to P3HT. The fact that absorption fromhbaimponents contributes to the photocurrent
provides a match with the solar spectrum that wdodd difficult to achieve with either
component alone. Figure 2.5 also shows that sugassivation of the NPs increases HigE
across the entire absorption range; this indicagsoved carrier collection, which most likely
results from reduced trapping and/or recombinati@at occurs at surface defects on the GaAs

NPs.

In summary, the study reports on a hybrid solal tbelt combines n-doped GaAs NPs
grown by catalyst-free MOCVD deposition and P3HTp-type semiconducting polymer. The
PV device shows a promisiRCE of = 0.6%. Ammonium sulfide passivation improves the
chemical and electronic properties of the nanosiracsurface, resulting in an improved solar
cell efficiency of = 1.44%. A systematic and methodical study of ehdsybrid
polymer/inorganic semiconductor interfaces will beicial for the optimization of photon
absorption, carrier collection/extraction and otiplenomena that currently limit the overall

PCE of solar cells.
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Chapter 3

Hybrid solar cellsvia controlled in situ materials
engineering

3.1 Overview

ature materials engineering practices allow extpiisontrol of doping

concentrations, band-offsets, and interface abagstnrdown to the

atomic level. However, the most commonly polymeushsas P3HT
used in organic solar cells are often unstableiiraad possess inferior transport properties.
Major obstacles to advancing HSC device design haen the limited control over the organic
layer features along with interfacial issues. Thaignore sophisticated approach to materials

engineering of hybrid solar cells (HSCs) remain®pen challenge.

The hybrid interface represents the heart of an€ id&vices. Tuning the energy levels in
the polymeric conductor component for an optimatcbarrangement is therefore one of the
most important factors to rationally enhance theCH&rformance potentially. By raising or
lowering the energy levels or tuning the opticald aglectrical properties of the organic
conductors, the band-to-band realignments betwegemi and inorganic layers can be altered,
and thus maximizing the charge transfer and ovealice efficiency. Such elegant materials
engineering is typically achieved by modern syrithehemistry*® However, applying the as-
synthesized polymer to a 3D inorganic componenk siscnanowire arrays is challenging partly

due to(1) the extremely specialized expertise required tggme the functionalized polymers,
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(2) the multistep synthesis/processing procedures(3rttie lack of a reliable and reproducible

method to produce conformal coatings over the e&r8D inorganic structures.

In particular, common processing methods includépgn-coating, inkjet printing, or
doctor blading used to apply the organic layer to inorganic nemotures of silicort, metal
oxides®” 11-VI compound semiconductdts or 11I-V nanowired® result in intimately mixed
hybrid films or interdigitated, blocklike HSC actiiayers:**? Using these techniques to coat
individual vertical nanowires faces the challenge non-conformal coatings or thickness
gradients. Such coverage limitation diminishes phepose of having well oriented, high
mobility, inorganic arrays that possess both theaathges of directional charge transport and
light trapping properties. Hence, these obstacie® hindered materials engineering from being

exploited in hybrid photovoltaics.

This chapter discusses in details a new, simpleroagh that combines rapid
polymerization directly and conformally onto theoiganic nanostructure surface, and in situ
materials engineering to optimize the propertiestt@d organic layer, such as the highest
occupied molecular orbital (HOMO) energy levels dhd conductivity, that eventually allows
for the tuning of the interface properties and gemniance of 3D nanostructured core-shell HSCs.
In brief, periodic GaAs NP arrays are fabricatea @ifast, catalyst-free, bottom-up approsch.
The GaAs NPs are coated with poly(3,4-ethylenedidgphene) (PEDOT) that is synthesized
with different anionic dopants incorporated duriag electrochemical deposition process in
order to tailor its physical properties to betteatam the charge transfer/exchange with respect to

the inorganic semiconductor counterpart.
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3.2 Direct control of hybrid junction

The hybrid interface is explicitly tuned i§%) enhancing the in situ transport properties
of PEDOT by using different dopant anio(2), shifting the HOMO level of PEDOT downward
to increase the/oc, and (3) designing a PEDOT shell that balances out thet séxciton
diffusion length and the required thickness for htlig absorption. Furthermore,
electropolymerization constitutes a low cost arlddire technique that yields conformal radial
shells around individual GaAs NPs to preserve tDeféatures of the patterned array. A radial
core-shell geometry is desirable because it alltawsa shorter pathway for photogenerated

14,15

carriers,”thereby enhancing the charge collection efficiency
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Figure 3.1. PEDOT/GaAs hybrid NP solar cells. (a) Cross-seeti schematic diagram of the hybrid NP solar cells
as a 3D periodic array of core-shell inorganic-oigaNPs. A GaAs NP periodic array is planarizecfirowth
with BCB and then partly dry-etched back. Subsetiyethe samples underwent electropolymerizatioBDOT

by cyclic voltammetry (CV) in an EDOT monomer eletyte solution, then ITO was RF sputtered to fdha top
transparent electrode. (b) Energy band diagram aighment of the molecular orbital levels with resp to
valence-conduction band edges, illustrating thepeshdent photogenerated carrier flows.

Ensuring a conformal coating of well-defined 3Drganic semiconductor patterns, such
as oriented NPs, with an organic conductor allowrsaf large surface/interface area as well as
enhanced absorption from nanostructuring, whidfiffecult to achieve for all-organic cells due

to the current scarcity and limitations in theittpening techniques. In addition, the selected
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conducting polymer here, PEDOT, unlike the reagipto-oxidizable P3H® is well known

for its remarkable air stabilit}/;*® which is essential for a practical device. Figuréad
illustrates the resulting device schematic andvesie energy levels in the hybrid device. As a
first step, n-type GaAs NPs are grown on a masKe@af\s substrate via selective area epitaxy
(SAE). The growth is carried out using a MOCVD ia&at-flow reactor with a hydrogen carrier
gas at 60 Torr. The n-doped GaAs NPs are growdl@t°T using tri-methyl-gallium (TMGa)
and tertiary-butyl-arsine (TBA) as the primary prsors and tetra-ethyl-tin (TESn) as the
dopant. The SAE is a catalyst-free alternative tloegs not introduce any contamination into the
NPs?® and allows lithographic control of NP diametemtes-to-center pitch, tiling pattern, and

periodicity.
3.2.1 Electropolymeric deposition of the organic layer

The process requires only a few minutes for grovangpmplete array of NPs. Several
previous studies reported enhanced optical absofff' of NP arrays in comparison with
planar architectures despite the low fraction oftamal utilized. Theoretical calculations
(Lumerical FDTD Solutions) show that a 600 nm cefecenter pitch in a square lattice

arrangement yields the maximum absorption.

Ohmic AuGe/Ni/Au (200 nm/40 nm/100 nm) back metahtacts on the as-grown NP
arrays are electron-beam evaporated onto the digédheermally annealed at 400 °C for 30 s.
Subsequently, the samples undergo a 90 min supfaesvation (22% (NEJ,S agueous solution
(Alfa Aesar)) to mitigate the recombination effeattroduced by surface states on the crystal

facets. Ammonium sulfide is selected here as amlkext passivation agent for GaAS® in
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which the sulfur-terminated GaAs NP surfaces imevath the sulfur on the EDOT monomer

and lead to higher quality GaAs-PEDOT interfaces.

Working electrode
(sample)

Reference
electrode

Counter

electrode
Potentiostat
o

Figure 3.2. Electrodeposition setup composed of EDOT monorokitisn, calomel reference electrode (orange),
counter electrode (green), working electrode whises the NP array, and potentiostat to implertienicyclic
voltammetry.

Subsequently, benzocyclobutene (BCB) is spin-coatedn insulating resin onto the
samples to prevent top-bottom shunting and theretiifyed back to expose only the top portion
of the NPs. The patterned wafer is then immersexan EDOT monomer solution with various
electrolytes. Electropolymerization selectively wso0PEDOT on the conductive GaAs while
leaving the BCB layer intact, thus allowing foriglily controllable thickness and uniform radial
coating. Electropolymerization is carried out ungetentiodynamic conditions with potential
applied by a VersaSTAT 3-400 potentiostat/galvaasto@Princeton Applied Research) using a
standard one compartment, three-electrode setuptivet GaAs NPs as the working electrode as

depicted in Fig. 3.2.

Finally, indium tin oxide (ITO, Kurt J. Lesker) deposited by RF magnetron sputtering
as a top transparent electrode at a rate of 18 mdtroom temperature at 5 mT of deposition

pressure and 30 sccm of argon gas. Figure 3.llkrtdefhie band diagram of the final HSC.
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PEDOT is a hole-injecting conducting polyrffeand because of its positive temperature
coefficient of resistivity, it manifests a metalBgynature. For this reason, electrical condugtivit
is one of the main factors that affect the electrdransport of the photocarriers in the organic

component of the junction.

70 Number of CV cycles

PEDOT thickness (nm)
w
o

0 5 10 15 20 25
@ Numbers o

Figure 3.3. Nanoscale morphology control and TEM charactéonga) SEM images of different stages of the
electrodeposition applied to 190 nm diameter NBsa &unction of the number of CV cycles (constasiter-to-
center pitch of 600 nm). (b) Quasi-linear trendP&DOT thickness with increasing number of CV cyclg) A
cross-sectional TEM image showing complete confbrpadymer coverage around the GaAs NPs. (d) An SEM
image of the final device after ITO sputtering deiion. Note that the 3D morphology is preserveduighout all
fabrication steps.
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Upon illumination, the incoming photons generaec&bn-hole pairs in the GaAs layer,
which then diffuse to the PEDOT/GaAs interface vehéney dissociate. Subsequently, free
carriers (eand H) can travel to their respective electrodes to dikected. The charge diffusion
process in the organic material is typically linditey the inherent short exciton diffusion length
(5-30 nm)® so controlling the polymer thickness minimizes tistance from the hybrid

interface.

