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Abstract

This master thesis investigates the properties of high performance mul-

ticrystalline silicon, and the production line of black multicrystalline silicon

solar cells with PERC architecture. Possible solutions to achieve higher ef-

ficiency were explored, and different steps in the production route were

examined.

Three steps of the production chain were in focus. Decreasing the polishing

time by 70 seconds proved to enhance efficiency. Optimizing the emitter

doping process by varying parameters in the deposition step, achieved a

more uniform doping distribution across the wafers, and improved overall

doping homogeneity by reducing standard deviation by 24%.

Further, the rear passivation step was investigated, and it was found that

by increasing the thickness of the Al2O3-layer from 14 to 24 nm, efficiency

was improved. The final experiments combined the best result in each of the

other steps, and optimized parameters were implemented in the production

chain for an overall optimization. A champion efficiency above 20% was

achieved, which is 0.23% higher than average baseline efficiency for all

PERC wafers investigated in this thesis.
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Sammendrag

Dette mastergradsarbeidet undersøker egenskaper hos høyeffektiv multi-

krystallinsk silisium og produksjonskjeden til sorte multikrystallinske sil-

isium solceller med PERC arkitektur. Mulige løsninger for å nå høyere

virkningsgrad ble utforsket ved å undersøke ulike steg i produksjonsruten.

Tre steg i produksjonskjeden var i fokus. Ved å senke poleringstiden med

70 sekunder ble det observert en forbedring i virkningsgrad. Fosfordop-

ing ble optimalisert ved å endre parametre i deponerings-trinnet. En mer

uniform doping profil ble oppnådd, både på tvers av waferene og sammen-

lignet med de andre waferene. Totalt standardavvik ble redusert med 24%.

Videre ble baksidepassivering undersøkt, og eksperimentene viste at virkn-

ingsgrad ble forbedret ved å øke tykkelsen på Al2O3 -lag fra 14 til 24 nm.

Avsluttende eksperimenter benyttet de parametrene som ga best resultater,

og de ble implementert til en kombinert optimalisering. Det ble oppnådd

en virkningsgrad på over 20%, hvilket er 0.23% høyere enn gjennomsnittlig

virkningsgrad for alle PERC wafere som ble studert i dette mastergradsar-

beidet.
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1 | Introduction

1.1 Background

Photovoltaic (PV) energy conversion is predicted to play a large part in

the future power marked, and the interest in this technology is increasing

worldwide. Our need for energy will continue to rise, as The United Na-

tions predicts a world population growth of 7.6 billion today to 9.2 billion

by 2040 [1]. The US Energy Information Administration presented in the

International Energy Outlook 2017 that the world energy consumption from

2015 to 2040 is predicted to increase by 28% [2]. Solar energy is a reliable

and sustainable power source. The sun emits energy corresponding to more

than our whole energy demand if exploited to its full potential [3].

It is now becoming feasible and economically viable to cover a larger en-

ergy demand with solar energy almost all over the world [4]. Electricity

from solar energy and onshore wind now provides the lowest power cost

in more and more places around the world [5]. Thereby, the market and

PV technology is evolving quickly, and there is a continuous urge to meet

high quality and high efficiency with low cost. Crystalline silicon (c-Si) is
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Chapter 1. Introduction

dominating the PV market and is produced through a directional solidifica-

tion (DS) process. This process can either produce single crystals, known

as monocrystalline silicon (mono-Si), or multicrystals. The low cost and

reasonable quality of multicrystalline silicon (mc-Si) has become the main-

stream in the PV industry and offers a high potential for efficient energy

conversion [6].

As the wafer quality directly affects the energy conversion efficiency of so-

lar cells, it is crucial to the cost of PV electricity. Today, high performance

multicrystalline silicon (HPMC-Si) is entering the market. High efficiency

is achieved by improving the ingot quality by reducing the number of dis-

location clusters and defects [7]. It was the improvement of crystal growth

technology, that led to the breakthrough of HPMC-Si solar cells. During

growth of traditional mc-Si ingots, defects will generate throughout the ma-

terial. The defects include randomly oriented grain boundaries (GB), dis-

locations, inclusions and oxides. These defects will serve as recombination

centers for light-generated charge carriers, thus reduce the carrier lifetime

and the solar cell performance. Higher efficiency is achieved due to the

reduced amount of dislocation clusters. This beneficial effect is obtained

by reducing the grain size and the density of symmetrical GB (twins), in

combination with increased density of random angle GB [6].

Introducing diamond wire sawing (DWS) for mc-Si assures high productiv-

ity and reduces cost. Passivated emitter and rear cell’s (PERC) are currently

entering the industrial crystalline silicon solar cell market and is gradually

2



1.1 Background

becoming the most cost-efficient choice for mass production of cells [8].

The ITRPV anticipates that the PERC technology will progressively take

the largest market share in the years to come, as illustrated in Figure 1.1.

PERC are expected to gain approximately 35% market share within the

next few years.

Figure 1.1: Forecasted market share of different solar cell technologies according
to the ITRPV [9].
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Chapter 1. Introduction

1.2 Research Definition and Motivation

The aim of this thesis was to investigate possible optimization strategies to

achieve high efficiency solar cells with advanced architecture. The work

included a characterization part, in order to investigate how properties of

high performance silicon are improved compared to traditional casts. The

cell technology that was in focus is the PERC architecture, and properties

and cell performance parameters were investigated. Three steps of the pro-

duction line of PERC were examined;

• Polishing step of texturization process

• Emitter doping

• Rear surface passivation

These are all important steps to assure a high efficiency cell. By optimiz-

ing the texturing process, it is possible to achieve a surface with a reduced

number of surface states, hence higher efficiency can be achieved. The

front surface should have low reflectance and regular morphology, and a

well-passivated surface has to be achieved. An important loss mechanism

for PERC is bulk recombination. A possible solution to overcome this is

to improve the phosphorus diffusion gettering, which can be done by opti-

mizing the emitter doping process. Finally, continuous improvement of the

rear surface passivation is always relevant.

4



2 | Theory

The following sections introduce relevant background and theory in order

to interpret and investigate the experimental work and results in this thesis.

There will be a focus on the production route of high performance mc-Si

and PERC architecture. Important parameters in the production steps will

be discussed, and performance limiting factors will be investigated in order

to understand how enhanced efficiency can be achieved.

2.1 Traditional Solar Cell Technology

The efficiency of a solar cell is highly affected by the quality of the raw

material, as well as the industrial production route and the final structure.

Due to the reduction in prices the solar cell industry has experienced over

the past few years, there is always an urge in the market to improve quality

and efficiency without increasing the costs.

2.1.1 Output Parameters

The most common PV materials are made from semiconductors [10]. A

semiconducting material is restricted by its bandgap, setting an upper limit

5



Chapter 2. Theory

on the voltage, which can be observed in Equation 2.1, where Eg is the

bandgap, V is the voltage and q is the elementary electric charge. The

maximum voltage is thus correlated to the bandgap of the semiconducting

material, if losses are neglected. The actual voltage achieved will usually be

considerably less than this theoretical limit. While a larger bandgap would

give rise to a higher voltage, it would simultaneously reduce the absorp-

tion and thus the current [11]. Through doping and material processing, a

semiconductor can be tailor-made for optimal solar energy conversion. It

is important for solar cell engineering to have an optimum energy bandgap,

strong light absorption, efficient charge separation and charge transport,

and the load resistance should be optimized [10]. Due to low cost and high

quality, mc-Si is the main stream technology in today’s solar cell produc-

tion [6].

V =
Eg

q
(2.1)

Solar cell performance is characterized by its output parameters derived

from its I-V (current-voltage) characteristic, such as the energy conversion

efficiency (η), open circuit voltage (Voc), short circuit current (Isc) and the

fill factor (FF) [12]. When the voltage across the cell is zero, the current

is Isc, and when the current is zero, the output voltage is Voc. The light-

generated current, Il, will be close to the short circuit current for a high

quality solar cell. The I-V characteristic of a diode is given in the Shock-

ley Equation 2.2, and relates the current, ID and the voltage of a cell in

zero illumination, k is the Boltzmann constant, T is temperature in degrees

Kelvin and I0 is the reverse saturation current. The overall current-voltage
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2.1 Traditional Solar Cell Technology

characteristic of an ideal solar cell is then equal to the difference between

the light generated current and the diode current, shown in Equation 2.3. I0

is a measure of the leakage of minority carriers across the pn-junction in

reverse bias and it is a material dependent, temperature sensitive parameter,

related to the bandgap of the material [13].

ID = I0

[
exp(

qV

kT
− 1)

]
(2.2)

I = Il − ID (2.3)

The FF is defined in Equation 2.4, where Vm and Im, are the voltage and

current respectively at which the solar cells delivers maximum power (Pmax).

Figure 2.1 shows the I-V characteristic of an ideal solar, representing the

relevant parameters [14].The total solar cell energy conversion efficiency

due to incident light (Pin) is determined by Equation 2.5.

FF =
VmIm
VocIsc

(2.4)

In real cells, the cell behaviour is degraded by the presence of series and

shunt resistances. The series resistance arises from the resistance of the cell

material to current flow, specially through the front surface to the contacts,

and from resistive contacts [10]. Shunt resistance arises from leakage of

current through the cell, around edges of the device and between contacts

of different polarity. For an efficient cell Rs should be small and Rsh to be

large, otherwise FF will be reduced.
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Chapter 2. Theory

η = FF · VocIsc
Pin

=
VmIm
Pin

(2.5)

Figure 2.1: The I-V characteristic of an ideal solar cell [14].

