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ABSTRACT

Programmable Metallization Cell (PMC) is a technology ptatfavhich
utilizes mass transport in solid or liquid electrolyte coupleith wiectrochemical
(redox) reactions to form or remove nanoscale metallic eldgposits on or in
the electrolyte. The ability to redistribute metal mass &oan metallic
nanostructure in or on a structure in situ, via the application of abiéeserally
placed electrodes, creates a large number of promising applications.

A novel PMC-based lateral microwave switch was fabricated
characterized for use in microwave systems. It has demtatstiav insertion
loss, high isolation, low voltage operation, low power and low energy
consumption, and excellent linearity. Due to its non-volatile natureswhich
operates with fewer biases and its simple planar geometry smpdssible
innovative device structures which can be potentially integratedmitmwave
power distribution circuits.

PMC technology is also used to develop lateral dendritic metetreties.
A lateral metallic dendritic network can be grown in adelectrolyte (GeSe) or
electrodeposited on Syr Si using a water-mediated method. These dendritic
electrodes grown in a solid electrolyte (GeSe) can be udedeo resistances for
applications like self-healing interconnects despite its relgtivew light
transparency; while the dendritic electrodes grown using wageliated method
can be potentially integrated into solar cell applications, lieplacing

conventional Ag screen-printed top electrodes as they not only regkise@ances



but also are highly transparent. This research effort ald@ Isolid foundation for
developing dendritic plasmonic structures.

A PMC-based lateral dendritic plasmonic structure is a dewae Has
metallic dendritic networks grown electrochemically on Siith a thin layer of
surface metal nanoparticles in liquid electrolyte. These tsteg increase the
distribution of particle sizes by connecting pre-deposited Ag naticparinto
fractal structures and result in three significant effectsonance red-shift,
resonance broadening and resonance enhancement, on surface péssmance
for light trapping simultaneously, which can potentially enhanae fihm solar

cells’ performance at longer wavelengths.
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1. INTRODUCTION

Electrochemical deposition has advanced from an art to a so@gac¢he
past few decades and been developed into one of the important pgoresse
electronic industries. The original purpose of using electrochemggaisition is
to increase the value of metal articles by coating theles and enhancing their
appearance (Siah). These days, the trend has turned toward sedaoents that
allow the use of cheaper substrate metals or plastics, wiillatheliver corrosion
resistance or other special physical or mechanical propéotigse surface (e.g.
conductivity, heat or wear resistance, lubrication or solderability) XSiah

Electrochemical technology entered the electronics industry about
years ago as a manufacturing process for printed circuit boards (RABY8 the
major integrated circuits (ICs) manufacturers started a hegelution of
switching aluminum conductors fabricated by physical methodsgeagoration
or sputtering), to copper (Cu) conductors produced by electrochemidabaset
(electrodeposition) (Paunovic). This change from physical to etdwmical
techniques in the microelectronics industry has spurred an enormousmtaoi
interest in electrochemical deposition. Today, this technology is exédnsi use
for processing advanced microelectronic components, including Cu chip, high end
packages and interconnects, thin film magnetic heads, microelectrameal
systems (MEMS), etc (Siah).

The fundamentals of electrochemical deposition lie in Electrogtami
which deals with the relationship between electricity and cheémiange, as its
name suggests. Metal atoms which are deprived of electrons prabess of
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oxidation become ion at one location and they are able to move under the
direction of an electric field in liquid or solid electrolyt&y the time when they
receive electrons at another location, these displacedai@seduced back to
atoms (Mitkova and Kozicki). Note that ions not only carry charge Isot lzve
substantial mass. In this situation, it is only the mass thadistributed in the
process — the atoms are detached from one location and depositedhat anot
location under the influence of an external energy source (Mitkova andkijoz
Two conditions have to be satisfied before the mass transporocar: 1. the
oxidizable electrode (the anode) in an electrolyte must be made/@@gainst
the other electrode (the cathode); 2. a sufficient bias is appl@dally greater
than a few hundred millivolts, to overcome the chemical potentialebat the
electrode (Mitkova and Kozicki). The number of atoms removed and itlsgbos
will be equal to the number of electrons that come from thereattepurce and
participate in the process. The electrodeposited mass is tigecefutrolled by the
total Faradaic charge (which takes part in the electrocla¢maaction) from the
power supply (Mitkova and Kozicki). Each reduced metal ion is offgearb
oxidized metal atom and therefore the whole electrodeposition precesdf-
balanced to prevent from forming the internal build-up electrid fMhich would
eventually annul the applied field and terminate the process (Witkend
Kozicki). To make the electrodeposition process reversible, the opptesiteode
must be electrochemically inert (not oxidizable) and the pwlafitthe applied
bias must be reversed and the rest rules in respect to a@mposihain the same
for dissolution (Mitkova and Kozicki). This dissimilar electrodeusture makes
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possible the cycling of deposition/dissolution process (Mitkova and Kidzic
Note that during the dissolution process, once the excess metal calmehfrom
the previous electrodeposition is completely exhausted, the dissolutoaspr
self-terminates (Mitkova and Kozicki).

Programmable Metallization Cell (PMC) is a technology ptatfavhich
utilizes mass transport in solid or liquid electrolyte filmsugled with
electrochemical reactions to form nanoscale metallic eléeposits on or in the
electrolyte. The potential to utilize PMC technology to redisteabuietal mass
attracts lots of interest and leads to numerous applications. Fonpéx
deposition and dissolution of metal mass, like Ag or Cu, in a solitrelge can
dramatically change electrical resistance up to some eigletrs of magnitude
and this effect is used in solid state memory to store infoomgKozicki, Park
and Mitkova); deposition of mass can be used to adjust the resorprercy of
a MEMS resonator (S. Enderling et al.) or a MEMS microphone (Sang-Sop et al.
it can also be used to block or reflect light and makes possiblelogiwiches
(Mitkova, Kozicki and Aberouette); it can be used to alter surfacpepty,
making surface more hydrophobic, and leads to applications in miesvand
other fluid/droplet control devices (Kozicki, Maroufkhani and Mitkova).

PMC devices can be categorized into vertical and lateral devasesl on
how electrodes are positioned. For the vertical devices, thelthioffelectrolyte
is sandwiched between the electrodes so that the electrodepasiturs within
the glass. In this structure, fast electrical switchiag lse realized as the distance
between the electrodes which is determined by the electifdiyt¢hickness can

3



easily reach the order of tens of nanometer or less. For exaRMIC memories
which are in need of speedy switching adopt this design, showg.iri. In the
lateral devices, the electrodes are coplanar and the electridepos between
them either on the surface of a thin film of solid electrolytena layer of liquid
electrolyte which covers the coplanar electrodes. The |lse@hgement can be
perfectly fit for applications that require large electrodepogitshange the
physical properties of a surface or applications that need mni@apacitive
coupling. Note that the capacitance in the lateral device istigifgroportional to
area that in this case is the cross-section of the electriodé 8 typically much
smaller than the area of the electrode. Fig. 2 shows an exafmplateral PMC

device, a MEMS resonator with PMC tuning scheme.

Sio,

Fig. 1 Scanning electron microscope image of a PMC memory cell crossmsect
fabricated using PMMA as the dielectric. The Ag—Ge-Se electrolyte laed si

anode are formed in a 100 nm via in the dielectric (M. N. Kozicki et al.)
4
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Fig. 2 Schematic of a polysilicon microbeam with integrated electradhge
anode and aluminium contacts (S. Enderling et al.)
1.1 Goals and outline of dissertation

This work is directed towards developing innovative PMC-basedlalat
devices, including PMC-based microwave switch, dendritic electratd a
dendritic plasmonic structures, using mass transport in eitheredekitrolytes or
liquid electrolytes for novel applications for microwave or photovoltaiesighs,
fabrications, experimentals and results of PMC-based lateral devicdseaunssed
in this dissertation. The rest of the first chapter is intendedprtvide
fundamentals and background about electrochemical deposition and PMC
technology. Chapter 2 discusses the design, fabrication, cheratber and
results of PMC-based microwave switch. Chapter 3 presentsdésegn,
fabrication, tests and results of PMC-based dendritic electrodgteCi¥acovers
the design, fabrication, tests and results of PMC-based denglasmonic

structures. Conclusions are given in Chapter 5.
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1.2 PMC technology

PMC technology is based on an electrochemical mass redistributct ef
in which mobile ions within a liquid or solid electrolyte undergo an
electrochemical process to form and erase conductive mdthhtents with a
small bias applied between two unlike electrodes. The abilitydistribute metal
masses in devices or structures in situ makes the PMC techradladgble for a
wide range of potential applications, including solid state meits, MEMS,
microfluidics, microwave electronics, optics, etc. The scient¢endethe PMC
technology will be briefly reviewed in this section.

Electrochemistry is a science concerned with the interoelat electrical
and chemical effects. All electrochemical reactions can assified as redox
reactions which can be deemed as two independent half reactiongiooxated
reduction. In the oxidation process, an atom, which loses electrons ahtde
where the oxidation occurs, is transformed into an ion. Under the guidaace
electrical field, the ion can flow in an ion conductor, which is atatied
electrolyte and can be either liquid or solid form. The displaced iiadlyf
reaches the cathode in which the reduction occurs, regains thoskedbsins and
is turned back to an atom again. An electrochemical cell is diesgyned to
combine the two half reactions in one place. A simple liquid-slatdrochemical
cell (LSE) with a battery power source is illustrated ig. B. It contains an Ag
anode denoted by M, a W cathode and a water electrolyte. An isasily
oxidizable metal while W is considered as an inert electroderrak When a
positive voltage is applied to the anode, Ag is oxidized and becomeTioase

6



ions are drawn across the electrolyte under the influence ofdatieiedl field and
deposited at the cathode resulting from the reduction (Balakrishnan):
M->M"+ € ---mmmmmm- Oxidation

M"+€->M ---mm-mmme- Reduction

@ g

o_ o
' x  aaTea

h:“"

o0

L]

Fig. 3 Schematic illustrating a simple electrochemical cell set tipaguaous
electrolyte (Schindler)

In a solid-state electrochemical cell (SSE), the liquid tedbge is
replaced with the solid electrolyte and solid electrolytes \mkary similarly to
liquid electrolytes based on the same thermodynamic principles (Riess)here
are some differences between them. Firstly, there is nctr@i¢hole) conduction
in most liquid electrolytes, while electronic conduction existsotme extent in all
solid electrolytes (Riess). Secondly, in LSESs, it is possiblertarsti replenish the
liquid electrolyte but apparently this is not feasible in SS&ess). Finally, in
liquid electrolytes both cations and anions are mobile, while in slgarelytes

only one kind of ions is usually free to move while the other immobile ions form a



solid matrix providing a frame for the motion of the mobile ion wiaah “hop”
into neighboring potential wells (Nessel et al.). According t® short-range
hopping mechanism for conduction, the ionic conductivity of solid electsolyte
can locally reach electronic conductivity levels which are@aqatished in current
semiconductors (Nessel et al.).

There are many inorganic and organic ion-conductive matddlst is
the so-called chalcogens that draw a great amount of infaréisé context of
PMC devices, mainly due to their high ion availability and mob#itynormal
device operating temperatures (Michael N. Kozicki et al.). Whenhtieagenide
is doped with metal ions by either thermal annealing or photodizsglut
ternary can be created in the form of a discrete nanoscale metalhnghase in a
continuous glassy matrix due to the nucleation of metal ions on the chalcogen-rich
regions (Nessel et al.). In such a situation, the electroltelarge quantities of
highly mobile metal ions yet has a fairly high resistivitg¢essary for a high off
resistance state) (see Fig. 4(a)) (Nessel et al.).

For example, in PMC non-volatile memory application, a base giass
G&aSe is utilized and saturated with Ag+ ions. To enable an ion current to flow in
an electrolyte, a sufficient positive bias, typically on the oodex few tenths of a
volt or more to overcome the potential barrier (chemical in naairdle cathode,
is applied across an anode which is composed of an oxidizable eleahdde
cathode. The magnitude and duration of the ion current, i.e., the totdhitara
charge will determine the amount of metal deposited. In Agrated GeSe,,
excessive Ag+ ions are formed by oxidizing Ag at the anode and ithresare
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drawn toward the cathode, under the direction of the appliedie#&dield, via
the coordinated hopping mechanism described above (Nessel et alhe At
cathode, Ag metal is re-formed by a reduction reaction withteteelectrons, as
shown in Fig. 4(b). The number of atoms electrodeposited by the redoftion
ions will be equal to the number of electrons that participatenenprocess
(supplied by the external circuit). Each reduced metal ion willep&nished by
an oxidized metal atom to prevent from forming an internaltrétefteld due to
the buildup of charge. The process will last as long as the pnoyd
voltage/current limits enforced by the external power soisroet reached or the
oxidizable metal supply is not totally consumed (Nessel etfall)e current limit

is made sufficiently high (A), an Ag conductive path is formed to connect the
two electrodes (Fig. 4(c)) with no power required to sustgiNassel et al.). To
be able to reverse this process, the original cathode must be made
electrochemically inert (not oxidizable) and the polarity of bi@s must be
reversed (Nessel et al.). The Ag metal bridge is dissolvedegmaukited back onto
the original anode in order to maintain the balance (Fig. 4(d)) (Nesdgl &rece
the electrodeposit is completely dissolved, the process teamiitaelf (Nessel et

al.).
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Fig. 4 Device operation. (a) switch is off, (b) small bias forces electnons i
cathode to reduce silver ions in substrate, (c) process halts when path is formed,
and (d) process is reversed with application of reverse bias (Nessgl et al
(Ratnakumar).

The electrodeposition is a Faradaic process; however, thesoia aon-
Faradaic process that occurs in the SSE, which somehow dffedtsn velocity.
In case of non-Faradaic processes, the behavior of the elediotielgte
interface is similar to that of a capacitor with a cajpeacie in the order of 1'd
F/um2 and resistance around*1@.um2 for a typical solid electrolyte under
small applied bias (Waser). This is called the electrochemical doubtealagy¢he
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capacitance associated with it is called the double layecitapee. Most of the
applied voltage will be dropped across the double layer, whiclpisatly a few
tens of nanometers thick and the field will therefore be in the ofde@ V/cm.