In addition, the physical properties for the Gafisygs such as NP diameter and doping
concentration are kept constant to facilitate theestigation and comparison of different energy
levels/conductivities of PEDOT on the device pearfance. Controlling the HOMO level of
PEDOT is central to intimately correlate the phgbigroperties of the polymer with that of the
inorganic semiconductor at the active hybrid irde€f. Regarding the structural analysis of the
electropolymerization, the deposition of PEDOT valaated in terms of thickness and coating
morphology as a function of oxidation-reduction legcapplied to the GaAs NP arrays as shown
in Fig. 3.3a-c. The arrays are standardized forakgenter-to-center pitch (600 nm), height
(~1.2 um), and radius (190 nm). Figure 2a shows a cotlactif SEM images captured at the

end of 0, 10, and 25 scanning cycles.

The thickness of the coating increases as a fumctiche number of cycles, as illustrated
by the near linear trend shown in Fig. 2b, of 0, &@d 55 nm, respectively. The deposition rate
is pattern-dependent and related to the edge-te-ddgance among the NPs; stronger electric
fields enable larger NPs to pull in a greater anh@iEDOT monomers and dopant anions from
the electrolyte, translating into a faster depositiate. The average deposition rate calculated for

190 nm diameter NPs is24.0 A/cycle. The nanometer precision is a crugejree of freedom
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for control of polymer thickness. Figure 3.3c shoavsross-sectional transmission electron
microscope (TEM) image of hybrid NPs prepared bymseof focused ion beam milling. The
image confirms the high selectivity and uniformitythe organic coating (80 nm) of the exposed
body of the GaAs NPs. A sputtered ITO anode (Fi§dBpreserves the 3D morphology and
completes the HSC fabrication. During electrodepmsi the negatively charged electrolyte
anions bind to the positively charged PEDOT backbdimus becoming part of the final polymer

shell. This enables the analysis of several pramgidopants for use in the GaAs-based structure.
3.2.2 Analysis of electrodeposited PEDOT: conductivity, dopants, and energy levels

Analysis of material composition, conductivity aH®OMO levels are shown in Fig. 3.4
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Figure 3.4. Polymer characterization with different dopantoasi. (a) X-ray photoelectron spectroscopy of PEDOT
synthesized with three different dopants: LiGIBwNBF,, and BUNPFR. The elements chlorine, boron, and
phosphorus from these three dopants can be idmhtifespectively. (b) Electrical conductivity of PED
synthesized with the three different dopants, irdelently measured on Cr/Au-coated quartz slideagatbe
vertical direction. (c) Cyclic voltammograms receddor PEDOT synthesized with LiCOBuNBF,, or BuNPF;.

29



Dopant incorporation is confirmed by X-ray photatten spectroscopy (XPS) (AXIS
Ultra DLD, Kratos Analytical) as shown in Fig. 3.4&he XPS also indicates a sulfur (S)
elemental composition of 20% of oxidized sulfuf)(§eak area ratio of Rpz,to S 2p/),2%%’
suggesting a 20% doping concentration for all thkieds of dopant anions. Thus, one in every
five EDOT monomers is oxidized regardless of thpai type, resulting in an estimated hole
concentration i~ 2 x 1G° cm>. Figure 3.4b depicts the conductivity values wigispect to

different dopant incorporations into the PEDOT HWamrie. The general definition of conductivity

o for a p-type material is expressed in Eg. (3.1) as

o= q(,upnp). (3.2)

Consequently, increasing conductivities will resuft easier percolation paths for the
photogenerated charges to travel to the ITO andélgee counteranions, PSS(poly-
(styrenesulfonate)), DS(dodecyl sulfate), ClIQ (perchlorate), BF (tetrafluoroborate), and
PR~ (hexafluorophosphate), are investigated as seitdbpants; however, only the last three
were chosen for device testing since they restutede highest conductivities of approximately

68, 90, and 116 S/cm, respectively (Fig. 3.4b).

In order to characterize the band positions ofntia¢erials, cyclic voltammetry (CV) was
utilized. CV for each polymer was carried out insalution containing 0.1 M of the
corresponding electrolyte salt that matches theadbpnion for each PEDOT, scanned at a rate
of 0.05 V/s from -3.0 to 1.5 V. Figure 3.4c showset different cyclic voltammograms
corresponding to PEDOT/CKO PEDOT/BR, and PEDOT/P& All three types of PEDOT
exhibit reversible oxidative p-doping processegha positive potential regions, and a weak

reductive behavior in the n-doping region when theerse bias is applied. The oxidation
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potential onsets are highlighted by arrows in tlatsp Using a silver/silver chloride (Ag/AgCl)
electrode in 3 M NaCl solution as reference poegntiOMO levels of -4.81, -4.91, and -5.09
eV, were calculated for PEDOT/CJOPEDOT/BR, and PEDOT/P§ respectively. The most
electronegative anions, PFpull away the largest amount of electron denfsdyn the PEDOT

backbone, significantly lowering the HOMO leveldlwmespect to the GaAs band-edge.

3.3 Reaultsand discussion

Figure 3.5a presents the measuied characteristics under 1-sun (AM1.5G) in ambient

atmosphere.
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Figure 3.5. Electrical and electro-optical characterizationtloé hybrid NP solar cells. (a}V characteristics of
hybrid photovoltaic arrays under illumination (1000m?) with differently doped PEDOT. (HJQE measurements
(from 340 to 1000 nm) for solar cells based on M&WNPs processed with PEDOT/GICPEDOT/BR, and
PEDOT/PE. (c) J increases quasi-linearly with respect to the akmdtconductivity of the polymer, where&$
increases only slightly with an increase in coniitgt (d) Voc increases by including different dopant anions and
the PCE scales almost linearly with the polymer condutgidchieving peak values of 4.11%.
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AM1.5G illumination is carried out with a 300 W »@amlamp-based solar simulator
(Newport Corporation, 67005) with an AM1.5G filterounted. The light intensity is calibrated
using a 1-sun (1000 WhAnreference silicon photodiode. A short circuitremt densityls: of
5.2 mA/cnf was obtained for the device with PEDOT/GES the organic shell, whereadsa of
9.8 and 13.6 mA/cfare measured for the more conductive PEDOT/BiRd PEDOT/PE
respectively (Fig. 3.5a). Since the charge tranisgadirectly related to the electrical properties
of the polymer, enhancing the PEDOT conductivitydbgimple change of dopant anion appears
to be a feasible way to increase the current dessp-by-step, which has been so far difficult to

achieve in HSC.

Furthermore, since the ultimat&c (oc %lECB — EHOMO|) is related to the energy level

alignment between the p- and n-type materials,weeloHOMO level (Eowmo) of the p-type
polymer allows for a more favorable alignment wile conduction band edgedd} of the n-
type GaAs. Note that the downward tuning of the HDMvel enhances théc value: theVoc

for the HSC with the PEDOT/CWQPEDOT/BR, PEDOT/PE organic shell is 0.56, 0.60, and
0.63 V, respectively, as the HOMO level of the pody coating is lowered from -4.81, -4.91,
and -5.09 eV (Fig. 3.5a). Hence, the incorporatibdifferent dopant anions provides a simple
way to deterministically increase tWgc of the heterojunction. Figure 3.5b shows a conspari
of the EQE spectra with respect to the three different domobemes. The monochromatic
illumination step is 5 nm and an objective lenshvatfocal length of 100 mm is used to focus

down the spot size. THEQE shapes are overall quite similar with increasing

EQE values of~27.9, 45.0, and 58.5% observed with increasingmetyconductivity,

thus suggesting an optimum photocarrier balancedet the electrons in the GaAs NP array
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and the holes in the polymer. Hence, a successfyiheering of the band energy of PEDOT
results in improved charge separation at the pali@as interface, translating into high&g

and Voc. The increased charge transfer at the interfagence again confirmed by tHeQE
spectra across the entire absorbing region. Fi§e, along with Fig. 3.5d, summarizes the
standard figures of merit fdgc, FF, andVoc required to calculate the tofRCE (Voc % Jsc X FF/
Pam15c). In Figure 3.5¢, botlls: and FF show increasing trends with respect to the polymer

conductivity.
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Figure 3.6. Spectral evolution of the photogeneration praifilea single hybrid NP. (a) Simulated structure dar
individual hybrid core-shell NP. (b) Theoreticainsilation of the carrier photogeneration profile480, 500, 600,
700, 800, and 900 nm. Up fo= 800 nm, both organic and inorganic layers arécally active in the profile
contribution.

v

190 nm

Since the interface ITO/PEDOT is ohmic, the higb@nductivity of the polymer lowers
the specific series contact resistance, resulting higherFF of ~48% compared to previous

polymer/GaAs nanowire (epitaxially grown) repditshe overallPCE for the core-shell HSCs
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monotonically increases from 1.07, 2.71, to 4.1H4.(3.5d). The explicit, stepwise tuning of
the figures of merit and the efficiencies of theides illustrates the importance and the potential

opportunities that materials engineering can bting HSC.

Representative 3D theoretical simulations (LumeéidaTD Solutions) are carried out to
correlate th&EQE spectrum (Fig. 3.5b) with the photogenerationipaned between the organic
PEDOT shell and the inorganic GaAs core in the lybP (Fig. 3.6a). Figure 3.6b illustrates
the spectral evolution (2D cut-planes) of the ppgetwration in the structure at different
wavelengths varying from 400 to 900 nm for a dn2-high, 190 nm-diameter GaAs NP, with 80
nm of PEDOT shell. Because of delocalized orbitalthe doped PEDOT, the polymer is fairly
optically active over the entire region of interedbwever, the simulations consider 600 nm
periodic boundary conditions to account for theamed absorption from an infinite array of
NPs. Therefore, the optical field becomes highlgfoed within the nanostructure, as a result of
the waveguiding and focusing of lightby the periodic array; the photogeneration rates a
concentrated to several lobes that form along tReihdicating strongly guided modes that arise
from the nanostructuring of the 3D HSC. The simate suggest that the final arraylike
morphology still supports light-trapping effectsb@ve the bandgap (fér= 900 nm), no optical

generation is detected as confirmed from the EQ&somements.

