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ABSTRACT

To date, the most popular and dominant materiakcémmercial solar cells is
crystalline silicon (or wafer-Si). It has the higheell efficiency and cell lifetime out
of all commercial solar cells. Although the potahtof crystalline-Si solar cells in
supplying energy demands is enormous, their fujuoavth will likely be constrained
by two major bottlenecks. The first is the high céleity input to produce
crystalline-Si solar cells and modules, and thesdds the limited supply of silver
(Ag) reserves. These bottlenecks prevent crysealin solar cells from reaching
terawatt-scale deployment, which means the el@gtrproduced by crystalline-Si
solar cells would never fulfill a noticeable portiof our energy demands in the future.
In order to solve the issue of Ag limitation foretlfront metal grid, aluminum (Al)
electroplating has been developed as an alternatietllization technique in the
fabrication of crystalline-Si solar cells. The phgt is carried out in a
near-room-temperature ionic liquid by means of gabstatic electrolysis. It has been
found that dense, adherent Al deposits with resigtin the high 10° Q-cm range
can be reproducibly obtained directly on Si suletraand nickel seed layers. An
all-Al Si solar cell, with an electroplated Al froelectrode and a screen-printed Al
back electrode, has been successfully demonstitz@aedd on commercial p-type
monocrystalline-Si solar cells, and its efficieney approaching 15%. Further
optimization of the cell fabrication process, inrtmalar a suitable patterning
technique for the front silicon nitride layer, ispected to increase the efficiency of
the cell to ~18%. This shows the potential of Adatoplating in cell metallization is

promising and replacing Ag with Al as the frontder electrode is feasible.
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CHAPTER 1 INTRODUCTION
1.1 Motivation

Over the past few decades, the fossil fuels, cgrfrom coal, natural gas and oil,
have been the dominant resource for world energyplguln the statistical review
published by British Petroleum, the consumptionhef fossil fuels in 2014 continued
to increase despite the slow growth in energy dehjah Global oil consumption
grew 0.8 percent in 2014, while natural gas and coasumption each increased by
0.4 percent. However, this situation could changdhe coming decades because
fossil fuels not only are limited in supply but @lsause detrimental impact on the
environment like climate change through the emissid global warming gases.
Therefore, the world has been searching for altetea@nergy resources, which can
substitute the fossil fuels in the near future. IHac energy, using nuclear fission to
release energy, has been considered as a promigasgtute for the fossil fuels due to
its lower cost and clean production of electricifowever, nuclear energy raises
concerns about safety and radioactive waste dispasaddition, it takes a long time
to build a nuclear plant, making it less feasitde if to fulfill the rising demand for
energy. A more sustainable and cleaner energy smaeds to be developed to reduce
the global usage of fossil and nuclear energy.

With significant cost reductions in both wind asalar energy, renewable energy
is growing rapidly, and record numbers of new wamdl solar installations have been
coming online in the United States over the past fears [2]. Among all the
renewable sources, solar energy is the fastestiggorenewable generation source.
Photovoltaics (PV), a form of solar energy whemghtiis directly converted to
electricity typically using a semiconductor matkria one of the most promising

candidates for sustainable energy source becauntighdus free, essentially unlimited,
1



and available almost in any part of the world. Timpressive growth of global PV
market can be clearly seen by tracking the evatutiothe global cumulative installed
PV capacity, as shown in Figure 1.1 [3]. At the erid2014, the capacity almost
reached 180 G\Y and it was anticipated that solar PV would camgilgrowing and

hit the target of 200 G\Mnstallations over the next three years.
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Figure 1.1 Global cumulative installed PV capafitm 2000 to 2014.

PV provides a number of advantages over fossiiggnauclear energy, and even
other renewable energy sources:

1) PV systems do not require fuel, which elimisatee risk associated with

fluctuating fuel costs, and this advantage is ethdsy some other renewable

energy sources. There is also no requirement Her disposal of fuel. The

economic and safety risks associated with nudiegr disposal are still under

dispute.

2) The energy produced by PV systems is free tlifamts and greenhouse gas



emissions. Besides environmental issues, it shbelesoted that recent reports
indicate hidden health care costs associated pottulations living near coal
fired power plants [4]. These hidden costs are tgpically included in cost
comparison between PV and coal.

3) PV systems are not localized in the world aad be installed and operated
with a relative ease on a rooftop, so transmisaiwh distribution costs can be
significantly reduced. It is worth mentioning tleectricity generated at the
point of use is of more value than that generatesl remote place from which it
Is supplied.

4) PV systems are comprised of highly reliabldjdsstate devices with low
operation and maintenance (O&M) requirements. dilveent O&M costs for PV
are a much lower percentage of the total levelzest of energy (LCOE) when
compared to other power generation technologig¢s th potential to be
reduced even further with advances in module lelesltronics.

5) Due to improvements in fast switching power ides and inverter
technology [6], integration of PV into the utilirid can now be realized in a
way that significantly enhances the stabilitylod grid and provides added value,
like power factor control and dispatchable reactipower (referred to as
“ancillary services” in the utility sector) [7].

Although the costs related to PV modules and systieave dropped drastically

over the last few decades, the LCOE of PV is ktiher than that of fossil fuels in

many places [5]. In the United States, solar P\ @ucounts for ~0.4% of the total

energy consumed in 2014, as shown in Figure 1.2 tlu a higher LCOE

(~$0.125/kWh) compared to fossil fuels$0.1/kWh) [2]. To make PV a truly

competitive energy source to the conventional fdsgls, it is necessary to further

3



reduce the costs at all levels, including matedell, module, and system.
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There are two obvious ways to bring down the P\dut® price: increase the
conversion efficiency and reduce the material, paltessing and manufacturing cost.
This criterion forms the overall scope and objextof my PhD research, which is
using cheaper contact material and simplifying wiele process flow to fabricate
solar cells with efficiency close to what commek@alar cells have achieved. The
research would particularly focus on substituting front silver (Ag) electrodes of
crystalline silicon (Si) solar cells with a cheap&d Earth-abundant material such as

aluminum (Al).



1.2 Overview of the Photovoltaic Technology

PV is a simple method of utilizing the energy ohsBV energy conversion is a
one-step process which converts light energy dyéato electricity using PV devices
(solar cells). The explanation relies on quantugotiy, in which light is made up of
packets of energy, called photons. Their energgdeép solely on the frequency of the
light, and the energy of visible photons is suéiiti to excite electrons up to higher
energy levels, where they are free to move. Inlar s@ll, there is a built-in potential
which separates the excited charge carriers béf@ye can relax, and further drives
the electrical current through an external loade ®ifectiveness of a solar cell
depends on the different selections of light abhsgrlmaterials and the connection
between materials and external circuit. Solar caléscommonly connected together
electrically, in series or in a series-parallel foiguration, to increase the voltage and
current of the interconnected ensemble. The finedmonent is called a PV module in
which these cells are encapsulated by a front glagsr and a rear cover to protect
themselves from the environmental hazards.

The photovoltaic effect was first discovered by keheh Bequerel in 1839 [8].
His experimental setup was composed of a silveordd (AgCl) electrode and a
platinum (Pt) electrode in an acidic solution. WHaght was shone on the AgCI
electrode, he observed a voltage drop across tbeetactrodes. In 1883, Charles
Fritts demonstrated the large area and all solitessolar cell by depositing an
extremely thin layer of gold (Au) on semiconductetenium (Se) [9]. This early solar
cell was based on Schottky barrier between semiatindmetal interfaces, where a
semitransparent layer of metal deposited on tofhn@fsemiconductor. This provided
both the asymmetric electrical junction, which mscessary for photovoltaic effect,

and the access of incident light to junction. le t950s, with the development of
5



good quality Si wafers, researchers begun lookirig the potential application of
crystalline Si in solar cells. Meanwhile, discoveifya way to fabricate p-n junction in
Si was followed the development of Si electroni€®e p-n junction structures
showed much better rectifying and photovoltaic bérathan Schottky barrier. The
first Si solar cell with a p-n junction was demaagtd by D. Chapin et al. of Bell
Laboratories in 1954 [10], and the conversion afficy was about 6%. Since then, Si,
either monocrystalline or multicrystalline, has eened the foremost PV material and
dominated the solar cell market, gaining from thdvamces of Si-based
microelectronics industry.

To compete with wafer-Si technologies, thin filmlv Rechnologies were
developed to lower the cost of module manufactubiygreducing the processing
steps and amount of active material required tatera module, at the expense of
lower efficiencies. In general, this is accomplsh®y depositing a thin inorganic
semiconductor film, called the absorber layer, ansubstrate. The absorber normally
features a direct bandgap in the range of 1-1.75a#dwing for strong optical
absorption of the visible and near-infrared wavgtes available from the solar
spectrum. Various thin film material systems haeerbutilized by the industry, and
the most successful absorber materials have beérodgsnated amorphous silicon
(a-Si:H), cadmium telluride (CdTe), and copper umdigallium diselenide (CIGS).
However, for the CdTe and CIGS systems, limitedlalgity and increasing prices
of Te and In may be the obstacles to their futueeetbpment according to experts
working in the PV industry [11].

While thin films were developed to provide an aitgive with cheaper cost but
lower efficiency to wafer-Si, multijunction Ill-Vdar cells, also known as tandem

cells, were developed to push the boundary of smirefficiencies. Efficiencies as
6



high as 46% have been achieved under concenthgtedand 38.8% under one sun
[12] with an incredibly high cost. This higher cast due to both the materials
requirements (e.g., substrates) and the expenkiwethroughput epitaxial crystal
growth methods (e.g., metal-organic chemical vageposition, molecular beam
epitaxy) required to create these devices, whichvhy concentration of light is
normally used to reduce the amount of material eegd3]. The efficiency boost
primarily comes from the use of multiple p-n jucis stacked on top of each other,
each with a bandgap engineered to absorb lightavatértain range of wavelengths.

In addition to wafer-Si, thin film and multijunom 1lI-V technologies, other
materials and device concepts have been develdpbe &aboratory scale with little
to no commercial impact. Perhaps the most nota&glenblogy in this category would
be organic PV, which is based on the use of orgaeimiconductor materials.
Dye-sensitized solar cells are another technoldgynterest to the PV community.
More recently, perovskite materials have emerged aapotentially attractive
technology due to the demonstration of a non-staguil cell efficiency of 21% by
EPFL [14]. Concerns over both the short-term amdyiterm stability of organic PV,
dye-sensitized solar cells, and perovskite ceks arrent market barriers for these
technologies.

Other emerging PV technologies aim to break the ll-kmeown
Shockley-Queisser limit by exploiting quantum coefnent or by using some other
novel energy conversion process (e.g., hot camsmar cells, multiple exciton
generation, intermediate band solar cells). Desgiiee advanced and innovative
concepts, the majority of these technologies ateastthe very early stages of the
R&D cycle.

Figure 1.3 shows the progression of record laboyagfficiencies for current
7



solar cell technologies between 1976 and 2015 [Hich is maintained and updated
by NREL. It can be seen that current commerciallgilable solar cell technologies
include 1) wafer-Si solar cells, either monocrystal or multicrystalline, 2) CdTe

cells, 3) thin-film Si cells, either amorphous oicrocrystalline, 4) CIGS cells, and 5)
[1I-V compound semiconductor multijunction tanderells. On the other hand,
currently developing solar cell technologies indut) dye-sensitized solar cells, 2)
perovskite cells, 3) organic solar cells, 4) quantiot cells, and 5) thin film copper
zinc tin selenide sulfide (CZTSS) cells. In genetiaére are two major directions for
the development of current solar cell technologi€lse first one is using more
cost-effective ways to produce PV devices and naser which includes

photoelectrochemical junctions and alternative mmgte such as polycrystalline Si,
amorphous Si, and other thin film and organic mal&rThe second one is improving

device efficiency with tandem and other multipletbgaps structures.
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Figure 1.3 Progression of record laboratory efficies for current solar cell
technologies between 1976 and 2015.




