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1. INTRODUCTION

“Silicon is a business”, someone would say. As regards the photovoltaic (PV) industry at least,
it really is. That is very easy to be determined considering the global PV capacity, and its fashion
over years: from 2 GW to 178 GW installed in ten-years’ time from 2004 to 2014, up to 700
GW predicted by the year 2020. Since wafer-Si modules are typically ~270 W each, this means

~2,6 million modules in a few years’ time.

Earth receives from the sun 1,2:1017 W of solar power, while the worldwide energy con-
sumption is only 1,3-10'> W. This means that our planet receives more energy from the sun in
an hour than the total energy consumed by humans in an entire year. Furthermore, the in-
creasing of energy consumption, higher costs and the awareness of global warming led to a
very high growth rate for the PV industry. However, this outstanding growth rate caused a
shortage of solar-grade silicon (SoG-Si), and so the demand for PV panels overcame the

production.

Silicon contributes for the final cost and energy requirement more than any other compo-
nent. So, it is important to reduce the price per watt (that is, the ratio between the price of the
panel and the nominal number of watts) or the price per kg by means of refining processes.
The aim is to bring the price to a level of 2,50 €/W (3 $§/W): this is the critical barrier for
transition of solar cells industry from small contractor business into large companies, which
will further lead the price to less than 1 €/W (~1 $/W).

Semiconductor-grade silicon (SeG-Si), also known as electronic-grade silicon (EG-Si), is
widely used for the production of solar cells, typically coming from wastes of the
semiconductor industry. This grade is really expensive, more or less 65 €/kg (75 $/kg), due to
the high purity level: the total impurity content is IN (99,9999999%). However, the silicon
needed for photo-voltaic purposes does not need to be this pure. Solar-grade silicon must be 5-
ON pure (99,999-99,9999%), that means an impurity level of 1-50 ppm. Reducing the purity
requirements for SoG-Si leads to a cost decreasing, since a linear relationship can be found, as

it is possible to see from Fig. 1.1.

Hence, decreasing the quality of the initial feedstock for solar cells will lead to lots of saving
in terms of costs. Using upgraded metallurgical grade silicon (UMG-Si) will reduce costs to 10
€/kg, while the cheapest SeG-Si, that is the near semiconductor-grade silicon, is at most 30
€/kg. However, since near SeG-Si quality is very good, its utilization is supposed to yield a

relative efficiency of 1, a relative feedstock yield of 1 and a relative ingot-growth fraction of 1.
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Fig 1.1: Relation between purity and the cost of silicon (Bathey and Cretella, 1982)

So, if there are no strong changes of the efficiency, using UMG-S1 as feedstock to produce
SoG-Si leads to savings for the crystalline Si module of 7% to 11%, while the cost effectiveness
is lost if efficiency varies of 1,3-1,7% (del Coso, del Cafizo and Sinke, 2010).

From this it is understandable that the solar cells market needs a feedstock in high quantity
and low costs, to satisfy the market needs. This feedstock must also meet the technological re-
quirements, that are good efficiency, 1 €2-cm resistivity, 6N purity and low boron and phospho-
rus concentration, since these two elements are detrimental for the semiconductive character-
istics of Si if in excess of the required values. Given that in literature there is no complete
agreement on those contaminant levels, in this work the ReSiELP project requirements are
taken as reference: B below 0,38 ppmy and P below 0,79 ppmy. The minority-carrier lifetime

must be at least 25 ps.

One way to achieve this kind of product is upgrading metallurgical-grade silicon (MG-Si),
which is obtained from the carbothermic reduction of silica. The refining process can be done
in different ways, as it will be discussed in the following section. Another way is to take end-of-
life PV panels and recycle them to recollect SoG-Si again. However, in the latter case a refining
treatment is needed too, since the Si in the cell is doped with B and P to make a p-n junction,

which is the basis for the solar panel working.