2.1.2 Microstructures in Silicon for Solar Cells

Mc-Si has the greatest market share in the industry, as it is cheaper to pro-

duce compared to mono-Si. The efficiency of a solar cell is related to the

lifetime of the charge carriers in the material. Long lifetime is required

to obtain high efficiency, and is correlated to the recombination activities

within the cell. A polycrystalline material will consist of microcrystallites,

commonly called grains, which are arranged at random orientations. The

boundaries between them are termed GB. Within the width of a grain, the

material is crystalline, which is typically the order of one µm. Since the

grains are large in quantum-mechanical terms, the band structure is essen-

tially identical to that of the mono-Si [10]. However, the transport and

recombination properties are strongly affected by the presence of the inter-

faces, meaning that the GBs inhibits the cell performance.
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2.1 Traditional Solar Cell Technology

The performance of mc-Si solar cells is thus limited by impurities and crys-

tal defects. Impurities are easily accumulated at crystal defects such as GBs

and dislocations, forming recombination active defects in the material [15].

Silicon usually contains a large amount of impurities, such as metals, car-

bon and oxygen. The photogenerated charge carriers need to have long

lifetime, so they can be collected and contribute to the electrical current. If

the material is of low quality and have a lot of defects, the carrier lifetime

will be shortened. Impurities and defects increases recombination velocity,

as they give rise to allowed energy levels within the otherwise forbidden

band gap [16].

The most important recombination processes in indirect semiconductors,

such as silicon, are Shockely-Read Hall (SRH) recombinations traps in the

bandgap [17]. The traps occur in crystals containing impurities and de-

fects creating allowed energy levels, and these levels facilitate an efficient

two-step recombination process through traps. The net recombination-

generation rate will have its peak value if defect levels lie near the middle

of the forbidden band gap.

GBs can be thought of as minority carrier sinks. To avoid significant loss in

the performance of the solar cell, the lateral dimensions of the grains should

be large compared to the minority carrier diffusion length in the material.

Minority carrier diffusion length, Ln is given in Equation 2.6, where De is

the diffusion constant and τn is the minority carrier lifetime, and describes

the distance a carrier can diffuse before it is recombined [17]. Equation 2.6

9



Chapter 2. Theory

is valid for p-type materials, where electrons are minority carriers.

Ln =
√
Deτn (2.6)

Another important origin of recombination, is recombination at surfaces.

The surface atoms will not have all the available bindings attached to other

atoms, and thereby have so called dangling bonds. These bonds will be

non-saturated and create a large density of defects within the bandgap [18].

The introduction of these allowed states within the forbidden band gap,

will enhance the recombination rate. The recombination mechanism is the

same as previously, surface states lying near midgap are the most effective

recombination centers. Passivation of surfaces to reduce the surface recom-

bination will be discussed in later sections.

Impurities in Silicon

Impurities and their impact on silicon solar cell performance have been

investigated in several studies. Coletti et al. studied the impact of the tran-

sition metals iron, chromium, nickel, titanium and copper in an experimen-

tal study where each of the impurities where added to the feedstock, before

growing p-type, directionally solidified, mc-Si ingots. It was found that im-

purities like iron, chromium and titanium cause a reduction in the diffusion

length, while nickel affected the emitter recombination. Copper however,

affected both the base-bulk recombination and the emitter recombination.

The severity of the detrimental effects on performance is concentration de-

pendent. Another study, that investigated the effect of aluminium impu-
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2.1 Traditional Solar Cell Technology

rities in p-type mc-Si, found that the Al tolerance was much higher than

expected. Al doped ingots showed weaker light induced degradation due

to a preferential Al-O complex formation [19]. However, above threshold

concentration, Al will have a negative impact on cell performance.

Oxygen, carbon and nitrogen are impurities that are present at very high

levels in mc-Si, and they are introduced during crystallization [20]. Carbon

is mainly introduced through the melt surface via carbon monoxide. Ni-

trogen originates from the crucible coating and oxygen from the silica cru-

cible. Single oxygen atoms at interstitial sites in silicon are not electrically

active. Carbon, on the other hand, will not influence carrier recombination

if present at substitutional sites. However, if the solubility limit of carbon

is exceeded, precipitates of SiC may form locally in the melt and in the

crystal. The distribution of oxygen and carbon will vary in the ingot, and

the segregation pattern differs for the two impurities. Like boron, carbon

has a segregation coefficient ( k0) below 1, meaning that both impurities

enriches towards the top of the ingot. The oxygen concentration will on the

other hand increase downward, as k0 for oxygen is above 1. Concentrations

have also been found to be inhomogeneously distributed in radial direction.

There is an increase in carbon concentration for the first 2
3

of the solidified

ingot towards the center line of the ingot, while for the last 1
3

concentration

remains almost constant. The radial oxygen distribution shows an opposite

trend, it decreases towards the centerline for the first 2
3

of the solidified in-

got, while the last 1
3

also here shows a constant concentration.

11



Chapter 2. Theory

Stokkan et al. presented in May 2017 results from a national project about

impurities in high performance mc-Si [21]. It was concluded that it is pos-

sible to achieve mc-Si with very high carrier lifetimes after phosphorus

gettering and hydrogen passivation, if dislocation density and contamina-

tion levels are low. Acceptable impurity levels were summarized based on

reviewing several investigations of contamination levels, also including the

main sources during production: feedstock, crucible and coating. This is

presented in Figure 2.2.

Figure 2.2: Impurities in feedstock, crucibles coating and ingot. The concentra-
tion is given in the first column, and the content in an industrial crystallization
system in the second. The colour scale compares the potential severity of different
sources [21].

12



2.1 Traditional Solar Cell Technology

2.1.3 Traditional Production Route of Multicrystalline Sil-

icon Solar Cells

The following section will describe the traditional production route for mc-

Si. A simplified overview of the process from ingot to wafer is illustrated

in Figure 2.3.

Figure 2.3: Overview of mc-Si production chain [22].

Many of the material properties are determined by the casting process, and

the major casting method for producing mc-Si is DS. The most common

method is Bridgeman, as it provides columnar growth and a planar front

[23]. Mc-Si ingots made by DS are often pre-doped. The feedstock is

charged, for example by doping with boron which is added together with

the feedstock, prior to melting. Gallium as an alternative to conventional

boron doping for p-type substrates has gained interest for the mc-Si mar-

ket. Using Ga doping instead of boron, has been documented to suppress

light-induced degradation of carrier lifetime in the literature [24, 25, 26].

13



Chapter 2. Theory

Dhamrin et al. studied the quality and stability of Ga-doped mc-Si, and

compared the results with boron doped wafers of ingots grown by the same

solidifying conditions. Ga-doped materials have higher lifetimes, and solar

cell characteristics were found to be very stable under illumination [26].

An important parameter in mc-Si casting is the crucible and its properties

[27]. Crucibles are made of slip-cast silica, and they are lined with a Si3N4-

based (silicon nitride) coating to prevent liquid silicon sticking to the walls

and subsequent cracking of the ingot, as solidification and cooling induces

strong stress. As most elements are more soluble in the liquid than in the

silicon, impurities dissolved in the melt will segregate. Casting is thereby

used as a purification method, as most impurities in silicon have low seg-

regation coefficients(often less than 10−5). When the melt solidifies from

the buttom and up, the element concentration will increase with the ingots

height according to Scheil’s equation, given in Equation 2.7 [28]. The dis-

tribution coefficient of boron is close to 1(k0 = 0.8 [29] ), which means

that the doping profile will not vary as much with height in the ingot post

solidification.

C∗
s = kC0(1− fs)(k−1) (2.7)

Parameters defined as:

C∗
s : solid composition at the solid/liquid interface

k: equilibrium distribution coefficient

C0: starting composition

14



2.1 Traditional Solar Cell Technology

fs: fraction of solid

Heat will be removed from the bottom, inducing a crystal growth upwards,

parallel to the solidification direction. After DS, the top of the ingot is

highly contaminated due to segregation. This layer, called the carbide cut,

have to be removed. Additionally, side-, top- and bottom-cuts are removed

due to contamination from the crucible walls, coatings and from the carbide

cut layer. After solidification, the ingot is sliced into wafers and etched to

smooth the rough surfaces. For a long time, multi-wire sawing was the

main slicing technique for both mono- and mc-Si in the PV industry [30].

However, as the the cost of solar cell processing and module fabrication

have been vastly reduced over the past years, the sawing cost remains high,

holding about 30% of the wafer production. During wafer cutting, about

one third of silicon is lost into the cutting slurry as kerf [31]. These draw-

backs of the traditional method has led the industry to seek new solutions.

The establishment of DWS for mc-Si wafering is a promising way to gov-

ern the increasing demand on lower cost and higher efficiency. This will be

discussed in more detail in section 2.2.2.

An overview of the next steps is given in Figure 2.4. After wafering saw

damages are removed and surfaces is normally textured in order to enhance

light absorption. The next part of the fabrication is to form the pn-junction

of the wafers. If the substrate is p-type, the junction is prepared by high

temperature diffusion of the n-type dopant, usually phosphorus, into the top

surface. The generation rate of electron-hole pairs (EHP) is highest at the

surface of the cell [16]. This requirement, combined with the fact that the

15



Chapter 2. Theory

Figure 2.4: Overview of mc-Si production chain[22].

peak collection probability of generated minority carriers are at the deple-

tion region and the region lying within a minority-carrier diffusion length

of it, means that the junction should be as close to the surface as possible .