For best solid electrolytes with a typical mobility in the oroet0® cnf/V s, the
effective ion velocity can be as high as 1 m/s (Mitkova and Kozi&kith high
ion velocity makes PMC technology a good candidate for fast lEwic

applications like microwave switches or memories.
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2. PMC-BASED MICROWAVE SWITCH
2.1 Introduction

The market volume of portable electronic devices equipping wireless
interfaces has been increasing recently. Mobile phone production volewe gr
from 680 million units to 1,400 million units in the past five years (Anddhe
demand for multiband, multimode band switching at low insertion loss while
maintaining excellent linearity in mobile phones is driving thednéor RF
switches. A novel PMC-based microwave switch was developed thas shiow
insertion loss of ~0.5dB, excellent linearity up to 6 GHz, isolation38dB, low
voltage operation (1V), low power W) and low energy (J) consumption.
This research project was cooperated with NASA Glenn Res€ater (GRC).
| was involved in device fabricating and processing improvemetie T
simulations and measurements were performed at GRC.

In this chapter, the basics and key parameters of microwatehswiare
explained first, followed by the introduction and discussion of the navi€-P
based microwave switch.

2.2 The basics of microwave switch

Switches are a simple but vital component of all microwaveuitirc
systems and a very basic definition for such a component iste@hgs/a device
for making or breaking an electric circuit and is capablercniting signals
between a system and devices for enhancing their flexibiity expandability
(varadan et al.). Fig. 5 presents two simple switch configuratin an electric
circuit.
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At high frequencies, many issues relating to performance ofcamaoyit
also apply to switches. The most important are:

- Insertion Loss versus frequency (bandwidth)

- VSWR versus frequency (mismatch)

- On-off isolation (feed-through) and isolation to other circuitry (crosstalk)

- Power handling

- Switching speed

Series Shunt
Z, switch Zy switch
-'.“.'.*m’_o_,_--"’ _O__J /l\ MWW —o :»;
I'\,_JI

4y L=

o]

WA

g

(a) (b

L

=

Fig. 5 Typical switch configurations: (a) series switch, (b) shunt switcle: Mot
impedance (Varadan et al.)
2.2.1 Insertion loss

The insertion loss is the attenuation between input and output ports of the
switch, when the switch is in the "ON" state. It is a meaf a microwave
switch’s efficiency for signal transmission. Insertion loss ba defined by the

power drop or voltage attenuation caused by the switch on a signal:

Insertion loss (dB)=101og, (Pout) =20log, (Vou) (Jhangiani)

or specified in terms of the transmission coefficient, B dBs, between
the input and output ports of the switch circuit.

IL=-201log,,|s,;| dB (Wikipedia "Insertion Loss")
13



Insertion loss occurs due to parasitic capacitance, inductanistames,
and conductance that reside in the circuitry of the switch. ABethgarasitic
components contribute to weaken and degrade the signal that the wities
(Jhangiani). Resistive losses at lower frequencies and skin-dégtts et higher
frequencies are the dominant causes for losses.

2.2.2 Voltage standing-wave ratio (VSWR)

VSWR is the ratio of reflected-to-transmitted waves. Aigher
frequencies, signals are transmitted in the form of waves whgsing through a
transmission line or cable. Reflections occur when such signalstipasgh
different media (such as components with unmatched impedances) &angi
a switch module, this mismatch occurs due to slight variances mateastic
impedances of the connector, the PCB traces, and the actual itsdfy
(Jhangiani). The reflected wave combined with the input sigtterencreases or
decreases its net amplitude, depending on the phase of the refleitiiorspect
to the input signal (Jhangiani).

2.2.3 Isolation and crosstalk

Isolation is defined as the magnitude of coupling of a signal in the off state,
which can be measured as S21 between the input and output oftaiswite off
state. A large value of S21 (in decibels) indicates good isolafibangiani).
Crosstalk is defined as the magnitude of undesired coupling of a sigtween

circuits (such as separate multiplexer banks on an RF module) (Jhangiani).
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2.2.4 Power handling

Microwave power handling assesses the efficiency ofyicey the RF
signal in a switch. One commonly assumes that the outpuemlevel follows
the input power linearly before it hits a certain point alads to lose its linearity.
This point is generally defined in terms of a 1 dB compeoasgioint, which is
borrowed from the amplifier industry (Varadan et al.). ThelB compression
point is defined as the input power level at which the switch insetbss
increases by 1 dB over its low-level with respect to linearity (Varatiah).

2.2.5 Figure of merit

The switch’s on-state impedance is determined by resistamtcéa off-
state is determined by capacitance at microwave frequel¢igsdirect current
the off-on impedance ratio can be used to characterize a switchmpbkdance
ratio for a simple microwave switch is

Zratio =Zon/Zoff = jwCR.

The ratio is frequency-dependent since the off state is deiednty a
capacitance. The product of CR is a characteristic numbed dhke figure of
merit (FOM) of a switch (Grant, Denhoff and Mansour).

FOM=CR

A smaller FOM means the on impedance is small with redpdtie off
impedance, which also means better performance typically (Grantydif and
Mansour). The reciprocal of the FOM is called the cut-of§dency. A better

switch element can be made by reducing R while C is held cdnstaby
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reducing C while holding R constant. In an ideal situation both R ardnC
reduced (Grant, Denhoff and Mansour).

2.3 PMC-based microwave switch design

2.3.1 Introduction

Four existing main switch technologies have been reviewed amatine
advantages and disadvantages are summarized as follows. The comsexhly
microwave switches are mechanical switches (coaxial andeguade) and
semiconductor switches (p-i-n diode and FET). Mechanical coaxial and
waveguide switches have the advantage of low insertion loss, largtatef
isolation, high power handling capabilities, and are highly lineawdver, they
are bulky, heavy and slow. Oppositely, semiconductor switches suphi-as
diodes and FET offer much faster switching speed and are snmab&re and
weight, but are substandard in insertion loss, DC power consumptionijoisolat
and power handling than their mechanical counterparts (Grant, Deahdff
Mansour). MEMS switches are one of the potential candidates taceepl
conventional switches. They promise to offer the high RF performartédoa
DC power consumption of mechanical switches, and the small sizghtvaid
low cost features of semiconductor switches, but are at thetodiability and
speed due to their moving parts.

Compared to aforementioned microwave switches, the PMC-based later
switch offers several unique features due to its electroca¢mature. Firstly, the
process is non-volatile. Power is only required to change states but not tomaintai
a particular state (ON or OFF). Consequently, fewer bias opesadre involved.
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The process is also low energy, requiring on the ordetJab operate. Power
consumption is thus comparable to MEMS devices. There are no movisdgsa
in MEMS devices), eliminating this point of failure and enhag@peed. Merely
on the order of tenths of a volt is needed to activate a PMC deujperi@ to
solid state and MEMS-based switches. The switching speed is ipbyent
competitive with solid state switches because metal ion condyatiihese base
solid electrolytes is comparable to electron conductivity in semauctors.
Finally, fabricating PMC-based switches requires only ag l#8l five processing
steps, using conventional semiconductor fabrication tools. This lead#s to a
unmatched ease of integration and reduction in cost, compared to saidrsiat
MEMS devices, which may need several sacrificial layers amsks for
fabrication (Nessel et al.).
2.3.2 Reference design

The preliminary design of a microwave series switch isasea simple
two electrode coplanar geometry. A reference design layoubeaseen in the
microphotograph of Fig. 6. Two electrodes (~50 nm) of dissimilaalsa€ig
anode, Ni cathode) are deposited onto a thin film (~60 nm) of silverasad
GeSe glass on a 50Qm thick quartz substrate, (= 3.9). A gap of 2-10@m
separates the two electrodes. Several iterations provided thewfaaknfor an
optimal geometry based on the nanoionic material characteratatscoplanar

layout.
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2.3.2.1 Device fabrication

The reference design of a microwave series switch is basedsonple
two electrode coplanar geometry comprising an Au bottom groundaalecta
quartz substrate, the solid electrolyte, an inert electrodeaid) an oxidizable
electrode (Ag). Fig. 7 shows a schematic drawing of the deVaéabricate the
test structures, a 60 nm thick 4Se; layer was deposited by thermal evaporation
(Edwards 1) onto a 500 um thick quartz substrate with a pre-depositgehénud
plate. A 20 nm thickness Ag layer was deposited in the same equipnemtas
dissolved into the base glass by photodissolution at room temperatage usi
exposure to ultraviolet light from a 405 nm broadband source with anyenerg
density at the wafer surface of 1 J/cm2. Following photodissolution, a 50 nm thick
Ni cathode was deposited by electron beam evaporation (CHA1l) and an
additional 50 nm thick Ag anode was added by thermal evaporatiora(&sii)
to ensure a continuous oxidizable source for electrodeposition. The pflovess
for the fabrication is illustrated in Fig. 8.
2.3.2.2 Device measurements

To measure the RF performance of the devices, the test sawgies
individually diced and mounted onto a structure as shown in Fig. 9. Thet circui
was connected to an Agilent E8361A Vector Network AnalyzeNAY to
determine the isolation £{Sin the OFF state) and insertion loss A& the ON
state). VNA calibrations were performed in two stages: onesuneaent was
taken from 400 MHz to 4 GHz and another from 4 GHz to 22 GHz. An Agilent
E3646A DC Power Supply was utilized to turn the device ON and Ofifal |
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measurements were pormed using current limits of 100 mA and (typic
voltages of 1-3 VFig. 10 and Fig. 12provide representative plots of dev
performance as they were cycled repeatedly bet@d¢®OFF states for the low:

and higher frequency ranges, respecti

Gap in Switch

Fig. 6 Microphotograph of coplaniPMC-based switch reference design

2-100 pm

S0mmAg

500 pm Quartz

ZANTAU:

Fig. 7 Schematic of BMC-based microwave switalith reference desi¢
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20 nm Ag
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500 uym Quartz
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(a) GeSe glass deposition, thin Ag deposition followgdJV sample flooc

exposure for Ag diffusion and solid electrolyterfatior

Ag anode mask

Photoresist

500 um Quartz

ZAUAY!

(b) AZ 4330Photoresist spin for Ag anode lithogra
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(c) Ag anode patterning and develoy
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(d) Ag anode electrode metallizat
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(e) Photoresist lift-off

Ag anode mask

900 pm Quartz

2 Ay

(f) AZ 4330 Photoresist spin for Ni cathode lithaghy
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(9) Ni cathodepatterning and developi

0 nm Ni Photoresist
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(h) Ni cathodeslectrode metallizatic
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50 nmAg 50 nm Ni

500 uym Quartz

ZmAY

(i) Photoresist lift-off
Fig. 8 Rocess flow for the fabrication PMC-based microwave switel with

reference design

Fig. 9 Chalcogenidbased witch mounted to test structure
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2-Terminal Switch Transmission (A4)
5um gap/ GHz design
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Fig. 10 Representative plot of device performance when cycled between ON/OFF
states from400 MHZ to 4 GHz. This particular device containedra §ap and
was designed for 1 GHz operation. Switching was performed utilizing 3V/100mA
current limit (tested at GRC)

Initially, the switches tend to show good OFF state isolatidheatower
frequency range. For example, at 1 GHz, isolation of better thdB 28r nearly
all devices was observed, with poorer performance as the frequenayonessed
(regardless of design frequency). A figure of merit for at@dvws OFF state
isolation is to achieve better than 20 dB isolation, with an optintalhfigured
switch operating at better than 40 dB. The poorer performance ofdeeses is
likely attributable to the coupling through the substrate and terete edge.
The isolation is determined by the off state capacitancechwlian be

approximated by mainly a series capacitgrp@see Fig. 11). &y that is the
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coupling between the electrodes including the substrate effiediecestimated by
(Ishii)
Cygap= 0.5[Co(&efr) -0.5C(get)]
Coleer) = 9.6€/9.6) (g/w) ™ exp(Ko)w ~ (pF)
Celeern) = 9.66¢r9.6)f(g/w) " exp(Kw (pF)
mO = w/h[0.627-In(w/h) - 0.3853]
Ko = 4.26 — 0.631-In(w/h)
me = 0.8675
Ke = 2.043(w/hj*?
where the typical width of these electrodes w = 1 mm, the thiskhe=
500 um and the gap between two electrodes gun2e.s is the effective relative
permittivity of the substrate and can be calculate by using
/GCw=1G+1/G—
U(eefr-eol-w)/h = 1/€1-0-1-W)/hy + Lg2-e0l-W)/hy —
getf = N/( N/ €1 + o/ &)
where the typical length of these electrodes | = 5 mm, tlo&krtess of
GaSe hy = 60 nm, GegSe ¢ = 60, the thickness of Quartz & 500 um and
Quartze; = 3.9. Substituting all the numbetss is 3.9 and the estimated, o~
6x10% F. This value is very close to the OFF state capacitagicelated from

the isolation measurement results shown in Fig. 10. The isolation is expressed by

1

14—
(47choffZ0)

Iso = 10logy,
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where f is the frequency, o is the OFF state capacitance apfgl is the
characteristic impedan and typically 50Q. Using the isolation measuremt
results (27 dB) in FiglQ at 1 GHz, Gy is estimated about 7xtHF. The gap
series capacitancegf is the dominant component in OFF state capacitan
and is relatedo the widtls of the electrodesThus, by reducing the width of tl
electrodes, the OFF state capacitance can be Idwemd so the OFF ste
performance can be further improv Additionally, the OFF state performanc
worsened as the switcwas repeatedly cycled. This is likely asuét of the
persistence of silvenanowires present within the gap evelOFF state (seFig.

13 and Fig. 14liscussed later in is section).

g2 500 pm Quartz

ZAImEA

Fig. 11Schematic drawing of off state capacitanca PMC-basedicrowave
switchwith reference desig
In the ON state, inserticlosses of approximately 7 to 10 dB were nor

and good repeatability over several cycles werentamied at the lowe
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frequencies. However, a good RF switch should be capable of obtairiteg be
than 1 dB of insertion loss, especially at low frequencies. Fhaninsertion loss
measurement results, the ON state resistances can bwtestiby using the
equation

IL = 20log[1+Rs/(224)]

where Rs is the ON state resistance af Zhe characteristic impedance
and typically 50Q. At 1 GHz, the insertion loss is about 10 dB and the ON state
resistance, including the electrode resistances, metal nanddeedrite)
resistances and contact resistances, is calculated aroun@.ZP@e measured
average resistances of these electrodes are abaQt (8fically 15Q the Ag
electrode and 5Q for the Ni electrode). The resistance of metal nanowires can be
estimated around 0Q for 10 mA current compliance as the resistance of metal
nanowires is proportional to the reciprocal of the compliance cuineihiBaliga,
Ren and Kozicki). Thus, contact resistances are responsible for the restotdlthe t
ON state resistance.