1.3 Chapter Organization

This chapter provides an introduction to the curf@d technology, from why
people need to develop renewable energy sourcest wbvantages the PV
technology has compared to the conventional fessrgy to what issues the current
PV technology has to prevent it from becoming thainsiream energy source.
Developing an approach to solve the cost issueeisrain focus and objective of my
thesis work. Moreover, a brief overview of the emtrPV technology is introduced, in
which the unique features of different materialtegss are discussed.

In Chapter 2, the basic operation and fundamepitgkics of solar cells are
provided, including the typical structure of a sadall, characteristics of a solar cell,
and loss mechanisms in a solar cell. Since therv&feolar cell is the most common
solar cell commercially available today, it is usesl an example to show the cell
structure, in which the functions of different layeare discussed. Several important
parameters which are used to characterize solés eed defined and discussed.
Various loss mechanisms in solar cells, includipgjaal losses, resistive losses, and
recombination losses, are discussed to explainthére is a discrepancy between the
theoretical and the actual efficiency.

Chapter 3 provides a brief overview of crystaliBiesolar cells, which dominate
the global solar cell market with ~90% of markeargh Although the potential of
crystalline-Si solar cells in supplying energy dewhs® is enormous, their future
growth will likely be constrained by two fundamentaadblocks. The first one is
high energy input for the production of crystalie modules. A much more
energy-efficient process flow needs to be develapeaatder to solve this bottleneck.
The second one is the scarcity of Ag reserve ferftnt metal grid. An alternative

metallization technique with a low-cost and Eanhwadant metal to substitute for
9



screen-printed Ag has to be investigated to addhessssue, which is the motivaion
behind the development of room-temperature Al ed@tating on Si substrates in this
work.

In Chapter 4, we report the development of Al etgadlating on Si substrates in a
near-room-temperature ionic liquid for the metaltian of crystalline-Si solar cells.
The electrolyte is prepared by mixing anhydrous mahwm chloride and
1-ethyl-3-methylimidazolium tetrachloroaluminateherl plating is carried out by
means of galvanostatic electrolysis. The structanal compositional properties of the
Al deposits are characterized, and the sheet aesistof the deposits is investigated to
reveal the effects of pre-bake conditions, depmsitemperature, and post-deposition
annealing conditions. It has been found that demskerent Al deposits with
resistivity in the high 1¢ Q-cm range can be reproducibly obtained directlySon
substrates.

In Chapter 5, the integration of Al electroplatimgthe metallization process of
commercial p-type monocrystalline-Si solar cellseported. The design of the front
grid pattern for our all-Al solar cells is firsttoduced, in which the design rules and
pattern optimization are elucidated. The procesw,ficell performance, and issues
caused by the fabrication method are discussedalPAl Si solar cell, with an
electroplated Al front electrode and a screen-pdnAl back electrode, has been
successfully demonstrated and its performance bas bharacterized. The effect of
annealing for the front Al/Ni electrode in air aifferent temperatures on cell
performance has been investigated.

Chapter 6 provides a conclusion of this work amdre outlook on the possible

development of cell structures and Al plating teghe.
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CHAPTER 2 BASIC OPERATION OF SOLAR CELLS
2.1 Solar Cell Sructure

A photovoltaic solar cell is an optoelectronic dewvhich directly converts solar
energy into electrical energy. Generally speakthgre are two requirements need to
be presented simultaneously in any photovoltaiarsmells to realize this process:

1) A material in which the absorption of light geates charge carriers, which

are excited electrons and the vacant statesydfidse electrons.

2) The separation of charge carriers by a builpwtential difference, or

electromotive force, which drives electrons witigher energy from the solar

cell into an external circuit or load.

There are a variety of materials and techniqueshafge separation in different
cell technologies, but their operations are alleda®n the two vital processes
mentioned above. Typically, the materials for lighsorption can be categorized into
inorganic semiconductors and organic semiconduc8okar cells including wafer-Si,
thin-film CdTe, thin-film Si, thin-film CIGS, IlI-V compound semiconductor
multi-junction tandem cells, and those developimiscsuch as gallium arsenide
(GaAs) single-junction, CZTSS, and perovskite callsemploy inorganic absorber.
On the other hand, the absorber for solar cells tlige-sensitized cells and various
types of organic cells is an organic material.dmts of charge separation, there are
many different approaches to build up a poteniti#gnce, which varies from a p-n
junction to a Schottky junction to a heterojunctidoetween two dissimilar
semiconductors. In practice, all the commerciabisaells today, wafer-Si, CdTe,
thin-film Si, and CIGS, use a p-n junction for aparseparation due to its superior
performance and reliability to all other approaches

Figure 2.1 shows the basic schematic of a wafex&ir cell [15], which is the
11



most common solar cell commercially available todagr Si solar cells, the basic
design focuses on the optimization of surface cé&fl@, carrier separation,
recombination and parasitic resistances to reaoht25% theoretical efficiency. The
Si substrate (base), either monocrystalline or icryitalline Si, is p-type with a
resistivity of about X2-cm. Although silicon's bandgap is slightly low fam optimum
solar cell and it is an indirect material with avlabsorption coefficient, its abundance
and dominance of the integrated circuit industryenanade it difficult for other
materials to compete in current PV market. The thétkness can be as thin as about
100um with great light trapping and surface passivatidowever, thickness between
200 and 40Qum are generally used, partly for practical issugshsas making and
handling with thin wafers. The front surface istterd with random pyramids to
reduce reflection by increasing the chances oécédld light bouncing back onto the
surface. A phosphorus diffusion is performed atftbat side to form h emitter with
thickness of about 0.am. The front emitter is doped to a level sufficiemtconduct
away the generated charge carriers with very Iiglstive losses. The front emitter
cannot be too thick; otherwise, a great amountaofier recombination would take
place within this region. On the contrary, by makihe front emitter thin, a large
fraction of the carriers generated by the incidagfit are created within a diffusion
length of the p-n junction. The front metal gridpkced on the surface to conduct
away all the current generated, which is made of Hgere is a trade-off between the
shading losses and resistive losses of front ngeil This makes the design of front
metal grid an important topic, and engineers uguallow some basic rules when
designing grid pattern [16]. The back electrodélisand the Al is also diffused into
Si to form a heavily doped’pgegion, which is called the back surface field FRS

The interface between the high and low doped p-tsggions behaves like an
12



electrical junction and a built-in electric field the interface creates a barrier to
minority carrier flow to the rear surface. Thuse ttminority carrier concentration is
maintained at higher levels in the bulk of the deyiwhich minimize the impact of
rear surface recombination. Both the front Ag gundl the back Al contact are formed
by screen-printing technology because of its siaigli high throughput, and low
manufacturing cost. The material for anti-reflenticoating (ARC) is silicon nitride
(SiNy if nonstoichiometric) deposited by plasma-enhandeemical vapor deposition
(PECVD), and the thickness is around 75 nm. Moredhe SiN layer is often used
for n-type Si surface passivation, which lowerdare recombination by reducing the
number of dangling bonds at the Si surface andrbyiging field induced passivation

via its built-in positive charge.

Ag Front Electrode

SiN, Antireflection Layer J

n-Type Emitter

p-Type Base
p* Back Surface Field

Al Back Electrode

Figure 2.1 Schematic of a wafer-Si solar cell. &ceftexturing is not shown, and the
figure is not drawn to scale.

2.2 Characteristics of Solar Cell
Several important parameters which are used toactezize solar cells are

defined and discussed in this section. Most of gheameters such as short-circuit
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current, open-circuit voltage, fill factor, and Icefficiency are determined from the

current-voltage characteristic (I-V curve) of thedl inder illumination.

2.2.1 Short-circuit Current and Open-circuit Voleg

A solar cell can simply replace a battery in acgilc circuit, and the cell would
not do anything in the dark. When a light shineghencell to switch it on, it develops
a voltage. The voltage developed when two termirzaits isolated (infinite load
resistance) is called the open-circuit voltayg)( which is the maximum voltage
available from a solar cell at zero current. Thegent through the solar cell when two
terminals are connected together is the shortitimurent (s). The short-circuit
current results from the generation and collectbright-generated carriers. For a
solar cell with moderate resistive losses, the tstiocuit current and the
light-generated current are identical. Therefdne, short-circuit current is the largest
current which can be drawn from the solar cell. cBirthe current is roughly
proportional to the illuminated area, the shortwait current densityJ, is also a

useful factor for comparison of cell's performance.

2.2.2 Photocurrent and Quantum Efficiency

The current generated by a solar cell under ilhatnon at short circuit is called
light-generated current or photocurrent, which epehdent on the incident light. To
relate the photocurrent densitysd to the solar spectrum, the cell's quantum
efficiency QE) is needed [17]. Th&E(E) is the ratio of the number of carriers
collected by the solar cell to the number of phetanth a given energy incident on
the solar cell. It may be given as a function ahei photon wavelength or energy.

Energy is a more convenient parameter for the physi solar cells. Thus,
14



Jso= 0 [ 9(E) % QE(E)I(E) (2.1)
where ¢(E) is the incident photon flux density, which is defil as the number of
photons with energy in the rangego E+dE incident on unit area in unit time agds
the electric chargeQE depends on the absorption coefficient of the nedtethe
effectiveness of charge separation and the prabalof charge collection in the
device. It is a key factor in describing the periance of solar cells under various

conditions.

2.2.3 Dark Current and Open-circuit Voltage

When a voltage or bias is applied across the salra current which flows in
the opposite direction to the photocurrent is gateel, resulting in the reduction of
net current from its short-circuit value. This rese current is usually called the dark
current in analogy to the currehg (V) which flows across the device in the dark.
Most solar cells behave like a diode in the darkjcw means its |-V curve would
have a much larger current under forward bias thrader reverse bias. This rectifying
behavior is a feature of photovoltaic devices. Borideal diode, the dark current

densityJyar(V) can be expressed as
V
YerdV) = Hexp(—)-1) (2.2)

whereJyis the reverse saturation current dengitig the Boltzmann constant and T is
the temperature in degrees Kelvin.

The current-voltage characteristic of the soldl can be approximated as the
superposition of the I-V curve in the dark with thght-generated current (or
short-circuit current). Although the reverse cutnehich flows through the cell under

illumination is not exactly equal to the currerviing in the dark, the approximation
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is quite reasonable for many photovoltaic materahsl devices. Also, the sign
expression for current and voltage in solar cedlshat the photocurrent is positive,
which is the opposite to the common convention feeape in electronic devices. The
relation of voltage-current density is then given b

(V) = Ie— Jdard V). (2.3)

For an ideal diode, it becomes
V
I(V) = dem Jo[eXp(i—T)—ll . (2.4)

An equation forVyis found when the dark current and short-circuitremnt

cancel each other out from the above equationafadeal diode,

KT J.
Voc=—In(—* +1) (2.5)
q J

0

The above equation shows thdt. depends on the saturation current and the
short-circuit current of the solar cell. While thalue ofJs typically does not change
too much, the key effect is the saturation curremge this value may vary by orders
of magnitude. The saturation current density,is related to the recombination in
solar cell [18]. Based on the open-circuit voltagee can approximately know the

amount of recombination in the device.