Another important aspect of the emitter doping is the contact resistance be-

tween Ag and n+-Si contact [32]. The contact resistance is a function of

several parameters, such as doping concentration, the type of semiconduc-

tor material and the metal work function. Of these, the doping concentra-

tion at the cells surface has the most critical impact. The sheet resistivity

of this layer can be described by Equation 2.8. The sheet resisitivity is

commonly described with unit ohms per square, deonted Ω/sq, which is

dimensionally equal to an ohm, but it is exclusively used for sheet resis-

tance. To achieve minimum sheet resistivity of this layer, high doping is

required.
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2.1 Traditional Solar Cell Technology

Rsheet =
1

qµeNDt
(2.8)

Parameters defined as:

q: elementary electronic charge

µe: electron mobility

ND: surface doping concentration

t: thickness of the emitter

However, the doping process is a trade off of many parameters. With high

doping concentration, other undesirable effect are observed. There is an

upper limit of electrically active phosphorus in silicon, and phosphorus

in excess of this would be expected to be incorporated into phosphorus-

rich precipitates [16]. In such regions, minority-carrier lifetime is greatly

reduced and light-generated carriers have very little chance of being col-

lected. Such phosphorus-rich precipitates near the surface are called dead

layers. Another way dead layers may degrade cell performance is when the

emitter thickness(xp) is too wide [10]. If xp exceeds the diffusion length

of electrons, Ln, a part of the emitter becomes a dead layer which absorbs

light without generating a photocurrent. This means that for optimal design

it is preferred to have a thin, highly doped emitter and a thick, lightly doped

base.

The dopant is deposited by exposure to nitrogen gas bearing phosphoryl

chloride(POCl3) in high temperature [34]. The process is performed in a
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Chapter 2. Theory

Figure 2.5: Schematic description of typical diffusion furnace [33].

diffusion tube furnace, illustrated in Figure 2.5. The diffusion process have

two important steps, predeposition and drive-in. In the predeposition step,

POCl3 flow along with N2 and O2 through a tube, resulting in deposition

of P2O5 on the silicon surface. In the drive-in step, the inflow of POCl3

is switched off and diffusion proceeds from the layer deposited in the pre-

vious step. The main reaction during the pre-deposition step results is the

formation of P2O5. After P2O5 is deposited on silicon, it is reduced with

formation of SiO2, according to the reaction:

2 P2O5 + 5 Si −−→ 4 P + 5 SiO2

This reaction results in formation of phosphosilicate glass (PSG), -xP2O5:ySiO2,

on the silicon surface. It is the PSG that provides the source of phospho-

rus atoms during the drive-in step. Diffusion process optimization aims to

achieve uniform sheet resistance across each wafer and equal distribution of

the wafers within one boat. Murukesan et al. performed a study of POCl3

based diffusion optimization for the formation of homogeneous emitters in

p-type c-Si solar cells [34]. The gas composition, exhaust rates and flat
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zone temperature profile was varied aiming to achieve uniform sheet resis-

tance. Trends in the results showed that by decreasing the opening area of

the exhaust pipe, the suction velocity decreased and the standard deviation

(SD) of the sheet resistance was reduced. Further, it was concluded that

flow dynamics in the reactor tube plays a significant role in the uniformity

of doping. Experiments showed that when a variation in temperature of

∼1oC across the 45 cm was achieved, sheet resistance SD was reduced to

∼6 Ω/sq, while a variation of 17oC resulted in a SD of Rsheet at 25 Ω/sq.

An additional benefit from the emitter diffusion is removal of impurities

through gettering. In gettering, the impurities are relocated to less critical

sites, thus improving the performance of the cell [35].

The front surface of the wafer is further textured to reduce reflectivity, by

depositing an anti-reflection coating (ARC). Traditional ARC is silicon ni-

tride (SiNy) or titanium oxide (TiO2). Introducing a highly doped region

near the back contact will increase Isc and Voc, and the effect is called a

back surface field (BSF). This is a way to accomplish low effective recom-

bination [16]. The most efficient technique to produce the BSF has been

to screen print an aluminium-based paste onto the rear of the cell and alloy

the aluminium into the silicon by a firing process. The last part of the cell

fabrication is to add front and back metal contacts.

As emphasized earlier, the solar cell industry is facing a constant pressure

to optimize their cell manufacturing processes, aiming higher efficiencies

while not significantly increasing costs. Rahman et al. summarized four
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different ways to improve c-Si solar cell efficiency [36]:

• Increased light trapping effect by improving surface structuring and

texturization

• Redistributing the emitter profile profile on the front surface

• Upgrading or changing metallization processes to get thinner con-

tacts with excellent electrical properties

• Optimizing the passivation layer on both surfaces to reduce the re-

combination losses
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2.2 High Performance Multicrystalline Silicon Solar Cells

2.2 High Performance Multicrystalline Silicon

Solar Cells

HPMC-Si is similar to mc-Si, but the quality is better. By controlling the

growth front, the grain growth and the nucleation conditions, an ingot of

higher quality is achieved. At the same time, the production cost is consid-

erably lower than of mono-Si. This section will review and present some

of the important steps when producing solar cells of high performance, and

how this can be implemented to large scale production of industrial cells.

Higher efficiency of silicon solar cells will have a positive impact through

the entire value chain, meaning that the wafers not only achieve high effi-

ciency, but also a narrow distribution in the performance.

2.2.1 Managing Crystal Growth

The Bridgeman method for DS is the most common method when pro-

ducing mc-Si. The crystal growth will influence the final structure of the

crystal, and is thus an important part of achieving a material with the op-

timal properties [23]. Well developed understanding and control of the

growth mechanisms, the impurity distribution and defects are necessary.

Silicon crystals have diamond structure, and a perfect crystal would have a

periodic arrangement of atoms. However, deviation from the crystal sym-

metry occurs in all real crystals. These are called defects, and will affect

the properties of the final crystal. The electrical properties of semicon-

ductors can be greatly influenced by the occurrence of dislocations. Due
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Figure 2.6: Schematic illustration of a directional solidification furnace [6].

to high impurity mobility on dislocations and pipe diffusion, clusters of

impurities at dislocations can be observed, as impurities are attracted to

dislocations. As growth technology advanced, the performance of the so-

lar cells was improved and HPMC-Si entered the commercial marked. It

has been established that it is possible to mitigate the multiplication of dis-

locations throughout the ingot by controlling nucleation and grain growth

[6]. Improving lifetime and efficiency uniformity of whole ingots, means

high production yield. An illustration of a DS furnace is given in Figure 2.6.

HPMC-Si is known for its lower average grain size and lower dislocation

cluster density due to controlled grain-growth kinetics that render GB types
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favorable to a low density of dislocation clusters [37]. It is believed that

bigger grains are more vulnerable to the propagation of dislocations dur-

ing growth, as less GBs are able to hinder it. However, as silicon expands

when it is solidified, thermal stress during solidification is inevitable. In a

study by Yang et al., the key ideas for defect control were discussed [6]. A

common practice of crystal growth in growing a good ingot, is to control

the solidification front through the hot-zone design, meaning that crucible

insulation is used to obtain a flat growth front. A similar, improved concept

that has been used in the vertical Bridgeman crystal growth for years is to

use the so called adiabatic zone, as shown in Figure 2.6.

Figure 2.7: Simulated thermal fields and solidification front: (a) default hot zone
and (b) improved hot zone; the cross sections of the ingots grown by the hot zones
are shown at the top; the arrows indicate the direction of the heat flux [6].
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Thermal fields can illustrate how the growth front varies with the differ-

ent approaches. In the report, they simulated the fields using the software

CRYSMAS as shown in Figure 2.7, which illustrates how the growth front

was altered when using the default (without the adiabatic zone) and the im-

proved (with the adiabatic zone) hot zones. It is possible to observe the

interface changed from being very concave with the default hot zone, to a

flat growth front for the whole period of crystal growth, as shown in Figure

2.7 (b). By achieving a flat growth front, thermal stress is reduced.

Lifetime mappings of the ingots showed that the grains grew inward near

the crucible wall, indicating a concave growth front for the default hot zone.

However, for the improved hot zone, the columnar grains grew vertically

indicating that the growth front was flat. This reduced equiaxed grains near

the top of the ingot, and efficiency was improved overall, compared to the

default hot zone method. It was observed that lifetime dropped quickly

with height as a result of multiplication of dislocations. Further investiga-

tions observed that ingots grown with small uniform grains generated at the

beginning of solidification, gave the best uniformity, and a reduced amount

dislocation clusters even close to the top of the ingot was observed. Wafers

with small initial grains were thereby proved to produce solar cells with

higher efficiency.

2.2.2 Wire Sawing Technology

After solidification, the ingot is sliced into wafers. Solar cell production has

experienced a decrease in cost the past years, but the sawing costs remain
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high and contributes to about 30% of the wafer production [38]. Today,

the industry is moving away from the traditional multi-wire slurry sawing

(MWSS) technique, and towards diamond sawing. The reason for this is

that the DWS technology have the potential of two to three times higher

productivity combined with possible kerf recycling [39].1 Additionally,

DWS eliminates the use of slurry, which is costly and causes environmental

concern.

Figure 2.8: Schematic of multi-wire slurry sawing [39].