In conclusion, this work demonstrates the importaoicmaterials engineering for tuning
the energy levels in the organic layer for optimgzthe charge transfer at the hybrid interface. A
facile electrodeposition approach is used as thikvedimg vehicle toward this goal by
incorporating different anionic dopants in PEDOTd ateterministically fabricate 3D hybrid

core-shell PEDOT/GaAs pillars with a high degreecoitrol over the radial thickness of the
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organic shells. The electrodeposition techniquewall for the rapid formation of PEDOT,
conformal coating of the PEDOT around the orientedAs NP arrays, and the in situ
engineering of the organic material propertieseinis of feature size, thickness, conductivity,
and energy levels. Adjusting the energy levelsBDBPT to more favorably align with the band
structure of the inorganic semiconductor has lethéoenhancement in tlle:, Voc, EQE, and
the overall PCE of the final device, hence illustrating the gremitential and the endless

possibilities of molecular engineering via simptelaapid electrochemical synthesis.
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Chapter 4

Radial GaAs nanopillar solar cells

4.1 Overview

anostructured solar cells have gained much atterthice to light trapping

effects that drastically reduce the portion of e@eféd photons, therefore

enhancing the optical absorption. Nanodormeanocone$ nanoparticles,
and nanowirés’ (NWs) have the potential to improve performance parad to standard solar
cells. The high surface-to-volume ratio increas$esphotoactive junction area and facilitates the
carrier collection, enhancing tfRCE with respect to bulk solar cells. In particulaoygared to
top-dowr? approaches, a bottom-up growth mode may leadgie-tpiiality composition, crucial
for any photovoltaic device. Furthermore, by exjohgj radial junctions in each single NW, the
light absorption (vertical direction) is decoupledm the carrier collection (radial direction), an

unresolved issue in conventional planar solar cells

Recently, silicon microwire solar cellgrown as ordered arrays have achieR&E of
7.9%. However, due to the low optical absorptioeftoient of silicon, long nanowires~g0
um) are required to absorb the above-band-gap pbkotdiRV, direct band gap technology
requires ~1 pum of material to efficiently absorb the photons amdegration of radial
multijunctions becomes possible too. In additiomA& crystalline single junction solar célls
have recently demonstrated the highB8E (up to 28.8%) in monojunction photovoltaics.
Despite that, only one reported work regarding aa@aAs nanostructuréspbased on Au-

catalyzed vapor-liquid-solid (VLS) growth, demomsés core-shell NW growth for photovoltaic
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applications. These photovoltaic devices exhibit PCEs (0.83%), possibly due to the random
distribution in terms of height, diameter, and gosi Furthermore, the midgap trap states
introduced by diffusion of Au catalyst into the NWdegrade minority carrier lifetime and

diffusion length on which photovoltaic devices rely

For successful devices, NW diameter, length, dhddiratio have to be carefully chosen
and kept constant by the adoption of a regular geomt The less semiconductor material
required to absorb the same amount of photonsnegpect to thin films in conjunction with the
possibility to peel off the NWs from the substrated reuse it in subsequent growths opens up
promising routes to low-cost, flexible solar cell®ne approach to realizing a patterned
architecture is to take advantage of lithograpbahhiques to precisely define radius and center-
to-center pitch in a mask from which the NWs cangbewn. Such a mask translates into a
uniform NW growth, allowing ease of processing/feaition and avoiding adjacent NW
junctions from contacting each other during growthaddition, the small NW cross sections
that can be realized allow the growth of junctimisdissimilar materials with high lattice-

constant mismatch, permitting a prompt integratbbheterogeneous material platforms.

Device structure and geometry, nonetheless, arsuféitient to ensure high-efficiency
nanostructured photovoltaics: each interface mastdvefully designed, including the nature of
the contacts. This is especially true for degeegratoped semiconducting oxides such as ITO
or aluminum zinc oxide (AZO). Their properties caprofoundly modify carrier
extraction/injection mechanisms once they come iobmtact with p-doped and n-doped

semiconductors.
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This chapter discusses in detail the performamcterms of electrical and electro-optical
properties, of GaAs NP solar cells based on a mp&ttieperiodic geometry. The devices are
processed using with two transparent conductingesxi(TCO) to assess the most appropriate

contact scheme.
4.2 Patter ning and processing of radial junction devices

The device schematic and fabrication scheme arersio Fig. 4.1. The core-shell NPs
are formed by catalyst-free, selective-area MOCXR25 nm thick SiQ mask is deposited by e-
beam evaporation on a p-doped (111)B GaAs substrateatterned using e-beam lithography
and reactive-ion etching to have 50& x 500um arrays of holes with 600 nm spacing (0.25
mnY device area). The p-doped core is formed at aeeayre of 685 °C for 15 min resulting in
diameters ok 200 nm and heights ef 800 nm whereas the n-doped shell is grown at aceztiu
temperature of 665 °C for 2.5 min resulting in fideameters of 320 nm and heights of 900 nm.
Disilane and diethyl zinc flow rates are choseprmduce carrier densities opN 1 x 13° cmi®
and Ny = 3 x 13’ cm®, calibrated on thin GaAs films. Figure 1a shows $sithematic of the
fabricated devices. Figure 4.1b illustrates a 45SEM image of the as-grown NP array with

built-in radial p-n junctions grown in situ.

The hexagonal faceting suggests a good crystal tgrqwality. As aforementioned, the
expected p-doped core diameterB00 nm whereas the n-doped surrounding shell imatdd

to be~60 nm wide.
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Figure 4.1. (a) Schematic drawing of the ordered GaAs NP swdr (b) 45°-tiit SEM image of an array of GaAs
NPs with built-in radial p-n junctions. (c) 45°ttf6EM image after BCB planarization and dry etchbi@cexpose
only the NP tips. (d) 45°-tilt SEM image subsequenfTO sputtering and relative coating of the Ni3.t(e) 45°-tilt
SEM image after AZO deposition on NP tips.

Due to the nanometer level dimensions, both higlolyed core and shell are required in
order to confine the depletion region well withiretNW: a quasi-neutral core region is required
in order for the carriers to travel all the waythe substrate and bottom electrode. Considering

doping levels from planar calibrations, the totstireated depletion width in the NP amounts to

43



~90 nm, ensuring quasi-neutral regions on both aatkshell sides. The device processing flow
is initiated by a chemical treatment of the as-graMP arrays in aqueous hydrochloric acid
(HCI, 10% v/v) solution for 45 s to remove any matoxide on the surface followed by chemical
passivation by means of ammonium sulfide ¢NB solution (22% v/v) for 90 min to minimize

the surface-state density.

Interface states, in fact, are likely to misbalatioe electric fields and depletion regions
at the nanometer scale, translating into poor q@regicted behaviors in junction-based devices.
After that, BCB resin (Cyclotene, Dow Chemical)spun to completely cover the NP arrays in
transparent electrical insulator. Subsequent to B@gl-curing, the excess resin is removed by
an QJ/CF, reactive ion etching to expose only the NP tipsstly, TCO (ITO (Sn@In,O3 10:90
wt%) or AZO (ALO3:ZnO 2:98 wt%)) is deposited as top electrode. @otbhmic contacts to
the heavily doped substrate are formed by a Ti@ur(m/200 nm) alloy. As shown in Fig. 4.1c,
the exposure of the NP tips after plasma etching?5® nm, leaving two-thirds of the

nanostructures encapsulated in the BCB polymer.

Subsequently, ITO or AZO are RF sputtered at rommmperature at 200 W of applied RF
power and 5 mT deposition pressure. These depogoameters are found to be the optimum
conditions for highly conductive and transmittinigns. Figure 4.1d indicates that the deposition
of ITO onto the NP array provides a conformal t@mtact across the NP tips. Figure 4.1e
displays the SEM micrograph for the AZO sputteredtact on the device. AZO appears to have
a more textured surface compared to ITO, suggestipiggger average grain size. However, due
to the final shape of the NP tips after depositibght trapping is still expected due to the

presence of gaps between adjacent NPs for botralidoAZO.
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4.2.1 Structural and mor phological analysis of contacts

The structural and morphological qualities of theOs are analyzed by cross-sectional
transmission electron microscopy (TEM) images. Fégd.2a shows a cross-sectional TEM
image, sectioned by means of focused ion beamnuilllhe image reveals the ITO electrode in

contact with a GaAs core-shell NP.

Figure 4.2. (a) Cross-sectional transmission electron micnppedd@EM) image of a NP with ITO as top electrode
and BCB as surrounding insulator. (b) Cross-eaetiTEM image of a NP with AZO as top transpanttact.

The TCO is uniform in quality along the whole NP.tElectron diffraction patterns taken
during TEM (not included here) confirm the amorpbauature of the thin film. This is in
agreement with previous works regarding ITO RF tgpatl at room temperature: substrate
temperature's in excess 0f200 °C are required to achieve a crystalline versibthe material.

The ITO thickness reduces at the bottom edges @fNR/BCB interface due to shadowing
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effects that decrease the deposition rate of ITOwéVer, the flm remains continuous with a
thinnest layer of around 60 nm. Figure 2b displaysross-sectional TEM of AZO contact
deposited on top of the same NP structure. The MO film appears thicker with respect to
ITO due to the fact that the actual deposition @eNPs is higher for the AZO target, even
though the deposition conditions (sputtering powsrpstrate temperature, deposition time,
pressure) are kept constant for both cases. Staligtuthe AZO exhibits defects such as grain
boundaries that can contribute to an increase lin fesistivity. The conformation of AZO

suggests a polycrystalline structure. This hypathissconfirmed by electron diffraction patterns

analyzed during TEM (not included here).

4.3 Reaults and discussion

To characterize and compare the electrical prageedf the devices based on these two
different transparent top contacfsY characteristics are measured both in dark comditemd

under AM1.5G normal illumination (1000 W#mil sun) at room temperature. Al&QE
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Figure 4.3. (a) J-V characteristic for the best NP solar cell with I'8® top contact both in the dark and under
AM1.5G illumination. The inset shows the IV chaexddtic in linear scale for the device in the dafi) J-V
characteristics of the best NP solar cell with AZ©top electrode both in the dark and under AMIllb@ination.
The inset shows thieV characteristic in linear scale for the devicehia tlark. (C)EQE measurements of NP solar
cells processed with ITO and AZO top contacts.
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measurements are carried out to analyze the namaadlistribution of the photocurrent along

the visible spectrum of interest (frorb00 to 900 nm for GaAs).