2.2.4 Fill Factor and Efficiency

The short-circuit current and open-circuit voltage the maximum current and
voltage from a solar cell, respectively. The ogamategime of the cell is within the
range ofVy. and Js.. The cell's power density reaches its maximum akimum
power point, which occurs at voltagé.j with a corresponding current densify)
as shown in Figure 2.2 [17].The fill factor (oftebbreviated abF) is defined as the
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ratio of the maximum power from the solar cellltie product oV, andJsc

J [V

FF=—"—7. 2.6
JSC |SVOC ( )

The fill factor measures the "squareness" of thé clirve and is also the area of

largest rectangle which can fit in the J-V curve.

Maxmum
. OWer pomit
CH.T‘F‘E’HT (]E’.HSH‘I' p P
‘-jsc '
Jm
=
Fy
w
=
QL
© Power
e
& density
=
-
(&)
Vm VOC
Bias voltage, V |

Figure 2.2 The current-voltage and power-voltagaatieristics of an ideal cell. The
maximum power densityxVn, is given by the area of inner rectangle, whiledhea
of outer rectangle i¥,cxJsc
The efficiency is the most commonly used parameter compare the

performance of different solar cells. The efficigrtg) is defined as the ratio of energy

output from the solar cell to the input power dgnsom the sunk;,),

n= , 2.7)

which is related t&,. andJsc usingFF,
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77 — oc SC ) (2_8)

These four quantitieds,, Vo, FF, andzn are key characteristics in determining one
solar cell's performance. The efficiency dependsthan spectrum, intensity of the
incident sunlight, and the temperature of the salalt. Hence, the illumination
condition under which the efficiency is measuredutt be carefully controlled to
compare the performance of one cell to another. Sthadard Test Condition (STC)
for solar cells is the Air Mass 1.5 (AM 1.5) spectr with an input power density of

1000 W/nf and a temperature of 25°C.

2.2.5 Parasitic Resistances

For an ideal solar cell, it is electrically equamt to a current generator in
parallel with a non-linear resistive element sushaadiode. When illuminated, the
solar cell generates the photocurrent which isddigtibetween the diode and external
load. However, in real cells, the power is actudilsipated through the resistance of
the contacts and through leakage currents arounditles of the device. These are
resistive effects in solar cells, which are elecity equivalent to two parasitic
resistances: 1) series resistarieg and 2) shunt resistancBsf), as shown in Figure

2.3.
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. J
Figure 2.3 Equivalent circuit of a solar cell inding series and shunt resistance.

The series resistance is caused by 1) the cufleemtthrough the emitter and
base of the solar cell, 2) the contact resistaretgvden cell material and metal
contacts, and 3) the current flow through the froetal contacts including busbar and
fingers. Series resistance is a particular prokdéimgh current densities, for instance
under concentrated light. The parallel or shunistasce results from leakage of
current through the manufacturing defects in cetl around the edges of the device.
The shunt resistance is a problem in poorly reictifydevices and is particularly
severe under low illumination. The effect of thase parasitic resistances is to
reduce the fill factor, so typically we waRt to be as small any, to be as large as
possible for an efficient solar cell. When bothiesgiand shunt resistances are present,

the diode equation becomes

(V+JAR)  V+JIAR

q
J = Jsc— Jo[exp(———)-1 2.9
sc 0[ p( KT ) ] Ren ( )

whereA is the area of cell.

2.3 Loss Mechanismsin Solar Cédlls

The theoretical efficiency of crystalline Si sotalls under one sun illumination
19



is about 29.4% [19]. However, Si solar cells widtard efficiencies, which were
fabricated by SunPower, Panasonic, and UNSW anemly 25.0~25.5% [20-22].
The discrepancy between the theoretical and thebefficiency is caused by various
loss mechanisms in solar cells, which include @ptiosses, resistive losses, and
recombination losses. The optical losses are dtigetéact that not every photon from
the solar spectrum enters the absorber of a selgrand not every photon which
enters a solar cell is absorbed and converted dgotreh-hole pairs. Figure 2.4
illustrates three main optical loss mechanismsciviare 1) reflection loss, 2) shading
loss, and 3) incomplete absorption. The resistigsés are due to the consumption of
the potential by various resistances in the ceflictv reduces the power delivered to
the external load. The recombination losses aresethiby several recombination
processes in which photo-generated charge cargemnbine with each other before

they reach the external load. Minimizing these los=chanisms in a cosffective

way to achieve higher cell efficiency records hasrbthe major focus of solar cell

research over the past few decades.

Si

3 Al
Figure 2.4 Three optical losses in the wafer-Sasoéll. “1” is reflection at front

surface and Si/SiNinterface, “2” is shadowing by front metal electep and “3” is
incomplete absorption.
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2.3.1 Reflection Loss

When photons reach an interface between two nadédeof different refractive
indices, part or all of it is reflected back at theerface and does not enter the second
material. In the case of a Si solar cell, the otflace at the interface of air and Si is
over 35% under normal incidence. The reflectionlmaminimized by two techniques:
anti-reflection coating and surface texturing.

1) Anti-reflection coating (ARC): ARC is formed by sandwiching a thin
dielectric film between the Si and air to reduce tkflection of incident light via
destructive interference of the waves reflectechftbe top and bottom surfaces of the
dielectric (Figure 2.5). Proper selection of thieka {lar) and refractive indefnagr) of

the ARC layer can reduce reflection significantly.

\/ Air[r Glass (n,)

Silicon (n,) \

Figure 2.5 Schematic of a single anti-reflectioatarg layer for Si solar cells.

For a single ARC layer, the reflectand®) can be expressed by the Fresnel

equations [23]:

_ r?+r} +2rr,cod 0= 2z n,.d, . (2.10)
1+r/r} +2rr,co9 ) '
n,-n N =N
= 1 AR r,= AR 2 (2.10)
nl + nAR nAR + n2

wheren is the refractive index of each layer. The refdace has minimurR,, when

21



A . ,
Nar - dar=— (quarterwavelength destructive interference) and is obthlme
4

Ry = el 2.11)

(n1n2 + nAR )2

For the broad solar spectrum, the wavelengtlat maximum intensity, about 630 nm,
is often used to determine the thickness of the A®@r. There is also an optimum
value for the refractive index of the ARC layer,iZdthmakesRinbecome zero at the

desired wavelength:

n,, =4 NN

AR N, . (2.12)
As solar cells are typically packaged into modutbs, material on top of the cells is
glass with a refractive index of about 1.5. Therefdahe optimum index of the ARC
layer on wafer-Si solar cells is around 2.4 at 6680

2) Surface texturing: surface texturing is another effective and common
technique for minimizing the reflection. Texturirgf Si surface can be done by
immersing a Si (100) wafer into an alkaline solafiovhich contains sodium
hydroxide (NaOH) or potassium hydroxide (KOH). Téteh rate on the (111) planes
is much smaller than on the (100) planes. This sgpdhe (111) planes in the Si
crystal, resulting in pyramids of random sizes loa wafer. These random pyramids
reduces the reflection by increasing the numbebainces of incident light, as
illustrated in Figure 2.6. For a Si wafer in aletreflectance of Si surface can be
reduced from 35% to about 12% after surface texguiin today’s wafer-Si solar cells,
a SiN; ARC layer is often deposited on textured Si wafarsd the combination of

these two techniques can further reduce the surisitectance to almost zero at a

particular wavelength and incident angle.
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Double bounce

Single bounce \

Flat Si surface Textured Si surface
Figure 2.6 Comparison of bounces of incident ligifflat Si surface and textured Si
surface.

2.3.2 Shading Loss

A finished solar cell needs to be contacted affittvet and back side in order to
extract power from the cell. However, the front ahetontact prevents the light to
enter into the cell, resulting in a reduced ligktigrated current. The front metal
contact has to be in a grid shape (busbars anerBhgo allow sunlight to pass
through. Typically, the front metal contact cové&d0% of the cell surface area.
Reducing the width of the metal busbars or fingars simply reduce the shading loss,
but this would increase the resistive losses asthes section of the metal grid gets
smaller and the distance which charge carriers ned¢chvel before being collected
becomes longer. Thus, the design of front metal bas to be optimized to balance
the shading and resistive losses. It is also plessibplace both contacts on the rear
side of the cell to avoid the shadowing loss, ah$ tstructure is called the
interdigitated back contact (IBC) solar cell. Thesb efficiency of the IBC cell

(large-area) is 25%, fabricated by SunPower omaneercial cell [22].
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2.3.3 Incomplete Absorption

The loss of incomplete absorption refers to tiss lof photons with energy EgE
which escape the cell from either the front or bagkaces due to thin cell thickness
or insufficient optical path length through the lcéhcomplete absorption is also
called optical leak, which can be minimized by apprate light trapping that
enhances the absorption of photons with long wangkeby reflecting them back into
the cell from the surfaces. Light trapping is readi by changing the angle of incident
light such that the light can travel at certain lapgather than perpendicular to the
surface, leading to an increased optical path kengtus, the front surface is textured
in order for the light to meet the surface at dgartngles. When light gets reflected
from the back surface and travels from back to tfriona cell, it goes from the
high-index semiconductor to the low-index ARC lay@ecause of this reverse index
profile, total internal reflection can occur at tinent surface at the critical anglé;),

which is given by:

. n
0.= arcsmﬁ. (2.13)

2

At this angle, the refracted light travels along thterface, and no light enters the
ARC layer. When the incident angle is larger thitgn all the light is specularly
reflected back into the semiconductor. For the seisface of most wafer-Si solar cells,
the metal electrode, typically Al, can serve asfiector. If the rear surface is textured,
the surface recombination would also increase duarnt increased interface trap
density. Therefore, the rear surface often remplasar in the structure design of

wafer-Si solar cells with higher efficiency.
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2.3.4 Resistive Losses

The resistive losses are caused by the seriegaiese Ry and shunt resistance
(Rsp) of a solar cell. Th&g, generally results from process-induced defects)ltiag
in partial shunting of the p-n junction. Shuntingwers theRy, and reduces the
amount of photocurrent flowing through the p-n jume, which decreases the voltage
of the solar cell. It is worth noting th&, is not a design parameter, but Reis a
design parameter which can be controlled.

Figure 2.7 illustrates the path of current flowarwafer-Si solar cell [15]. The
current flows vertically in the base but horizohtah the emitter. The fingers collect
currents from different regions of the cell and blusbars collect currents from all the
fingers. TheR; of a solar cell consists of several componentsghwvare resistances in
the current path, including:

1) The back Al/Si contact resistancg R

2) The base resistancg;R

3) The emitter resistance;R

4) The front Ag/Si contact resistancg R

5) The finger resistancesfand

6) The busbar resistance.R

Resistance is proportional to the length and selgrproportional to the cross
section of a given material. The direction of tlverent in Figure 2.7 indicates that the
back contact resistance; Rind base resistance, Rre small compared to other
resistances since the cross sectioncditl R is large. The resistive losses in Si solar
cells are often determined by the remaining foistances, emitter resistance, R
front contact resistanceRfinger resistance R and busbar resistance. EEmitter

resistance R finger resistance fRand busbar resistance, Rre design parameters in
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a solar cell. It is very important to have the momitter and grid design for
lowering theRs and increasing the cell efficiency.

For the emitter design, there is a tradeoff betweesistive losses and
recombination losses in the emitter. The high dgpavel in the emitter significantly
reduces the lifetime and diffusion length of phgtmerated charge carriers, resulting
in high recombination losses in the emitter. Whalghinner emitter with a lower
doping level can be used to minimize the recomindbsses, this reduces the cross
section for the current flowing horizontally alotige emitter and increases the emitter
resistance. The design of the fingers and busbasompromise between shadowing
losses and resistive losses. Wider fingers andadrasieduce the resistances but block
more incident sunlight, while narrower fingers dngbars reduce shadowing losses
but increase resistive losses. The design of et fyrid pattern for our all-Al solar
cells will be discussed in more detail in Chapterrbwhich the design rules and

pattern optimization will be elucidated.