The principles of the MWSS are depicted in Figure 2.8. Multi-wire sawing

was for long the main slicing technique, as the technology provides high

throughput, small kerf loss, less restrictions on the size of the ingots and a

good surface quality [30]. A single stainless steel wire is fed from a sup-

ply spool through a pulley and tension control unit to the wire guides. The

silicon ingot is fed against the moving wire web and sliced into hundred of

1Kerf is the width of material that the process removes as it cuts through the plate.
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wafers at the same time. Cutting of wafers can either be by wires moving

in one direction or by osccillating wires. One direction wiring will allow

higher wire speed, byt yields less planar surface. Cutting is achieved by an

abrasive slurry, which is supplied through nozzles over the wire web and

carried into the sawing channel by the wire. Silicon carbide(SiC) powder

are the most commonly used abrasive, and the material is very expensive.

Figure 2.9: Scanning electron microscopy (SEM) image of diamond wire [39].

The diamond wafer sawing (DWS) is different from MWSS because instead

of using SiC particles in the slurry as cutting agents, a stainless steel wire

with diamonds implanted is used [39]. The diamond grits serves as fixed

cutting points, illustrated in Figure 2.9. Diamond sawed wafers will have

very different surface morphology than slurry sawn wafers, as illustrated in

Figure 2.10. The introduction of this technique for mc-Si is challenging be-

cause the phase transformation, initiation and propagation of microcracks

will vary with grain orientation. The resulting surface will consist of a dam-

aged layer of variable thickness, which needs to be further treated to achieve

high efficiency solar concepts. The two wafering processes have different

material removal mechanisms, thus the resulting surfaces will have differ-

ent properties. Schematics of the two cutting mechanisms is illustrated in

26



2.2 High Performance Multicrystalline Silicon Solar Cells

Figure 2.10: Schematics of the cutting mechanisms:slurry sawing to the left, dia-
mond wire sawing to the right [39].

Figure 2.10. In slurry sawing, material is removed by interactions between

SiC particles, wires and the Si surface. This process is referred to as three-

body-wear. In DWS, the material removal process is referred to as two-

body-wear. Material is removed as a result of direct interactions between

Si substrate and the diamond grits. Because the sawing mechanisms for the

two methods are fundamentally different, the resulting surface morpholo-

gies will be different too. Diamond sawed wafers show smooth cutting

grooves, as can be observed to the right in Figure 2.11. The grooves in-

dicate that silicon was removed by ductile mode of machining. Slurry cut

wafer are covered with microcracks, illustrated to the left in Figure 2.11.

Figure 2.11: SEM of wafer surface morphology: slurry sawn wafer to the left,
diamond wire sawn wafer to the right [39].
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2.2.3 Surface Treatment

Texturing

The wafer cutting introduces a saw damage layer which has to be removed

before entering the texturing process. When a wire saw is used, typically

a layer of 10 - 20 µm has to be etched from both sides of the wafers [40].

A damage removal etch can be based on 20 - 30 wt.% aqueous solution of

NaOH or KOH heated to 80-90 oC. The saw damage etch leaves the silicon

surface shiny, and the high reflectivity will suppress the solar cell efficiency

[41]. After saw damage removal (SRD), texturing of the Si wafers is per-

formed. Surface texturation will reduce the reflection loss of sunlight on

the surface, hence improve the optical properties of solar cells and increase

the conversion efficiency.

It has been well established that nanoscale structures and the related porous

layers around their walls have excellent light trapping properties [7, 42, 43].

Due to this, the reflectivity of mc-Si wafers can be vastly reduced by apply-

ing nanostructures on the surface of the wafers. Different methods to fab-

ricate textured nanostructures include femtosecond laser etching, plasma

immersion ion implementation etching, reactive-ion etching and metal as-

sisted chemical etching (MACE) [41]. Among these methods, MACE has

proved to be an effective fabrication technique for texturing large area Si

wafers, due to its low cost and easy processing technique [44]. The nanos-

tructured silicon surface produced with this technique is called black silicon

(b-Si) and creates structures with needle- or pyramide like shape on the sur-
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face of the silicon substrate. Surfaces with b-Si contains special properties

such as large surface area, negligible reflectance and superhydrophobic-

ity which provides interesting opportunities in various applications [35].

Branz et al. demonstrated in a study that the surface reflectance can be

as low as 2% from 300 to 1000 nm for a nanoparticle-based etched sili-

con surface [43]. The use of black silicon can therefore vastly improve the

light management of high performance silicon solar cells, but the surface

needs further treatment as the texturing creates a surface that is challenging

to passivate with high surface recombination. Enhanced light absorption

will result in increased Isc, which consequently improves the photoelectron

conversion efficiency, η [45].

The etching process in MACE is a simple process which can be regulated

by varying the concentration of the reactive elements in the solution, thus

controlling the etching rate. An illustration of the process is given in Fig-

ure 2.12 [46]. The pore diameter at the bottom is equal to the size of the

Ag particle, but the pores on the top is bigger than the Ag particle [47].

The penetration depth of the particles has been studied, and it has been

found that pore depth increases linearly with etching time at a rate of ∼ 0.4

µm/min [48]. For longer etching time it has also been shown that the pore

openings will be larger and less clearly defined, which indicates a more pro-

gressive dissolution of the Si walls at the surface, forming a porous Si layer.
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The chemical etching process can be explained by the following process,

marked as step 1-4 in the figure:

1. Hydrogen peroxide (H2O2) works as an oxidizing agent and re-

duces the catalyst, eg. Ag-particles.

2. The reduction reaction generates holes, as the silver ions is digging

into the Si substrate underneath the metal particle.

3. Ag + injects holes into the valence band of Si, and the Si surface

is oxidised.The high hole concentration underneath the Ag particles

will migrate to the sidewalls and the surface.

4. Hydrofluoric acid (HF) helps removal of the oxidized silicon.

Figure 2.12: Schematic overview of the chemical etching process [46].

A challenge with textured surfaces is that it is hard to get a well passi-

vated surface. As a result of the small diameter pores created by silver as-

sisted etching, more of the silicon surface is left unpassivated because cov-

ering the structures on the surface with silicon nitride (SiNy) is difficult[49].

This left the naked silicon surface as recombination centres of carriers. To
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achieve better deposition of the SiNy-layer, widening of the pore diameter

became important. The mechanism is illustrated in Figure 2.13. Therefore,

a tradeoff between optical gain and recombination loss must be considered

to achieve high efficiency.

Figure 2.13: Schematic illustration of the three main steps preparing nanoscale
pseudo-pyramid texture [50].

A good balance between the diameter of the etched pores and the surface

reflectance must be achieved to obtain a solar cell with high efficiency. Us-

ing a post alkaline etching treatment has proven to produce pyramid-like

texture which makes the structured surface obtain acceptable passivation

quality [7, 50, 49]. The treatment will adjust the open area and height of

the nanopores, in addition to removal of the porous layer. Figure 2.14 il-

lustrate such a surface, where morphology of samples where examined in

SEM and quasi pyramid texture was achieved by alkaline solution treat-

ment. Yue et al concluded in a study that the combination of Ag-assisted

etching combined with sodium hydroxide (NaOH) post-treatment produced

a surface better suited for passivation, leading to an increase of efficiency of

0.65% though reflectance of the NaOH treated surface was increased from

2,03% to 5,45%.
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Figure 2.14: Smooth pyramide surface texture after alkaline treatment [7].

Passivation

The surface of c-Si represents the largest possible disorder in symmetry of

the crystal lattice. Due to non-saturated bonds, a large density of defects

(surface states) within the bandgap exists at the surface of the crystal [36].

As the solar cell industry are moving towards thinner silicon materials, ef-

fective passivation becomes even more crucial in order to avoid undesirable

efficiency loss, as the relative importance of rear surface recombination in-

creases. Additionally, certain requirements have to be met. It is important

to make sure that the surface passivation is long-term stable (>20 years)

and also that it is inert to degradation when exploited to the UV photons of

sunlight if applied to the illuminated side of the cell surface.

In the surface recombination process, an electron form the conduction band

recombines with a hole in the valence band via a defect level (surface state)

within the bandgap. The process can be described mathematically by the

Shockley-Read-Hall (SRH) theory, which relates the recombination rate

and the properties of the surface states, for further theory on the subject
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see [18]. The relationship shows that there are two fundamentally different

technological possibilities to reduce the recombination rate at a surface: (i)

the reduction of the density of surface states, and (ii) the reduction of the

concentration of free electrons or holes at the surface. The two strategies

are commonly referred to as chemical passivation and field effect passiva-

tion, respectively.

Chemical passivation is done by reducing the density of surface states,

by saturating the dangling bonds [36]. This can be done by deposition

or growth of an appropriate passivating film, introducing atomic hydrogen

(H) or by a thin dielectric film. In field effect passivation, the electron or

hole concentration at the surface is altered by electrostatic shielding of the

charge carriers through the introduction of an electric field. This built in

field can be formed by either implementation of a doping profile below the

silicon surface or by field effect passivation due to electrical charges in an

overlying insulator. The two passivation methods can be combined, eg.

by introducing a SiO2 film which greatly reduces the surface state density,

and furthermore leads to field effect passivation due to fixed positive ox-

ide charges. However, as the two surfaces of a solar cells possess different

properties, different qualities in the passivation layer should be introduced.