The high electrode resistance and contact resistances ohd\gNia
electrodes accounts for the increased insertion loss. It willitbkeal to reduce the
resistive loss as much as possible.

Images were taken of several devices when cycled betwee@RBN/
states. It was identified that at high current limits and/anyncycles, severe
degradation of the silver electrode occurred, which can be séeg. ifh3. It was
later determined that this degradation could be delayed by egdower applied
current levels as indicated in Fig. 14, where a current lint wfA was utilized.
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However, silver electrode degradation still occurred if the @ewias allowed to
repeatedly cycle. Further, lower current limits implieshkeigresistance nanowires,
which impact the insertion loss of the switch when ON, as showmeist ON-
state plot in Fig. 15. In this example, insertion losses were@zsen the order

of approximately 12 dB.

2-Terminal Transmission (AB-HF)
Sum gap/10GHz design

OFF
=(IN1

PV //\ =

/
P%
DD
1

Frequency (GHz)

Fig. 12 Representative plot of device performance when cycled between ON/OFF
states from 4 GHz to 22 GHz. This particular device containegha &ap and
was designed for 10 GHz operation. Switching was performed utilizing

2V/100mA current limit (tested at GRC)
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Fig. 13 Photographs of electrodes in (a) initial state, (b) ON1 state, (c) GH€2 st
(d) ON2 state, and (e) FAIL state (zoomed out). Circles provide a referente f
photograph to photograph. Device: 10um gap using a 2V/20mA current limit

(tested at GRC)
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Fig. 14 Photographs of electrodes in (a) initial state, (b) ON1 state, and () OFF

@ Ty ©

state. Circles provide a reference from photograph to photograph. Notice no
significant degradation in silver electrode. Device: 20um gap using a 1V/5mA
current limit (tested at GRC)

2-Terminal Transmission Loss (A10)
20um gap/1GHz design
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Fig. 15 Plot of device performance when cycled between ON/OFF states from
400 MHz to 4 GHz. The lower current limit results in higher ON state insertion
loss (12 dB). This particular device contained ai@0gap and was designed for 1

GHz operation (tested at GRC)
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2.3.3 Reference design with Au-plated electrodes

The switches with the reference design were coated witm-thick Au
to improve the resistive loss (see Fig. 16). The process flovindoiabrication is
almost the same as the previous reference design except Au batitige top
electrodes. Au plating was performed at GRC. The insertion losdtsresme
shown in Fig. 17. From the insertion loss measurement results, theta®
resistances can be estimated aroundX3% using the equation

IL = 20log[1+Rs/(224)]

where Rs is the ON state resistance af Zhe characteristic impedance
and typically 50Q. Thicker electrodes significantly improve the ON state
performance by reducing the electrode resistances and camsistances
compared to the reference design’s Z2ON state resistance, but unfortunately
also worsen the OFF state performance due to higher capacitee@aging. In
this design, the capacitive coupling was increased owing tohiahicknesses of
the electrodes were increased by 40 times (the added Au layergrarthizk and
are 40 times the original Ag and Ni layers which are only 50 mok)t as the
capacitance is strongly related to the thickness of the ellestr A taper width of
transmission line can be designed to decrease the edge cowgpegtance by
reducing the area.
2.3.4 Serrated tapered design

To improve the OFF state performance, the anode and cathodedssct
both were redesigned to have multiple tapered edges towards tliEigafp8).
The process flow for the fabrication is the same as the prewaferemce design
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with Au plating Dbr the top electrode<The typical switch characteristics ¢
shown in Fig. 19The OFF state performance sled a slighimprovemeniover
the previous iteratiodue tothe reduced edge coupling capacitamtech results
from a small decreassf the widths of the electrodes and a littiereas of the
average distance between the electrodes, whilepstisessed good ON sti
performance. Howevetarge silver electrodepositFig. 20 which were create
during switching process were observed due to s@nrand become difficult t
remove. Aftera few cycles, these large residual silver elecipodits seriousl

worsened the OFstate performanc

2-100 pm

"
[

ZHimay ZImAU

oUnmaAg 50 nm Ni

500 pym Quartz

ZAImA

Fig. 16 Schematic of BMC-based microwave switchith reference design ar

Au-plated electrodes
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Fig. 17 Initial insertion loss (S21) of the reference switch in the ON state has
improved to better than -5 dB over the 1 to 4 GHz range, whiledlaion (S21)

in the OFF state is better than -15 dB (initially), but continues to worsen over

Au-Plated Conductor Transmission/Isolation
(2-Device Chip)

05 1

15

2 25
Frequency (GHz)

45

OFF0
—ON1-1V10mA
—OFF1-3V20mA

ON2-1V20mA
—OFF2-3V20mA
——ON3-1V10mA
——OFF3-3V20mA
—ON4-1V20mA

OFF4-3V20mA
——ON5-1V50mA

OFF5-3V20mA

ON6-1V100mA

several cycles. After 6 cycles, the distinction between ON and OFH is stil

evident, but not good enough (tested at GRC)
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Serrated Edges

100.0 Micrometers

Gap in Switch

Fig. 18Microphotograph of coplanar nanoionic switch seuaapered desi
(tested at GRC)
2.3.5 Tapered design

To reduce the serration effect while preserve #peit electrode desig
the serrated anode and cathode electrodes werdiedoth a singl-tapere«tip
transmission line which tapers to a higher impedatiin extension (narrowe
width) towards the gaf@-his design proves to be the best out of four ftena anc
showsan insertion loss of ~0. dB, isolation of >30dB, low voltage operatio
(1V), low power (uW) switching, and excellent linearity up to 6 C (Nessel et
al.). The fabrication and characterization will be prged in detail in th

following section.
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Fig. 19 Both ON state (RED) and OFF state (BLUE) are better than préwious
design iterations but not as good as the tapered design iteration whibke will

discussed in the next section (tested at GRC)

Fig. 20 Atomic Force Microscope image of silver growth in gag strrated edge.

Note the rather large formation of silver right at the electrode tie@edtGRC)
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2.4 PMC-based microwave switch fabrication

The tapered design of a microwave series switch is basedimpla svo
electrode coplanar geometry comprising a bottom ground electrodearé
substrate, the solid electrolyte, an Au-plated inert electrogea( an Au-plated
oxidizable electrode (Ag), and a passivation layer. To fabricateeghetructures,
a 60 nm thick Gs5e layer was deposited by thermal evaporation (Edwards 1)
onto a 500 um thick quartz substrate with a pre-deposited Au groued Al20
nm thickness Ag layer was deposited in the same equipment and ssabveti
into the base glass by photodissolution at room temperature ugpogues to
ultraviolet light from a 405 nm broadband source with an energy deatsihe
wafer surface of 1 J/cm2. Following photodissolution, a 50 nm thickattiode
was deposited by electron beam evaporation (CHA1) and an add&Onain
thick Ag anode was added by thermal evaporation (Edwards 1) toeeasur
continuous oxidizable source for electrodeposition. A simple photoresist
passivation layer atop the “active” area was implemented to daqwiotection
(Nessel et al.). Both electrodes (Ag anode, Ni cathode) arplad®d to 2um
thick. Note that the tapered lines in the electrode tips werdungiated as they
were passivated by the passivation layer and therefore tlendisses of these
lines were not increased by the added Au layers. A gap @frl8eparates the
two electrodes. Within this gap, an Ag-saturateg38eelectrolyte represents the
active area of the device. A representative circuit layout lma seen in the
microphotograph of Fig. 21 and a device cross section is shown in Fig. 22 (c
50-transmission line tapers to a higher impedance (narrowed wadthyds the
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gap. This tapering effect helps to reduce capacitive coupling iavilieh in the
OFF state, but remains the primary source of loss in the &8l §llease refer the
process flow for the fabrication of this microwave switch withtd@ered design
to Fig. 8 and Fig. 22. Fig. 22 supplements the extra processing stepl, axe

not included in Fig. 8, to complete the device.

100.0 Micrometers

Fig. 21 Microphotograph of tapered coplanar PMC switch design (tested gt GRC
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Passivation layer mask
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(a) AZ 4330 Photoresist spin for passivation lditaography
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(b) Passivation layer patterning and develo
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Passivation layer

(photoresist)
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(c) Au plating for top electrodeperformed at GRC)

Fig. 22 Extra pocess flow for the fabrication PMC-basednicrowave switces
with tapered design

To operate the device, a voltage of 1V and a cuinert of 10 mA were
used. Increasing voltages improved growth ratesreds lifting current limit
reduced the overall resistive loss of the eleceadbally grown metallic
dendrites, but induced higr power requirements to operate the switch
positive voltage relative to the Ni (inert) electeois applied to enable silv
growth and set the device to the ON state. Rewgrpwmiarity of the applie
voltage erases the electrochemically grown silnd sets the device into the O
state. Fig. 23s a microphotograph of the conductive metallichpatys that forn

when the device is ON. From the it of Fig. 23 an atomic force microscoj
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image shows that much of the silver growth occurs on the surfdbe tfin film
(Nessel et al.).
2.5 Measurement and results
2.5.1 Insertion loss and isolation

To measure the microwave performance of the device, test sawgiles
individually diced and mounted onto a brass mounting fixture (Fig. @ cirbuit
was connected to an Agilent E8361A Vector Network Analyzer in order t
measure ON state insertion loss and OFF state isolation. AenA§3646A DC
Power Supply was utilized to provide the necessary voltage/ciorehange the
state of the device (nominally 1V/10mA (ON) and -1V/10mA (OFE)plot of
these results is shown in Fig. 24 for a typical nanoionic switcm fne plot, it is
observed that an ON state insertion loss of ~0.5 dB is achievabieanvOFF
state isolation of better than 35 dB over the DC to 6 GHz band. Ties gap
capacitance, &y that is the coupling between the electrodes including the
substrate effect and also the dominant component in the OFFcafaeitance
can be estimated by (Ishii)

Cygap= 0.5[Co(&efr) -0.5C(get)]
Coleer) = 9.6€/9.6) (g/w) ™ exp(Ko)w  (pF)
Celgern) = 9.66¢r9.6)(g/w) " exp(Kw (pF)
mO0 = w/h[0.627:In(w/h) - 0.3853]
Ko = 4.26 — 0.631:In(w/h)
me = 0.8675
Ke = 2.043(w/hj*?
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where the width of these electrodes w =@, the thickness h = 5Q0m,
the gap between two electrodes g gnd and the effective relative permittivity of
the substratees = 3.9. The estimated g ~ 3x10' F by substituting all the
numbers into the equations. The OFF state capacitance can ldatedlérom the

isolation measurement results shown in Fig. 10. The isolation is expressed by

Iso = 10logqo |1 +

T
(47TfCofon)2

where f is the frequency,qfis the OFF state capacitance andiZthe
characteristic impedance and typically 80 Using the isolation measurement
results (40 dB) in Fig. 10 at 1 GHz(ds estimated about 2x1OF. This value
calculated from the measurement results is very close tostimeaged G.p and
agrees very well with the prediction made in section 2.4.2 whicbdsthat the
OFF state capacitance can be lowered by reducing the widtihes efectrodes. In
this design the 2@um tapered transmission line was 50 times smaller than the
reference design which has 1 mm wide electrodes.

These measured results are comparable to MEMS and solid state-based RF
switch performance in the same frequency range. At frequenuieb greater
than this, the series switch design tends to perform poorly, mangagood
insertion loss characteristics, but reducing isolation (due to ¢mea@dge
coupling at the gap). Further, repeatability of this performancesexeral cycles

also requires improvement (Nessel et al.).
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Fig. 23 Microphotograph (larger image in figure) and associated Atomic Force
Microscope (AFM) image (smaller inset on right) of PMC-based switch in the O
state (tested at GRC)
2.5.2 Linearity and power handling

Power measurements were performed using an Anritsu ML2437A power
meter and Anritsu MG3691B signal generator. A switch was mountedheon t
same brass mounting fixture while various frequencies (500 MHz — Z) GH
varying power were fed into a switch. Attenuation pads at the anpibutput to
the switch were used to reduce signal reflection within theesyd-requency and
power range limits were determined by the dynamic rangleeo$iggnal generator
and available components. From Fig. 25, devices, typically demonstratadtly
over the range of measured power from -20 dBm to +20 dBm, werevebser

with device breakdown typically occurring at ~400- 500 mW. Furtih@ichange
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is evident in the power transfer curve at different frequenofesperation,

demonstrating the device’s wide bandwidth operation potential (Nessel et al.).

Typical ON/OFF Characteristics of
Nanoionics-based Switch

0 T — —

| |
51 ON State Insertion Loss

-10
-15
=20
=
=25
o~
“ 30
=35 I—y
M
45+ :
OFF State Isolation
50 i i
1 2 3 4 5 =3
Frequency (GHz)

Fig. 24 The insertion loss (S21) of the switch in the ON state is better than -0.5
dB over the 1 to 6 GHz range (commercial ISM Band), while the isolation in the
OFF state is better than -35 dB (Nessel et al.).
2.5.3 Speed

The travelling distance of the electrodeposit regulates the spked
operation of the nanoionic switch. The wider the gap between elestimdine
longer the response time of the switch is. Though the switching speechot
directly measured, results inferred from (Michael N. Kozidkale) indicate that

the electrodeposition rate of silver within a chalcogenide glassrezch at a
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velocity of approximately 1 nm/ns. Therefore, for auh® gap, a switching speed
of around 1Qus is expected. Apparently the smaller the gap size isatiterfthe
switch operation is, but other considerations such as OFF stat#isdimit the

optimization of speed, at least for a coplanar-type structure (Nes&él et a

Power IN vs. Power QUT for a typical
Nanoionics-based Switch

25
T 15 ff""
@
T 5 Pl
S 5 / — — 500MHe]
5 - - 1GHz
2 15 GHz |
& -~ -+ =:4GHz
-25 I I I I
-20 -10 0 10 20 30

Power In (dBm)

Fig. 25 Power transfer curve of a typical PMC-based switch over its operating

range for frequencies between 500 MHz and 4 GHz (Nessel et al.).
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3. PMC-BASED DENDRITIC ELECTRODE
3.1 Introduction

The photovoltaic industry has been booming for almost a decade in
request of new clean and sustainable energy alternatives & gfldossil fuels,
and the majority of new manufacturing capacity is based onitnaalitscreen-
printed solar cell technology which takes well over 50% sharatefnational
markets. In spite of the maturity of this technology, the celigdestill suffers
from a number of performance limitations that reduce the céiezities. One of
them is front screen-printed contacts (Mai et al.).