R B
P, 5 /

I_// ,//7| - > A
A AR Layer i _r/

Emitter R; R,

R
2 //
CRl Base | /
Al

Figure 2.7 Path and direction of the electron flowafer-Si solar cells. Various
resistances are labeled with red circles. Dominegistances include emitter
resistance R front contact resistance,Ringer resistance J|2and busbar resistance

Rs.
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2.3.5 Recombination Losses

When a solar cell is illuminated, the absorptibeach photon creates an excited
electron and a vacant state (hole) in the absofiexy need to be separated and
extracted by the electrodes to generate an elgmn@r output. Recombination losses
refer to losses in which an excited electron falgk into a vacant state before they
reach the electrodes. There are four types of rbow@mhon processes in solar cells
based on inorganic semiconductor: 1) Radiative mdxoation; 2) Auger
recombination; 3) Shockley-Read-Hall (SRH) recombon; and 4) Surface
recombination.

1) Radiative (Band-to-Band) recombination: An excited electron in the
conduction band directly recombines with a holéhm valence band, which releases a
photon with energy equal to the bandgap of the semaiuctor (Figure 2.8). The rate
of radiative recombination is proportional to thember of carriers in the conduction
band and the number of empty states in the valdacel. This recombination is
dominant in direct bandgap semiconductors suchdd® (out it is not that important

in indirect bandgap materials like Si.

Electron

Hole
Figure 2.8 Radiative recombination in inorganic semductors.
2) Auger recombination: An electron in the conduction band recombines aith

hole in the valence band, and the energy assocvwatbdthe recombination excites
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another electron in the conduction band to a higinergy state (Figure 2.9). The
excited electron will quickly lose its excess enertprough multiple steps of
relaxation (scattering) and come down to the mimmaf the conduction band. This
can also happen to a hole: the energy releasedgihroecombination can excite a
hole into a higher-energy state, which will evefljugelax to the maximum of the
valence band. Auger recombination occurs at a kigly carrier concentration in the

semiconductor.

Electron
E.
E, C")
Hole

Figure 2.9 Auger recombination in inorganic semaugtors.

3) Shockley-Read-Hall (SRH) recombination: Various structural defects,
including impurities, dislocations, and grain boands in the crystal lattice, often
introduce electronic states near the middle obidredgap in the semiconductor. These
defect states, or trap states, can act as recotidringenters for charge carriers. The
SRH recombination involves two step processed|usdrated in Figure 2.10. First, an
electron (or hole) is trapped by an energy staténénenergy level introduced by the
defects. If a hole moves up to the same energg bifore the electron is re-emitted
into the conduction band, they then recombine wahh other. While recombination
through defects is present in direct bandgap semdiottors, it is particularly

important in indirect bandgap semiconductors suecBiaMinimizing defect densities
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in Si is critical to increase the lifetime and dgfon length of charge carriers, thus

improving the cell efficiency.

Electron
E, ®
Defect _l_ [ B
level l
E, o)
Hole

Figure 2.10 Shockley-Read-Hall (SRH) recombinatioimorganic semiconductors.

4) Surface recombination: Si surface has a large number of unsaturated
dangling bonds, which introduce surface defectestawithin the forbidden gap
(Figure 2.11) [24]. These states act as recomisinatenters, resulting in surface
recombination. Surface passivation is a technigsedufor reducing the surface

recombination, which involves two approaches: cltahpassivation and field-effect

passivation.
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Figure 2.11 Surface recombination at Si surface.

The chemical passivation terminates the danglmomgdb on the Si surfaces and

reduces the density of surface stateg (lith a thin dielectric film. Thermally-grown
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silicon dioxide (SiQ), PECVD-grown Si, and aluminum oxide (AD3) can be used
for this purpose. Right selection of these dieledtnin films can provide excellent
surface passivation for high cell efficiency. Thald-effect passivation is based on the
reduction of either electron or hole concentratainthe Si surface with a built-in
electric field. The electric field can induce ancamulation layer by repelling
minority carriers from the Si surface. This chasgeumulation at the surface lowers
the recombination because recombination rate isndwadmum when the electron and
hole concentrations at the Si surface are equal.godd example is the
negatively-charged AD; dielectric layer for field-effect passivation ontype Si

surface.

30



CHAPTER 3 BOTTLENECKSFOR CRYSTALLINE-SI SOLAR CELLS

3.1 Brief Overview of Crystalline-Si Solar Célls

Out of all the solar cell technologies availablemenercially in the market,
crystalline-Si solar cells, including multicrystak and monocrystalline dominate the
solar cell market with about 89% of market share2015, according to NPD
Solarbuzz (now IHS technology) PV Technology Roadmeport (Figure 3.1) [25].
Suppliers of high efficiency solar panels basedpoamium crystalline-Si, such as
SunPower and Panasonic, comprise 3% market shararanexpected to increase
their capacity over the next few years. Thin-filelldechnologies, led by First Solar
and Solar Frontier only account for nearly 8% aof tharket share. Among them,
CdTe panels manufactured by First Solar is thedeadth roughly 5% of the market.
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-
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Wc-Si p-type Mono
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I_-_-_j_ ._l mc-Si n-type Premium

2010 20 12 2014 2016 2018
Figure 3.1 Accelerated Technology Roadmap Scefkanecast by PV Technology

Type.

There are several technical factors leading tatminance of Si in the solar cell
industry. Among them, technologies developed by #idased microelectronics
industry by the 1970s, when the solar industry n@$, undoubtedly contributed to

its dominance since fabrication techniques, deplogsics, and materials science had
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all been well established for Si in those yeargh@&ugh it can be foreseen that
crystalline-Si solar cells will still be the worktsg of PV industry for years to come,
they have some major limitations, which hinder théon reach terawatt-scale
deployment. The production of crystalline-Si solzlls consists of fabrication

processes with intensive energy input and high, dost their efficiency and cell

lifetime are the highest. They are made on silie@fers, which is among the most
abundant elements on earth. Monocrystalline-Sirssdlis use mono-Si wafers grown
by Czochralski process as substrates. The effigiehenonocrystalline-Si solar cells
has reached 25%, while that of multicrystallines8liar cells, which are manufactured
through directional solidification, is around 20Btespite the fact that the potential of
crystalline-Si solar cells in supplying energy dewh& is enormous, their future
growth will likely be constrained by the fundaméntaadblocks. In Chapter 3.2 and
3.3, we will discuss two major bottlenecks now thbg PV industry: 1) high energy
input and 2) limited silver reserve. We will explapur approach to solve them,

especially in Chapter 3.3 regarding the bottlerackilver reserve.

3.2 Energy Input

The fabrication of crystalline-Si solar cells iseegy intensive, costly, and
polluting. Figure 3.2 shows the process flow fag thbrication of monocrystalline-Si
solar cells [26]. It can be seen that there areomsteps included in the fabrication,
which are quartz reduction to metallurgical-grad®iG) Si, distillation of
trichlorosilane (SiHG), Siemens process to produce polycrystalline-Siy¢si),
Czochralski growth of monocrystalline-Si ingot, wahg, and cell fabrication. The
electricity input for each step is also labeledafuis first reduced to MG Si in an

electric-arc furnace with charcoal at ~1900°C, Wwhieleases several million tons of
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carbon dioxide (Cg) into the atmosphere. MG-Si is reacted with hydlogc acid
(HCI) to form SiHC}, which is purified by multiple distillation. Theooosive SiHC
often results in frequent replacement of the stamlisteel equipment. The purified
SIHCl; is then reduced by hydrogen JjHto produce high-purity poly-Si in the
Siemens process, which takes place on a high-p&iityod at ~1150°C with an
electrical current passing through it. The Siemgmgess is a very energy-intensive
process. Subsequently, monocrystalline-Si ingaibined by the crystallization of
high-purity poly-Si at extremely high temperatureGzochralski process, which is

again an energy-intensive step.

Electric-arc
furnace + HCl
- = =0
50 kWh/kg Corrosive
; Distillation
Siemens
= B |
100 kWh/kg 200 kWh/kg

Wafering
Material loss

- [ cotbeaion | [ Monosicals|

Figure 3.2 Fabrication process flow for monocrystatSi solar cells.

If we assume 20% material loss for each step éxbepvafering step, which has
about 65% material loss, the total electricity rembdto produce 1 kg of
monocrystalline-Si wafers is about 1000 kilowatuhgkWh). Moreover, it takes a
huge amount of extra electricity to turn Si wafet® cells and modules, in which the
sealing of a cell module with an Al frame is a venergy-intensive process. It was
estimated that the electricity consumption for gweduction of monocrystalline-Si
wafers a year was 2.5 times as many as the eigctrigroduced from

monocrystalline-Si solar cells under the best seen&o our earth, it would be really
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difficult to squeeze out 10% of its electricity sumption just for solar cells.
Therefore, in order to reach terawatt-scale depnof monocrystalline-Si solar
cells, new process flow need to be developed tafggntly reduce the energy input
for the production of mono-Si cells and modulese B this purpose, the PV industry
has been looking into the potential of the fluidizged reactor (FBR) process. Several
companies, including REC Silicon and SunEdison, es@loring the application of
the FBR technology and establishing poly-Si produnctines based on this process.
Compared to the Siemens process, the FBR processnusch lower electricity for
producing high-purity poly-Si, meaning the manufisicty cost can be reduced.
According to the most recent International Techggl&koadmap for Photovoltaic
(ITRPV), it is expected that the FBR technologyl witrease its share substantially in

poly-Si production over the next decade, as shawkigure 3.3 [27].
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Figure 3.3 Expected change in the distributiona¥{si production technologies.
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3.3 Silver Reserve

In most commercial crystalline-Si solar cells tpd&g is used as the front finger
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electrode on the n-type emitter, while Al is usadtlze back electrode on the p-type
base, as shown in Figure 2.1. In addition to th&ldreck of high energy input,
crystalline-Si solar cells suffer from the scarafyAg for terawatt-scale deployment.
Ag provides some advantages over other metalsoas$ mnetallization, such as low
resistivity and resistance to oxidation. The knoeserve of Ag is 530000 metric tons
according to the mineral commodity summaries ptblisby U.S. Geological Survey
in 2015 [28]. The density of Ag is 10.5 g/&nif we assume the Ag contacts are 12
pum thick and the fraction of front metallization 8%, the peak output of
crystalline-Si solar cells with an efficiency of%7wvould be around 10.1 TWThis
value equals an averaged output of 1.5 TW or o8y & the projected energy
demand in 2100 (46 TW) [29]. This estimation is éamder the best scenario, in
which all the silver reserve are used for the potida of crystalline-Si solar cells. If
we take into consideration other commercial usag@sh as batteries, mirrors,
photography, and jewelry, which also consume Ag, tihtal energy these cells can
provide may be much less than 3% of the energy ddnma2100. The cost associated
with Ag material and processing has become a sogmf portion of the cell
fabrication cost as the module price continuesdésline [30]. Due to the limited
supply of Ag, a rise in silver price is guaranteethich makes cost control difficult
for cell manufacturers. These factors have mott/atdustry-wide efforts to develop
an alternative metallization technique with a lowest and Earth-abundant metal for
the front finger electrode.