For the following section, passivation of a p-type solar cell is the main fo-

cus. Plasma enhanced chemical vapour deposition (PECVD) of SiNy for

front side passivation has achieved record low effective surface recombi-

nation velocity (SRV) [36]. SiNy shows superior performance compared

to other passivation techniques such as SiO2 and TiO2, and this can be at-
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tained due to the following: (i) Field effect passivation provided by positive

interface charges, (ii) Properties of capture cross sections of dominant de-

fects, (iii) Adjustable refractive index as antireflection coating (ARC), and

(iv) hydrogenated passivation of bulk defects.

For the rear side, aluminium oxide (Al2O3) has been established as the

preferential passivation technology, due to the excellent passivation level

provided. Its properties are fundamentally different from that of the other

dielectric materials frequently used for the passivation, as they usually con-

tain a fixed positive charge density, while Al2O3 contains a high density of

fixed negative charges [51]. The high fixed negative charge density located

at the Al2O3/Si interface provides very effective field effect passivation by

shielding electrons from the interface. There has been a continuous de-

velopment the past years to achieve cost-efficient processes, focusing on

surface passivation, laser ablation and screen-printed Al local back surface

field (LBSF). As a result of this, cells with PERC architecture have be-

come a favorable choice for mass production of crystalline silicon solar

cells [8, 52].

2.3 Advanced Cell Architecture

PERC technology has advanced over the years, and is currently entering

the industrial c-Si solar cell marked. PERC is gradually becoming the most

cost-efficient choice for mass production of cells, and offers a good ap-

proach to surpass the 20% cell efficiency level in mass production [52].
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An overview of PERC structure is given in Figure 2.15. Although the tran-

sition to the PERC structure only requires that a few pieces of equipment

is added to the standard production line, the improvement of efficiency is

not an absolute [52]. Both the emitter and the rear of the cell have to be

redesigned, because improving only one of them will not increase the cell

efficiency as the recombination losses at the other device part will domi-

nate. Further, if both emitter and rear surface is improved, recombination

in the base region becomes important. This is due to boron-oxygen com-

plex formation, which will suppress the FF in the cell. This means that

PERC design requires a finetuning of influencing parameters that are not

linearly interrelated.

Figure 2.15: Schematic drawing of the industrial PERC cell structure [8].

The PERC design differs from the conventional full-area rear Al-alloyed

BSF. As the recombination of the photo-generated charge carriers at the

Al rear contact is only marginally suppressed and the Al layer only partly

absorbs infrared light leading to poor light absorption, today’s full areal

Al-BSF industrial solar cells are limited to around 20% [53]. An impor-

tant step towards industrialization of the PERC concept was to find a way
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to obtain low cost and high throughput processes for the deposition of the

rear passivation layer. SiNy deposited by PECVD maintained as the most

promising candidate for a long time, as this technology already was es-

tablished as a successful front side passivation layer of phosphorus doped

emitter in industrial solar cells. However, as the rear surface is p type, it was

found that SiNy passivation layers induce an inversion of the surface due to

the positive fixed charges within the SiNy layer. This effect was identified

by Dauwe et al. in 2002, and was denoted parasitic shunting leading to an

enhanced carrier recombination [54].

As discussed previously, AlOx exhibits a high negative fixed charge den-

sity, thus avoiding any parasitic shunting on p-type Si surfaces, and was

presented as a suitable option. Al2O3 passivation can achieve the lowest

SRV on p-type Si due to excellent field effect passivation by the negative

fixed charges (Qf ) and superior chemical passivation due to the low inter-

face defect density (Dit) [8]. Among the techniques that exists to synthesize

Al2O3, atomic layer deposition (ALD) is the preferential option due to ad-

vantages such as mono-layer growth control, pinhole-free coating, good

step coverage and low substrate temperature. The Al2O3 film should have

uniform thickness and obtain good electrical properties (Qf and Dit) at the

Al2O3/Si interface. The post anneal have been found to be a very impor-

tant step to activate the passivation of the as-deposited Al2O3 film due to

overall control of Qf and Dit. Post anneal can activate the negative Qf .

Further, during the ALD process an interfacial SiOx film will grow at the

Al2O3/Si interface, and this continues to grow during post anneal. H from

the Al2O3 bulk can also diffuse to the interface. It is the SiOx layer and H
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passivation that can be ascribed to the reduction of Diy. The post anneal is

important as it plays a crucial role for the overall control of Qf and Dit, thus

for achieving overall good passivation. An excessive thermal budget (too

high temperature) in the process has been found to decrease the amount of

already activated Qf and a gradual decrease in Dit is observed [8, 55].

The PERC concept was further improved when introducing capping of the

AlOx layer with SiNy. This makes the AlOx/SiNy layer stack resistant to

Al pastes during firing and improves the optical reflectivity of the rear cell,

thereby increasing the absorption of IR light in the solar cell due to im-

proved light trapping [56]. For the industrial PERC, the most important

function of SiNy layer is to maximize protection of Al2O3 from the penetra-

tion and damage by the screenprinted Al-paste [8]. Furthermore, PECVD

SiNy process can help to activate the Al2O3 layer. In addition, the SiNy film

improves the firing stability of the Al2O3 film and the internal reflection

of light compared to direct metallization of the Al2O3 layer, and provides

H passivation for Si/Al2O3 interface and Si bulk. This can improve the

open circuit voltage and to some degree the current output. The improved

efficiency of PERC can be addressed to three main reasons: (i) electron

recombination is significantly reduced, (ii) higher internal reflectivity is ex-

perienced, and (iii) more light is absorbed.

Huang et al. presented an experimental study on the most important mate-

rial and cell parameters for industrial PERC solar cell and a discussed the

roadmap to maximize efficiency for mass production of PERC [8]. It was
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used Czochralski silicon (Cz-Si), p-type, boron-doped wafers in the experi-

ments. The efficiency loss mechanisms based on some key characterization

methods were analyzed and the recombination loss mechanisms were in-

vestigated through PC1D and PC2D simulations. The study concluded that

the main loss mechanisms, combining efficiency loss mechanisms analysis

and the recombination loss mechanisms analysis using simulations, for the

current industrial PERC are:

• Relatively high front side recombination

• Series resistance from the cell front

• Not sufficiently efficient light trapping

By introducing the main limiting factors for PERC architecture it is possible

to develop an optimization plan to improve performance. The front surface

state, effects of the dead layer and bulk properties and the rear surface pas-

sivation is important limiting factors that should be investigated in order

to achieve high efficiency. However, there is a need to further understand

the ηcell loss mechanisms of the industrial PERC. Studies have shown that

cells can reach well beyond 24%, within the current equipment that is in

use in the standard production lines or with small structural changes. [52].

A roadmap for industrial PERC technology is summarized in Figure 2.16,

and it shows that expected cell efficiency can approach ∼ 23% without cell

structure change and 23,5-24% with the transfer to passivated emitter rear

locally diffused (PERL) solar cell structure [8] .
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Figure 2.16: Roadmap for PERC technology to 24% [8].

Byungsul et al. suggested that key points for the improvements of PERC

approaching the 24% limit, are by use of selective emitter, boron-added Al

paste for the rear, wafers with high carrier lifetime, multi-wires instead of

busbars, and narrow fingers with high aspect ratio [52].
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This chapter will give the experimental details related to all the results in

this thesis. An overview and explanation of where the experiments are in

the production chain will be presented.

The experiments were performed on diamond sawed wafers. The ingot is

produced in Mongolia, before being sent to Shanghai for sawing. Sliced

wafers are received at Shanghai Shenzhou New Energy Development Co.,

ready for processing. The wafers are the standard dimensions, 156*156

mm2. Wafers used for PERC production are gallium doped, while tradi-

tional black mc-Si wafers are boron doped. A typical process flow of a

PERC production line is given in Table 3.1.

After SDR, wafers are textured and then treated with NaOH solution, cre-

ating pyramid-like texture. Front emitter is then formed with POCl3 dif-

fusion. Edge isolation and rear side polishing is then performed by a wet

chemical process using HNO3-HF-H2SO4 solution. The rear polished sur-

face will provide better light trapping and passivation opportunities. Then

the rear side of the cell is passivated by ALD Al2O3. SiNy coating is de-
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Table 3.1: Overview of production line.

Step
1. Saw damage removal and texturing
2. POCl3 diffusion
3. Wet chemical process of edge isolation and rear side polishing
4. Rear Al2O3 + SiNy coating
5. Front PECVD SiNy coating
6. Laser ablation (rear contact pattern)
7. Screen printing metallization
8. RTP co-firing

posited by PECVD, capping the Al2O3-layer and surfaces are locally pat-

terned using laser ablation. Finally, screen printing and co-firing is used

for front and rear side metallization to form front Ag/n+-Si- ohmic contact,

Al-LBSF and rear local A/p+-Si ohmic contact.

Before entering the industrial mass production line, the company treats the

wafers with a multi-step texture process, the mechanisms are described in

the section about MACE. The texture process includes the steps of alka-

line polishing in KOH, silver coverage, digging of holes, enlarging of the

etching pits and cleaning. All the process steps are performed in automatic

tunnels illustrated in figure 3.1, and a list of all the steps is presented below:

1. Alkaline polish

2. Warm water isolation

3. DI water cleaning
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4. Ag deposition

5. Hole digging

6. DI water cleaning

7. Ag degluing

8. DI water cleaning

9. HF treatment

10. DI water cleaning

12. Acid rinsing

13. DI water cleaning

14. Pre-hydration

15. Hot air drying
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Figure 3.1: Two rows of texturing tunnels in the company’s lab, printed with
permission: HT-SAAE.