Figure 4.3a showsl-V characteristics both in the dark and under lighte Tinset
illustrates, on a linear scale, the current-voltdege) characteristic of the sample with ITO as top
contact: a high rectification ratio of 213 (@ * ) ¥ achieved. Leakage currents in the order of
~236 nA at -1 V are measured. The values of reatifin ratio and leakage current attributed to
the regularity of the catalyst-free patterned gioyitt eliminates parasitic shunting paths between
adjacent NPs likely to occur in VLS-based arrayshd ato the uniform BCB
passivation/planarization layer. Under light, thevide exhibits &/oc of 0.39 V, and alg of
17.6 mA/cnf with a FF of 37% resulting in a totadPCE of 2.54%. Figure 4.3b presents/
characteristics for a NP array with AZO as top etete. Once again, the linear inset shows a
good diode behavior of the junction in dark coruis with a rectification ratio of 183 (at £ 1 V)

and leakage currents ef170 nA at -1 V.

Upon illumination, the photovoltaic conversion résun aVoc = 0.2 V,Jc = 8.1
mA/cn?, FF = 36% with aPCE = 0.58%. The planarization process is crucialriieo to avoid
undesired conduction between the top contact aadstibstrate that could reduce or annul the
rectification action of the NPs. Furthermore, BC#&stextensively been shown to additionally
passivate GaAs devices, lessening the reversedeakarents:** This also aids, for the ITO
device, in enhanceWoc (0.39 V) compared to 0.2 V previously reportedradial GaAs NW
photovoltaics. The relatively low values BF in both cases can be partly attributed to the

presence of a non-negligible series resistandegmévices.
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Considering that the bottom electrodes are reallzgdvell-established low-resistance
alloys, the top electrodes (ITO and AZO) are caysinsignificant increase in the series
resistance of the NP arrays, translating into Eiw From panels a and b of Fig. 4.2 it can be
noticed that the deposition of the oxides formhkia tayer at the interface NP tip/BCB, likely to
cause a bottleneck in the conductivity of the oNetep electrode. Furthermore, the sole
ammonium sulfide passivation might not be suffitiencompletely eliminate the surface states
in the GaAs NWs and a SiNhell as additional passivation could lead to argéfficiency. Also,
the junction doping levels are estimated by meanglanar growth tests; however dopant
incorporation could be fairly different for the stgllographic directions involved in the NW.
Figure 4.3c shows a comparison in termEQE measurements between ITO and AZO. This
figure of merit quantifies the ratio of the numiaércharge carriers output by the array solar cell

to the number of photons present in the AM1.5G tiaxhe device.

Contact type ITO AZO
Trasmittance (%) >85 >85
(500 nm<A<1000 nm)

Sheet R (Q/sq) 15 627

Doping concn (cm®) 8.8x10° 4.8x10"
Mobility (cm?/Vs) 27 9

Measured type N P

Table 4.1. Optoelectrical characteristics of ITO and AZO

Although the shapes and trends are comparabletbeespectrum of interest, the EQE

measurement for the GaAs nanostructured solapostiessed with ITO as top electrode exhibits
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a more-than-doubled carrier collection in compariseth the AZO contact. Considering fairly
similar work functions, the main cause for this xpected behavior has to be sought in the
difference of electrical and optical propertiestod two conducting oxides. Table 4.1 presents a
comparison of the electro-optical properties ohbdiO and AZO thin films on quartz substrate.
The sputtering conditions are maintained exactlyaédqo the ones used for the top electrode
depositions on the devices and carried out on guarbrder to investigate only the thin film
properties. The optical transmittance is obtaineeugh Fourier transform infrared (FTIR)
spectroscopy and calibrated with a bare quartztsatbsas a baseline. The magnitudes of the
transmittance are analogous, above 85% in the nwgrptical range of the solar cells. This is in
accordance with similar optical refractive indicas well as extinction coefficients for both

transparent oxides.

The electrical analysis of the semiconducting ogigecharacterized by means of four-
point probe and Hall measurements. The sheet aasistfor AZO is 627)/sq with a measured
thickness of 680 nm whereas the sheet resistarrcél@ amounts to 1%)/sqg, for 630 nm
thickness. This is in agreement with the trend ohekin the J-V device characteristics under
dark (Fig. 4.3a-b): the NP array processed with ExDibits a current of 107A at 2 V while the
devices with AZO sputtered as top electrode showuaent of 38uA at 2 V. The Hall
measurements are taken in a Van-der-Pauw geometryoen temperature under a nominal
magnetic field of 2.5 T. The doping concentratiord a&arrier mobility for the deposited ITO
amount to 8.8 x 18 cm® and 27 cfVs, respectively, with an n-type doping polarifhe same

measurements for AZO reveal a doping concentratich8 x 16° cm* and a carrier mobility of
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9 cnf/Vs. The measured doping is p-type, in agreemetit thie presence of nitrogen during the

sputtering proces.

Consequently, ITO performs as a transparent areldatrode whereas AZO functions as
a transparent cathodic contact. Considering orglesidP as an elemental part of the device, the
p-doped GaAs core is surrounded by the n-doped Gaogfl, constituting the photovoltaic
junction. Under illumination, photogenerated mitypdarriers drift to their respective electrodes:
electrons will travel along the n-doped shell whsrboles will be funneled into the p-doped core
all the way to the substrate. Focusing on the tmtacts, electrons will encounter a doping
alignment of the type n/nfor n-doped shell/ITO while in the case of AZOattens will go
through an n/pinterface. For this reason, the extraction ofgthetogenerated carriers is greatly

fostered when ITO is exploited as top electrodmglating into highelPCEs.

Finally, to verify that each NP is acting as a saell, high-resolution scanning photocurrent
microcopy (SPCM) is used to image the array of NB&CM is performed using
diffractionlimited optics and a green HeNe laser=(544 nm). Zero-bias photoconductivity is
measured using a data acquisition board and pré@anphs the sample is scanned on a
translational stage with 50 nm/step resolution irax Y axes. The spot size of the beam is
~300 nm as determined from full-width at 4/@he laser intensity for the measurements is
attenuated to 10@W/um? to utilize the more sensitive settings of the piplifier given the

critical pitch of the NPs and the levels of photwent generated by the NP arrays.

Figure 4.4a shows the SPCM map obtained for thelb&sdevice, with Fig. 4.4b a line
scan through the image. The map clearly shows naltielg regions of higher and lower
photocurrent forming a square array, with spacihgo@) nm between maxima. Note that
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because of the laser spot size and the close sgpdmiween NWSs, there is a nonzero
photocurrent even when the laser beam is centeactle between four NPs. The technique is
able to resolve features smaller than the spot’sizethe beam profile as well as location is of

importance in generating the signal used in theoampy.
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Figure 4.4. (a) Scanning photocurrent microscopy (SPCM) imafythe best device processed with ITO as top
transparent electrode. Red indicates largest pbotet and blue the lowest. (b) Corresponding ptwtent line
profile across the dashed line in panel a.
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The current work is possibly the highest resolutibsplay of the technique insofar as
resolving dense features of known proximity. TheC8Pmapping validates the fact that the
collective J-V characteristics of the array under light are iddége superposition of all the
photocurrent contributions coming from each indigt NP. Furthermore, from the laser
intensity and maximum generated photocurrent,EQE of 2.8% is calculated. The small
discrepancy between this number and the one oltdioen the full illumination of the devices
is mainly attributable to the fact that the laseght is fundamentally different from a

monochromatically filtered source in regards tadsitive full width at half maximum.

In conclusion, this chapter presents the realipatiba solar cell using a dense, uniform
array of vertical core/shell NPs. Electrical chéeaeation shows a device behavior affected by
the doping type of the chosen transparent conEfE measurements quantify the difference in
carrier extraction between AZO and ITO when usetbpslectrodes in GaAs NP photovoltaics.
High-resolution SPCM characterization validatesitiedeependent functioning of each NP in the
array with an individual peak photocurrent-ef nA at 544 nm. Device efficiencies as large as
2.54% are obtained using ITO as the transparendwmtimg electrode. The absence of metal
catalyst during growth translates into low-leakagerent devices. These results open a route to
much higher efficiencies through the improvementaothitecture as well as material and

interface properties.
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Chapter 5

Radial GaAsnanopillar solar cells employingin situ
surface passivation

5.1 Overview

anometer-scaled materiifS are attractive candidates to implement

efficient designs for the conversion of solar egdrgelectricity. Colloidal

quantum dot€” | nanoparticle€*® , nanodomed and nanowirest?2+%
are actively investigated to improve the chargelectibn process along with broadband-
enhanced light absorptithresulting from their optical trapping properti@e adoption of such
materials is ultimately aimed to reduce the costlevimproving the totalPCE of the final
device. In core-shell p-n junctions embedded withi?s, the electron-hole pair separation occurs
in the radial direction and the photogenerated@&arhave to travel distances much shorter than

the minority carrier diffusion lengtfi:*

Considering that the photo-active region is repressk by the nanostructures themselves,
the NP arrays can be embedded in a flexible andspearent polymer (for example,
polydimethylsiloxane) and peeled off from the growdubstrate, which can be re-used in
subsequent growth rui®,lowering fixed costs in manufacturing production-V direct-
bandgap compound semiconductors offer the chaneéfitbently absorb most of the incoming
photons within a couple of microns of material Kmess and they enable multi-junction

integration for a complete ultraviolet/visible/iafed spectral utilization.
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The high surface-to-volume ratio represented by ableption of a cylindrical radial
junction increases both the active depletion regisnwell as the overall surface area of the
device, which then becomes more susceptible tombowmtion of photogenerated charge
carriers. Because of the surface-state chargesna@rifom surface scattering, charge
recombination and Fermi level pinning, the chargeygéng volume in the NP is much narrower
compared with its physical volume, confining therieas to a smaller conducting cdreThe
high surface recombination velocity results in &maihilation of minority carriers, which would
otherwise contribute to a portion of the outputhe PV device. Recent reports on ensemble of
core-shell GaAs NWs applied to solar cells haveeaéed conversion efficiencies ranging from
0.839% for as-grown devices to 2.54%er devices post-treated with ammonium sulphidendsy
In situ passivating techniques are widely adoptedplanar optoelectronic designs to most
effectively reduce the surface state density, oftethe highest stability over time. Generally,
thin layers of epitaxial high-bandgap materials ast a barrier to prevent carriers from

recombining at the surfaé&

In situ NP passivation represents a challenging dae to the different crystallographic
directiond™*? and energetics on the NP facets, while maintairinfttice matched growth
between dissimilar materials. Hence, there has lmeewlemonstration of integrating in situ
epitaxial passivation into radial-junction NP awsafor PV application thus far. Optically,
vertically aligned semiconducting wires can tragasdrradiatiort'? more effectively with
respect to planar PV designs, and periodic pattefrdielectric spheres and metal partitfes
have shown to increase the probability of photosogtition. Theoretical calculations of periodic

arrays of silicon wire® reveal a light absorption strongly tunable witepect to the geometric
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properties of the nanostructures (for example, ntai®on, diameter, height, filling ratio).
Therefore, the adoption of a growth mask on whioh Yarious geometric parameters can be

determined a priori represents a solution for grotled NP positioning.