Among all capable metallization techniques, fingamtacts composed of
nickel/copper (Ni/Cu) metal stacks has been ingattd extensively in recent years
[31-36], and cells with efficiencies above 20% h&esn successfully demonstrated

with an electroplated Cu/Ni front electrode. The sinamportant feature of
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electroplated Ni/Cu stacks is that this metall@atiechnique can be realized with
lower materials cost. The formation of Ni/Cu contatacks involves three major
steps: 1) Patterning of SIMRC layer; 2) Deposition of a Ni seed and barligter,
followed by 3) deposition of a Cu electrode. Theweantional Ag contact is usually
formed by screen-printing and firing the Ag pastetgh SiN ARC layer. However,
Ni/Cu-based metallization requires an additionapgb open the SINARC layer in
order to form the contact grid. For patterning thent dielectric layer, various
approaches have been investigated, including: bydRthography and wet etching
[37]; 2) Laser chemical processing [38]; 3) Lasklaaon [39]; and 4) Mechanical
scribing [40]. After the opening of front dielectdiayer, the Ni seed and barrier layer
is formed by either electroless plating or lighttmced plating. The Cu electrode,
which is the main conducting layer, is depositedigiyt-induced plating developed at
the Fraunhofer Institute for Solar Energy [41]. &fthe deposition of Ni/Cu stacks, a
thin capping layer of Ag or tin (Sn) is usually@l®plated on top of the Cu electrode.
The purpose of this capping layer is to preventGheanetal lines from being oxidized
and help to solder the interconnecting tabs. Figuteshows a schematic of Ni/Cu/Ag

or Sn-based metallization schemes.
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Figure3.4 Schematic of Ni/Cu/Ag or Sn-based metatiion schemes.

In terms of electrical resistivity and materiabadance, Al is another promising
candidate to substitute for Ag as the front eletgron crystalline-Si solar cells [42].
Little has been done to investigate the possibilitye biggest advantage of Cu is its
low resistivity. Electroplated Cu has its resigyivclose to its bulk value, far lower
than that of screen-printed Ag. From our experietiee resistivity of electroplated Al
is 2-3 times larger than electroplated Cu and amd screen-printed Ag. However,
Cu has several intrinsic issues as an electrod& solar cells. Cu introduces deep
states in Si, degrading the efficiency of the c&l,the Ni barrier layer is required to
prevent Cu from contacting and diffusing into Skidation of Cu is another concern
for module reliability. In comparison, Al is a pm@v electrode material in
crystalline-Si solar cells. It can be in direct tamt with Si without introducing deep
states. It has excellent reliability as it is pobéel from oxidation by a dense 8k
film which naturally forms on it.

There are several possible processes for Al nettin on crystalline-Si solar
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cells. Kessler et al. [43] reported vacuum-baselina evaporation for the Al front
electrode on back-junction cells with efficienciapproaching 20%. In principle,
sputter deposition can also be used for Al metilin, but both evaporation and
sputtering are vacuum-based processes which wesldtrin high processing costs
for Al electrodes. Hanwha Solar America propose@sign concept of IBC cells with
screen-printed Al as the electrodes for both cdrgatarities [44] although it has yet
to be demonstrated. Screen-printed Al would be @iible with current industrial
process for Al metallization. However, it is uncléwmw screen-printed Al works on
n-type Si since the cell performance would be digplaf Al diffuses into n-type Si.
This goes back to the firing temperature for theskelctrode on n-type Si. It has to be
low enough, which excludes Al pastes with >700°Gindi temperature.
Low-temperature fired Al paste with a low residivis still not commercially
available yet. Therefore, a solution-based mettllin process with a low processing
temperature for Al electrodes is desirable, andthe motivation behind the
development of room-temperature Al electroplatimgS substrates in our lab. This

metallization process will be discussed in moraii@t Chapter 4.

3.4 Summary

The deployment of solar cells have to be expantens of peak terawatts in
order to make a noticeable impact on future endaggands. Out of all the solar cell
technologies commercially available today, crystalSi solar cells dominate the cell
industry with nearly 90% of the market share. Aitgb the potential of crystalline-Si
solar cells in supplying energy demands is enormthesr future growth will likely
be constrained by the two major bottlenecks. Tis @ine is high energy input for the

production of crystalline-Si modules. With currée¢hnology, we would have to save
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a lot of electricity to fabricate those modulesmiich more energy-efficient process
flow needs to be developed in order to solve tlmléneck. The second one is the
scarcity of Ag reserve for the front metal grid. Alkernative metallization technique
with a low-cost and Earth-abundant metal has tonbestigated and developed to

substitute for conventional screen-printing of Ag.

39



CHAPTER 4ELECTROPLATING OF ALUMINUM ON SILICON IN AN
IONIC LIQUID

4.1 Introduction

Room-temperature or near-room-temperature eldetiog of Al requires a
non-aqueous solvent for an Al precursor becauséheflarger negative standard
potential of Al/Al(lll) couple (-1.67 V vs. NHE). By solvents have been reported
for this purpose [45]. including organic solventsdaonic liquids. Three types of
organic solvents have been used to dissolve Atlaslfor Al electroplating: aromatic
hydrocarbons [46], dimethylsulfone [47], and ethgl8]. Although high quality Al
deposits can be obtained with these solvents, dlagively narrow electrochemical
window, low electrical conductivity, low solubilitgf Al halides, high volatility and
flammability make industrial applications of theseganic solvents limited. lonic
liquids are a relatively new class of solvents i electroplating. They are
characterized by high electrical conductivity, lowiscosity, low toxicity,
non-flammability, high thermal and chemical stapjliand wide electrochemical
window, making them ideal solvents for Al electmatpig. Various ionic liquids for Al
electroplating have been reported [49-59], whiah tgpically mixtures of aluminum
chloride (AICk) and an organic halide (RX), such as 1-ethyl-3hylehidazolium
chloride (EMIC) and 1-butyl-3-methylimidazolium ciide (BMIC). These ionic
liquids show adjustable Lewis acid-base properidsch are acidic when the molar
ratio of AICl; : RX is >1. Al electroplating can be performed yoninder acidic
conditions.

Electroplating of Al in an ionic liquid has beearged out on metallic substrates
such as stainless steel [56], platinum [50, 54jgsten [50, 51, 55], gold [53], copper

[52], iron [54], and glassy carbon [50]. The depesi Al often serves as an
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anticorrosion coating. Although Al electroplating 8i has been reported [59], report
of electroplated Al on Si substrates as a low-costallization method in Si
photovoltaics and microelectronics has yet to appeathe literature. A major
difference between electroplating on Si substrateom metallic substrate is the high
resistivity of Si, which is typically in IT8-10Q-cm. For most metals, the resistivity is
in 10°-10° Q-cm. Another problem is the native oxide on Si, athis electrically
insulating and hinders electroplating.

In this Chapter, we report the results on eled¢étopy of Al on Si substrates in an
above-room-temperature ionic liquid. Dense and maitieAl deposits have been
reproducibly obtained directly on Si substratesrfra 3:2 molar ratio AlGl: EMIC
solution at temperatures slightly above 100°C. uidition to structural and
compositional characterization of the Al depositss of great interest to examine
their electrical properties for applications in alktation. The effects of deposition
parameters such as pre-bake conditions, deposémperature, and post-deposition
annealing on the sheet resistance of the deposits wwvestigated. The resistivity of
the Al deposits after annealing was in the high® I»-cm range, similar to that of
screen-printed Ag from an Ag paste. This electripdgprocess has been integrated in
the fabrication of a p-type monocrystalline-Si sotell for n-side metallization,

which will be discussed in Chapter 5.

4.2 Experimental

We prepared the electroplating solution and cotetuél electroplating in a dry
nitrogen box with a continuous nitrogen flow, whipkevents the ionic liquid from
absorbing  moisture.  All  the chemicals, 1-ethyl-3dmyémidazolium

tetrachloroaluminate ((EMIM)AIG) (>95%, Aldrich) and anhydrous Al€powder
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(99%, Aldrich), were used as received. The elet@to solution was prepared by
mixing 3:2 molar ratio of AlIGJ and (EMIM)AICI, in a dry beaker with continuous
magnetic bar stirring at ambient temperature, engutewis acidic property. On
completion of the room temperature mixing, a preebaas performed in which the
obtained electrolyte was heated to different temjpees for different times in order
to drive out the residual moisture in the electimlyThen, the temperature of the
electrolyte was changed to a predetermined temper&bdr Al deposition. The effect
of pre-bake conditions and deposition temperatwuas mvestigated through the sheet
resistance of the resultant Al deposits.

A three-electrode electrochemical cell was empldofge all the experiments, as
shown in Figure 4.1. Textured Si wafers, eithelypet or p-type with resistivity
between 0.3—-0-cm, were used as the substrates. A thin &ler was deposited on
the backside of the Si wafer to ensure one-siddeflosition. Prior to electroplating,
the Si wafer was cleaned in diluted hydrofluoricda@iF) to remove native oxide on
Si surface. Al wires of 99.99% purity were usedths sacrificial counter and
reference electrodes. This makes the electroplasiolgtion reusable for many
deposition runs, as the Al anode supplies Al to sieution and keeps the Al
concentration in the solution constant. The Al wiveere cleaned with a short dip in
37% hydrochloric acid (HCI), followed by a deionizgDI) water rinse. After
cleaning, the Al wires and the Si wafer (as thehadé/working electrode) were
immediately assembled and then transferred to thenittogen box. The deposition
of Al was performed at a temperature near the rmilpoint of water, and the
electrolyte was magnetically stirred. The electatiply process was carried out
galvanostatically, i.e. under a constant current® mA/cnf for half an hour. After

deposition, excess ionic liquid was removed froemghmple by dipping it in absolute
42



alcohol. The sample was then rinsed with DI watad aried with nitrogen.
Post-deposition annealing under vacuum was alsdumed to further reduce the

sheet resistance of the Al deposits.

— )

Reference
electrode
<« Counter
. electrode
Working
—
electrode
Electrolyte
— Stirring bar

Figure 4.1 Schematic of electrochemical cell sébug@\l electroplating.

A scanning electron microscope (SEM) equipped witlergy dispersive X-ray
analysis (EDX) was utilized to examine the surfac@phology and composition of
the Al deposits. The crystal structure was studvegt an X-ray diffractometer (XRD)
with Cu K, radiation. The sheet resistance of the Al depasdas measured with a
four-point probe. The nominal thickness of the Adpdsits was calculated by the

following equation:

J(Alcnt) ><t><27(amu)x104

Nominal thick =
ominal thicknesspm) 96485<3x2_7(g/0rﬁ)

(4.1)
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4.3 Results and Discussion

Surface cleaning of the substrate prior to depwsitis critical for Al
electroplating. We used diluted HF to clean theuhistrate, which is effective enough
to remove native oxide and leaves a clean Si sarfiacelectroplating. It was found
that whitish, dense, and adherent Al can be pldiredtly on Si if the resistivity of the
Si substrate is below ~@-cm. For Si substrates with >@-cm resistivity, the Al
deposits were greyish and poorly adherent to theuBstrate. A seed layer of metal,
such as Ni or Ni silicide (NiSi), was required imst case.