3.1 Characterization

Slabs from an ingot were cut in order to investigate the material properties.

The ingot was boron doped. The cutting position of the ingot is given in

Figure 3.2. Three heights were investigated for each position; top, middle

and bottom. All the test samples were mechanically polished on both sides

using waterproof silicon carbide P120, P240, P500, P1200, P2400 paper

(FEPA system) and water with a DP-U3 Pedemax machine. The samples

were polished further with Abrapol 20 machine and 9,3 and 1 µm paper.

This procedure prepared the samples for characterization tests, by remov-

ing damage from cutting and assuring uniform surface.
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Interstitial oxygen [Oi] and substitutional carbon[Cs] were measured at

room temperature by Fourier transform infrared spectroscopy (FTIR) from

Thermo Fisher Scientific. The FTIR polished samples were cut by a laser

to 5*5 cm2 dimension before polishing, and measurements were done at 5

sites of the samples, one in the middle and at each of the corners.

Figure 3.2: Positions in the ingot where the different slag samples were collected
from.

Further, the metal impurity concentrations were investigated by glow dis-

charge mass spectroscopy (GDMS). The isotopes that were measured was
27Al, 48Ti, 56Fe and 63Cu. The Astrum from Nu Instruments combines a

glow discharge ion source with a high resolution mass spectrometer, and

can be used to test high purity materials due to excellent detection limits.

3.2 Experimental Work

The process equipment that was used in the experiments is part of a large

scale production at the Shanghai Shenzhou New Energy Development Com-

pany. The machines are automatic and experiment parameters were ad-
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justed by programming. The experiments focused on three different parts of

the PERC production line. When one step in the production line was inves-

tigated, the other steps were performed as the baseline production line, un-

less otherwise stated. Performance of the final cells was tested with HALM

I-V tester system machines, which offers a detailed analysis and measuring

method, making it possible to investigate the relevant cell parameters.

3.2.1 One-Sided Texturing

The difference in performance between one-sided and two-sided texturing

of traditional black mc-Si cells and black mc-Si PERC was investigated in

the first part. Cell parameters were measured and compared on one-sided

textured surface, instead of the regular two-sided texturing. An illustration

of single surface texture is presented in Figure 3.3. The texturing of only

one side of the wafers was performed by arranging wafers in doublets, thus

only the surface facing "out" was exposed. As observed in Figure 3.3,

there is a slight darker area on the lower part of the rear side, meaning

that there might occur some texturing due to leakage. This is, however, not

detrimental and will be removed during further processing of the rear side.

3.2.2 Front Surface State

The second part aimed to investigate effects of different polishing times.

Wafers were textured on both sides. The experiments were performed on

wafers for both traditional black mc-Si and PERC solar cells. The base-

line polishing time was 220s and the temperature was 80◦C. The polish-
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Figure 3.3: The single surface texture process, rear surface to left and front surface
to the right.

ing was performed in a KOH-bath. The goal was to achieve smaller and

shallower texture on nanoscale. Alternative polishing times that were in-

vestgated were; 100s , 150s and 300s. These experiments were performed

on traditional black mc-Si wafers. The results were compared to the stan-

dard recipe, illustrated by the baseline measurements. After polishing, the

wafers were subjected to the standard production line and cell parameters

were measured. The optimization process was also performed on PERC

solar cells, decreasing the polishing time from baseline 220s to 150s. The

other time-points were discarded, as the 150s was the only time-point to

achieve better results on the traditional cells.

3.2.3 Emitter Doping

The baseline experiment parameters are given in Table 3.2. Experiments

were performed to improve the doping profile and additionally to reduce

the variation of sheet resistance as a result of different positions in the tube

furnace. POCl3 vapor is carried into diffusion tube by inert nitrogen carrier

gas. In all the performed experiments on emitter doping, the varied param-
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eters were in the deposition step, see Table 3.2. The parameters that was

changed is listed in Table 3.3.

Table 3.2: Baseline process parameters for emitter doping.

Procedure T[oC] time[s] N2[sccm] N2-POCl3[sccm] O2[sccm]
Pre-oxidation I 785 720 9000 0 0
Pre-oxidation II 785 300 6400 0 2600
Deposition 785 660 7870 830 300
Heat up 834 480 9000 0 0
Drive in 834 960 6400 0 2600
Gettering 810 660 30000 0 0

The first alternative to optimize the recipe was to increase deposition time

from 11 minutes to 14 minutes. Additionally, inflow of nitrogen gas was

increased from 7870 to 7900 sccm and inflow of nitrogen bearing POCl3

gas was reduced from 830 to 800 scccm. The second batch of experiment

wafers were exposed to an inflow of nitrogen of 7890 sccm and nitrogen

bearing POCl3 810 sccm, and the deposition time was 12 minutes.

Table 3.3: Presentation of the parameters that was varied in the experiments com-
pared to baseline.

T[oC] time[s] N2[sccm] N2-POCl3[sccm] O2[sccm]
Baseline 785 660 7870 830 300
1.opt 785 840 7900 800 300
2.opt 785 720 7890 810 300

To control and investigate how the phosphorus distribution varied in the fur-

nace Rsheet was measured on wafers doped at different locations inside the
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furnace. Additionally, the Rsheet measurements were performed on 5 dif-

ferent spots on the wafers to investigate the homogeneity of doping across

the wafers. The positions are given in figure 3.4.

Figure 3.4: Position of the Rsheet measurements across each wafer.

3.2.4 Rear Surface Passivation

The cell rear side was passivated by ALD of Al2O3 and PECVD of SiNy

stacks.

The wafers in the experiments were separated into two batches, one group

experienced longer annealing time and the other had an increased Al-oxide

layer thickness. The varied process parameters are listed in Table 3.4.

In these experiments, the passivation layer was deposited by a trimethyla-

luminium (TMA)-based thermal ALD process, inducing an AlxOy layer.

The post anneal process was implemented in a tube furnace. The baseline

thickness of the alumina oxide layer was 14 nm. The baseline annealing

time and temperature was 1800 seconds and 520◦C.
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Table 3.4: Overview of varied parameters in the rear passivation experiments.

T [◦C] Layer thickness [nm] Time [s]
Baseline process 520 14 1800
Increased layer thickness 520 24 1800
Increased annealing time 520 14 2100

3.2.5 Overall Optimization

As the former experiments have been focusing on different part of the pro-

duction line, a combination of the different production steps is possible.

The best achieved result in each of the steps was chosen and cells were pro-

duced with a combination of these steps. However, both sides were textured

in this experiment even though one-sided texturing achieved better results.

This is because one-sided texturing currently is too difficult to implement

in a large scale mass production line. Overall, the combined optimization

parameters were:

• Polishing time: 150s

• Recipe 2 for emitter doping:

1. Time: 720s

2. N2 inflow: 7890 sccm

3. N2-POCl3 inflow: 810 sccm

• Rear passivation layer thickness: 24 nm
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4.1 Characterization

4.1.1 FTIR

Results of FTIR measurements are given in Figure 4.1 - 4.3, illustrating the

concentration of substitutional carbon and interstitial oxygen for the top-,

middle- and bottom-cut, respectively. Averages of the five measurements

are used for the plots. The graphs illustrate the difference in concentration

of the two impurities with respect to site in the ingot at the same height. It is

possible to observe that the radial distribution do not vary greatly at any of

the heights, except for substitutional carbon at the top of the ingot. The C21

top carbon concentration is actually higher in the center than at the sides of

the ingot, which would be more likely to be seen in the lower part of the

ingot as discussed in section 2.1.2. SD of each of the five measurements

performed on the samples is given in Table 4.1.

Average concentrations as a function of height are plotted for all the sam-

ples and are given in Figure 4.4. The observed trends differ to some degree
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Figure 4.1: FTIR measurements of top cut.

Figure 4.2: FTIR measurements of middle cut.

from what could be expected. It is observed an increasing concentration

with height for carbon, and a decreasing concentration with height for oxy-

gen, which matches well with the theory presented in previous chapters.

However, the middle and top section do not show any consistent trend with

respect to height, comparing the different samples. Many aspects may have

an impact on how the distribution of impurities vary in the ingot, such as

temperature profiles, shape and size of ingot and solidification front.

As discussed previously, interstitial oxygen and substitutional carbon do
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Figure 4.3: FTIR measurements of bottom cut.

not have detrimental impact on cell performance. However, if concen-

trations exceed threshold limit/solubility limit in silicon oxygen can form

detrimental complexes with eg. boron in the substrate, and bulk recombi-

nation may increase.

Table 4.1: Standard deviation for the concentration measurements of substitu-
tional carbon and interstitial oxygen.

SD oxygen[ppma] SD carbon[ppma]
A1 bottom 0.24 0.14
A1 middle 0.05 0.14
A1 top 0.66 0.14
B19 bottom 0.38 0.05
B19 middle 0.29 0.22
B19 top 0.08 0.12
C21 bottom 0.02 0.22
C21 middle 0.07 0.24
C21 top 0.03 0.11
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(a) Carbon concentration in samples.

(b) Oxygen concentration in samples.

Figure 4.4: Concentration as a function of height in the ingot.

4.1.2 GDMS

The results of the GDMS measurements are presented in Figures 4.5 and

4.6, note the different scales of the y-axis in the diagrams. SD is included

on top of the bars.