Recycling is certainly the most attractive way to get new SoG-Si for the solar cells by now,
since it responds to the shortage of feedstock. Indeed, even if Si constitutes about the 26% of
the earth crust, mostly if form of silica and aluminosilicates, and it is the second most abun-
dant element in weight, after oxygen, to get a Si pure enough for PV applications, very pure raw

materials (pure quartz) are needed, and its sources are inexorably lowering;

ReSIELP (Recovery of Silicon and other materials from End-of-Life Photovoltaic panels) is

a European project that takes care of the recovering and purification of precious raw materials,
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such as silicon and silver, but also by-product materials. The aim of this project is to identify an
end-of-life environmentally-friendly process with zero or almost-zero waste. Different research
and industrial partners are involved, in order to improve the technology from TRLO to TRL7

by year 2020 and to reach TRL9 within three years from the end of the project.

In this work, a technique to recover silicon to the solar-grade is studied. Since more than
half of the total PV panels are multi-crystalline wafers, this technology has been studied to
reach the required purity on this kind of cells, not only on monocrystalline ones. This process
consists on silicon wafers etching in a hot sodium hydroxide solution. The aim is to remove the
back-surface field and emitter layers, to get the lightly doped base that can be used to create

new wafers. In this way, the recovered material is around 90%, with only 10% of silicon lost.

The kinetic of the etching process has been studied for the back side of the cells, since in
this side the thickness that should be removed is higher than the emitter (more than 5 pm ver-
sus 1 micron). Different combinations of concentration of the sodium hydroxide in the solu-
tion, temperature and time have been tested: the aim is to define the best conditions for the
silicon etching, The removal rate is determined from mass and thickness change, while resistivi-

ty measurements have been done to have a confirmation of the results.

As for the emitter, the aim is to completely remove it. Since the thickness is very low, the
techniques used for the back side are not adequate anymore. So, the samples have been treated
with different combinations of time and temperature, keeping constant concentration of the
solution, in view of the preliminary results for the back-side etching. The best way to determine

when the emitter is successfully removed is to check the type with a p /n tester.

Finally, a combination of concentration of the solution, temperature and time is proposed
for a good etching of the silicon. The process consists on etch part of the back-side of the cell,
leaving the nitride on the front side to act as a barrier for the silicon, since it is not attacked.
When almost all the BSF is etched by the solution, the cell is removed from the NaOH solution
and put inside another acid for the anti-reflection silicon nitride coating removal, and then the
etching is completed on both sides, to collect the base. In this way, the silicon recovery yield is

almost 94%, since part of the silicon is lost in the solution as sodium silicates.
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2. LITERATURE REVIEW

Silicon is the second most abundant element in the Earth’s crust making up the 25,7% of its
mass. Silicon density at room temperature is 2,329 g/cm3 and the melting point is 1410°C. It

possesses an energy gap of 1,12 eV at room temperature and 4 electrons in the outer shell.

Silicon has high affinity with various elements: with oxygen it forms stable oxides as silica
Si02; with carbon Si-C bonds are very stable, thus forming SiC; also, hydrides as silane SiH4 can
be formed; it also displays high affinity with chlorine Clz, forming compounds as trichlorosilane

or tetrachlorosilane.

The silicon used in the industries is divided into three purity levels: metallurgical-grade silicon
(MG-Si), 98-99% pure, is used as alloying agent or as the starting point to produce higher purity
silicon; electronic-grade silicon (EG-Si), 9-11N pure, is used in the electronic industry, for
example for the production of transistors; solar-grade silicon (SoG-Si), 6N pure, is used in
photovoltaic panels. Due to difficulties in the process, the price of silicon increases as purity

increases.

The purest types of silicon can be found in the market with amorphous or crystalline micro-
structures. The second one is dominant, due to the easier process, and multi-crystalline silicon

accounts for the 55% of the total silicon in the market.

2.0.1 Contaminants

The reason for these purity levels is that certain elements different than Si can be incorporat-
ed in the lattice. The most important ones are the elements from group III and V of the peri-
odic table. The first ones, like B, originate bonds with one missing electron, thus giving accep-
tors level in the band gap; vice versa, the second ones bind with other Si atoms with four of their
five d-electrons, and so they originate donor levels. As the concentration of these doping

elements increases, the resistivity of silicon decreases.