Figure 4.2 shows top-view SEM images of Al deposit a Si substrate and a
NiSi-coated Si substrate at 70°C and 15 mA/éon 30 min without pre-bake of the
electroplating solution. As shown in Fig. 4.2(dje tas-deposited Al film directly on
the Si substrate is dense and reasonably homogemetbularge Al crystallites on the
order of 10-2Qum. For the NiSi-coated Si substrate which is ugetidically for Si
with >1 Q-cm resistivity, the as-deposited Al film is demgéh smaller crystallites on
the order of 2—4um but more homogeneous than that obtained diremtlySi,
evidenced in Fig. 4.2(b). The increased homogeradit%l on NiSi can be attributed
to the fact that NiSi has a lower resistivity th@n resulting in a more even current
distribution in the substrate during electroplatittpwever, the adherence between
NiSi and Al was so poor that the Al film could basdy peeled off regardless of
surface preparation. Considering this material @sstine following results were
obtained from Al deposits directly on textured pedySi substrates with resistivity

between 0.3—0-cm.
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Flgure 4, 2 Top view SEM |mages of AI dep05|ts oha(z& substrate with reS|st|V|ty
below 1Q-cm and (b) a NiSi-coated Si substrate at 70°Cl&nchA/cnt for 30 min
without pre-bake of the electroplating solution.

Figure 4.3 shows the corresponding EDX analysis ¥R® pattern of the Al
deposit in Fig. 4.2(a). In Fig. 4.3(a), the depaksiplays only one strong peak of Al
around 1.5 keV without any other peaks of differeraterials, suggesting a pure Al
deposit under the conditions described. As showikign 4.3(b), all the four peaks of
the deposit are related to Al and identified aslAL(), (200), (220), and (311), further

confirming that the composition of the depositisgmetallic Al.
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Figure 4.3 (agDX spectrum and (b) XRD pattern of an Al depositained on Si

substrate with resistivity belowQ-cm at 70°C and 15 mA/chior 30 min without
pre-bake of the electroplating solution.

The sheet resistance of electroplated Al was inyatstd. The effects of pre-bake
conditions, deposition temperature, and post-déposannealing conditions were
examined. Three different temperatures (100, 120, ®40°C) and two different
pre-bake times (30 and 60 min) were chosen asah@ittons for moisture removal in
the electroplating solution. After pre-bake, théuson temperature was changed to

70°C for a 30-min deposition at 15 mA/Erfigure 4.4 shows the sheet resistances of

Al deposits as a function of pre-bake temperatun@ me. The Al deposits show
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significant reduction in sheet resistance wherptieebake temperature exceeds 100°C,
which is the boiling point of water at one atmogghdt was also noticed that the
humidity level in the dry nitrogen box dropped frof®% to 16% after the
electroplating solution was baked at 120°C for 60.rfhis supports the assumption
that the pre-bake drives out moisture from the tgwiu Moisture in the solution
increases the possibility of Az formation in the Al deposit, which is an insulator
and increases the resistivity of the Al depositalh be seen in Fig. 4.4 that the lowest
sheet resistance is obtained at 120°C for 60 miriglwis then used as the pre-bake

conditions for all the subsequent experiments.
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Figure 4.4 Sheet resistance of Al deposits as etifumof pre-bake temperature after
30- and 60-min pre-bake.
Figure 4.5 shows the sheet resistance of Al déepasi a function of deposition
temperature before and after vacuum annealing @tC3%or 20 min. All the Al
deposits were obtained on Si substrates at 15 nfAilen80 min, and their nominal

thickness is ~um based on the total charge accumulated duringrefgating. It is
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clear that the sheet resistance decreases aspbsitiln temperature increases. The
exact reason is still under investigation. One iilgy is that higher temperatures
keep moisture out of the electroplating soluti@gucing the amount of ADs in the
deposits. Another possibility is that higher tengperes increase the density of the Al

deposits, making the resistivity closer to the bedkue.
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Figure 4.5 Sheet resistance of Al deposits as eifumof deposition temperature
before and after vacuum annealing at 350°C for 20 m
As shown in Fig. 4.5, the sheet resistance ofAlhdeposits was slightly reduced

by post-deposition annealing. This may have reduitem the fact that annealing at
higher temperatures than the electroplating tentpexdurther increased the density
of the Al film. The minimum sheet resistance obgains ~8 n@)/sq for 9um Al,
corresponding to a resistivity of ~7x£@-cm. It should be noted that the nominal
thickness of the Al deposits was calculated untler assumption of 100% current
efficiency. In actuality, the current efficiencyahd be around 80-90%, meaning that

the real thickness of the deposits should be lothan the calculated thickness.
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Therefore, the actual resistivity of the Al filmsuld be lower than ~7xI0Q-cm.

4.4 Summary
It has been shown that dense and adherent Al depegh low electrical

resistivity can be obtained directly on Si subsisaby electroplating over a wide
range of temperatures using galvanostatic depasittectroplating conditions such
as pre-bake conditions, deposition temperature,parsttdeposition annealing affect
the electrical resistivity of the Al deposits. Feliable and low-resistivity Al deposits,
the pre-bake and deposition temperatures shoulabbee 100°C. The resistivity of
electroplated Al is in the high 10Q-cm range, similar to that of screen-printed Ag.
The maximum process temperature for electroplateés Avell below 400°C. This
makes Al electroplating a promising metallizatiorethod for crystalline-Si solar

cells.
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CHAPTERSELECTROPLATED ALUMINUM ASTHE FRONT
ELECTRODE IN CRYSTALLINE-SI SOLAR CELLS

5.1 Introduction

In Chapter 4, we showed that dense and adheréiiitsl could be reproducibly
obtained directly on Si substrates by electroptatend the maximum process
temperature could be around 400°C, well below yipécal firing temperatures for Al
pastes. In this Chapter, the integration of Al etgdating as the metallization
technique for front finger electrode on n-type S icommercial p-type
monocrystalline-Si solar cells from Hareon Solargported. In the first section, the
design of the front grid pattern for our all-Al aolcells will be introduced, in which
the design rules and pattern optimization are inyated. In the subsequent sections,
the process flow, cell performance, and issuesecthby the fabrication method will
be discussed. An all-Al Si solar cell, with an #leplated Al front electrode and a
screen-printed Al back electrode, has been suadbssfiemonstrated and its
performance has been characterized. To overcomésshe of poorly-adherent Al
deposits on Si substrate with £tcm resistivity, the electroplated Al front elects
has a Ni seed layer to serve as the adhesion [Byereffect of annealing for the front
Al/Ni electrode in air at different temperatures orll performance has been

investigated.

5.2 Design of Front Contact Pattern

In crystalline-Si solar cells, the front contagtuisually implemented using a grid
of screen-printed metallic paste. The grids typycalave two kinds of gridlines:
busbars and fingers. Busbars are larger and caethelitectly to the external leads,

while fingers are smaller areas of metallizationohhcollect current for delivery to
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the busbars. The key trade-off in top contact desgythe balance between the
increased resistive losses associated with a wajsyged grid and the increased

shading losses caused by a high fraction of megdilin on the top surface.

5.2.1 Parameters

The physical parameters used for the grid desigmewprovided based on
industrial datasheets and semi-empirical experiebeeus assume the efficiency of
the solar cell is 20% under standard testing camdit (100 mW/crf), which
corresponds to a power output of 20 mWicththe assumed fill-factor (FF) is 80%
then the actual power output is 25 mW/cm2. To setbe typical values of
short-circuit current density {J and open-circuit voltage ¢, assuming there are no
optical or resistive losses, the following equai®nsed:

max = Jc X Voc. (5.1)
The values used in the calculation are typical bhtwesearchers have obtained on
crystalline-Si solar cells: a.bf 38 mA/cnf and a \{; of 0.66 V.

The grid resistance is determined by the restgtoi the metal used to make the
metal contact and the aspect ratio of the metélhiagattern. A low resistivity and a
high metal height-to-width aspect ratio are des@&ab solar cells. In practice these
parameters are limited by the fabrication technplaged to make the solar cell. Here,
the resistivity of the Al front finger electrode assumed to be 9x10Q-cm, and its
thickness is 5um, which results in a sheet resistance of 0.04¥8q. The sheet
resistance of the fronf emitter Rsnee) fabricated by phosphorus diffusion is assumed
to be 90Q/sqg. Table 5.1 below summarizes the parametertieofcell used in the

pattern design.
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Table 5.1 Physical parameters used in the desifjomtf pattern.

Parameter Value Description
FF 80% Fill-factor
Jsc 38 mA/cnf Short-circuit current density
Voc 0.66 V Open-circuit voltage
p 9x10° Q-cm Resistivity of Al electrode
T 5x10“cm Thickness of Al electrode
Rsheet 90 Q/sq Sheet resistance of emitter
A 1 inctf Area of the cell

5.2.2 Assumption

In the design of the front contact pattern, therent density is assumed to be
generated uniformly across the entire surface efdblar cell. The most accurate
method for quantifying resistive losses is basedhenfact that current generated in
the cell would travel the shortest distance tangdr or busbar, as shown on the left in
Figure 5.1. However, to simplify the analysis,gtassumed that current would not
travel directly to a busbar and instead only toribarest finger, as shown by the right
image in Figure 5.1. This assumption seems jubtdidecause it would make the

calculated resistive losses larger than what expmrial evidence has shown.
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Figure 5.1 Actual vs. assumed behavior of currient.f

5.2.3 Grid Design

For the solar cell fabricated in our lab, the attarea (1 inch by 1 inch) was
relatively small, so only one busbar was used endésign. The distance from the tips
of each finger and busbar to the edge of celltiscsbe 0.1 cm to minimize the effects
of shading loss. The quantitative aspects of thegdeprocess did not require any
complicated numerical calculations. The only degige followed was to calculate
the power lossHj,s9 and then express it as a fraction of the maxinoath power
(Pmay- The power loss is a combination of resistiveséssin the h emitter layer,
resistive losses along the fingers, and resistigeds along the busbar. By scaling the
fractional power 10SSRyi0ss = PiosdPmay SO that it is level across the entire cell, we

were able to optimize the dimensions of the compattern.

1) Resistive L ossesin Busbar:

Since the probe would be placed in contact withrthddle of the busbar during
the |-V measurement, only half of the busbar wassmtered in the calculation of
power loss. To get the optimal dimension of buskigth (W,), we need to find the

fraction between the power loss along the busbdrraaximum power, which are
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both a function of busbar width. Figure 5.2 showsclaematic of the busbar used for
the calculation of resistive losses. The lengthhaff busbar is 1.17 cm. The
incremental power loss in the sectinis given by:
dPoss= I°dR (5.2)

The lateral current flowl{), which includes the shading loss, depends omligtance
(L). It is zero at the edge of the cell and incredse=arly to its maximum at the
middle of the busbar. The equation for the curignt

[1 = Ix(L+0.1)%2.54 —IXLXW), (5.3)
whereld is the current density {Js used in the calculation).

The differential resistancegy) is given by:

dL

dR]_: pX ,
W, xT

(5.4)

wherep andT are the resistivity and thickness of the Al eledé&, respectively. The

equation for the calculation ¥ is:

TI 2dR = Pyjos<0.038%0.66%(1.27x2.54-Wpx1.17). (5.5)
0
If the range 0Py, oss IS from 2% to 3% W, ranging from 0.07 cm to 0.046 cm
can be obtained. We chose 0.06 cm as the valwé,.dt should be noted that.knd
Voc are used as the current density and voltage ircdlailation. Ideally, the current
density and voltage at the maximum power point khbe used instead. This means
the actual resistive losses along the busbar woeldmaller than the one calculated

here, which is acceptable for the design.
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Figurle 5.2 Schematic of a busbar used for the tzlon of resistive losses. The
figure is not drawn to scale.
2) Resistive Lossesin n* Emitter
Based on the sheet resistance of the front emttier power loss due to the

emitter resistance can be calculated as a funafofinger spacing $ in the top
contact. It should be mentioned that the distahceugh which current flows in the
emitter is not constant. On the one hand, currentbe collected from the base close
to the finger and therefore has only a short desén flow to the finger. On the other
hand, the length of the resistive path seen byctiieent is half the finger spacing if
the current enters the emitter between the fingaure 5.3 shows a schematic of

current flow in the front emitter. The finger lehgfLs) is (2.54-0.06)/2—0.1 =

1.14cm. The incremental power loss in the sedfiphas the same form as Equation
5.2. The lateral current flow), which is zero at the midpoint between gratimge
and increases linearly to its maximum at the ggdliime, is given by:

I, =Jx1.14xy. (5.6)

The differential resistanceR) is given by:
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d
dR> = Rspeer* Bl . (5.7)
1.14

The equation for the calculation $fs:

S/2

[ 17dR, = Py0sx0.038x0.66x1.14x(S/2) (5.8)

0
By following the same design rul& ranging from 0.215 cm to 0.264 cm can be
obtained if thePyess is from 2% to 3%. These values will be included tire

calculation of finger width.
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Figure 5.3 Schematic of the current flow in thenfremitter.