The concentrations are averages of the last 9-12 measurements after run-

ning the analysis for about two hours for each sample. Reviewing the values

presented in Figure 2.2 and the acceptable levels of impurity concentration
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(a) Titanium content in samples.

(b) Iron content in samples.

Figure 4.5

for high performance cells, the relevant impurities were as follows; Al: 19

ppbw, Cu: 1 ppbw, Fe: 5 ppbw, Ti:1 ppbw. This means that nearly all mea-

surements do exceed the limit recommended for avoiding detrimental effect

of solar cell performance. However, it can be observed in the graphs and

the SD lines, some measurements do show a significant deviation compared

to the other samples, meaning that these results may be misleading. Raw

data for all measurements are presented in Appendix section A, showing
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that in some of the measurements SD is very high, indicating that the high

concentration measurements may not be valid.

(a) Aluminium content in samples.

(b) Copper content in samples.

Figure 4.6

Further, it was very difficult to stay within just one grain because the sput-

ter crater was 8 mm in diameter and the grains in the samples were smaller.

Thereby, comparing the measured concentrations to the values given in Fig-
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ure 2.2, may give a wrong interpretation, as it was difficult to perform mea-

surements without hitting GB, which serves as dislocation centres attracting

impurities.

Based on the characterization it is difficult to say if further development of

solidification process could enhance cell performance or not. Comparing

recommended impurity concentration given in Figure 2.2, further develop-

ment of the casting process to reduce introduction of impurities might be

necessary. However, as GDMS results might be misguiding, this may not

be the most critical aspect to focus on for improving efficiency. Assuming

that Ga-doped wafers would possess similar properties as the B-doped in-

got as they have the same casting method and thermal history, it might be

more important to focus on the later process steps in the PERC production

line to improve efficiency.

4.2 Experimental Results

4.2.1 One-Sided Texturing

The results of the one sided vs. two sided texturing of traditional black

mc-Si and black mc-Si PERC is given in Table 4.2 and 4.3. All cell per-

formance parameters presented in the tables in the upcoming sections are

averages of the total amount of wafers that were included in the experi-

ments, and the numbers of wafers are given in the tables.
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Table 4.2: Performance parameters of traditional black mc-Si with BL (two-sided)
and single-sided texturing.

No. Voc [V] Isc [A] FF [%] η [%] Rs[Ω] Rsh[Ω] I0[A]
BL 47 0.63 9.04 79.00 18.53 0.002 214.70 0.38
SS 47 0.64 9.05 79.92 18.76 0.002 173.70 0.11

Table 4.3: Performance parameters of PERC with BL (two-sided) and single-sided
texturing.

No. Voc[V ] Isc[A] FF [%] η[%] Rs[Ω] Rsh[Ω] I0[A]
BL 46 0.65 9.40 79.48 19.65 0.002 314.50 0.26
SS 50 0.65 9.36 79.27 19.75 0.002 347.90 0.16

It can be observed that efficiency is improved with more than 0.1% in both

cases when only one side is textured. As the rear surface is not textured, it

is easier to manufacture a well-passivated rear surface for both cell archi-

tectures. Improved passivation of the rear of the cell is expected to improve

Voc, however, any profound variation is not observed. It can be observed

in the tables that I0 is decreasing for both architectures when only one side

is textured, and a reduction in I0 can be attributed to a reduction in re-

combination all over the cell, including surfaces. A reduction in I0 would

be expected to show an improved FF, which is the case for the traditional

black mc-Si cell, but not the case for the PERC. By evaluation of the PERC

performance parameters, it can be observed that actually no other parameter

improves besides I0 and Rsh, indicating that this is the reason for improved

η. The SD of the PERC of the Voc, Isc, FF and η, is given in Figure 4.7. By

inspection of the graphs, the PERC show a better performance compared to

baseline with respect to the Voc, which could not be observed in the aver-
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age values in the tables. This can also be an explanation of the improved

efficiency.

Figure 4.7: The standard deviation of Voc, Isc, FF and η of the PERC cells.

Front Surface State

Results for polish optimization for traditional black mc-Si cells are given in

Table 4.4. Two parallels of 150 and 220 seconds polishing were performed,

in addition to experiments with 100s and 300s polishing.

It is possible to observe that 150s polishing time showed the highest effi-

ciency improvement both with respect to baseline time and the other times
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Table 4.4: Overview of different parameters with varied polishing time for tradi-
tional black mc-Si.

Time[s] No. Voc[V] Isc[A] FF [%] η [%] Rs[Ω] Rsh[Ω] I0[A]
220 189 0.64 9.07 80.20 18.86 0.002 104.20 0.16
300 181 0.64 9.06 80.30 18.83 0.001 101.50 0.14
150 188 0.64 9.10 80.22 18.97 0.002 100.40 0.16
220 193 0.63 9.09 80.46 18.85 0.001 100.70 0.15
150 186 0.64 9.13 80.32 18.93 0.002 101.90 0.15
100 182 0.63 9.11 80.25 18.86 0.002 83.20 0.20

investigated. Efficiency increased slightly for the 100s batch compared to

baseline, while decreasing for the 300s. Both batches showed an efficiency

above 18.9% for the 150s polishing, marked in bold in the table.

Polishing is important because if a uniform surface is achieved, this will im-

prove the MACE with respect to homogeneity of the textured surface, and

further achieving a well passivated surface with low enough reflectivity.

The goal is to achieve smaller and shallower texture on nanoscale, meaning

that pore depth is reduced and pore diameter is decreased.

It can be observed in Table 4.4, that η and Isc are improved compared to

baseline for the 150 seconds polishing. This indicates that changing the

polishing time improved the surface morphology and made it easier to pas-

sivate, thus improving Isc as a result of reduced surface recombination in

the front of the cell. The enhanced polishing was also performed on the

PERC, though only 150s were tested. The results are summarized in Table

4.5, showing a slight increase in η.
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Table 4.5: Cell performance parameters for polishing experiments on cells with
PERC architecture.

Time [s] No. Voc[V ] Isc[A] FF [%] η[%] Rs[Ω] Rsh[Ω] I0[A]
220 203 0.65 9.36 79.35 19.77 0.002 236.67 0.15
150 376 0.65 9.36 79.54 19.82 0.002 215.82 0.19

4.2.2 Emitter Doping

The position of the wafers in the furnace will impact how they are doped,

and sheet resistance measurements were taken from various positions in the

furnace. The results of the measurements are given in Figure 4.8. A table

of all values is presented in the Appendix, section 2. By comparing the

Rsheet values measured at 5 different spots in one wafer, it is possible to

investigate the doping homogeneity across the wafers.

Figure 4.8: Summary of results of sheet resistance measurements.

The goal of the emitter doping experiments was to improve the diffusion

process with respect to doping distribution and to reduce the effect of dead

layers due to too high doping profiles. This effect can be observed and mon-

itored by measuring the sheet resistance. Low sheet resistance will gener-
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ally mean that a high doping concentration profile is achieved. However,

if the doping concentration is too high, it might mean that dead layers also

are present. A good doping profile means that you have a high amount of

active phosphorus close to the surface, without inducing phosporus precip-

itates. Additionally, it is preferred to have a shallow pn-junction, as a too

thick pn-junction will increase recombination. By evaluation of all mea-

surements of Rsheet, which are presented in the Appendix, Table 5.1, the

SD and averages of the baseline and the tests were calculated, presented in

Table 4.6.

Table 4.6: Standard deviation and average of all Rsheet measurements of wafers
in the boat.

SD[Ω/sq] Average [Ω/sq]
Baseline 7.55 90.84
1.opt 5.69 89.10
2.opt 6.71 80.67

If uniform phosphorous doping is achieved, the SD of sheet resistance will

be reduced, meaning that all positions in furnace have achieved a uniform

gas exposure and doping distribution. If deviations of sheet resistance can

be reduced, this can contribute to overall better efficiency.

By investigation of the SD of the measurements across each wafer, it was

observed that both new recipes improved the doping homogeneity in total.

This is presented in Table 4.7. The positions are head, head middle, middle,

middle tail and tail, and they describes the position of the wafer in the

boat inside the furnace. It can be observed that the SD across each of the
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wafers decreases for all positions except for the head position and middle-

tail position for recipe 2.

Table 4.7: Average of all wafers in boat.

Position BL [Ω/sq] opt1 [Ω/sq] opt2[Ω/sq]
H 5.78 8.18 8.60
HM 4.64 1.94 4.56
M 5.39 3.12 2.27
MT 6.38 5.56 7.70
T 8.21 4.65 6.98

The average of all measurements of the sheet resistance is 90.844 Ω/sq for

BL, 89.096 Ω/sq for opt1 and 80.672 Ω/sq for opt2. As recipe 2 shows a

lower resistance, it is a risk of having introduced phosphorus precipitates.

Baseline and recipe 1 show similar average. SD for BL, opt1, opt2 are

7.554, 5.686 and 6.709, respectively. Of this, it is possible to conclude that

both optimization recipes improved the doping distribution in the furnace.

Figure 4.9: The Electrochemical Capacitance-Voltage (ECV) profiling.
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In order to investigate the doping profile and the amount of active phos-

phorus in the wafer with respect to the position, an ECV profiling was per-

formed. The results is presented in Figure 4.9. It can be observed from the

figure that both optimization recipes show a higher concentration of active

phosphorus in the region close to the surface. Recipe 2 achieved the shal-

lowest pn-junction. Recipe 1 has a slightly thicker emitter region, which

can be detrimental as recombination will increase and both Isc and Voc can

be reduced.