Using screen printed contacts is a performance/cost tradeeafted out
by Green and his colleagues from the University of New South SNBINSW)
(Miles, Hynes and Forbes). Major factors that contribute to tHerpgance/cost
trade-off include high shading losses, high resistivity of theescprinted silver
grids compared to pure silver (3x as high), high contact rasisthetween the
grid and silicon and poor aspect ratio (Miles, Hynes and Forbdgjesle factors
combine to reduce device efficiencies to approximately 14% ¢MHnes and
Forbes).

The top contact electrode is often formed as a series ofwigl®ars with
somewhat narrower branches extending between them. The dimensibeseof t
electrodes (e.qg., their line widths and the spaces between them) are géargall
due to manufacturing cost limitations. The relatively largecsphetween
electrodes can create a high series resistance betwseeartknt generating sites
and the top electrode, leading to inefficient energy collection thamareas of the
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current generating structure that are farthest from the elestrdehcking the
electrode structures more tightly is not a suitable solution,gasader amount of
electrode material will shield the current generating meltélom solar radiation,
thereby rendering it useless for energy generation. Accordingbing
conventional techniques solar cell designers have to sacrificgef current
collection in order to avoid blocking too much of the absorber layer hgim
leading to an inefficient use of the current collecting mateaatl therefore to
lower energy generated per unit area.

A PMC-based dendritic metal electrode was developed to be @ditenti
integrated with solar cell devices. A metallic dendritic nekn@an be grown in a
solid electrolyte to harvest current, or grown on either insulaker $i0G, or
semiconductor like Si using water-mediated method without involvingsahg
electrolyte.

These dendritic structures can make possible optimizing thectoact
electrode with minimized resistance and shading loss if theydeaufficient
lateral conductivity without sacrificing a big deal of ligharismission. The real
estate taken by the conventional screen-printed top metalhzatould be
significantly cut down and the shading loss could be greatly minimized as a result

In this chapter, a review of the solar cell technologies is preddirst,
followed by the introduction and discussion of the dendritic electrode technology.
3.2 Solar cell technology overview

The photovoltaic effect was first discovered in 1839 by French phiygic
E. Becquerel. In1883, Charles Fritts built the first solar cettdgting a thin layer
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of gold onto the semiconductor selenium to create the junctions buevioe cit
that time was only around 1% efficient. It was not until 1954 thatfitisé
practical solar cell device was built when Bell Laboratorigs decident
discovered that silicon doped with certain impurities could be #ghsitive
(Wikipedia "Solar Cell from Wikipedia, the Free Encyclopedia").

Extensive research has been done on exploiting photovoltaic effect for
energy conversion and a handful of materials and processes can pypterdiae
it, but in reality nearly all photovoltaic energy conversion employs the foqmof
junction in connection with semiconductor materials (Bowden).

Fig. 26 shows how a solar cell directly converts sunlight intatredeyg.
Incident sunlight with energy greater than that of the band gaphitisabn the
solar cell can generate electron-hole pairs (Bowden). Hutrehs and the holes
are separated by the existing electric field inside a yntjon. The connected
emitter and base of the solar cell are utilized to collecekbetrons and the holes
and allow the light-generated carriers to flow through the extamineuit to
generate current (Bowden). However, these electrons and hdlesxist, on
average, for a length of time equal to the minority carrfetithe before they
recombine (Bowden). This recombination will kill then the light-gates

electron-hole pair and no current can be produced (Bowden).
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Fig. 26 Cross section of a solar cell (Bowden).
3.2.1 Equivalent circuit of a solar cell

An ideal solar cell may be modeled by a current source in plavath a
diode; in real life an ideal solar cell does not exist and thalmuat resistance and
a series resistance component may be added to the model. TiEnges
equivalent circuit of a solar cell is shown in Fig. 27 (Wikiped@alar Cell from

Wikipedia, the Free Encyclopedia”).
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Fig. 27 equivalent circuit of a solar cell (Wikipedia "Solar Cell from Wikipedi
the Free Encyclopedia®),
3.2.2 Characteristic equation

From the equivalent circuit it is obvious that the current producetidoy t
solar cell can be expressed by (Wikipedia "Solar Cell frorkiM#dia, the Free
Encyclopedia®)

=1 —1Ip—IsH

where
| = output current (A)
| = photogenerated current (A)
Ip = diode current (A)
Isy = shunt current (A)

The current through these elements is governed by the voltage thenoss

(Wikipedia "Solar Cell from Wikipedia, the Free Encyclopedia"):
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V;=V+IRs
where
V;j = voltage across both diode and resistor RSH (V)
V = voltage across the output terminals (V)
| = output current (A)
Rs = series resistanc&)
By the Shockley diode equation, the current diverted through the diode is

(Wikipedia "Solar Cell from Wikipedia, the Free Encyclopedia®):

qV:
In=1I, {exp {ﬁ} — 1}

where
lo = reverse saturation current (A)
n = diode ideality factor (1 for an ideal diode)
g = elementary charge
k = Boltzmann's constant
T = absolute temperature
At 25°C, kT/g=0.0259 volts.

By Ohm's law, the current diverted through the shunt resistoikgi®dia

"Solar Cell from Wikipedia, the Free Encyclopedia®):
V;
Rsy

Jr.’:':'}-I -

where

Rsy = shunt resistanc&]
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Substituting these into the first equatigives the characteristic equati
of a solar cell, which relates solar cell pareers to the output current a

voltage Wikipedia "Solar Cell fronWikipedia, the Free Encycloped)a”

qﬂfHRsJ] B 1} _ V+IRs

I=l—h {EXP [ nkT Rz
3.2.3 Opereircuit voltage and shc-circuit current

At open circuitconditior, | = 0 and the voltage across the output termi
is defined as the operircuit voltage. Assuming the shunt resistance igh

enough to ignorehe final term of the characteristic equation, dper-circuit

voltage \bc is (Wikipedia "Solar Cell from Wikipedia, the Free Entypedia):

KT /1
Voo ~ o2 In (—L n 1)
q Iy

Similarly, at short circit condition V = 0 and the current | through t
terminals is defined as the st-circuit current. It can be shown that for a -
quality solar cell (low Is and b, and high RBy) the shorteircuit current sc is
(Wikipedia "Solar Cell from Wikipedia, the Free Entypedia):

Tsc = Iy
3.2.4 Series resistance

Series resistance in a solar cell is composed @etimajor parts: th
resistance of emitter and base of the solar ¢edl contact resistance between
metal contact and the silicon and the resistant¢beofop and rear metal contac
Series resistanchas no effec on open-circuit voltage since thetal current

through the seriegesistance is ze (Bowden) However, near the op-circuit
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voltage, the series resistance has strong effect on ther# and large Rwill
also significantly reduces¢ (Bowden) The behavior of the solar cell is similar to
that of a resistor in these regimes due to the dominance oés sesistance
(Bowden). These effects are shown for crystalline silicoarsetlls in the I-V

curves displayed in the Fig. 28.
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Fig. 28 Effect of series resistance on the current-voltage characseoisa solar
cell (Wikipedia "Solar Cell from Wikipedia, the Free Encyclopedia").
3.2.5 Shunt resistance

The presence of a shunt resistancey, Rnainly due to manufacturing
defects, can induce significant power losses by providing an déernaent path
for the light-generated current (Bowden). The effect of a shusistamce is

manifested at low light levels as the amount of current gestekgy light is small
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(Bowden). These effects are shown for crystalline silicoarsetlls in the I-V

curves displayed in the Fig. 29.
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Fig. 29 Effect of shunt resistance on the current—voltage characteristic®lair
cell (Wikipedia "Solar Cell from Wikipedia, the Free Encyclopedia”).
3.3 Dendritic electrode on G&e,
3.3.1 Material characterization

The first step of this research project was to charactdhee base
material’s optical properties through visual observation and tigegm
measurement to find out how well different thicknesses of soldrelgte, with
and without surface dendrites, would transmit light over a specataging from
the near-ultraviolet to the near-infrared.

Ag-doped germanium selenide electrolyte was selected foalisitiidy

due to its high ion mobility and room temperature processing cagatwhich
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results in rapid dendrite growth, excellent flexibility (whickshobvious benefits
in flexible device applications), and allows a larger rangeulfstrates to be
employed, including plastics. Specifically, §5e; was chosen as the base glass
owing to its particular composition that has the largest optegd of the
germanium selenide system at approximately 2.1 eV (Popescu)htttmagwill
decline to less than 2 eV with the addition of Ag and even lessingthasing
Ag concentration (Orava).

Ag dendrite morphology was also studied in combination with
spectrometer measurements.
3.3.1.1 GgSe test sample fabrication

To fabricate the test samples, a variety of thicknessess#fedgase glass
and Ag bilayers were first evaporated onto cleaned microsatides in
Cressington 308 deposition system, and then the Ag layer was photodissolved into
the base glass to form the solid electrolyte using U¥ 436 nm) exposure in an
Oriel aligner for 1,800 seconds at 4 mWfctim order to completely dissolve the
Ag in the glass, the thickness ratio of;6e to Ag was maintained at 3:1 in each
case during the exposure and an adequate amount of time was ugkedxpadse
the samples to prevent Ag from remaining on the surface (althtbisgmay not
have been the case in the thinnest samples, as it will be didclagsr). The
resulting electrolyte film thicknesses were 10, 30, 60, and 100 nmsarhples
then had 60 nm thick Ag anode patterns added to facilitate degdriteh. The

schematic drawing is shown in Fig. 33.
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3.3.1.2 Ag dendrite growing

The GgSe test device was mounted on a chuck of a probe station which
has micromanipulators with probes in connection with an Agilent 4155C
semiconductor parameter analyzer for testing the devices actdodipositing
Ag dendrite networks. One of the tungsten probes was connected to theonode
the test device and the other one was in contact with the Ag thin film as a cathode.
2.5V DC was applied between the cathode and anode, to grow two-diménsiona
dendrite fields that were visible to the naked eye (see Fig. 3dxfomple). One
major advantage of this kind of setup is that these regions with teendain also
be easily targeted during the optical measurements. Diffeleamdrite patterns
were created for study purpose and the discussion is followed in the next section.
3.3.1.3 Ag dendrite morphology

A few dendrite patterns were grown on test structures to deratmshe
nature of dendrite growth. Fig. 34 (a) and Fig. 34 (b) show two diffesearples
of dendrite growth and Fig. 34 (c) is a zoom-in image of Fig. 34lbhoth
examples, a 3 V DC bias was applied for growing dendrites but uhgsien
cathode was placed in Fig. 34 (a) twice as far away fromrbéeaas in Fig. 34
(b). The dark taper object in the Fig. 34 (a) and Fig. 34 (b) is thetemgrobe
that was used as a movable cathode during the dendrite growthivEhesode
is not visible as it is out of the field of view.

The electrodeposition of metal dendrites can have a variety of
morphological features depending on the growing conditions like vol{zgead
per unit area, solute concentration, composition of the hosting glass, the
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conductivity of the substrate, etc (Balakrishnan). It can besdarito three
categories:

1. Fractal diffusion limited aggregate (DLA)

2. Dendritic

3. Densely branched morphology (DBM)

DLA-like patterns strongly resemble the results of DLA computedel
simulations (Fig. 30) and are fractal while dendritic patt¢Fing. 31) are rather
straight deposits with little side branching and no well-defiragtius relative to
the cathode. DBM patterns (Fig. 32) are characterized byglstréilaments
distributed in an even radial pattern around the cathode at a spadifis and
they are not fractal (West).

DLA-like patterns are fractal in nature with striking propertikke
optimization of transporting energy and resources (Rinaldo efBhining and
Baowen), (Hui-Fen, Qing-Xin and Jian-Kang), and enhancement afided
surface plasmon resonance (Hutter and Fendler). “Fractal isathematical
description of a complex geometric pattern exhibiting self-siitylan that small
details of its structure viewed at any scale repeat @lenad the overall pattern
(Farlex).” There are many examples of fractals in natike circulatory systems
of plants and mammals and river basins. One of the prominent pesperthese
natural fractal systems is that they often transport andhbdist resources with
minimal resistance and optimal size. This has led to a nunilzgptications of
employing these mechanisms in design of optimized top contaetlizegton
(Bhakta and Bandyopadhyay), (Morega and Bejan), (A.M. Morega*). Hee
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as is often the case, nature resolves problems in a way tlp@sses those
developed by man. The dendrite patterns grown in this work areynbisl-like

and can be potentially optimized in resistance.

Fig. 30 Computer model of DLA growth and optical micrograph of the DLA

growth patterns (Balakrishnan)

Fig. 31 Dendritic pattern (Ben-Jacob and Garik)
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Fig. 32 DBM pattern (Ben-Jacob and Garik)

In the examples, Fig. 34 (a) illustrates a clear DLA-lllemdrite growth,
with narrow low-dimensional branches reaching out from the cathoderniss
the surface of the electrolyte. The large gaps among the tiefanches allow
most of the light to penetrate. This dendritic network structuir@dsal in nature
with striking properties like optimization of transporting energy eegburces
(Rinaldo et al.), (Boming and Baowen), (Hui-Fen, Qing-Xin and Jiangl, and
enhancement of localized surface plasmon resonance (Hutter and Fendl&). Frac
is a mathematical description of a complex geometric patghibiting self-
similarity in that small details of its structure vieweday scale repeat elements
of the overall pattern (Farlex). There are many examplésctfals in nature, like
circulatory systems of plants and mammals and river basins. One of the@nomi
properties in these natural fractal systems is that theyn dfi@nsport and
distribute resources with minimal resistance and optimal $izis. has led to a

number of applications of employing these mechanisms in design iofizgud
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top contact metallization (Bhakta and Bandyopadhyay), (MoregaBaah),
(A.M. Morega*). However, as is often the case, nature resolvesepnsbh a way
that surpasses those developed by man.

Image Fig. 34 (b) illustrated more densely branched but less visible
dendrites. Though the coverage is greater, the thinner dendrites lthesese
very likely to grant the transparency. Image Fig. 34 (c)psréion of image Fig.

34 (b) taken at higher magnification (500X) to show the dense natuttee of
electrodeposits. However, even at this higher magnification, the dendiitl
appear to be quite transparent.