3) Resistive Lossesin Fingers

The power loss along a finger is calculated whk tncorporation of finger
spacing from the correspondimyosst0 get the optimal value of finger width\).
Figure 5.4 shows a schematic of a finger for tHeutation of resistive losses. For the
current behavior, it is assumed that the currentingormly generated and flows
perpendicularly into the finger. Consider an elehtbat a distance from the end of

the finger. The lateral current flow, including tsleading loss, is:
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I3 = Ix(x+0.1)xS +Jx0.1xW. (5.9)

The differential resistancelR) is given by:

dRs=px . 5.10
W, xT ( )
The equation for the calculation 8% is:
1.14
j deR3 = Poylosx0.038%0.66%(1.24xS+WX0.1). (5.11)
0

Again, W ranging from 57um to 47um can be obtained if thRy,essis from 2% to
3%. It should be noted that eaBh,.ss has a corresponding value §f which was

calculated previously.
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Figure 5.4 Schematic of a finger used for the datan of resistive losses.

By limiting the Py, 0ssin the busbar, the emitter, and the finger toséime range
and setting the number of fingers on each sidé@tusbar to be 11, the dimensions
of the contact pattern can be obtained. The buslatih is 0.06 cm, the finger spacing

is 0.226 cm, and the finger width is gfh. For the fractional power loss in each part,
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Pyloss IN the busbar is 2.31%y0ss iN the emitter is 2.2%, anéhossin the finger is

2.4%.

5.2.4 Optimization

The fractional power loss in the busbar mentioabdve is calculated without
considering the shading loss caused by the fingersnclude the shading from the
rectangular fingers, the area of the busbar wasletivinto 12 segments, for each
either factoring in fingers on each side or a latKingers. The power loss of each
segment was calculated and then added up.Pbhgs in the busbar decreases to
2.27% after the shading of fingers is included.

It was reported that a tapered finger has lowsrstige loss than a finger of
constant width [16]. To further optimize the patteesign, we changed the rectangle
fingers to tapered fingers while keeping the amedf This is because the fractional
power loss is proportional to the current flow amdersely proportional to the finger
width. Thus, by increasing the width near the bakéhe finger (where current is
higher) and tapering down to the tip of the fingeshere current is lower) the
fractional power loss can be made uniform acros<etitire area of the finger. Figure
5.5 shows a schematic of a tapered finger andidthvat the base and tip. The base
and tip width of the finger can be calculated bitisg the ratio M tip /W pas9 €qual

the current ratiolfp /Ipasd:

w

ftip

+W,,.. = 2x0.005
Wy _ 1y 0.038x0.1x (0.226+ 0.005) . (5.12)
W | 0.038x 1.24x (0.226+0.005)- 0.038x 1.14x 0.005

hase base

From the above simultaneous equations, the tiprwigl8um, and the base width is
92 um.

58



y |
——————— - ————— - -
W;‘ base

0.1 cm

1.14cm

Figure 5.5 Schematic of a tapered finger for tHeutation of its width.

After the rectangular fingers are changed to tgbdmgers, thePyoss in the
finger drops to 2.12%. The tip and base width wosiitl be different from the
optimal values as a result of metallization teche& The minimum line-width of the
metal contact is limited by which technique reskars use. An |8Bm-wide finger
cannot be achieved by screen printing through thskmbut it is possible to achieve
that by electroplating on the opening of dielectaiger. The metallization fraction of
the final contact pattern is ~4.5%, and the sketchinal design is shown in Figure

5.6.
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Figure 5.6 A sketch of the final grid design foe tinont Al electrode.

5.3 Experimental

Partially-processed commercial p-type monocryisiedEi solar cells with a front
SiN, coating, an hfront emitter, a p back-surface field and a screen-printed Al back
electrode were obtained from Hareon Solar. All thésequent processes for
patterning and metallization were performed at AShe process flow for this all-Al
p-type Si solar cell is shown in Figure 5.7. Thi fabrication starts with a 12.5x12.5
cn?, p-type, CZ Si(100) wafer. After random pyramidtteing, the thickness of the
wafer is ~170um. Phosphorus diffusion is performed on the froite susing
phosphoryl chloride (POg@)l to form the i emitter with a sheet resistance of 90+5

Q/sq. A layer of SiN (=75 nm) is deposited on thé emitter by PECVD after
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removal of the phosphosilicate glass. Subsequetiily, backside Al electrode is
screen printed and then the wafer goes throughirg fstep at ~750°C, which forms
the p back-surface field.

When the partially-processed monocrystalline-Sliscekre received, they were
cut into small cells of 3.75x5 cnfor front-side patterning and metallization. Thees
of the cells is limited by our electroplating todhe front SiN layer was patterned by
photolithography, followed by sputter depositionNif(~200 nm) over the patterned
photoresist. It should be noted that laser ablatsofikely more cost-effective for
patterning the SiNlayer. For the deposition of the Ni seed layezcbless plating or
light-induced electroplating are actually produsti@ady. Unfortunately we have no
such capabilities. The Ni seed layer is requiredatolitate Al electroplating since
electroplated Al on Si substrates with oveQicm resistivity shows poor adhesion.
Our choice of Ni as the seed layer is compatibléh e Cu electroplating process
being developed for crystalline-Si solar cellsv#ts found that dense and adherent Al
finger electrodes can be electroplated onto a dlil $ayer.

The lift-off step was performed by dipping the setito acetone in an ultrasonic
bath, which removed Ni over photoresist and lefoNly in the openings of the SiN
layer. Electroplating of Al on Ni was carried out &an ionic liquid, consisting of a
mixture of AICk and (EMIM)AICl,;, prepared in a dry nitrogen box. Prior to
electroplating, the ionic liquid was baked to driwet any moisture in it. The Ni
surface was cleaned by a short dip in diluted hgldaric acid, followed by a
deionized water rinse. During electroplating, tlaekside of the Si cell was covered
with a Teflon sheet to limit Al deposition to onljpe front Ni seed layer. Al
electroplating was self-aligned and conducted uladesnstant current density of ~15

mA/cn? at a temperature of ~80°C. The thickness of theltant Al layer is ~2%m.
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A final annealing was performed in a rapid-therrpabcessing furnace in air at

temperatures ranging from 150°C to 400°C for 1 mainimprove the front Al/Ni

contact.
Surface Texturing

l

Front POCI; Diffusion
| Hareon

Front SiN, Deposition Solar
|

Rear Al Screen Printing
I
Rear Al Firing
ASU

Figure 5.7 Fabrication process flow for an all-Atype crystalline-Si solar cell.

Figure 5.8 shows a schematic cross-section ofathAl p-type Si solar cell
obtained. Figure 5.9 is a photograph of a finisakkd\l cell, with a size of 2.54x2.54
cn?. The two rectangular pads next to the cell arectirgact points for electroplating
of Al. The electroplated Al on the Ni seed layerdmsnse and continuous along the
finger openings, as shown in Figure 5.9. To chara the Al deposit on the Ni seed
layer, the composition and crystal structure wedangned by EDX and XRD. The
performance of the cell with different annealinghperatures was characterized by a

solar simulator. Electroluminescence (EL) was cabelll to reveal process
62



imperfections and surface defects of the cell.

n*t emitter

p-type Si base
p* Al-BSF

Al

Figure 5.8 Schematic cross-section of an all-Aygetcrystalline Si solar cell.

Figure 5.9 Photo of a finished all-Al p-typé cell§4x2.54 crf) With‘ éleétroplated Al
front and screen-printed Al back electrodes.

5.4 Results and Discussion

Figure 5.10 shows the EDX analysis and XRD patbémlectroplated Al on a Ni
seed layer. In Fig. 5.10(a), the deposit displaylg one strong peak of Al around 1.5

keV without any other peaks of different materiglsggesting a pure Al deposit. As
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shown in Fig. 5.10(b), all four peaks of the depase related to Al and identified as
Al(111), (200), (220), and (311), respectivelythar confirming that the composition

of the deposit is pure metallic Al.
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Figure 5.10 (afDX spectrum and (b) XRD pattern of electroplaté@d# a Ni seed
layer.

The effect of final annealing in air at temperatufrom 150°C to 400°C on cell
performance has been examined. The cell was cleara under standard conditions:
AM 1.5G, 100 mW/crf, 25°C. The area of the cell is 2.54x2.54°cand the front

finger electrode accounts for ~4.5% of the celhafi@ble 5.2 summarizes the one-sun
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parameters of the all-Al p-type Si cell at thredfedent annealing temperatures.
Figure 5.11 shows the normalized efficiency of tedl as a function of contact
annealing temperature. The normalized efficiencye$ined as the ratio afi/no,
where n is the measured efficiency ang, is the efficiency of the cell before
annealing.

Table 5.2 One-sun parameters of an all-Al Si soddirwith three
different annealing temperatures.

VOC Jg: FF n Rsh Rs
(mV) | (mA/em?) | (%) | (%) | (Qcm?) | (Qcm?)
No 617 35.84 64.3 14.2 181 0.75
annealing
Annealed
at200°C | 626 35.98 64.6) 14.6 212 0.79
(best)
Annealed
at 400°C 601 35.56 50.9 10.7 23 1.65

In Table 5.2, it can be seen that the cell betoreealing already shows a low
shunt resistance (B of 181 Q-cn, which we believe is the reason for the low
fill-factor of 64.3%. A possible reason for the I®skunt resistance is the possible
damage to the shallow emitter junction during froBiN; patterning by
photolithography. Multiple rounds of cell fabricati have been carried out to
optimize the shunt resistance, as shown in Figut2.3n each fabrication round, we
modified only the photolithography step to minimidamage to the emitter junction.
It is noted that the cell efficiency improves widm increasing shunt resistance.
Further optimization of the front patterning praces needed. Alternatively, laser
ablation should be employed here due to its lestade to the emitter junction, and it
is faster and cleaner than photolithography. On dtteer hand, the cell without

annealing shows good performance in short-circuitent density @) and series
65



resistance (B, suggesting that the electroplated Al is contumi@vithout voids and

thus low resistivity.
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Figure 5.11 Normalized efficiency of an all-Al ppiy cell as a function of contact
annealing temperature.
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Figure 5.12 Comparison of cell efficiency and shn@sistance between fabrication
rounds.
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As shown in Figure 5.11 and Table 5.2, annealing2@®°C results in a
slightly-increased open-circuit voltage &Y and fill factor (FF). However, the
efficiency drops drastically when the annealing pemature exceeds 200°C. This is
different from the Cu/Ni electrode which is anneabetween 250°C and 400°C in an
inert gas [31]. As the annealing temperature gbese 250°C, the shunt resistance
starts to decrease and eventually reache@-287 and the series resistance starts to
increase all the way to 1.68-cn’ at 400°C. At the same time, the open-circuit
voltage is reduced by 25 mV between 200°C and 400°C

There are multiple reasons for the effect of arnngatemperature on cell
performance. Our annealing furnace is not a deslicatlean Si furnace, so there can
be metallic contaminations into the cell during @amg for the lower open-circuit
voltage. The formation temperature of Ni silicidarss at 250°C. Its formation at the
Ni/Si interface increases the series resistancéewhinning the emitter junction. The
later reduces the shunt resistance of the cell.tieropossibility for the increased
series resistance is the increasedQalthickness in the Al electrode when the
annealing temperature exceeds 200°C. Further iigagisin into different annealing
environments for electroplated Al is needed.