This chapter experimentally demonstrates in siitagjal surface passivation of direct-
bandgap GaAs NP solar cells via patterned, catfilyst SAE>* High-bandgap InGaP shells
are grown in situ and lattice-matched on the GaABs No prevent from high surface
recombination rates and Fermi level pinnifighe patterned growth mask is optimized in terms
of NP pitch and tiling pattern to maximize the emted optical absorption of the arrays. All

devices employ a novel titanium (Ti)/ ITO anneaddidy as transparent ohmic anode.
5.2 Maximized optical absorption through geometrical tuning

Before growth, full-wave finite-difference time-dam simulations (FDTD software
Lumerical) are implemented to investigate/optintize enhanced absorption with respect to the
geometrical parameters available in the growth nueskign, to achieve near-perfect absorption
while minimizing material usage. Tiling pattern aoenter-to-center pitch are considered as
variables in this set of simulations and the optaditopology can be fabricated by means of the
SAE growth approach. A limited number of report®pfical absorption modelling are presented
in literature for periodic arrays of IlI-V NPs. Gmetrical tuning of InAs nanowirds is
demonstrated both experimentally and theoretidallysquare-tiling patterns. Periodic arrays of
GaAs NPs are investigated in terms of optical giigmr with varying diameter over-pitch

ratios?* in square pattern arrangements. The reports peelasonsider bare periodic arrays of
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nanowires (not sufficient for a practical nanowsar cell). Hence, it is necessary to model the

optical properties of the final device.

Figure 5.1a represents the 3D schematic of the e)pfully processed simulated

structure. Figure 5.1b displays the triangular, asqu rectangular and parallelogram lattice

geometries.
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Figure 5.1. (a) 3D schematic of the complete structure usethénfinite-difference time-domain simulations. To
notice, the NP is embedded in the BCB layer angpedpy a conformal layer of ITO as transparentdi@strode.
(b) Unit cells of triangular, square, rectangulad parallelogram tiling patterns are investiga(eji2D contour plot
of NP pitch P (500 nm<P<1000 nm) and wavelengtreddpnt optical absorption. Red colour indicatesh hig
absorption and blue colour corresponds to low giigor. (d)Wavelength-dependent absorption as atiomof
different tiling patterns for a fixed 600-nm pit(dashed cutline from Fig.5.1c).
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The incident light contains both x and y polariaati to better match the unpolarized
solar spectrum. Periodic boundary conditions aresiciering an infinite array of NPs. The NP
height and diameter are fixed at 1.3 mm and 260respectively. Figure 5.1c represents a 2D
contour plot of wavelength-dependent absorptiord (Ah-900 nm) as a function of center-to-
center pitch (500 nm-1000 nm) with a color legepdming from low absorption (dark blue) to

high absorption (dark red) values.

The plot shows that, with lower pitch size or ea@lently a higher filling ratio, the
absorption of the periodic structure increases.réBalt is expected owing to the fact that optical
resonance-guided modes increase the electromadjgétiintensity, resulting from the coupling
of the normally incident light to high-Q leaky madef the periodic structur8.For decreasing
pitch values, the light is greatly confined in tR® array and excites optical resonance-guided

§6,37

modes”*'which in turn greatly enhance the optical absorptio

Hence, a pitch size of 600 nm is chosen here agpimized device dimension, also
considering that radii below 100 nm can hardly awcwmdate quasi-neutral regions on both core
and shell sides for an efficient carrier extractanthe ohmic electrodes. In Fig. 5.1d, four
different tiling patterns (as shown in Fig. 5.1hjhwoptimized 600 nm pitch are compared with
respect to GaAs planar substrates. The areasdatih cell in all four patterns are identical (600
nm x 600 nm); as a result, the filling ratio is kepnstant, and only the effect of tiling pattesn i
taken into account in this comparison. From theutations, it can be concluded that tiling
pattern does not substantially change the absorgpectrum compared with pitch size, or filling
ratio, which is the governing factor in determinihg absorption efficiency. Slight variations are

attributed to the differences in the symmetry ef gfgometries.
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This result is non-trivial in light of the fact th@revious work® on periodic non-
subwavelength silicon microwires (several microwns both pitch and diameter) exhibited

varying optical properties depending on the ped@lirangement adopted.
5.3 Array growth and device engineering

The growth structure for GaAs NP solar cells isspreed in Fig. 5.2a. The 1lI-V NPs are formed
by catalyst-free, selective-area MOCVD on maskédioped (111)B GaAs substrates using

hydrogen carrier gas at 60 Torr. The n-doped GaRs &re grown at 735 °C.

Figure5.2. (a) Schematic drawing of the GaAs radial p—n jiomst with the InGaP-passivating shell (not to scale
(b) A 45°-tilt SEM image of a typical array of GaAds grown by MOCVD technique with an optimized 600
pitch. Scale bar, 400 nm. Inset: selective-aretagjal approach allows to position the array anfingethe growth
arrangement by means of a patterned dielectric magsk the substrate. Scale bar, 150 mm. (c) A #5SEM
image of an NP array after planarization and sulbseigetch-back. This step is necessary to spaselbarate the
anode from the cathode in the photovoltaic cellsravent top—bottom shunting. Scale bar, 600 nm.
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Subsequently, the p-doped GaAs shells and InGall slie both grown at 600 °C. The
primary precursors used during growth are tri-megalium, tertiary-butyl-arsine, trimethyl-
indium and tertiary-butyl-phosphorus. The dopingrses are tetra-ethyl-tin and di-methyl-zinc
as the n-type and p-type dopants, respectively, ealibrated flow rates from planar test
measurements are selected to achieve carrier BsnsftN, coe= 1 x 167 cmi® and Nignei 1 X
10'® cm®. Once the radial p-n junction is formed, an InGdtell lattice matched to GaAs is
grown. In this fashion, an estimated GaAs core di@mof 180 nm, GaAs shell thickness of 40
nm and InGaP-passivating shell of 5 nm are fornvath a final NP height of 1.3 mm. The
InGaP layer results into a negligible absorptiondioch thin epitaxial window. The total active

area amounts to 500 um x 500 um and is univocafined during the patterning process.

Figure 5.2b shows a 45°-tilted SEM image of typicatitu passivated GaAs core-shell
NP arrays after epitaxy. The growth is uniform asrthe whole masked area as it appears from
the inset. Subsequent to SAE, ohmic bottom contacts formed by annealing a gold-
germanium/nickel/gold metal alloy to the highly @dpsubstrates. The NP arrays are then
planarized with BCB that represents a transparkattrecal insulator to well separate in space
the top anode from the bottom cathode. After harthg and dry etchback of the BCB, ~350 nm
of the NP tips are exposed and ready to be contastelisplayed in Fig. 5.2c. BCB represents a

suitable planarizing polymer with optical transpangin excess of 99%.
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5.3.1 Transparent ohmic contact as an efficient hole collector

The ITO/GaAs interface has been reported in sewsmaks to be either ohmit or
Schottky®*! depending on deposition conditions and post-dépasitreatments. Although
characterized by n-polarity, ITO films can resulboi either Schottky or ohmic contacts to both n-
and p-GaAs. To achieve an ohmic interface, highrealimg temperatures are necessary (550-700

°C). This could detriment the epitaxial NP crygjedwn at comparable temperatures.
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Figure 5.3. (a) I-V measurements of sputtered Ti/ITO alloy on p-typ@A& exhibiting a clear back-to-back
Schottky characteristic before thermal annealinigcfo circles). Subsequent to a 300 °C treatmentplamic
behaviour is observed with high conduction curreatteoss the transparent contact/semiconductorfacer(red
squares). (b) Fourier transform infrared spectrpganeasurements of optical transmittance for adstahindium
tin oxide baseline compared with a Ti/ITO film (hobn quartz slides). A thin titanium interlayer (a#h) still
ensures an acceptable optical transparency ovespketral regime of interest. (c) SEM image of sgirg
deposition which exhibits a uniform, wrap-aroundteet morphology at the NP tips. Scale bar, 600 nm.
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Conversely, rectifying contacts resulting from satia Schottky barriers can create wide
depletion regions, forcing the carriers to overcaheepotential barrier by thermionic emissfn.
Despite fundamental, these transport propertiethatelectrode interface have been so far
overlooked, and only a few theoretical reports ukscthese effects in GaAs nanowire-based
solar cells*® With metals, Ti/Au ohmic contacts to p-GaAs aratiely achieved with very low
resistancé? without requiring any thermal annealing step. s reason, Ti (4 nm)/ ITO (350
nm) thin films are RF sputtered and calibrated éBgis substrates @ ~ 10 cm®) at room
temperature in one single run to prevent oxidatibthe Ti layer. Plasma-assisted sputtering is

chosen here as it forms a 3D wrap-around contaahsare a uniform carrier extraction.