Also transition metals impurities have a relevant effect on silicon, since they affect the mi-
nority carriers’ diffusion length and lifetime. The minority carrier lifetime 1o follows the equa-
tion 1,=(cvN)", where N is the impurity concentration (atoms/cm?3), o (cm?) is the impurity

atoms effective cross-section for capturing the minority carrier, and v the thermal velocity, that
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is the average velocity of the electrons. So, the highest is o, the lowest is 10, and, if an impurity is
a “lifetime killer” (as Fe and Ti), a minor concentration can be very effective. Fortunately, the
impurities in silicon wafers are found in form of precipitates or inclusion, so the recombination
activity per metal atom is reduced. High purity Si crystals, with impurity content lower than 10
ppbw, have a minority carrier lifetime of 10 000 ps, while it is in the range of 50+300 ps for B or
P doped wafers. To increase this lifetime a good technique is to cool the melt down in a way that
leads to the formation of precipitates: this practice is the so called “defect distribution

engineering”.

The most common contamination sources are the raw material and the crucible. The most
common raw material for silicon is quartz, which can contain B, P, Ca, Al and Fe as contami-
nants, so high-grade quartz is needed to get pure results. Most of the crucibles are made by high-
purity fused silica or graphite, but the contamination comes from the silicon nitride lining. The
proofs of that are that the concentration and the chemical states of the inclusion are similar in
the edges of the ingot and in the lining, and that Si3N4 particles can be found in the upper part
of the solidified ingot due to supersaturation. So, it is necessary to reduce the impurity content

in o- SisNa.

To get solar-grade silicon, with the target resistivity, contaminants should be lower than one
ppmy, but this level is hard to get. Anyhow, the required resistivity can be obtained also with
higher amount of contaminants, if they compensate each other. In fact, the SEMI PV group in
2011 published the SEMI-PV 17-0611 standard, in which three categories of silicon are listed:
“undoped”, with less than 0,1 ppm, of contaminants, the “compensated”, with low quantity of
doping elements (|B]<0,5 ppmy and [P]<1,5 ppmy), and the “heavily compensated”, with boron
and phosphorus lower than 4 ppmy.

2.0.1.1 Analytical techniques

The best chemical technique to determine the concentration in the ppb-ppm range is the in-
ductively coupled plasma (ICP). This is a very fast and accurate (the error is 1-2%) way to de-
termine the concentration of trace elements. Since the sample must be liquid, a digestion proc-
ess is needed as the sample preparation, but in the latest laser-ablation ICPs also solid samples
can be measured. The main drawbacks are that the equipment is really expensive and that a

calibration with standards is needed each time.

Another physical way to determine the purity of the silicon wafers is the 4-point-probe sheet
resistivity measurements. In fact, the resistivity of a semiconductor is controlled by the concen-
tration of the doping elements, as it is confirmed in Fig. 2.1 by Irvin graphs (Irvin, 1962) and by
the corrections by Thurber (Thurber, Mattis, Liu, & Filliben, 1980).



LITERATURE REVIEW

R jiiBs 10? r T :
i I g i
i it i il o THIS WORK, 16
! 5 = = ' o THIS WORK, HALL EFFECT s
H T H =R i & THURBER & GARPENTER, NTT
AN i FEHH :
= TYPE
Ty =z E 5 = _ —
§ H ) il < H E
; S R AR R o & ®, IRVIN
ER S E i man < =) T
gm’;;‘ I l_E—E. i n-TYPE |y RL I I E 1wl \Cc\ |
& e g
g S il £ waahgR R
1072 | . ! — 0= .
= = o= =
S a5, Bariiim I HiRi
H EE#E =5 i SHES. _&fr:: H
= {1 i i 4
103 ' 3%% Sziiss IS " % 7
! EHHET ] fi
il Il j 10 { I ! ]
fier o IR " T ST e E w0t ' w0 w0 W™ e e
IMPURITY CONCENTRATION (ch=3) DOPANT DENSITY (cm-3)