Thus, in terms of transparency of either dendrite type they both allow most
of the light to penetrate and both could meet the requirementsaf@parent top
electrode applications. In the case of dendrites in Fig. 34(a), ahsptarency
arises because of the large gaps between the dendritic fingensas in dendrites
Fig. 34(b), the coverage is greater but the transparency risswdt of the
transparency of the thin dendrites themselves. To confirm this valiser,
transmission measurements were performed to compare tisangsies with and
without dendrites in combination with material optical analysis$&¢ and will

be introduced in the next section.
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Fig. 33Schematic drawing (Ge;Se; test sample

(@) (B) (e)

Fig. 34Dendrite growth on a A-Ge-Se solid electrolyte film on antype laye

3.3.1.40ptical measuremer

The samples were characterized in an Ocean Opbtecblel channe
spectrometer (Model DS200) from 300 to 1100 nmgseas their transmissi
characteristics. A blank glass slide was analyzed in order to subtract tr
contribution of the substrate frc the coated sample results.

The transmission vs. wavelength plots for all s&®were shown irFig.
35 and the results summarized here. In the-600 nm range (coesponding tc
photon energy greater than 2.1 eV), transmissiael&ively low and decreas

with increasing film thickness. This is not surprgs given that the optical gap
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the doped samples is less than 2.1 eV, resulting in a dark orahgethe films.
Above 600 nm, transmission of all samples increases with wavielaaghcident
photon energy drops below 2.1 eV. The spike in all the spectra around 650 nm i
the equipment ranging error. The transmission spectra of the 10nmplesashow

the best overall characteristics and they allow most lighpetoetrate for the
optical range, especially above 600 nm. However, the visible apetypically
spans from 390 nm to 750 nm and the peak intensity of sunlight is irltbesy
green (roughly 490 nm — 590 nm) region. Low transparency below 600 nm
wavelength can potentially impact the performance of solar ediish are
integrated with this material. Further study of electridedracterization needs to

be conducted to investigate this impact in the later section.

Overall transmission characteristics in the 30, 60, and 100 nm samples
with and without dendrites are very similar. If at all, the preseof dendrites
seems to reduce the transmission very slightly, which iscéegbetaking into
account that dense, partially occlusive deposits were intentiomallyngo aid in
the characterization. This indicates that the dendritic electstdetures have
little effect on transmission due to their small dimensions, whlieh agrees with
the observation in section 3.4.1.3. However, what was not expected is the
significantly higher transmission in the samples with the desgdoh the 10 nm
thick films. This suggested that the samples without the dendrérs somehow
less transmissive than they should be and that the dendrite growtihaseme

changed this situation to allow more light at all wavelengths to pass through.
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Fig. 35 Transmission vs. wavelength spectra for electrolyte samplesesediff
thickness, with and without substantial dendrite growth. Inset: Nomarski
interference contrast micrograph of a dendrite (D) grown on a 10 nm sample,
showing non-metallic (N) and metallic (M) regions.

There are two possible causes for the reduction in transmissibe 0t
nm samples:

1. An extremely thin (and perhaps discontinuous) layer of Ag wasnef
the surface following the photodissolution, leading to a higher rafieetand a

lower shunt resistance even without dendrites.
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2. The thinner films have a much higher Ag concentration than the thicker
ones, leading to reduced transmission and a lower resistivity (raiteesistivity
is a strong function of Ag concentration for highly-doped films (Egumchi,
Maruno and Elliott)).

Sheet resistance measurements were carried out to inwestigat
phenomenon. The results are shown in Table 1. For the thicker filmshéet¢
resistance typically decreased significantly following dendgi@wth; for
example, in the case of the 30 nm sample, it dropped from almosit/éQuare to
around 5 K/square. To be noted, the second figure does not indicate the actual
dendritic electrode resistance, as the two-dimensional elegivsded structure
was unlikely to be continuous between the randomly-positioned measureme
probes. However, the lower resistance value did show that the dsnaetre
“shunting” the higher resistance of the film in places, leadnant overall lower
sheet resistance. Considering all other factors being equdl) thka films should
have exhibited a sheet resistance higher than the thicker filmgh&éuesults
contradict the prediction. For the 10 nm films without dendrites, stieet
resistance was close to 24square, which, even though it was still in the range
expected for highly-doped Ag-Ge-Se films (Stefan Enderling et aas
considerably lower than the resistance of all thicker film sasm@n forming the
dendrites, the excess Ag from either the surface layer amn fwithin the
electrolyte itself would at least be partially consumed in dgleetrochemical
reaction and the transmission would increase as a result, j&#g.a35 shows.
This is also supported by the film resistance measurementsviiod) dendrite
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growth, which show an increased sheet resistance, in the ordek@fsquare
(close to the “with dendrite” values of the thicker films), sugggshat the more
conducting material has indeed been consumed. Further proof of the éxes
was obtained via optical microscopy (in conjunction with Nomarskiferemce
contrast microscopy), which revealed that the dendrites wereusded by
regions which appeared to be less metallic than the areas faamy the
electrodeposits, as shown in the inset in Fig. 35.

Table 1 Sheet resistance measurements on a variety of thicknesseSeflass

slide samples with grown dendrites or without any dendrites.

Sample Sheet Resistance (average from 5

measurements on the same sample)
10 nm GgSe with no dendrites 2.40/square
10 nm GgSe with dendrites 7.1®/square
30 nm GegSe with no dendrites 9.40/square
30 nm GgSe with dendrites 5.1®/square
60 nm GgSe with no dendrites 7.1(/square
60 nm GegSe with dendrites 6.0®R/square

“Excess” Ag could be a result of poor deposition control for the sub-10
nm thick films. To improve the optical and electrical charadtesiof the 10 nm
films, dipping samples in a wet Ag etchant, like Fe(lfO) a short period should
remove any excess metallic Ag from the surface without dexgalge underlying

film.
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3.3.2 Test solar cell with dendritic electrode on%&e
3.3.2.1 Test solar cell layout and fabrication

Basic solar cell test structures were fabricated byzurgia standard solid
source thermal diffusion process in the Center for Solid Statetré&iécs
Research. B-doped/p-type single crystal Si wafers (100 mmetiga, 500 pum
thick, 100 orientation, 14 — 22.cm, 6.1 — 9.7 x I8 cm®) were diffused with P
dopant to create a 1 um thick 10 — @Asquare n-type surface layer (0.001 —
0.0014Q.cm, approximately 8 cm®). The layer doping was somewhat higher
than optimal for this substrate (cell simulation suggesteddtBgtm thick, 0.005
Q.cm, approximately 18 cmi® would have been more efficient) but absolute
efficiency was not the primary concern at this stage as ttwly}comparison of
cells with and without dendrites were concerned in this experinidm wafer
backs were cleaned with HF acid, immediately followed égadition of an Al
film of 200 nm thickness to create a bottom contact to the p-typé&raighsA 10
nm thick GgSe base glass and 3.3 nm thick Ag bilayers were deposited in the
same Edwards 1 deposition system, and the Ag layer was photodissuity¢he
base glass to form the solid electrolyte using W\=(436 nm) exposure in an
Oriel aligner for 1,800 seconds at 4 mWfcrt last a mylar dark field mask that
was designed to form a variety of sun-side electrode layouts,nsimowig. 36
below, was used to pattern the Ag top electrode. A 100 nm thick of sy w
deposited via thermal evaporation (Edwards 1) and thereafter @ff litras

performed to form the Ag top electrode.
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Fig. 36Photolithographic mask used for the definition wf-side electrod:
patterns. This design has seven individual eleetamhfigurationwhich may be
formed on a single wafe

Seven different electrode configurations, approxatyal inch square, we
laid out and all of them could be formed on a =ndlO0 mm wafe
simultaneously to allow direct comparisons to balenaAs shown itFig. 36, the
center electrode pattern was created to imitatealadard “bus bar and finge
configuration found in most solar cells. Moving atavise from the top left, th

other six configurations were as follo

o “Open” - no electrodes between two wid-spaced bus bars.

. “Split fingers” - bus bars and fingers but with a gap in the finc

o “Open with sacrificial’- a sacrificial anode between two bus k

. “Open with mult-sacrificial” - three sacrificial anodes between

outside two bus bars.
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o “Circular” — a central point electrode surrounded by a ring electrode.
. “Interdigitated fingers” - bus bars and non-bridging fingers.
3.3.2.2 Test solar cell on g&= characterization

Several test cell wafers were fabricated as describeceadad were cut
into individual 2 cm x 2 cm mini-cells with different top electred&arious
amounts of dendrite sets were grown on these cells with diffbrases of 2 V to
5V for 5 mins in an effort to bring multiple top electrodes conmkcie mini-
cells were illuminated with a halogen microscope lamp (21 VM5Qvhich led
to relatively low short circuit currents as the illuminatedaawas only a 5 mm
diameter circle (~4xI® mm?) at most. The series resistance was determined by
measuring voltages and currents at two different light intessitn the I-V curves
and the formula is (Schroder):

rs = [Va-Va|/[l-11] = AV/AI

where ¢ is the series resistance,,\;, V2, and } correspond to two
measurements of voltages and currents at two different light itésnsSeries
resistance is very important parameter and high value casusigrireduce the
cell's efficiency. Turning on and off the halogen microscopeplamere used to
generate two different light intensities and corresponding voltagdscurrents
were recorded. The average open circuit voltage was 0.31 V. Thesrasailt
summarized in Table 1 below. Note that the “double sets” meanseparase
dendrite sets grown on the sample and “triple sets” meansdtpeeate dendrite

sets grown on the sample.
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Short circuit current improvement ranges from around 20% to almost
200% in company with the drop of series resistances. This ie#ctr
characterization results demonstrated that the growth of dendtiictures
significantly increase current collection by reducing samssstance which is an
extremely important parameter in solar cells as a higassersistance will reduce
the short circuit current and therefore lower the cell effigiehrtowever, we also
noticed extensive dendrite growth can also result in decreabim eircuit
current often after growing three or more sets of dendritegesSessistance in a
solar cell has three major components: first, the resistaacsed by the
movement of current through the emitter and base of the solarsoetlalled
lateral sheet resistance); second, the contact resistanaeehetre metal contact
and the silicon; and third the resistance of the top and rear eletatodes
(Bowden). Obviously, the resistance of the rear metal elexgrzdout of picture
as it is not affected by the surface dendrite growth. Thus, ishaincerned is
how the lateral sheet resistance, contact resistance andetdp@é resistance
were altered during dendrite growth. Initially, only a smatioant of dendrites
were grown and these dendrites actually came from one of theldofpodes
which was used as an anode to supply ions. The dendrites reachedtbet t
regions where originally the resistances were high and thus ceduedateral
sheet resistance by providing more routes for current to flow, Heutcontact
resistance between the metal contact and the silicon waster@dasignificantly
due to the small contact area of the dendrites and so was igtanes of the top
electrode as only a little amount of Ag was consumed from it. Mewvas they
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continued to grow, they started to erode the thin narrow fingers, ellgntua
leaving them “porous” looking (shown in Fig. 37). This erosion caused the
increase of the resistances of the fingers as well a®titaat resistance between
the metal contact and the silicon and ultimately offset the reduct the lateral
sheet resistance. Therefore sufficient metal must bergresehe electrodes in
either form of sacrificial electrodes or thick top contaecgbdes to supply the
dendrite growth and avoid the damage to the electrodes which waidd ea

increase in series resistance.

o
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Fig. 37 An eroded finger on a solar cell sample
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Table 2Characterization data from various n-cells illuminated with a haloge

microscope lamp (sd&ag. 38 for illustration of the mentioned devices) .

0.33 0.16 +23 1110 -18 Single se

0.28 0.06 3450

0.28 0.17 +183 633 -82 Single se

0.31 0.18 589

031 022 +22 495 '16 Double ses

0.27 0.12 1130

0.28 0.17 +42 806 -29 Triple sets

0.32 0.18 707

Double ses

Fig. 38 (a) “Open” 1o electrodes between two wid-spaced bus bars, (b) “Sg
fingers” -bus bars and fingers but with a gap in the fing@)s;Interdigitatec

fingers” -bus bars and n+-bridging fingers.
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3.3.3 Unpassivated commercial solar cell characterization

In order to evaluate the effect of the solid electrolyte fimscommercial
solar cells, a few 4 inch poly-crystalline silicon cells waguired form Dr.
Stuart Bowden of ASU. These cells were unpassivated, i.e., thkgdlag
protective layer of silicon nitride, resulting in direct accekghe silicon surface,
and had a screen-printed and fired Ag bus bar/finger electroalggament. One
of them was sliced into a number of small coupons approximatelyn3G r&0
mm and one of these was completely covered by 10 nm of Ag-dopssk Ge
two-dimensional dendrite sheet was grown between two of the fingarg a
tungsten probe for the cathode and the Ag fingers for the anode, as ishBig.
39. The regions with and without dendrites were then illuminated with a
microscope light through an objective to limit the exposed areafeés annt.
Surprisingly, the highest short circuit currents were produced inrégmns
without the dendrite growth, over 10% more current than the regionsthath
dendrites (the difference was even larger for areas with ohemdrite growth),
which is opposite to the previous self-made test cell results. gigp@scause is
the position of the top contacts. In these commercial solar dedlgpp contacts
are in direct contact with Si while in the self-made tefisadhe top contacts are
separated by a layer of Ag-doped Ge-Se from Si.

In order to have a better understanding and produce a more comprehensive
comparison, three test regions were created between thred Se¢er electrodes
on another solar cell coupon — no coating (bare silicon), a 10 nm undogeel Ge
coating, and a 10 nm Ag-doped §Se; coating, shown in Fig. 40. Dendritic
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patterns were grown on the Ag-Ge-Se region and the short cinguignt
measured before and after growth using microscope light illurmmabimilarly,

the short circuit current dropped by about 10% after the dendraeésbhen
formed on the Ag-Ge-Se region. The uncoated samples produced a $lighdy
current (around 1.5% more) than the Ag-Ge-Se regions without debrit the
most interesting result was that the regions coated with undop&s Gesduced

a short circuit current about 1.5% higher than the uncoated regions. The
experiment was repeated a couple of times to verify thisteffied additional
samples with two different thicknesses (30 nm and 100nm) of the undoped and
Ag-doped Ge-Se, as well as uncoated regions, were also fathritatee 30 nm

film case, the undoped film produced a 4.5% higher short circuit currenth@nd
current in the case of the doped film, which has a lower transmisisan the
thinner film, was around 18% lower. In the 100 nm film case the wdlG®eSe
coated samples exhibited a 15% decrease in short circuit cuorapaced with

the uncoated cells (with little change in the open circuit vojtefgee Table 3 for

all the results.