The deposition is divided into two major segmefisst, a continuous metallic Ti thin
film is deposited at low deposition rates (~1 nnmmiSecond, a 350-nm ITO overlayer is
sputtered. Subsequentlyy measurements are carried out to assess the tramspperties of
the multi-layered electrode. Figure 5.3a plotstbet-V characteristics. The as-sputtered Ti/ITO
film exhibits a clear Schottky behaviour, with coetion currents in the microampere range.
After low-temperature (300 °C) thermal annealinge tcontact shows remarkable ohmic
properties, with current values in fractions of amgrange. Figure 5.3b shows Fourier transform
infrared spectroscopy measurements (from 340 nn@+irhOvavelength) of optical transmittance
for a standard ITO baseline compared with a Ti/fil@ (both on quartz slides). Despite a small
transmittance drop, the optimized electrode is Igiglansparent and therefore can be utilized to
contact the p-GaAs shells in the NP arrays. Folhgva selective chemical wet etch of the InGaP
shells at the NP tips (Fig. 5.2c), the Ti/ITO alisyconformally deposited as top anode as shown

in Fig. 5.3c and thermally annealed with a fourfraneasured sheet resistance of {24g.
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5.4 Reaults and discussion

Figure 5.4a displays theV characteristic under dark of a typical, fully peesed, GaAs
core-shell NP solar cell with InGaP-passivatinglishiEhe data is plotted in semi-log axis to
correctly extrapolate reverse bias leakage curmeatjfication ratio, ideality factor and series
resistance values. Low leakage currents in theraide30 nA at -1 V are consistently measured.
Rectification ratios of up to ~2q@ =+ 1V) are achieved. A fitting curve in the difon current

region reveals ideality factors nf~ 1.58. These values can be attributed to sefastars.
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Figure 5.4. (a) Semi-log dark current-voltage characterisfi@a dypical GaAs NP array. Both ideality factors~
1.58, red dots) and high-injection series resistaf®s ~530 Q, green dots) are extrapolated by means of fitting
curves. The type of carrier transport is well beltv space-charge-limited modeb@). The good diodic behavior
is corroborated by a 1rectification ratio. (b) Current density-voltageacacteristics under air mass 1.5 global
illumination conditions for photovoltaic devicesthvi(solid red line) and without in situ InGaP shiglashed green
line). InGaP-passivated photovoltaic cells showopen-circuit voltage of 0.44 V, short-circuit curtedensity of
24.3 mA/cnf and FFs of 62%. This translates intBGE that amounts to 6.63%.
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5.4.1 Enhanced efficiency using | nGaP passivation

First, the SAE approach does not require any cstfale.g. gold or copper) to initiate the
growth, avoiding any metal incorporation within t&aAs crystal that has been reported to
increase the reverse bias leakage current in naedased devices.Second, the high-bandgap
InGaP shell minimizes the surface state densityhennanofacets that could partly deplete the
inner n-p core-shell junction. This is witnessedtiy fact that the ideality factor is far below the
space-charge-limited condition ¢ 2). In high-injection regime, a series resiseRe~ 530Q is
extrapolated from the fitting curvies = V/I. The NP-based solar cells are then tested under

AM1.5G illumination conditions (calibrated 1 suaj,room temperature.

Figure 5.4b illustrates-V characteristics under light for devices with anthaut in situ
epitaxial passivation. For PV devices without InGdiells (dashed lineY/oc of 0.37 V andls:
of 12.8 mA/cni with FF of 21% are observed. This translates R&E of up to 1.02%. The ‘S-
shape’ kink in thel-V characteristic is indicative of interfacial effectuch as surface dipoles,
defects and traps that create barriers for cagsigaction® This effect leads to a loss in bal
andFF, evidently reducing th®CE of the final device. In case of core-shell junctacapped
with InGaP shells, the optoelectronic properties erarkedly improvedVoc = 0.44 V,Jgc =
24.3 mA/cnf andFF = 62 %. This results into a finBICE of 6.63%. InGaP is reducing surface
states as confirmed by high FF ard JheVqoc value is increased by ~20% compared with un-

passivated devices and it is the highest measar€@As NP-array PVs.

Voc values of ~0.9 V are expected for planar GaAsrsoldls?’ This discrepancy can be
attributed to the fact that the surface state dgnsi being effectively alleviated but not
suppressed altogether. From measurements on Sibafes NP-field effect transistors, the
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surface state densities before and after In@aface passivation decreases from 5 ¥ a2
eV'to 7 x 18° cm?eV?, respectively® Furthermore, the measure@dis a collective figure of
merit resulting from ~2.8 x £Q-n junctions per ci(considering a square-lattice arrangement,
600 nm pitch) connected in parallel. For this reastdopant incorporation inhomogeneities
and/or defective NPs within the whole array canesely lower the finaVoc at the terminals.
The NPs constituting the whole array are requiredbé almost electrically and optically
identical. Recent studies on dopant mapping in MRewed doping variations in excess of two
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orders of magnitude along both axial and radiaéaions;” " raising clear differences with

respect to a canonical abrupt, metallurgical plgaar junction.
5.4.2 Enhanced EQE using InGaP passivation

Figure 5EQE curves for devices with and without passivatione Tneasurements are

taken from 340-1000 nm.
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Figure 5.5. EQE measurements of processed GaAs NP solar celleewith (solid blue line) and without (dashed
green line) wide-bandgap in situ passivation.
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The EQE values for the NP arrays capped with InGaP sla#swell above 70% in the
spectral regime of interest (blue solid line), watipeak efficiency of ~86% at 520 nm. For bare-
grown radial p-n junctions, high energy photons @ssibly recombining at the surface (green
dashed line). This is due to the fact that highrgpn@hotons have shorter penetration depths into
GaAs compared to infrared photons, therefore b#irgnost sensitive to recombination centers
at the surfac& Consequently, th&QE response is considerably reduced especially in the

ultraviolet-visible spectral region when in situspavation is not adopted.

Device Growth Contact Passivation Jsc o o
structure method scheme method Voc (V) (mA/cm?) ARy EEE
n-p (axial)> MBE Local probing None 0.24 27.3 25 1.65

Acqueous
p-n (radial)6 MOCVD ITO or AZO ammonium 0.39 17.6 37 2.54
sulfide

p-n (radial)5 MBE ITO None 0.2 15.5 27 0.83
r(‘tfs)ls(:/?/((:)llflj)) MOCVD  OhmicTi/ITO  InGaPshells 0.4 24.3 62 6.63

Table 5.1 Comparative performance of GaAs nanowire-arrayt@laitaics.

Table 5.1 summarizes the most recent results as at GaAs NPs employed in PV
devices®*® Particular emphasis is dedicated to different acntschemes and passivation
techniques employed. To notice it is the dram&@EE improvement once a high bandgap
passivation technique is introduced. Also, a testdumic contact at the transparent

electrode/semiconductor interface leads to considghigher FF values.

This chapter reports the highest efficiency to dateGaAs-based NP-array solar cells
employing InGaP in situ passivation with an oveR{IE of 6.63% under AM1.5G conditions.
Thermally annealed Ti/ITO ohmic contacts ensureoadgcarrier extraction at the top anode

while preserving an overall transparency/opticalptmg with the NP arrays. Photoelectrical
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measurements highlight the necessity of an ingagsivation treatment to dramatically improve
EQE (above 70%) as well as the toRCE. The array architecture offers a path for a pcatti
large area scaled-up solar cell, in opposition with pervasive characterization of single-NP
PVs. These results lay the ground to consideralijjhen efficiencies in IlI-V NP-based
photovoltaics and open up a route for NP-basedifuumttion architectures by means of a
careful investigation of contact interface, surfatae density and epitaxial growth of dissimilar

materials.
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Chapter 6

Direct-bandgap core-multishell nanopillar solar cells
featuring subwavelength optical concentrators

6.1 Overview

anopillar photonics has recently enabled advantesveral research fields

including optical modulators light-emitting source$? photodetector®

and solar cell§® Semiconductor NPs have exhibited excit{t} optical
properties in terms of tunability and enhanced gitgm™ and(2) electrical properties of radial
junctions in terms of charge separation more toketa material defectS. For these reasons, a
considerable body of literature is exploiting NPs r@ext-generation photovoltaic elements.
Nanometer-sized footprint of NPs allows for a drgkr material integration, where lattice
matching requirements due to strain accommodatierredaxed. For instance, silicon NWs can
be grown on a wide variety of substrafeand also direct-bandgap Ill-V NPs can be syntleekiz

on inexpensive platfornts:**

In addition, the NPs can be released from the easubstrate and integrated into
flexible,'®> low-cost photovoltaic devices. To analyze the ratdon of a normally incident
optical field with semiconducting NPs, single-NWvies are generally fabricated by dispersing
the nanostructures onto an oxide-coated silicorstsate. Previous works demonstrated optical
absorption engineering through leaky-mode resorsthagising from the subwavelength

confinement of light.

76



Furthermore, polarization-resolved EQE spectra mtdd diameter-dependent peaks,
tunable by morphological design of the structdremwever, the strength of NP photovoltaics
manifests when arrays of 3D, vertically aligned NiPs considered collectively: light trapping
increases the effective optical path length of theoming photons, exceeding then’2
Lambertian limit under certain conditiohsThis effect enhances considerably the absorption o
solar radiation with respect to planar architecur&he adoption of a periodic, position
controlled NP array can be employed to tune theesponding absorption properties. Specific
values, such as diameter (D) and pitch (P), caongly affect the propagation of light in the
subwavelength reginié,where the sequence of high refractive index Ilindterial and air can

be formalized by the effective medium approximatiogory.

Direct-bandgap IlI-V compounds benefit from extréynénigh optical absorption
coefficients, resulting into~100 times thinner material required to absorb 90Pmlaove-
bandgap solar photolscompared to silicon. Furthermore, a rigorous asialpf several 1ll-V
semiconductors including IM®, InAs® and GaAS NP arrays report wideband absorption
values approaching unity. Nonetheless, photongotein PCEs of NP-array photovoltaics
based on this class of materials remain limite®.87%° under AM1.5G. Hence, it becomes
necessary to intimately correlate the optical proge of the fully integrated device structure
(that will interface to the external optical fieldjth the electrical properties of the NP solad cel

measured at the terminals.

This chapter directly correlates FDTD simulationghwl-V and EQE experimental data
of GaAs p-i-n core-multishell NP solar cells cappeth InGaP window shells, with a measured

AM1.5G PCE of 7.43%. The analysis highlights a residual szefatate density after epitaxial
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passivation and an appreciable optical focusingceférising from dome-shaped ITO layer that
intensifies and concentrates the optical field imitthe NP. At short wavelengths, the lenslike
behavior is localized at the NP tip, whereas agé&nwavelengths the light field penetrates

deeper, yet confined into the nanostructure.
6.2 Device structure and photocurrent measur ements

The GaAs NP solar cells consist of a core-multiststelicture as shown in the schematic

of Fig. 6.1a.