Figure 5.13 is an EL image of an all-Al p-type cdlhe light intensity of the
image is inversely proportional to the local remisie, so poorly contacted and
resistive regions show up as dim and dark are@sinltbe seen that the areas between
finger electrodes are dim, suggesting that thetenjiinction may be too shallow and
has a relatively high sheet resistance. This suppmir hypothesis that the emitter
junction is shallow and can be easily damaged dysatterning. Dark straight marks
in the image are likely caused by scratching dumshgpping, which are another

possible reason for the low shunt resistance otétle
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Figure 5.13 EL image of an all-Al p-type mono-Siesell.

Figure 5.14 is the I-V curve under one-sun illuatian for the all-Al p-type cell
after annealing at 200°C, which is one of the ledfitiency cells so far. The
efficiency is 14.6% with an open-circuit voltageG#6 mV, a short-circuit current of
~36 mA/cnt, and a fill factor of 64.6%. The fill factor stiias room for improvement,
which may be limited by the patterning processtfe SiN layer. If a higher fill
factor of 80% can be achieved, the efficiency of #il-Al cell will reach 18%. This
shows both the potential of Al electroplating as thetallization process for the front
finger electrode on n-type Si and the importancarofippropriate patterning process

for the front SIN layer.
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5.5 Summary

An all-Al p-type mono-Si solar cell, with an elemplated Al front electrode and
a screen-printed Al back electrode, has been demaded. The cell is fabricated on
partially-processed commercial p-type mono-Si ceficained from a production line.
It is shown that dense, continuous and pure metaAllifingers can be electroplated
onto a Ni seed layer. The effect of annealing li@r Al/Ni electrode in air at different
temperatures on the performance of the cell has ineestigated. Annealing at 200°C
results in the best-performance cell with an edficiy of 14.6%. Further optimization
of the cell fabrication process, in particular atahle patterning technique for the

front SiN, layer, is expected to increase the efficiencyhefdell to ~18%.
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CHAPTER 6 CONCLUSION AND FUTURE OUTLOOK

6.1 Conclusion

Crystalline-Si solar cells dominate the PV indystrith ~90% of commercial
market share today thanks to the well-developedhni@ogy established by the
Si-based microelectronics industry. Despite theidragrowth in global installed
capacity and significant drop in module price, tatively high manufacturing cost
associated with crystalline-Si solar cells is of¢he main roadblocks to widespread
utilization of solar electricity. In order to readtyid parity, the reduction of
manufacturing costs by using low-cost processingrgues and materials has been a
key focus of Si-PV research. This work proposed aternative metallization
technique to address the cost issue associated froiit Ag electrodes of
crystalline-Si solar cells, which is room-temperatiAl electroplaing. It has been
found that dense and adherent Al deposits with &ectrical resistivity can be
obtained directly on Si substrates by electroptptiver a wide range of temperatures.
For reliable and low-resistivity Al deposits, theegbake and deposition temperatures
should be slightly above 100°C. The resistivityetdctroplated Al is in the high 10
Q-cm range, similar to that of screen-printed Agnfpared to screen-printed Al with
>700°C firing temperature, the maximum process tapire for electroplated Al is
well below 400°C, which is beneficial for the n-sithetallization of Si solar cells.

With the advantages of being a non-vacuumed anddmperature metallization
technique, Al electroplating has been integratdd the fabrication of commercial
p-type monocrystalline-Si solar cells. Photolitreygny is employed to pattern the
front SiN, dielectric layer, but laser ablation is a bettevice due to the fact that it is
faster and cleaner. To overcome the issue of peaatherent Al deposits on Si

substrates with >0Q-cm resistivity, the electroplated Al front eleatehas a Ni seed
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layer to facilitate the current distribution duriptating. It has been found that dense,
continuous and pure metallic Al fingers can be tetgtated onto a Ni seed layer. An
all-Al p-type mono-Si solar cell, with an electrafgd Al front electrode and a
screen-printed Al back electrode, has been suadbssfemonstrated. Annealing at
200°C results in the best-performing cell with #icency of 14.6%. This shows that
Al electroplating is a promising candidate of migation techniques to substitute for
conventional screen-printing of Ag electrodes. Fert optimization of the cell
fabrication process, in particular a suitable pattg technique for the front SiN

layer, is expected to increase the efficiency efdall to ~18%.

6.2 Future Outlook
The cell structure with electroplated Al front@l®de discussed in Chapter 5 is
based on p-type Si wafers. Currently, about 93%rygdtalline-Si module production
is based on p-type Si wafers while the n-type Sevgaonly have a market share of
7%, as shown in Figure 6.1 [27]. This is due to tmain reasons:
1) Until 1980s, PV was mostly used for space appibns where p-type Si is
more durable since it is more tolerant to highrgpearticle radiation in space.
2) The processing sequence, particularly the ghosis diffusion for the
emitter formation, is well established in indusitisolar cell production for many
years.
However, many researchers have studied phosphopeddn-type Si for PV since
then and confirmed its superior electrical progsritompared to the p-type Si. First,
n-type Si is less sensitive to the harmful metahnpurities, such as interstitial Fe
(Fe), which are usually present in the feedstock Siirdroduced during cell

manufacturing. These impurities can degrade bddtiine and cell performance by
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introducing SRH recombination centers. Thereforgype Si has higher minority
carrier lifetime and longer diffusion length comgarto p-type Si with a similar
impurity concentration, which provides n-type Slasacells opportunity to achieve
higher cell efficiency than p-type Si solar cel@]. Second, due to the absence of
boron, n-type Si does not suffer from light-inducgelgradation (LID) which can
cause reduction in 0.5~1% absolute cell efficiefi6%]. The LID is cause by
boron-oxygen (B-O) complexes which are formed bglgrged light exposure of
boron-doped p-type Si.

As a consequence, cell structures based on n®ypeafers have attracted
considerable attention in the research and devedapof Si solar cells in recent years,
including the development of industrial tools aedhnologies for commercializing
n-type Si cells. SunPower and Panasonic are twheotompanies which use n-type
Si wafers for high efficiency solar modules todagcording to the ITRPV, it was
predicted that the market share of n-type monoalys¢ Si may reach ~30% by 2022.

This underlines the potential of this materialndustrial manufacturing.

o - BN

20% | . i
B0% | i

T0%

60% -
50%
40%
30%
20% +
0%
0% T

2014 2015 2017 2022 2025
M p-type mc-Si B p-type HPmc-Si M p-type monolike-Si
p-type mono-5i H n-type mono-Si m other (e g ribbon, kerfless, )

Figure 6.1 World market shares for different typéSi wafers.
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In our future plan, crystalline-Si solar cells @dn n-type Si wafers with all-Al
electrodes will be fabricated. The cell structuriél ¥eature an Al-alloyed D rear
emitter and an nfront surface field (FSF). The advantage of plgaih surface field
on the front side is that the damage to the sha#élavitter junction can be avoided
when photolithography is used for patterning tlenfrdielectric layer. For solar cells
with a rear emitter or back junction, the qualifyS» wafers has to be high, i.e. this
type of solar cells is mainly restricted to monatajyline Si. Figure 6.2 schematically

illustrates the cell structure.

Al electrode

SiN, antireflection n* tfront surface field
layer

n-base

Al-p™ rear emitter

Al electrode

Figure 6.2 Schematic of solar cell structure withAkp+ rear emitter. Surface
texturing is not shown.

The proposed fabrication process flow for an ret§gp solar cell featuring a rear
emitter and all-Al electrodes is shown in Figur8.6The processing starts with a
(100)-oriented phosphorus-doped n-type CZ Si wafighh a resistivity of ~5Q-cm
and thickness of 20Qm. The Si wafer is first textured with random pyrdsin a
NaOH/isopropanol solution at 70°C. Then, phosphdiitfasion is performed on the
front side using POGlsource in a tube furnace around 850°C to form'afSF. After
the removal of phosphorus silicate glass, a 75 ok tSiNx antireflection coating is
deposited by PECVD on thé RSF. Subsequently, the backside Al electroderisesc

printed and then the wafer goes through a firirep sdt ~750°C, which forms the
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Al-alloyed p rear emitter. The firing time and temperature $thooe carefully
controlled to optimize the depth of fayer and to prevent voids from forming at the
interface of Al and Al-Si alloys during the firingrocess. The front SiNlayer is
patterned by photolithography, and the rest ofntle¢allization process will be exactly
the same as the steps discussed in Chapter 5. thsdamage to the emitter junction
can be avoided, the shunting issue caused by Kingpduring the contact annealing
can be minimized, suggesting the contact anneathiag be conducted at a higher

temperature.

Surface texturing

Front phosphorus diffusion

Front SilN, deposition

Rear Al screen printing

Rear Al firing

Front SN, patterning

Ni sputtering + Lift-otf

Al electroplating

Contact annealing

Figure 6.3 Fabrication process flow of an n-types@ar cell featuring a rear emitter
and all-Al electrodes.
Based on the current electroplating setup in aly We can only do Al plating on
Si solar cells with relatively small areas. Thesmawhy we cannot do plating on
large-area cells (156 mm by 156 mm) is due to #lce that the sheet resistance across

the entire wafer will be very large even with a ateteed layer. This will lead to the
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nonuniformity in thickness of the electroplated which becomes thin on the region
far away from the electrical contact. To make Aleattoplating a more
industry-compatible metallization technique, we chée improve the uniformity of
electroplated Al across the whole wafer, which isiywthe development of
light-induced Al plating is desired. As mentioned Chapter 3, light-induced Cu
plating has been investigated extensively by theirRMstry and research centers in
recent years, and several light-induced platindstie for metallization of Si solar
cells are either commercially available today odemdevelopment. Figure 6.4 shows
a schematic of electrochemical cell setup for Hligldiuced Cu plating [63]. The
light-induced plating process works on the samelggle as the conventional
electroplating process. However, the photo-gendrederiers from a light source can
facilitate the uniform distribution of current délysacross the grid pattern during
plating. The process includes the immersion of tiepzed cell into the electrolyte
bath with an appropriate light source. A Cu eladtres connected to the anode of a dc
voltage source. A protective potential is applietha back of the solar cell in order to
make the rear-side of the cell more cathodic, winielps to reduce the corrosion of
the Al back electrode. The photo-generated elestgmt swept to the n-side of solar
cell by the built-in potential and recombine withet Cu ions, resulting in the
deposition of Cu on the metal seed layer. Compdcectlectroless plating and
electroplating, light-induced plating can be donarenuniformly across the entire cell
as the applied potential can bias the cell suchitlvgerates closer to its short-circuit
conditions [64]. Due to this important advantageyelopment of light-induced Al

plating in our lab is included in the future plan.
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Figure 6.4 Schematic of the electrochemical celigéor light-induced Cu plating.
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