From the results, it is very evident that the Ag-doped filmseled the
short circuit currents compared to the uncoated cells and thecoatksd with the
undoped films. As it was mentioned before, with introducing the high
concentration of Ag the optical band gap of the Ag-doped films wibpdr
resulting in much less light to be transmitted through the filmtia@deduction in
the short circuit currents. By growing Ag dendrites, even mg&as introduced
and the attenuation of light transmission becomes more dominant anirénere

73



offset the gain from the resistance reduction of dendrites iasrSdirect contact
with top electrodes. However, in the self-made test cells,esistance between
top contacts and Si is much greater as the resistivity alofgd Ge-Se is high (>
107 cm€). The grown Ag dendrites largely reduce the resistanceeleettop
contacts and Si and overcome the attenuation of light transmission.

In the Ag-doped films, a clear trend was also observed that thé shor
circuit currents decreased significantly with the increasiicknesses. This can
be explained by Lambert-Beer-Bouguer law, which the intensitythe
transmitted light, 1, is expressed by (Naser M. Ahmed*):

I = lpexp(ad)

where § is the intensity of the incident lighty is the absorption
coefficient of the substance and d is the distance the ligihtl$rahrough the
material. The intensity of the transmitted light is exponestiediduced while
traveling through the film.

In the undoped films, the short circuit currents increased fomi@nd 30
nm films but decreased for 100 nm film in comparison with the undozhs.
This cannot be explained just from the optical band gap becauseheugh they
have the higher optical band gaps than the Ag-doped films the undopsdifém
still quite absorbing below 600 nm wavelength, which normal Si solis ce
absorb very well, and supposedly reduce the short circuit curfentsaderstand
this, it should be noted that the solar cell samples used fogtestre lack of the
passivation layer and anti-reflection layer that are both comoronormal solar
cells in use to enhance the efficiency. This suggests that the undojssl fibas
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act as passivation coatings and transmissive antireflectiveng®aGgSe; as a
dielectric material can help passivate the surface and reslutace defects,
contributing to short circuit current increase, but more importahttgn also be
used as antireflection coating. The optimal thickness for arefiettive layer is
Aopt/4an, wheréwopt is the optimal wavelength and n the refractive index of the
coating. For solar cell applications, the optimum wavelength nare@0—600 nm.
Since the refractive index of the undopeg®& films is around 3.0, the optimal
thickness as an antireflective coating would be 50 nm, which copldiexwvhy
the short circuit currents increased for 10 nm and 30 nm films breaksd for
100 nm film. The refractive index of the doped material is muchehni¢possibly
in excess of 7.0) and even though this would lead to an ideal thicknéss in
order of 20 nm, the very low transmission of the doped films in thenopt

wavelength range makes them unsuitable as antireflection coatings.

Fig. 39 Optical micrograph of dendrites grown between finger electrodet®n a

nm thick Ag-Ge-Se film on a poly-crystalline silicon solar cell.
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3.3.4 Conclusion

The undoped GSe film can act as passivation coating and antireflective
coating but its low ion mobility make impossible growing a graaiount of
dendrites. While the Ag-doped ¢s& film can be used to grow dendritic
structures which do reduce series resistance, the poor trasmessl tinting
associated with this material make it unsuitable. Hence, thde-ased
electrolytes, particularly Ag-doped SiO2 which is relativelynszarent over the
entire optical wavelength range, should be investigated.

On the other hand, G&e-based dendritic electrode may not be ideal for
solar cell application but it can be very useful for applicationschvitio not
require high light transparency, like repairing interconnecterdhs another
ongoing research project, “self-healing interconnects for flexibllectronics
applications” (Baliga, Ren and Kozicki), which | was involved in alsb utilizes
GeSe-based dendritic electrode. These interconnects show great gotentia
flexible electronics because they can be re-grown and contincenthuct with

merely applying small voltages to heal after mechanical failure.
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Fig. 40 Cell with 3 regions from left to right: Undoped;&@ coating, Bare

Silicon and Ag-doped G8e; coating.
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Table 3 Short circuit current comparison for unpassivated solar cells wih 3 te

regions.

w/ 10 nm GeSe ~0.7 ~1.5% higher
uncovered ~0.685

w/ Ag doped 10 nm G8e ~0.675 ~1.5% lower
w/ 30 nm GeSe ~0.71 ~4.5% higher
uncovered ~0.68

w/ Ag doped 30 nm G8e ~0.55 ~18% lower
w/ 100 nm GeSe ~0.58 ~11% lower
uncovered ~0.65

w/ Ag doped 100 nm G8e ~0.26 ~60% lower
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3.4 Dendritic electrode on SO

There are a couple of obvious advantages of usingiSiflace of GegSe:
1. SiG has higher light transmission over a broad range thg8éssee Fig. 41).
2. SIG has been widely used in solar cell devices as passivation laket

makes no difficulty in integrating such a material.
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Fig. 41 Transmission of Sy¥s GeSe
3.4.1 Doping SiQwith Ag

A piece of glass slide was first degreased using acetonanattand
methanol as a pre-fabrication clean step and rinsed with deioniatat and
blown dry in compressed nitrogen. A 15 nm thick Si@dm was thermally
evaporated onto it, followed by depositing a 2 nm Ag thin layer. Bemm

thick Ag anode patterns were added via thermal evaporationilitatacdendrite
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growth. The Ag layer was exposed to UW E 436 nm) source for
photodissolution in an Oriel aligner for 30 mins at 4 mW/chiowever, no Ag
diffusion was observed. No dendrite growth can be achieved even at @levate
temperatures (up to 150°C). This confirmed that photodissolution does ot wor
for dissolving Ag in SiQ.

In the next experiment thermal annealing was performed $oldesAg in
SiO,. A sample with a 15 nm thick Sidilm and a 2 nm Ag thin layer was
annealed at 250°C for 50 mins but again very little Ag diffused hdogtass.
Visible localized Ag dendrites only formed on the surface dt kimtage (40 V)
and 100 mA compliance. Higher annealing temperature and higher Agydens
were tried in the next sample. This time a sample with a 15 nm thigiinbut
a 4.5 nm Ag film, which is more than double thick than the previous sampk
prepared. It underwent the thermal annealing atG00 N, for 40 minutes (note
that significantly higher temperatures led to severe damageiikiation to the
Ag film). Little Ag penetration was realized due to the e&dy low diffusivity
of Ag in SiIQ, even at this temperature. At elevated growth temperatureo(up t
150°C), even minimal dendrite formation required voltages in the order of 10x
higher than those used in the Ag-Ge-Se system due to the low Agnt@ion
and poor ion mobility in the oxide. However, it was noticed that much oAghe
remained on the surface as dispersed nanoscale particles dueate-semsion-
induced agglomeration in the Ag film.

To determine the effects of a denser layer of nano-partiotesed by

surface-tension-induced agglomeration, 16 nm thick Ag films were degasn
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15nm SiQ layers and annealed at 2@0for 50 minutes. This sample was used to
compare to the previous sample with a 15 nm thick, Sl and a 4.5 nm Ag
film annealed at 50 in N, for 40 minutes. The visible “haze” on the surface of
the samples, shown in Fig. 42, confirmed that the Ag particles lamger and
denser than those created from the thinner film, shown in Fig. 43.

Thermally doped oxide, although substantially more transparent than Ag-
Ge-Se, is impractical for dendrite growth due to low ion conceoitvatiobility

which leads to limited dendrite growth even at high voltages.

15 micron

Fig. 42 4.5 nm Ag annealed on SiO
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15 micron

Fig. 43 16 nm Ag annealed on SiO
3.4.2 Water-mediated dendritic growth on 8iO

It has been long known that silver migration can cause elgctaiture in
electronics resulting in insulation resistance degradation or shouit (Yang,
Wu and Christou). The Ag ions migrate from anode to cathode througbatbe
layer on an insulating surface under the influence of a DC biesAg ions are
reduced at the cathode and form silver bridges between the cathddmnode
electrodes. This electrochemical process is called electrochle migration
(ECM).

By introducing water or other liquid electrolyte onto Si@ even Si,
growing Ag metallic dendrites with low DC bias becomes possélglass slide

sample with a 16 nm Ag film which was annealed at®’20fdbr 50 minutes and
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100 nm thick Ag anode patterns were deposited thermally to &eildendrite
growth. Then the sample was mounted on the high-temp probe statiorttand a
surface layer of dionized (DI) water was introduced into the reaction envinbnme
Substantial two-dimensional dendrite growth was achieved at lowgedléound
5V).

The closer packing of the Ag particles allowed substantial two-
dimensional dendrite growth on the oxide surface with or without thermreof
a purified water overlayer. The growth without the water overlegguired 30 V
and was fast and dense, producing high levels of coverage within 10 n{seges
Fig. 44), but the growth with the overlayer required less than & pfdduce a
similar effect (see Fig. 45). The water-mediated gnoalso produced dendritic
clusters, in which local regions of nano-particles become connegteitheb

dendrites.
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15 micron

Fig. 45 Dendrite growth with assistance of Ag nanopatrticles with watezrgres
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It was established that wa-mediated growth could also be perforn
directly on SiQ layerswithout a thin layer oAg deposited, usinthe electrode
as the source of Ag. In this case, substantial ikengrowth was observed for
low voltage stimulus (5 V for 10 minutes), showrFig. 46.

3.5 Dendritic &ctrode on Ssolar cell
3.5.1 Watemediated dendritic grow on Si

The watemediated growth process was attempted on unpase solar
cells that had screen printed Ag electrodes assthece of Ag. Substanti
dendrite growth was observed with the bias up t& 26hown inFig. 47. Some of
the growth occurred normal to the surface into théewdayer, forming 3C
growth, indicating that the water is indeed thereseuof ions. Note that tt
presence of the dendrites had little impact on lopér-circuit voltage and shc-

circuit current.

Fig. 46Dendrite growth directly on Si; without Ag nanoparticles pres:
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Fig. 47 Optical micrographs (before and after growth viewed through the water
layer) of water-mediated dendrite growth on a solar cell. Growth was2iia/a
stimulus for 10 minutes.

3.5.2 Water-mediated growth on Si after FegN@tching

Ag etchant (1M Fe(Ng);) was employed to partially remove existing
printed Ag fingers on solar cells while leaving most of the busiodast. This
process reduced the short circuit current by an average afxappately 6%. Ag
dendrites were then grown using the water-mediated process andsar@auus
for 10 minutes and the short circuit current generally increaseuh laverage of
slightly over 3%, demonstrating that dendrites deposited via a-wadiated
process, if optimized, could possibly be used to substitute for stanéattbdé
fingers.

Water-mediated growth solves the problem of dendrite formation on
oxides by supplying an alternative high mobility ion pathway. pasticularly
successful on silicon substrates, including unpassivated solar desmay be
due to the substrate acting as a distributed supplier of elecifbasprevious

work with semiconducting substrates showed that two-dimensionattgnoas
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more likely to occur on such resistive materials. It is possible to regacepair)
fine electrode features on solar cells using the water-mddgtavth process,
although considerable optimization is necessary. One thing thetially needs
to be paid attention to is that thicker Ag films can be usedeatehigh density
nano-particle coatings following annealing at relatively lemperature and these
coatings can help to promote dendrite growth with or without arvesterlayer.
The dendritic structures created by water-mediated growth g 45) are
extremely interesting in a scientific sense, as they stiggeal connectivity with
extended order that could lead to unique optical properties. In thehagptec an

investigation into this effect is presented.
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4. PMC-BASED DENDRITIC PLASMONIC STRUCTURES
4.1 Introduction

In conventional bulk Si solar cells, wafer costs account for over &0%
the total PV module cost (Green). Thin film solar cell technotogitfer the
potential solution to considerably cut the consumption of silicon and owes |
the cost of PV. But as the absorber layers get thinner, the abserbhmear-
bandgap (600-1,100 nm) light is poor so is cell performance. Surfacgingxt
has been successfully employed in bulk Si solar cells to enhghteakisorption
but cannot be applied to thin film cells as simply the large texturing features, up to
10 pm in size, exceed the thin film thickness (1-2 um) and iremasority
carrier recombination in the surface and junction regions as(Betk, Polman
and Catchpole)A novel approach to achieve light trapping in thin film solar cells
has emerged in utilizing the excitation of localized surfacesnpdas from
metallic nanopatrticles to enhance the thin film solar cell padoce at long
wavelengths.

It is believed that, by utilizing plasmonic techniques, thin &lohar cells
are capable of maintaining the efficiency of the thicker senductor while the
photovoltaic layer may be thinned by as much as 100x while (Atveatdr
Polman).

The original idea of dendritic electrode project was to crémggly
transparent low resistance electrodes using the dendritic lgréeadhnique.
However, something interesting was discovered during the expesirttaitthe
material system which was used for i@endritic electrode possessed some
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previously unanticipated attributes. In the previous work with oxidtasfi
particularly, Ag nanoparticles was surprisingly created by sutirseon-induced
agglomeration during annealing of thin (10 — 20 nm) layers of Ag on SiGch
metallic nanoparticles can support surface plasmons - egogatof the
conduction electrons at the interface between a metal and ataieeleand it is
possible to use this effect to concentrate incident light intonéceaductor below
the dielectric, thereby increasing the absorption (Maier and Atwater).

Theoretical studies has suggested closely packed metal aggremat
spheres or fractal metal structures can support the existeralectfomagnetic
resonances over a very broad spectral range, in contrast tygdloally) narrow
range associated with colloidal metallic nanoparticles (Mummad Barnes).
Fractal structures have been used in applications like surfaceegch&aman
scattering enhancement (Song et al.) and fluorescence enlem¢&uaddes et al.)
(Drozdowicz-Tomsia, Fang and Goldys) in the past. There has lhiden |
experimental work reported to date using fractal structures for photovoltaics

PMC technology is used to develop dendritic plasmonic structures to not
only enhance but also tune the surface plasmon resonance. In tpisrclaa
review of plasmonics technology is presented first, followed@yanoparticles
characterization. Optical characterization, fabrication andteeawm given in the
order of section 2, 3 and 4.
4.2 Review of plasmonics

People have been fascinated by the optical properties of metalgsa
since the time of Faraday. In the past few decades, ebpediar the discovery
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of that Raman scattering can be enhanced by orders of magihitadgh the use
of metal nanostructures (Catchpole and Polman). Subsequently, lotbortd ef
were put into the research of fundamental properties and the denlbf
applications of plasmonic resonances, especially in optics (Babeesux and
Ebbesen) and biosensing (Anker et al.).

In 2006, Derkacs et al. reported an 8 % overall increase in conversion
efficiency in thin film amorphous silicon solar cells with Au npadicles
(Derkacs et al.). Since then, interest in using plasmonicsufdr thin film solar
cells has intensified.