’ 7/
n-GaAs /// /
i-GaAs .'.,9 Loty
p-GaAs T

InGaP

Figure 6.1. (a) 3-D illustration of the designed/fabricated bifte-multishell structure: the p-i-n radial jumctiis
wrapped in InGaP shell to lessen surface-stateeetisurface recombination. (b) Typical SEM imageetically
aligned NP arrays. (c) BCB planarization layer atah-back step to partly expose back the NP.
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The NPs are grown by means of selective-area MOGMIhout any metal catalyst to
foster the synthesis that could affect the deviedopmance. In brief, a Sn-doped GaAs n-core
(Np ~ 1 x 18" cm®, from planar calibrations) with 180 nm diametefiist grown. Second, a
~10 nm intrinsic GaAs shell followed by a 40 nm Zopdd GaAs p-shell (N~3 x 10° cm®)
are formed. Lastly, a5 nm InGaP window layer is synthesized to mitighte surface

recombinatiorf?

This is carried out by a careful control of the dreepitaxy in the NP in terms of
temperature and flow rates during growth. The fe@le-multishell NP height and diameter are
1.3 um and~290 nm, respectively. Figure 6.1b shows a SEM pécti a typical array growth.
The NPs are hexagonally faceted, arranged in arsdiliag pattern. Ratios of D/R0.5' are
shown to maximize the absorption in periodic GaA3 &trays; therefore a pitch of 600 nm is
chosen here. Subsequent to epitaxy, BCB is usplhbarize the NP array and, after hard curing,
etched back to expose350 nm tips. Figure 6.1c displays the partly exdod®s. On the right
half of the figure, a 80°-tilted SEM picture is pided: to notice the low variability in height,

witnessing fairly constant growth rates for the Niesoss the device.

Photocurrent spectroscopy measurements on dopeg-Gafoepitaxial layers have
shown photocurrent contributions resulting froraritinating the semiconductrAn estimated
minority carrier diffusion length between0.4 pm and~2 pm?*?? has been extrapolated for
layers at different doping concentrations. Themfar becomes necessary to rule out possible
photocurrents generated in the substrétg(s) that could be recollected by the NP arrays,

measuring a higher apparent short-circuit currensdy Jsc app) given by
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)i _ Ipusup(V=0)+Ipn,arrAY (V=0) (6.1)
SC.APP active area array )

wherelpy array represents the actual photocurrent solely outputhbyNP-array solar cell. To
separate the two addends, an area-dependent mmeastres required. Each NP-array
photovoltaic device, in fact, is grown on a cleatecm x 1 cm n-doped GaAs substrate, wherein
a NP subregion is defined as active area. Equaféh) outlines the different current

contributions. For this reason, a 0.5 mm x 0.5 rotiva array area is defined.

Figure 6.2a presents a top-view SEM picture wheue different transparent electrodes with
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Figure 6.2. (a) Top-view SEM image of a NP array with four adependent transparent contacts
photolithographically defined on top. (b) SEM migraph of the zoomed-in boundary in a. To noticedifference
between bare NP tips and conformal dome-shaped holugy once ITO is deposited. (c) Apparent
photocurrent/active area characteristics for NParsalells with increasing area. The extrapolatedsisate
photocurrent from the linear regressiorf (R 0.99) is 3.2uA. (d) Actual photocurrent density/active area plot
showing a 18.9 mA/cfrcurrent density irrespective of the device area.

80



increasing areas are contacting the NP-array:Ad, Az, and A correspond to NP-areas of
14410, 27030, 42830, and 537007, respectively. The probing pads that extend oetsi
active regions are electrically isolated from théstrate by the BCB resin. Figure 6.2b displays
a contact boundary between the bare NP tips diteptanarization process and the sputtered
contact that forms a dome-shaped ITO electrode.nmdmphology of the ITO layer is dependent
on the height of etched back NP tip as presenteBign 6.3 which shows the morphology

evolution of the dome: from absence, beginningctaa formation of the dome.

No dome
/ Beginning

Growth

Figure 6.3. Dome formation on different NP tip heights: thegess is extremely sensitive to the profile of NP t
exposed subsequent to etch-back.

A thin titanium interlayer is found to improve tlehmic behavior at the ITO/p-GaAs
interface after rapid thermal annealing. Figurects the apparent photocurrent as a function
of increasing areas. The measurements reveal & ldependence with respect to the number of
NPs contacted which are indeed responsible forctiiective photovoltaic response of the
devices. Nonetheless, the linear regression ini&scie y-axis atpysus = 3.2 pA for a zero

projected active area. This result quantifies ag#c photocurrent presumably generated by the
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semiconductor substrate under AM1.5G illuminatidhe actual photocurrent values delivered
by the NP solar cells can be extrapolated by ngtdinslating downward the linear curve to
intercept the origin. Subsequent to the correcliorthe substrate baseline, an area-independent

plot of the actual photocurrent density can be fdized as presented in Fig. 6.2d.
6.3 Results and discussion

Core-multishell NP-array photovoltaic devices aestéd both under dark and under
AM1.5G conditions. In the dark, the ideality factdrthe GaAs p-i-n NP-array is 1.86, whereas
the rectification ratio at +1 V is > 10Reverse-bias leakage currents of 48 nA at -1dicate a
high quality material, where the detrimental effetsurface states is moderated by capping the
active region with a thin, lattice-matched, higmtbgap InGaP shell. Under illuminatiovigc of
0.57 V,Jg of 18.9 mA/crf with FF up to 69% are observed as shown inhécharacteristic

of Fig. 6.4a.
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Figure 6.4. (a) Measured-V characteristics of the GaAs p-i-n NP-array soiisacunder AM1.5G. (b) CalculateH
V curve by means of FDTD simulations.
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The resultingPCE of = 7.43% represents a considerable improvement iggpect to
previous reports for GaAs NP-array photovoltaicsie TneasuredCE considers the sole
photocurrent contribution generated in the NP-argyfar, GaAs-based epitaxial NW solar cells
have been affected by lovisc values ranging from 0°20 0.24 V2 without the adoption of any
passivation scheme and depending on the differawth method. Part of the reason is related
to the large surface-to-volume ratio involved in -b#sed photovoltaics. Since the active
junction increases as well as surface/interfaceomiination rates, InGaP window layers
demonstrated to reduce the surface recombinatiguiaimar GaAs solar celf8.To gain insight
on the electronic transport under AM1.5G, FDTD, atectrical simulations are carried out
using Sentaurus TCAD software suite. The FDTD meth@as been widely adopted in
optoelectronic modeling of NPs, enabling the analysf subwavelength light trapping

mechanisms in a wave optics framework.

Figure 6.4b displays the calculatéd/ characteristics under light, introducing a residua
surface state densitysh 1 x 16° eV 'cm™. The majoVoc improvement compared to previous
NP report&?3 can be attributed to both the epitaxial windowsva$ as the p-i-n junction design.
In fact, p-i-n junction schemes have demonstratgghen Voc compared to p-n core-shell
structure$ due to a decreased dark saturation current, for didkheters as low as 200 nm.
Nonetheless, incomplete Fermi level unpinning atdarface is responsible for a lov&yc with
respect to planar photovoltaics, attributed in garta nonideal passivation. This leads to a
remainder surface recombination velocitya& = 10f cm/s after passivation. Additionally, a
complete array of NWs offers a route to large améegrations, however, is much more sensitive

to variations compared to single-NW photovoltaidsfective NPs across the whole array can

83



directly reduce the device shunt resistance. Ve of NW solar cells is an ensemble
measurement of millions of miniaturized p-n junoBoconnected in parallel between anode and
cathode, and slight variations in the electricalparties of each single NP (e.g. shunt resistance,

built-in electric field, ideality factor) may sewdy affect the overall-V characteristics.

Figure 6.5 displays th&QE of the corresponding photovoltaic NP devices. The
experimental spectral data (blue dots), taken #@® to 950 nm wavelength, shows maximum
EQE values of~70 %, with an average magnituB®Eae > 60%. Several peaks can be noticed
at different wavelengths which can be attributetheconfinement/localization of guided modes

within the NP-array
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Figure 6.5. EQE measurements (blue dots) of the solar cells frothté 950 nm. FDTD simulations are carried out
to analyze the impact of a planar (black triangkes)l a dome-shaped ITO layer (red squares) onirtakedptical
coupling performance. The latter shows a goodifylebmpared to the measured data.

As presented in Fig. 6.2b, the overlaid ITO elettronaturally assumes a dome-shaped
morphology on top the NPs due to the conformal tgpdeposition. The particularly rounded

geometry occurs from the high nearest neighboranten of the sputtering plasma among NPs
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in the highly packed array. The self-constitutedosdructured ITO layer has been reported to
have excellent light trapping capabilities duetsouinique nanophotonic effeéfs*> Nonetheless,

a high-efficiency photovoltaic device is charaded not only by enhanced solar absorption but
also a remarkable collection of photocarriers whielkuires coupling of both optical and
electrical modeling. In order to calculate the ogltigeneration rate & the Poynting vector S is

defined in the form of
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whereo is the frequency of the incident light,is the reduced Planck’s contaEtis the electric

field intensity at each grid point, ardd is the imaginary part of the permittivity. For the
electrical modeling, optical generation profileg dirst interpolated automatically to the finite-
element mesh of the NWs, and then a coupled s@owfson equation and carrier continuity
equations are solved for each meshing point to ctenphe photocurrent at every single

wavelength.

The resulting simulations (red squares and blaekdies) are presented in Fig. 6.5 and
directly compared to the experimental data (bluis)dd@heEQE curves are found to be in good
agreement within most of the wavelength range trést (400-900 nm). The two peaks located
atA = 520 nm and. = 810 nm are caused by Mie reson&htethat leads to a highly effective
coupling of incident light into the dome-shape ITr@t through a leaky channel is funneled into
the NPs. Conversely, the simulateQE curve with planar ITO shows no significant peakta
aforementioned wavelengths. This is inherent tof#twe that planar ITO only functions as a

common antireflective coating (ARC), whereas thmdeshaped ITO creates a graded effective
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refractive index profile between air and the NReratating the surface reflection in a broad
range of spectrurfl. In the long wavelength rangk ¥ 700 nm), th&QE values of the structure
with planar ITO drops dramatically as the incidegitt is less confined inside the NPs and more

dissipated to the substrate with the absence aldhee-shaped ITO.