Fig. 2.1 (\eft) resistivity of silicon at 300 K as a function of acceptor or donor concentration (Irvin, 1962); (right)
resistivity of silicon at 300 K as a function of acceptor concentration (Ihurber, Mattis, Lin, & Filliben, 1980)
This method consists on placing four probes on a flat surface of the material, to let a current
flow through the two outer electrodes and measure the potential difference between the two
inner ones. In the simplest configuration the probes are aligned, but other configurations are also
possible, as displayed in Fig. 2.2. One of the most important assumptions for the validity of this
measurement is that the minority-carriers introduced by the electrodes should easily recombine
near the contact area, and this is possible with a high-recombination surface, for example if it is

mechanically lapped.

The resistivity can be derived for a semi-infinite material by measuring of the voltage Vand
by the current applied 7 by the equation:
|74 2.1
0 =—2ms @D
l
where s is the spacing between the probes, considered as constant. If the configuration is not the

same as above, some correction factors must be applied to the measured value. For example, for

a thin, homogeneous semiconductor slice at temperature To:

|4 2.2
0 = WEF(w/S)FopFy 2

where F2is the correction factor for a finite slice F, = 2In2 %, F(w/s) for a finite thickness, Fsp

for the probe spacing and F7 for the temperature. For the square arrangement with thin infinite

2wV

slices with nonconductive faces o = e
n l

This is a fast method which does not need any difficult sample preparation, and it is accurate
for measuring in the range of 0,001+50 Q-cm. However, with some attentions, it is possible to

measure up to 1000 €-cm with an error lower than 5%.
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Fig. 2.2 (left) linear and (right) square arrangement for the four-point probe (Ublir, 1955)

2.1 METALLURGICAL-GRADE SILICON

Silicon, as already said, is a very abundant element in the Earth’s crust, but it is present in the
oxide or silicate form. In fact, the Gibbs free energy change for the Si oxidation reaction is highly
negative, and so SiO; is quite stable, it is difficult to find a suitable reductant and not so much
elements can be removed from silicon by oxidation. Anyway, it is possible in some ways to reduce
silica to get a 98-99% pure product, called metallurgical-grade silicon (MG-Si), for approximately
2,75 €/kg. The impurity content is listed in Tab 2.1: since the too high contamination a further

process of purification is needed for the use in photovoltaic applications.

Tab 2.1 Typical analysis of MG-Si
(Bathey and Cretella, 1982)

Impurity element Concentration range (ppm)

Al 1000-4000
B 40-60
P 20-45
Cr 40-220
Fe 1500-6000
Cu 15-40
Mn 10-80
Ni 10-95
Ti 120-275
\% 50-275
C 1000-3000
Ca 250-620
Zr 15-25
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2.1.1 Carbothermic reaction

Silica can be reduced by carbon at temperatures higher than 1900°C in submerged electric arc

furnaces, as in Fig. 2.3. The general form of this reaction is:
Si0,(s) + 2C(s) — Si() + 2C0(g) 2.3)

Actually, the real process is more complex and proceeds through two intermediates, namely
SiO and SiC. In fact, the furnace can be divided into two different parts. In the inner zone solid
silica is reduced to liquid silicon in a two-steps process at 1900-2100°C through the formation

of gaseous SiO:

{ZSiOZ(l) + SiC(s) — 3Si0(g) + CO(g)

Si0(g) + SiC(s) - 2Si(D) + CO(g) @4

In the outer zone, liquid silicon and SiC for the inner-zone reactions is produced:

{SiO(g) + 2C(s) - SiC(s) + CO(g)

25i0(g) - Si(l) + Si0,(g9) @)

Moreover, side reactions also occur:

1
Si(l) + 504(g) > Si0(g)
(2.6)

1
producing silica fumes, that are 1 um fine amorphous silica particles, collected by filters and used
as additives in concrete and refractories.