Conventionally, Si photovoltaic absorber must28€-300u m thick to
fully absorb the incident sunlight because Si is a relativelgknabsorbelrig. 48
shows the standard AM1.5 solar spectrum together with a graph ltisataiies
what fraction of the solar spectrum is absorbed on a single pasgltha 2um-
thick crystalline Si film (Atwater and Polman). Apparently, faham-thick Si thin
film is not thick enough and poorly absorbs the light in the 600-1,100 nm spectral
range of the solar spectrum.

Plasmonic structures can enhance the absorption in thin film cellar
and make it optically thick without increasing the actual phi/$itekness of the
photovoltaic absorber layerPlasmons are resonant modes that the free
conduction electrons in the metal collectively oscillate withradgons of light
(Murray and Barnes). The oscillating electric field of thénligxerts a force on
the free conduction electrons in the metal (Murray and Barnesa &sult, a
dipole moment is induced in the particle and leads to the redishmboticharge
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which results in a restoring force on the displaced electrorxiatsd with a

resonant frequency (Murray and Barnes).

1.6
AM1.5 solar spectrum
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Fig. 48 AM1.5 solar spectrum, together with a graph that indicates the solar
energy absorbed in a 2m-thick crystalline Si film (assuming single-pass

absorption and no reflection). Clearly, a large fraction of the incident light in the
spectral range 600—1,100 nm is not absorbed in a thin crystalline Si solar cell
(Atwater and Polman).

For particles with diameters less than the incident wagéiera point
dipole model is used to describe the absorption and scattering ofCigtthpole
and Polman). The scattering and absorption cross-sections are given b

(Catchpole and Polman):

1
6T

2 2
ED*al?, Caps = 2 Im[a]

2
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Where

is the polarizability of the particle. Here V is the partietdume,g, is the
dielectric function of the particle and, is the dielectric function of the
embedding medium. The scattering efficiency Qsca is give@dmnat =Cscat /
(Cscat+Cabs) (Catchpole and Polman). When-2¢m the particle polarizability
will become very large to induce the surface plasmon resor{@atehpole and
Polman). At the surface plasmon resonance the scattering opidasaross-
section can be many times the geometrical cross sectiorheofparticles
(Catchpole and Polman).

There are three light trapping techniques of using plasmonictistes for
thin film solar cells for allowing considerable reduction (possilflyto 100-fold)
of the photovoltaic layer thickness without sacrificing the optideorption and
thus efficiency (Atwater and Polman). First, using metatlanoparticles as
plasmonic structures can serve sagwavelengthscattering elements to excite
particle plasmons to couple and trap the light into a thin absorbka, tgpically
an semiconductorFHg. 49 a) (Atwater and Polman)Second,using metallic
nanoparticles as plasmonic structuces be also employed as subwavelength
antennas to enlarge its effective absorption cross-section by irgputiie
plasmonic near-field to the semiconductor (Fig. 49 b) (Atwater Roidhan).
Third, using a grooved metallic film as plasmonic structures oidlok surface

of a thin film solar cell can excite SPP (surface plasmonripmia) modes to
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boost sunlight conversion efficienc¥ig. 49 c) (Atwater and Polman). In this
research work, we focused on light scattering using plasmoniallimet
nanostructures and thus only the first light trapping technique mentaiyead
will be briefly reviewed next.

Light trapping using metallic nanoparticles can couple and trafigthe
into a thin absorber layer, typically an semiconductor, by soajt@fig. 49 a)
(Atwater and Polman). The light normally is scatteredoait equally in both the
forward and reverse directions for a small metal nanopartidestteenbedded in
a homogeneous medium (Atwater and Polman). However, for a pahatlest
positioned close to the interface between two dielectright Wwill prefer to
scatter into the dielectric with the larger permittivitwater and Polman). As a
result, the scattered light will experience a larger opgiath length owing to the
angular spread (sd@g. 49(a)) (Atwater and Polman). For light scattered beyond
the critical angle for reflection (16° for the Si/air irigae), they will still be
trapped in the cell (Atwater and Polman). For a cell witkfeeecting metal back
contact, some light reflected towards the surface will beesedt back again by
the same scattering mechanism, resulting in an increasieeoéffective path

length (Atwater and Polman).
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Fig. 49 Plasmonic light-trapping geometries for thin-film solalisc a,
Light trapping by scattering from metal nanoparticles atstiéace of the solar
cell. Light is preferentially scattered and trapped into tin@c@nductor thin film
by multiple and high-angle scattering, causing an increatieei effective optical
path length in the cell. b, Light trapping by the excitation ofliaed surface
plasmons in metal nanoparticles embedded in the semiconductor. Thed exci
particles’ near-field causes the creation of electron-holes pair the
semiconductor. ¢, Light trapping by the excitation of surface plaguotaritons
at the metal/semiconductor interface. A corrugated metal ha¢ce couples
light to surface plasmon polariton or photonic modes that propagate jphatie
of the semiconductor layer (Atwater and Polman).

Light scattering not only depends on materials and their surrounding
dielectric environment but also their size and their shape. Etallin particles
with sizes smaller than the wavelength of light, absorption disstipates heat
dominates extinction (Pillai et al.), which can be empdoye applications like
solar glazing, nanoscale lithography, and therapeutic applications butrmioton
for thin film solar cells (Pillai et al.). As the size dfet particles increases,
scattering exceeds absorption, which is in favor of light trappiogueder, when

the particle size increase over certain limits, other effeick in like retardation
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effects (the distance between the charges at opposite inteildadbe particle
increases with its size, thus leading to a smaller restéoing and therefore a
lowering of the resonance frequency (Maier, MyiLibrary and riggniLink))and
radiation damping (a direct radiative decay route of the cohezlmutron
oscillation into photons (Maier, MyiLibrary and SpringerLink))suking in
reducing the efficiency of the scattering process (Pillai et al.)

Fig. 50 shows that the enhanced near-field coupling in smaller particl
which their effective dipole moment is located closer to thec®uctor layer,
can couple a greater portion of the incident light into the undgris@miconduc-
tor (Atwater and Polman).

4.3 Ring anode dendritic structure

The ring anode device structure was adopted in place of the normal
coplanar device structures which were used in previous two reseajecty
This ring structure offers more uniform dendrite coverage thanctpéanar
structure as the dendrite growth is greatly influenced byralatfield and the
electrical field in the coplanar structure often leads tavgrg more dendrites on
one side over the other. Uniform dendrite coverage is particulaggriamt for
optical measurements because the spectrometer only measures af a few
mn?. To measure samples with non-uniform dendrite growth, interestas
must be found to obtain a more accurate result while these ietti@stas could

well spread over the whole samples randomly and not readily visible.
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In this section, Ag nanopatrticles are optically characterizst] followed
by fabrication of ring anode devices. Then the method of growing itlesds

presented. Results are discussed at the end of the section.

iF S ————— S e e e |

S i -

| il | cylinder

 —— hemisphere ||
 ——sphere 100nm
 — sphere 150nm
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80 550 600 650 700 750 800
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Fig. 50 (Color online) Fraction of light scattered into the substiate,for Ag
particles on a 10 nm thick SiGnderlayer on Si: a cylinder with diameter d=100
nm and height h=50 nm; a 100 nm diameter hemisphere; a 100 nm diameter
sphere; and a 150 nm diameter sphere. Also plottegdof a parallel electric
dipole that is 10 nm from a Si substrate (Atwater and Polman).
4.3.1 Ag nanoparticles characterization

Transmission measurements were used to characterize Ag nasleparti
and compare the optical changes before and after annealingag\ghesen due

to its high scattering efficiency among metals (Stuart datl) and the glass
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substrate was employed to simulate the dielectric environmentthé
nanostructures on silicon because normal silicon-based solar veksi@ave an
about 30 nm Si@layer which is analogous to glass slides and also the undgrlyin
silicon has very limited effect on the surface plasmon resor(&ilta et al.). To
fabricate the test structure, a piece of glass slide usesliladrate was first
degreased using acetone, ethanol and methanol as a pre-fabriesdiostep and
rinsed with deionized water and blown dry in compressed nitrogen. MX8in
layer of Ag film was thermally evaporated onto the glasstsafiesat the rate of
approximatelyl A/s under high vacuum (<3*10-6 Torr). In the last prod€s
nm thick Ag anode patterns were deposited to facilitate dergioteth. The test
sample (Fig. 51) was taken to a spectrometer, Ocean Optics dchdneel
spectrometer (Model DS200), to measure its transmission curve. thbaest
sample (Fig. 52) was annealed for 50 mins at 200 °C in nitrogen and its
transmission characterization was measured again. Next, laggeleAdritic
patterns were grown on this sample with aqueous electrolyte anid yuder
spectrometer again to measure its transmission spectrum.

The measured transmission spectra were displayed in Fig. 53hand
micrographs of the samples were shown in Fig. 54. The tranemissults also
give the extinction (1-transmission) of the measured samples.gin5Bi the
spectrum of the continuous thin (16 nm) Ag film on SiO2 shows no lodalize
surface plasmon resonances but the similar transmission @hmnentict of bulk
Ag, which is highly reflective in the visible and infrared spattrdue to bulk
plasma screening. Bulk plasmas are the collective longitudsallation of the
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free electron gas versus the fixed ion cores (Maier, Myikybaad SpringerLink).
The plasma frequency (bulk plasmon frequency) can be recognitled astural
oscillation frequency of the free electron gas (Maier, Myiary and
SpringerLink). For an incident electromagnetic waves (lighthvai frequency
higher than the plasma frequency, the charges are unableptndeguickly
enough to screen out the incident field and the wave is transmittethdt with a
lower frequency is instead reflected (Murray and Barnebg Bulk plasmon
frequency of Ag is about 3.78 eV (Pinchuk, Von Plessen and Kreibig),
corresponding to a wavelength of 328 nm. In Fig. 53, the main transnpesika
around 330 nm in three different Ag spectra show the bulk plasmon position
which does not obviously shift as it is the natural plasma frequengy.oThe
sharp drop in the transmission spectra of all three Ag sampthe atavelength
below 320 nm is caused by the interband absorption which is around 4 &Y, for
corresponding to a wavelength of 310 nm (Fox), and results in high absarpti
the UV spectrum where low reflectivity is though expected for pleokergies
above 3.78 eV (Ag bulk plasmon frequency).

After annealing, the continuous thin (16 nm) Ag film on Si®as
converted to nanoparticles as a result of surface-tension-indggéoimeration
(Atwater and Polman). A major dip in the 16 nm annealed Ag trassoni plot
around: = 450 nm indicates that there exists a strong bare-isldaddisn-glass)
resonance, similar to that observed by other researchers unograredle
conditions (see Fig. 55). The bare island resonance of the nanopaididlee
dipole localized surface plasmon resonance of the nanoparticles low a
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refractive index medium (Pillai et al.). Light incident on thetipkes induces
movement of the conduction electrons, leading to a buildup of polarization
charges on the particle surface, and results in dipole oscilldflies et al.). For

Ag nanoparticles with diameters great than 80 nm, a quadrupoleares that
has a different electron oscillation pattern than the primappléliresonance
occurs at a shorter wavelength than the primary transmissioriStigyen J.
Oldenburg). The Ag nanoparticles’ sizes used in this researareater 100 nm
(Pillai et al.) and account for the second weak dip (quadrupole res)ran360

nm which was also observed in other people’s work (Evanoff and Chumanov)
(Kim et al.) (Evanoff and Chumanov). It is known that the resonant frequency of a
metal nanoparticle depends on its size, shape, material propeanels,
surrounding medium. Annealing metal films can alter the size anmk sifanetal
nanoparticles. For thin films, the formed nanoparticles are segharated and
close to spherical shape (Zhang) (Pillai et al.). Thepat#icle coupling between
dispersed nanoparticles is weak and the resonant behavior resemebksgle
particle localized plasmon resonance in which the strong dipstenance mode

is dominant (Zhang) (Stuart and Hall). With increasing filnckhesses, the
nanoparticle sizes get bigger and the spacing between nanopartieldscsd. As

a result, the interaction between nanoparticles becomes strongeticamsl @
coupling of resonance modes to redshift the resonance (Ghosh and IBal). A
increasing film thicknesses can cause the size and shapéudishs of
nanoparticles more irregular, thus resulting in broadening of lodakneface
plasmon resonance (Wang et al.). As the film thickness incredbkes,
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nanoparticles tend to lose their spherical shape after annealihgo&naore like
hemisphere, showing in Fig. 50, due to reducing coalescing fondesh is
among the most efficient shapes for light trapping (Piltaald (Atwater and
Polman).

After annealing, an electrolytic growth over half hour at 5 \6 warried
out on the sample to electrodeposit a thick layer of Ag dendrites. The tramsmissi
spectrum shows a very large change of localized plasmon resonawtcéisea
resistance of the dendritic electrode formed from the nanopaldigée in this
case was measured at 25 ohm, which indicates a large amount of Ag
electrodeposits. The dipole resonance peak position was difficulteordee as
the resonance became so broad. The dendrites can be regardeady adosely
packed Ag nanoparticles aggregates which have strong intempaxigpling and
a very wide range of size and shape distributions of nanopartitles
experiment demonstrated that the dendritic structure can be usdtbrtdha
surface optical properties of Ag nanoparticles. Tuning the surfatical
properties by controlling growth of dendrites will be presentedhénfollowing
sections. Fig. 54 shows a couple of examples of dispersed nanegantic5iQ
layer (left optical micrograph) and the same layer follgMiendritic growth at
1.4 V for several minutes under ultrapure water.

It was noticed that the thicknesses of the deposited films evéimefeame
batch of samples varied a lot as a result of poor deposition contrtd doue bad
rotation in the deposition system and the variation could be as muacfeasnm
considering only sub-20nm films were deposited. Fig. 56 shows samiphe$6y
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nm thick Ag which allwas deposited at the same time in the same Edwa
deposition systemnin the following experiments, initial transmissioharacteristic
for each individual samplis always recorded individuallywhich is used fo
transmission comparisc as one cannot assume that films are uniformly dagat

and have identical optical clacteristics.

glass

Fig. 51Schematic drawing Coplanar Testing Device Beforagshing

Ag nanoparticles

Ag anode Ag anode

Fig. 52Schematic drawing Coplanar Testing Device After dalimc
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--—16nm Ag before annealing
——-—==16nm Ag annealed at 200 for 50 mins
******** Growing dendrites (R=28) 16nm Ag
annealed at 200 for 50 mins
— Microscope Glass Slide

Transmission (%)
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Fig. 53 Comparison of transmission characteristics of continuous 16 nm thick Ag
film, annealed film/nanoparticle layer, and annealed film following dendrite
growth. The resonance (dip in transmission) around 450 nm is clearly visible in
the annealed film but seems to red-shift slightly following electoytowth.
The resistance of the dendritic electrode formed from the nanopartielanatis

case was 25 ohm. A Si@ransmission characteristics is also included.
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Fig. 54 Example of dispersed nanoparticles on, &ager (left optical micrograph)

and the same layer following dendritic growth at 1.4 V for several minutes under

ultrapure water.