By accurately reproducing in the FDTD simulatiomshomagnitudes and wavelengths of
the measuredQE peaks, it is possible to consolidate a clear aptipectral analysis of the
integrated NP photovoltaic devices. Figure 6.6aldis vertical cross sections of optical
generation profiles through the center of the NR. d#fferent wavelengths are outlined: 405,
505, 600, 700, 808, and 892 nm. At 405 nm where the absorption length of GaAs iidyfa
short, the majority of the photocarriers are geteerat the surface of the NP, being the most

sensitive to surface recombination and thus resyliti a relatively lower measur&fE.
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Figure 6.6. (a) Optical generation profiles calculated by FDfbbwavelengths at 405, 505, 600, 700, 808,
and 892 nm. Color map is common to all six profilesrough the dome-shaped ITO, the light is couji¢d the
NP-array, penetrating deeper into the semiconduntderial at longer wavelengths. (b) Integrated-AB@E optical
power flux within the periodic structure. Each IT#@me acts as a subwavelength nanolens, concegtriduin
optical power in the active NP region.
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At longer wavelengths, the optical field is penttrg deeper into the internal part of the NP,
generating electron-hole pairs more evenly disteébwalong the core-multishell structure. This is
witnessed by higheEQE values. Due to the fact that the NP size is coafgarto the

wavelengttf® a higher portion of the carriers is generated whke constructive interference of

light takes place.

The nanostructured ITO efficiently concentratesliiet from the top portion of the NP.
As a consequence, the photogeneration rate is\greateased. In other words, the dome-shaped
ITO acts as a nanolens layer on top of the NP-arvdyere the effective focal point is
wavelength-dependent: the high optical generaggmon (red lobes) originating from the top of
the NP migrates into the NP body for increasing el@vgths, as revealed by Fig. 6.6a. Notably,
these results demonstrate the confinement of ligtd nanoscale volumes, with minimal
photogeneration located at the substrate. Redulegxgmount of the active absorber represents a
unique advantage of nanostructures, enabling peddtiw-cost photovoltaics. This demonstrates
the capability to recycle the substrate for conseelgrowths, further reducing production costs.
Figure 6.6b exhibits a 3D power flux density ma@et-by-4 array of NPs under AM1.5G, with
the front row cut away from the middle of the sture. The figure confirms the coupling of
incident light into a 2D array of nanolenses andssguently into the whole NP array. A large
portion of the power density is concentrated witthie NP, leading to an increased local density
of optical states. The map is calculated considearsolar-spectrum-weighted incident power,
where both subwavelength effects from an infinigegriodic NP array and a domeshaped ITO

array are synergistically modeled.
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In conclusion, this chapter presents 7.43% effidefor periodic arrays of GaAs core-
multishell NP solar cells and correlate¥ andEQE measurements with FDTD simulations for a
full-wave optoelectronic analysis of the devicese@dependent photocurrent characterization
guantifies substrate current contributions thatld¢dead to an overestimation of short-circuit
current densities in NP-based solar celld/ calculations highlight a residual surface state
density N = 1 x 18° eV* cm 2 after epitaxial passivation. Full-wave calculadit with good
fidelity the EQE experimental data and allow extracting realistiotpgeneration profiles and
delving into the spectral behavior of the fullyegtated NP photovoltaic device. High optical
absorption arising from the NP matrix is a necgsbat not sufficient condition to achieve high-
efficiency NP-based photovoltaics: cohesive optarad electrical investigation of the complete
solar cells is paramount to correlate theoretieédudations with experimental results. This study
demonstrates that epitaxial window layers are resegd0 reduce surface recombination and the
dome-shape of the nanostructured ITO layer cantlgréaster the light coupling within the
periodic NP array with respect to flat ARC depasis. The confinement of optical power flux
inside the nanostructures effectively reduces theumt of active absorber with respect to thin-

film architectures, enabling substrate recyclingdactical low-cost photovoltaics.
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Chapter 7

Summary

7.1 Conclusions

anopillar photovoltaics represents an emergingradte/e to standard solar

cell technology to achieve a low cost, high effag route for solar

electricity. The presented thesis work delves itlte device design,
fabrication, and testing/characterization of NRagrsolar cells to verify the potential of 3D
radial photovoltaic junctions with respect to ttamhal 2D planar cells. Catalyst-free selective-
area epitaxy is utilized as a tool to control thk@mlradial nanostructure synthesis. The advantage
of a radial junction geometry is represented bydttrogonalization of the vertical solar photon
absorption with respect to the radial/concentriargh carrier collectioh.The optical absorption
is dependent on the NP height, whereas photogedecatriers are separated along the built-in
electric field of the core-shell junction and colied at the respective electrodes. Hence, the NP
radius is considerably smaller that the minorityriea diffusion lengttf Despite the drastic
material reduction compared to thin-films, NP satatls can be considered optically ‘thick’
while electrically ‘thin’. The former concept regeto the fact that NP arrays sustain resonant
trapping effects to enhance the photon absorptchjeving absorption values close to 100%
with as low as 10% of semiconductor material weiliZ The latter concept addresses an efficient
carrier collection that minimizes the mean pathmfrthe photogeneration of a carrier to its
effective extraction. The thesis demonstrated dla¢ization of NP-array photovoltaics exploiting

either hybrid organic-inorganic junctions or alkseonductor core-shell junctions. The
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combination of spinnable conjugated polymers andAsGasemiconducting NPs results
advantageous in terms of processability, easelwicftion, and cost-effectiveness. Nonetheless,
spin-casting deposition limits the control and 3@verage due to the high aspect ratio of the
nanostructures. Electrodeposition of conductingympelrs by means of cyclic voltammetry
allows to intimately tune both the properties o gholymer (e.g. conductivity, energy levels,
shell thickness) and the photo-diode (e.g. opetuitivoltage, short-circuit current, quantum
yield, power conversion efficiency). An optimizegdnid PEDOT/GaAs hybrid junction reached
efficiencies of 4.11%.Considerable amount of research in organic s@lés s currently aimed

to analyze the origin of the polymer degradatioardime and prolonged exposure to ultra-violet
light> In order to avoid such instability, an all-semidantor radial architecture is also
investigated. The various doped regions are grownsitu during the crystal formation.
Achieving transparent ohmic contacts to lll-V NPvides represents an active area of
investigatior® Particularly, the electrode Hall polarity shouldatch the type (i.e. n or p) of
semiconductor to contact. A portion of a NP-arralascell is characterized through scanning
photocurrent microscopy to highlight the photocntr@attern: each NP acts indeed as an
individual solar cell, connected in parallel wittetremainder of the array. The increased surface-
to-volume can be either ameliorating or detrimetaathe overall device performance. Junction
engineering is not only relegated to the two swfabe junction but extends to methods to lower
surface state densities. NP-based devices are fturmke exceptionally sensitive to surface
treatments. One demonstration showed an incre@Se&dwhen a wide-bandgap semiconductor
was epitaxially grown to cap the active radial panction. Superb surface/interface qualities are
necessary to challenge current state-of-the-artgpbtiaics. Another paramount aspect is an

efficient photon management of the fabricated sokll. The final device, in fact, generally
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comprises of insulating dielectric layers as wsllaatransparent top contact. The deposition of
ITO naturally forms a dome shape on top of each Nf& specific morphology functions as a
lens at the nanoscale, where the light field isngified and concentrated within the NP itself.
Recurring resonance peaks in external quantum iexiiy are modeled through FDTD
simulations. Junction engineering in conjunctiorthwphoton management are necessary to

obtain efficiencies as high as 7.436r GaAs NP-array solar cells.
7.2 Futurework and outlook

llI-V direct bandgap NPs offer the chance to eéfitly absorb solar radiation at a
fraction of semiconductor material utilized in egplent thin-film schemes. Yet, the scientific
community has still a long list of open questioosaahswer before entering the fierce market of
solar energy. The radial junction configuratiorb&sed on the notion that photons are absorbed
axially whereas charge carriers are collected HgdiA core-shell p-n junction creates a 3D
built-in electric field profile, buried only a fetens of nanometers away from the surface. That
introduces a strong dependence of the junctiongstigs on the quality of the surface. Surface
charges, surface states, mid gap electronic transitesulting from atomic dangling bonds, and
increased surface recombination velocity can besidened equivalent models used to formalize
the repercussions of an imperfect NP surface dmoelectrical characteristics of the diode.
Indeed, surface states modify the depletion regiafile of the junctiorf which is not solely
determined by doping levels anymore. Surface passiv can be realized in situ by means of
wide bandgap materials (e.g. InGaP) that offeahlstsolution over time. Such type of treatment
aims to reduce minority carrier recombination a turface of the nanostructdréNovel

materials (e.g. dielectrics or II-VI semiconducjoreed to be investigated to find effective
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alternatives to current passivation techniques. ithkatdhlly, axial junction geometries can be
especially promising to reduce the dark saturatiorrent (by reducing the junction area) to
obtain high \bc values. Remarkable research efforts on this freceéntly pioneered a 13.8°%
certified power conversion efficiency for InP asayf nanowires based on axial p-i-n junctions.
Dopant profiling remains a non-trivial measuremeRtoof-of-concept techniques proposed
Kelvin probe microscopy’ atom probe tomograpHy,direct Hall measuremeft,capacitance-
voltage profiling'® and field-effect transistorg,as tools to directly or indirectly infer the dopan
distributions, level concentrations, and gradiewithin the doped NP crystal. Transparent
electrodes cannot achieve the same contact resgstaitained with traditional metals. Novel
solutions such as graphene or new alloys of conuycixides could open up research routes to
increase FF above 80%. Another viable option tosbdbe efficiency is to monolithically
incorporate a secondary junction at a higher bandga. InGaP, GaAsP) to harvest power from

the highly energetic ultra-violet spectral regioarmeffectively.
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