Final cell performance parameters are given in Table 4.8. Compared to

baseline (11 min deposition time), the deposition time of recipe 1 was 14

minutes and 12 minutes for recipe 2. The amount of inflow of nitrogen gas

was increased in both cases, whereas the amount of POCl3 was decreased

in both cases. The tables illustrates that the FF and the η were increased for

both optimization experiments. However, none of the other parameters im-

proved particularly. In the literature, it has been stated flow dynamics plays

a significant role in the uniformity of doping. The study by Murukesan et

al. discussed in the theory chapter, found that by reducing the variation

in temperature inside the furnace as exhaust rates was varied, SD of Rsheet

was reduced. As it is observed a reduction in SD in the experiments per-

formed in this thesis too, this might indicate that the parameters that were

varied (inflow of gas and time) did improve temperature variation inside the

parameters too. This was however not monitored.
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Table 4.8: Cell performance parameters of emitter doping experiments.

Process No. Voc[V] Isc[A] FF [%] η [%] Rs[Ω] Rsh[Ω] I0 [A]
BL 373 0.65 9.37 79.32 19.73 0.002 332.98 0.15
opt.1 372 0.66 9.35 79.54 19.83 0.002 255.97 0.15
opt.2 342 0.66 9.35 79.58 19.84 0.002 231.87 0.17

The Voc did not vary greatly between baseline and optimized samples,

while baseline Isc was higher. As the sheet resistance was similar to base-

line for opt.1, but lower for opt.2, which may be due to an increased amount

of precipitates . However, as the Voc did not show any profound variety from

the baseline voltage, it can be concluded that the amount of phosphorus was

still below the saturation solubility and that detrimental precipitation most

likely did not occur. This is validated by the fact that recipe 2 achieved the

champion η. FF is improved with both recipes and this is due to the higher

doping levels, thus η. Further, as SD is reduced this would also contribute

to the improved average η observed.

4.2.3 Rear Surface Passivation

The Al2O3 was deposited by ALD and baseline thickness is 14 nm. The

baseline annealing time and temperature are 1800 seconds and 520◦C, re-

spectively. The results of the experiments are presented in Table 4.9.

The thickness and uniformity of the Al2O3 layer is important to achieve

good passivation. However, if the layer is too thick, this would obstruct the

SiNy layer from introducing hydrogen passivation at the Al2O3/Si interface

and Si bulk. Table 4.9 shows that the experiment with increased anneal-
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Table 4.9: Cell performance parameters of passivation experiments.

No. Voc[V] Isc[A] FF% η[%] Rs[Ω] Rsh[Ω]
Baseline 89 0.65 9.37 79.57 19.75 0.002 219.4
Incr.annealing time 233 0.65 9.39 79.39 19.78 0.002 311.6
Incr.rear thin film 135 0.65 9.42 79.38 19.87 0.002 240.2

ing time did not improve cell efficiency. An excessive thermal budget have

been reported to be detrimental for both Qf and Dit, however, with respect

to increased temperature. From the results presented here, it is observed

that increasing annealing time do not show any great enhancement in effi-

ciency either.

However, by investigating parameters for the increased Al2O3-layer thick-

ness, Isc improved and so did η. Improved passivation would reduce the

number of recombined photo-generated charge carriers, and thus improve

Isc as observed. As enhanced passivation is observed, is can be concluded

that the layer was not too thick and H passivation from the SiNy layer did

occur, in combination with good activation of Al2O3 leading to both chem-

ical and field-effect passivation.
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4.2.4 Overall Optimization

The results based on all of the other experiments were combined to investi-

gate the total effect of the optimized steps in the production line. The results

are presented in Table 4.10. It is possible to observe that the combination of

the optimization recipes was successful, and a champion efficiency above

20% was achieved.

The η baseline in this experiment was higher than the average η for all base-

line PERC measurements. A weighted average of efficiency of all PERC

baseline used in this master is 19.78%, meaning that the overall optimized

efficiency improved from the average baseline with > 0.2%.

Table 4.10: Cell performance parameters of overall opitmization.

No. Voc[V] Isc [A] FF[%] η[%] Rs[Ω] Rsh[Ω] I0[A]
BL 400 0.65 9.42 79.30 19.89 0.00207 276.1 0.073
Comb. 400 0.66 9.42 79.40 20.01 0.00207 311.9 0.068

Internal quantum efficiency (IQE) of baseline and overall optimization is

given in Figure 4.10. IQE is the ratio of the number of charge carriers col-

lected by the solar cell to the number of photons of a given energy that

shine on the solar cell from outside and are absorbed by the cell. It can be

observed that the collection of carriers is higher for the optimized PERC

in the region 900-1000 nm. This is consistent with the literature, as the

introduction of Al2O3 has been found to improve the optical reflectivity at

the rear of the cell, and thereby to increase the absorption due to improved
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light-trapping, especially in the IR light region (700-1000 nm). The in-

creased thickness of the Al2O3 may be the reason for this observation on

the optimized PERC in comparison to the baseline PERC. This can further

partly be the reason for the enhanced cell efficiency, in combination with

improved passivation of surfaces and reduced recombination losses.

Figure 4.10: Internal quantum efficiency plotted for baseline and overall optimiza-
tion.
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Properties of high performance multi-crytalline silicon and the production

line of PERC architectured cells have been investigated, and an optimiza-

tion route to achieve higher efficiency have been suggested. FTIR and

GDMS characterization have been performed on as-cut slabs at 9 differ-

ent sites in an ingot.

The effect of variation of polisihing time have been investigated at tradi-

tional black mc-Si and and mc-Si PERC’s. Texturing of only one side,

proved to increase more than 0.2% and 0.1% for traditional black mc-Si

and black mc-Si PERC, respectively. Different recipes for the emitter dop-

ing step in production line was performed, aiming to achieve an improved

doping profile and to enhance doping distribution with respect to the wafers

position in the furnace and across each wafer. Sheet resistance measure-

ments were performed to investigate the doping profiles.

The rear surface passivation was investigated, and the effect of increased

annealing time and increased Al2O3- layer thickness was quantified. At

last, based on the best results of each of suggested optimization steps, an
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overall optimization was performed combining the enhanced steps.

• Reducing the polishing time from 220 to 150 seconds proved to in-

crease average efficiency 0.08% in total, 0.1% for traditional black

mc-Si and 0.05% for the PERC.

• Optimized emitter doping was achieved by increasing deposition time

from 11 to 12 minutes, and N2 inflow was increased from 7878 sccm

to 7890 sccm, while N2POCl3 was reduced from 830 sccm to 810

sccm. 0.11% improvement in efficiency was observed.

• It was achieved a higher concentration of active phosphorus close to

the front surface and SD of sheet resistance was reduced with 24%.

• Increasing the thickness of the Al2O3 thin film from 14 to 24 nm

improved efficiency with 0.12%.

• Final optimization, combining the best results in each of the previous

steps, the champion PERC efficiency was 20.01%, 0.23% higher than

average BL efficiency of all PERC wafers measured (1111 wafers).

Further improvement of the PERC production line is necessary to reach the

24% limit. PERC design requires a finetuning of influencing parameters

that are not linearly interrelated, thus it is a complicated matter to investi-

gate. The results in this study is in agreement with the suggested roadmap

(Figure 2.16), and improved efficiency was achieved by optimizing three

of the suggested steps. Possible future work could further explore and op-

timize the steps that have been investigated in this thesis, in combination
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with the other steps that are predicted to let current industrial PERC ap-

proach the 24% limit.
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Appendix

5.1 Section A: GDMS Results

Figure 5.1: A1 bottom

Figure 5.2: A1 middle
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Figure 5.3: A1 top

Figure 5.4: B19 bottom

Figure 5.5: B19 middle
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Figure 5.6: B19 top

Figure 5.7: C21 bottom
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Figure 5.8: C21 middle

Figure 5.9: C21 top
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5.2 Section B: Sheet Resistance Measurements

Table 5.1: Sheet resistance measurements on wafers at different positions in the
furnace.

Pos. C1 C2 C3 C4 C5 Av.
BL H 92.1 84 84.3 83.1 75.8 83.9
BL HM 94.5 89.4 87.8 92.1 82.3 89.2
BL M 95.1 97.9 91.6 83.9 89.4 91.6
BL MT 103.7 106.4 90.1 96.4 98.9 99.1
BL T 102.7 90.7 83.5 82.4 93.0 90.5
opt1 H 94.5 90.1 79.6 85.0 73.9 84.6
opt1 HM 95.0 93.2 92.5 92.5 89.6 92.6
opt1 M 92.6 90.4 87.9 90.3 84.4 89.1
opt1 MT 82.7 92.1 79.3 88.3 91.3 86.7
opt1 T 96.9 90.7 87.0 89.9 97.7 92.4
opt2 H 86.8 79.2 80.1 78.5 63.4 77.6
opt2 HM 77.4 81.3 73.8 81.0 70.8 76.9
opt2 M 82.4 83.6 79.6 79.8 78.0 80.7
opt2 MT 97.9 83.7 77.4 81.7 85.1 85.2
opt2 T 84.5 85.9 70.9 85.3 88.7 83.1

C1 is the center of the wafers, while C2-C5 represents each of the cor-

ners. The wafers in the furnace are named H-Head, HM-Head Middle,

M-Middle, MT-Middle Tail, and T-Tail, and represent the different sites in

the boat. All numbers in the table are given in the unit Ω/sq.
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