80-
SR R ——
550- 3,

Ea0ll

E30]
= i § '- g 0090900 EmEoapea 121']11'] Ag

20 —e © 14nm Ag ]

10-5 16nm Ag -

o+ 18mAg ]
300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Fig. 55 Transmittance measurements showing redshifting of the bare island

resonance of particles corresponding to increasing mass thickness of silver,

which implies larger particle sizes (Pillai et al.).
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Fig. 56 Transmission characteristics of 5 samples deposited at the same tim
4.3.2 Fabrication

To fabricate the test structure, a piece of glass slide gssdbstrate was
first degreased using acetone, ethanol and methanol as a jicatiabrclean step
and rinsed with deionized water and blown dry in compressed nitrogarcular
mask tape of 5-6 mm diameter was used to mask the substrdte fAg ring
anode of 100 nm thickness, deposited via thermal evaporation at thef rate
approximately2 A/s under high vacuum (<3*10-6 Torr). Ring shape arsode i
designed to provide more uniform electrical field to facilitatgform dendritic
growth than coplanar anode design. After the deposition, the mask tape wa
removed and the sample was treated with the same clean procedpre-

fabrication and blown dry in nitrogen. To form the seeding layd am thin
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layer of Ag film was thermally evaporated onto the glasstsafiesat the rate of
approximatelyl A/s under high vacuum (<3*10-6 Torr), followed by anmgali
for 50 min at 200 °C in nitrogen. Due to surface-tension-induced aggtorer
Ag nanoparticles tends to grow together to form larger islaftés annealing,
providing nucleation sites to assist future Ag dendrite growth. Thensatic
drawing for the final ring anode device structure is showrkign 57. After
completion of test samples, initial transmission charactegistere immediately
recorded for each individual sample in a spectrometer, OceansQpiidole
channel spectrometer (Model DS200).
4.3.3 Dendrite growth

To form dendritic structures, the test device was mounted on a chack of
probe station which has micromanipulators with probes in connection with an
Agilent 4155C semiconductor parameter analyzer. One of the tanpgstbes
was connected to the anode of the test device and the other one ezagact
with the Ag thin film as a cathode. A thin layer of water we&posed on the slide,
directly in contact with both the anode and the cathode, and there&ftérC
bias was applied across the cathode and the anode to grow the Adgedendri
networks extending from the nanoparticles. There are two functionkdse Ag
nanoparticles: first, they can excite surface plasmon resonaacend, they
provide nucleation sites to facilitate Ag dendrite grow (Dewtral.). Once the
desired electrodeposition was completed, the test device wad vinig DI water,
blown dry. Three representative micrographs of showing tree-like itesh@nd
fractal aggregates from the tested samples are shown i63;i§ig. 64 and Fig.
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65. Fig. 63was taken by hic-resolution microscope and Fig. @hd Fig. 65
were taken by FESENMThen transmission & measured to compare v the
initial transmission characterist.

Ag nanoparticies

Fig. 57Schematic drawing of ring anode test de
4.3.4 Results andgtussiol

Transmission results from three samples were sHmlow (Fig. 60, Fig.
61 and Fig. 62)During dendrite growth, all were biased with 3 V and 108
compliance but for different lengths of ti (5 s, 20 s and 50 sThe wrrent
compliance was set high but typical growth cuts were around L Ass water i¢
a relatively weakelectrolyte Tuning thegrowing condition to have the desir
dendritic structures is a balancing act in whichesal parameters must be tal
into accountDifferent voltages were tried from 1 V to 20 Applied voltages
that are too high lead to th-dimensional dendritic gwth, which dendrites gro
away from thesurface and will not contribute to surface plasmesonance, an
hydrogenbubbles forming. Applied voltages that are too result in slow
growth as well as dense dendritic branches whidleatea great amount «
incidentlightg. 3 V is optimal voltage and ideal for creafifractal structures th

enhance the surface plasmon resonance. Time ags ph important role fc
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dendritic growth. Growing for too long, dendrites will cover too muaaand
dendritic growth becomes electroplating, which loses the functipnahd
subtlety of fractal structures. Growing for too short, obviously, dendritehawk
little impact on surface plasmon resonance. In Fig. 53, a specira very dense
Ag dendritic network grown on top of Ag nanoparticles for a longodewas
presented and shows that a large amount of Ag dendrites can redkedlzed
surface plasmon resonance very broad but the redshift can’t be obasrtieel
broadening effect almost completely buried the resonance pealoiodat the
results shown here, by controlling growth time and optimizing droxsttage, it
is demonstrated that the localized surface plasmon resonanbe @ae-tuned to
enhance light scattering. In Fig. 60, the dendrites were groms $ with 3 V and
the main dip in the transmission plot was only redshifted vetg fitr about 10
nm and the resonance broadening was very minimum and almost uruletdaota
Fig. 61, the dendrites were grown for 20 s with 3 V and the main dipein
transmission plot was redshifted for almost 50 nm but the resonarexdehnog
was still very small. In Fig. 62, the dendrites were grown for &ts 3 V and
the main dip in the transmission plot was redshifted for about 60 nm. The
resonance was significantly broadened compared to 5s and 20 s grdwths
better understand these results, we must first understand howteleradworks
alter the localized surface plasmons which are generated by nanoparticles
These Ag dendrite networks are natural large fractal aggeegatee
fractal dimension is calculated for a typical grown fradthdritic structure using
the box counting technique to confirm the fractal nature of these ilendr
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structures. An example of the dendrite growth used for box-countirfgvsnsin
Fig. 58 and the counting result is given in Fig. 59. The fractalribmg is Df =
1.8746 +/- 0.17051, which is in line with the fractal dimension 1.7 of typical
DLA-like structures (West). Fractal structures do not possesmsslational
invariance, and ordinary running waves cannot be transmitted (Shalaty. e
Localized surface plasmon resonances associated with diffeegates of fractal
structures strongly couple with each other via dipolar or, moremmnly,
multipolar forces and leads to a redistribution of the plasmon amplitade a
large number of particles into much larger amplitude on a fewizechparticles
(Shalaev et al.) (Qiu et al.). Therefore, plasmon resonancesaal fstructures
are not independent localized surface plasmons and they should be &®ated
collective eigenmodes which are formed by the interaction batvdgéerent
features of fractal structures (Shalaev et al.). Ourtesbbwn in Fig. 60, Fig. 61
and Fig. 62 demonstrated that the coupled plasmon resonances of Af fracta
dendrite networks grown on top of Ag nanoparticles with controlled dendr
growing parameters can be redshifted and extended to longengtied, and
cover a broad spectral range with strong amplitude in compaosthe particle
plasmon resonance (Qiu et al.).

The most prominent effects, which can enhance localized surfacegplas
resonances and benefit thin film solar cells, observed on the lzaré rslsonance
due to the growth of dendritic structures in Fig. 62 can be sumrmdaasizel.

resonance redshift, 2. resonance broadening and 3. large amplitude of resonance.
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1. The bare island resonance peak red-shifted to longer wgthedeifhe
electrodeposition of dendritic Ag structures (see Fig. 64 and F)gle@fl to a
broader distribution of particle sizes than annealed nanoparticleseanld in
many originally separated particles making contact witthesher. In dispersed
nanoparticles, redshift occurs because the distance between thescharge
opposite interfaces of the particle increases with itsamkeconduction electrons
across the particle no longer move in phase. This leads to aioeductthe
depolarization field (which is generated by the surrounding polanzster) at
the center of the particle (Catchpole and Polman) As a réseltestoring force
becomes smaller and therefore the resonance frequency loiMakr,
MyiLibrary and SpringerLink) and shifts to longer wavelengths.eAfthe
electrodeposition of dendritic Ag structures, not only the sizes iginaly
separated particles increased but also the interactions bgbhadihes increased
as there always exists a strong coupling of a particle magtghboring particles in
fractals (Shalaev). The positive metal cations in the neighdpgrarticles exert
additional coulombic attractions and weaken the restoring for¢heo€lectron
oscillation (Zhu et al.)). As a result, the plasmon energy duced and
consequently the plasmon wavelength is redshifted to longer wagtletehis is
particularly important for thin film solar cells as they atisaveakly in visible and
longer wavelengths and the redshifted resonance can enhandasohngtian in
that spectral range.

2. The bare island resonance broadens, which allows light trappiog occ
over a broad range of wavelengths. In dispersed nanoparticles, dbisamnee
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broadening effect mainly results from the weakening of thagtineof the dipole
plasmon resonance (Maier, MyiLibrary and SpringerLink). As the panizlume
increases, radiation damping also increases. In radiation damybrgting
energy of moving charges, such as electrons, is converted tooelaghetic
energy and is dissipated in the form of radio waves or infraredsible light
(Encyclopaedia Britannica. Encyclopsedia Britannica Online. Encyclopaedia
Britannica). After the electrodeposition of dendritic Ag structunesny annealed
nanoparticles experienced size increase as well as largevaimtion, which
caused the resonance broadening, but more importantly the interaatitimes
coupled adjacent nanoparticles with large size variation createariety of
resonant modes over a wide spectral range (Shalaev et alraghand Barnes).

In fractal structures, the resonance frequency of the mechlsurface plasmon
mode is dependent on the local configuration of particles at the looaton
(Podolskiy and Shalaev). A random fractal comprises a large nuofdecal
geometries due to the presence of the inhomogeneous distribution demares

and spacings and thus the interactions in a particle with neiggbmamoparticles

are also inhomogeneous over the particle volume (Podolskiy and Shalaev)
(Murray and Barnes). As a result, higher order resonant modes, thian the
dipole mode, can be excited. Different fractal structures psshfferent plasmon
resonance frequencies and consequently a collection of these resonance
frequencies spans over a broad spectral range covering the \asithlinfrared

(Podolskiy and Shalaev) (Qiu et al.). Broadening the resonance atrlong
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wavelengths is considered to be an advantage for solar cell applcas the
enhancement over visible and longer wavelengths are desired.

3. The bare island resonance amplitude increased, which indibates t
excitation of a strong resonance due to the fractal dendritdusscThis effect
was predicted in (Shalaev), the enhancement at longer wavelelgt to
aggregation of initially isolated particles into fractal stowes is proportional to
(R/r*®PY (enhancement factor in 2 dimensions), where R is the radiusacde |
fractal cluster, r is the radius of small metal particdesl Df is the fractal
dimension. The fractal dimension calculated for a typical fradehdritic
structure in section 4.3.4 is Df = 1.8746 +/- 0.17051, which is in line thih
fractal dimension 1.7 of typical DLA-like structures (West)e&ly, there is
always an enhancement as the enhancement factor is alvgmes bian 1 for

Df<2 and R is always larger than r for a large fractal structure.

Fig. 58 An example of the dendrite growth used for box-counting
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Fig. 59 Box-counting result of the example shown in Fig. 58
4.3.5 Conclusion

In this research project, metallic dendritic plasmonic structuses
demonstrated and it can potentially be utilized to excite strarfgce plasmon
resonance and enhance thin film solar cells performance at vagelengths by
electrochemically growing fractal structures with assistaof surface metal

nanoparticles.
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Fig. 62Transmission characterisitcs of a sample with deadrowth a 3 V for
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Fig. 63Dendrite growth micrograph from hi-resolution microscope

114



P L 5,

Fig. 64 Tree-like dendrite growth micrograph from FESEM

Fig. 65 Fractal Ag particles aggregates micrograph from FESEM
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5. CONCLUSION

In this dissertation, three PMC-based lateral devices are presented.

A novel PMC-based lateral microwave switch was developed and
characterized for use in microwave systems. The device satibzswitching
mechanism based on PMC technology, in which mobile ions within d soli
electrolyte undergo an electrochemical process to form andveea conductive
metallic “bridge’ to define the change of state. The PMC-based switch has
demonstrated an insertion loss of ~0.5dB, isolation of >30dB, low voltage

operation (1V), low power (r W) and low energy (J) consumption, and

excellent linearity up to 6 GHz. The switch requires fewer begations (due to
non-volatile nature) and has a simple planar geometry allowmgoieel device
structures and easy integration into microwave power distribution circuits.
PMC technology is used to develop lateral dendritic metal ekbest
Originally GeSe was choose due to its high ion mobility and raamnpérature
processing capability, excellent flexibility, and allows yéa range of substrates
to be employed, including plastics. Although dendritic metal ldes grown in
GeSe prove to reduce series resistance, the relatively pommission and
tinting associated with the Ag-Ge-Se electrolytes may notiéa for solar cell
applications. However, there are plenty other applications whichot@equire
high light transparency but need resistance reduction, for exasgfehealing
interconnects in which dendritic metal electrodes were growmgrGe-Se
electrolytes for repairing broken interconnects. ;3 another solid electrolyte

which is highly transparent in visible light spectrum and compatiboii
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photovoltaic industries as it has been used as surface passivggoriolalong

time, was also investigated. But due to its low ion mobility mategrowing

dendrites within it proves to be very difficult. A simple waterdméd dendrite
growth method was therefore developed to overcome solid electrobterial

issues and turns out to be very successful. Note, other liquidogfezdrcan also
be used. Metallic dendritic electrodes hence can be growritar gisulators like
SiO, or semiconductors like Si. These dendritic electrodes have agsibke low

resistances and relatively high light transmission and can batiadiieused for
solar cell applications, like replacing conventional Ag screeamquti top

electrodes. This research effort also laid a solid foundationdémeloping
dendritic plasmonic structures.

In recent years, plasmonics for photovoltaics has taken off agyg ph
important role in enhancing the light trapping properties of timm-§olar cells
for boosting efficiency and reducing costs. The metallic dendptasmonic
structures were developed by growing metallic dendritic networks
electrochemically on SiOwith a thin layer of surface metal nanoparticles in
water electrolyte. These structures increase the distributigraritle sizes by
connecting pre-deposited Ag nanoparticles into fractal striectangl result in
three significant effects, resonance red-shift, resonance Imogdend resonance
enhancement, on surface plasmon resonance for light trapping simmukbne
which can potentially enhance thin film solar cells’ performaatelonger

wavelengths.
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