Silica is introduced in the furnace as quartz lumps, while the so-called “reductant mixture” for
carbon is made of washed metallurgical-grade coal, lignite, petroleum, coke, charcoal and

woodchips. The feedstock must be appropriately pure, in the way that the contamination of

RAW MATERIAL

%(L)EI\(‘:S'UMABELSE CLEANED GAS

SILICA

Fig. 2.3 Schematic representation of a furnace for production of metallurgical grade silicon (Cifyya et al., 2008)
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silicon is minimized. The feedstock is then melted by an arc produced by three submerged car-
bon electrodes, with a three-phase current applied at a 10-30 MW working electrical load. Final-
ly, liquid silicon is extracted from the bottom, while gaseous CO is oxidized to CO2 and released
into the atmosphere. This is a very energy demanding process (12 kWh/kg of MG-Si produced),
with a carbon footprint of 4,3 kg of fossil COz2/kg of MG-Si produced, and since the

temperature are high, it should be as continuous as possible.

2.1.2 Electroreduction

A way to reduce the high energy consumption and carbon emissions of the carbothermic
process is the electrodeoxidation of silica in molten salts. In fact, Si(IV) ions can be dissolved

into an electrolyte and deposited on a graphite or platinum electrode, following the reaction:
Si0, + 4e~ - Si + 20%* 2.7)

This process is controlled by the ion’s diffusion in the electrolyte: SiO; is reduced to Si at the
cathode, O% ions migrate to the anode, where they are oxidized to Oz and/or COx. Since silica
is an insulant material, it must be coupled with some metals to let the current reach the materi-
al, but this usually results in some contamination by intermetallics of the final product. Various
salts have been tested: the most promising results have been obtained with CaClz at 900°C (Xiao,
Jin, Deng, Wang, & Chen, 2010) between -0,65V and -0,95V, and with a LiF-KF electrolyte with
5 mol% KoSiFs at 800°C at moderate current density (~40 mA/cm?) (Haarberg, Famiyeh,
Martinez, & Osen, 2013). All these techniques are characterized by high current efficiencies.

Another chemical way is to reduce SiO2 porous pellets between two stainless steel plates in
molten CaClz or CaCl>-NaCl 70:30 mol% mixture. In the final product some CaCO3 can be
tound, but no CaSiO3, and also some contaminants, like Ni, from the stainless-steel plates, but

its brownish colour is due to the nanometric dimension of the particles.

2.1.3 Other routes

There are some other ways to get silicon from silica in a cheaper way, with low carbon emis-

sions and/or leading to purer silicon. One is the aluminothermic reduction of silica:
35i0,(s) + 4Al(s) - Si(l) + 2AL,05(s) (2.8)

This way is not so practiced due to the higher cost of Al respect to C, but it is used in some ap-
plications, like when the raw material for silicon is phosphorus industry waste (PIW) and/or
synthetic slag (SS) (Mukashev et al., 2009). In this process the temperature must be maintained
between 1450°C and 1600°C, so that there is low contamination from the crucible refractory
material and the silicon floats over the waste. Depending from the ratio between Al and slag

different products can be achieved: if the ratio is close to 1, 99,98% pure microcrystalline sili-
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con can be obtained with a 80+90% yield, and the intergranular contaminants can be further
removed by acid leaching; if the ratio is more than 1, a Ca-Al-Si alloy is produced, which can be

treated with HCI to get monosilane.

Amorphous silicon can also be obtained by rice husks. They are rich in silica, that is captured
from the soil by the rice plant, while it does not absorb heavy metals though. These husks are
burnt, and the ashes are small, but not submicronic, amorphous, so not carcinogenic, silica pat-
ticles, very rich in silicon with lower boron and phosphorus content than metallurgical grade
silicon. This ash is then reduced by Mg at 900°C, and then the silicon product is purified by acid
leaching with a HCl and CH3COOH mixture 80:20 between 50°C and 70°C.

2.2 ELECTRONIC-GRADE SILICON

Metallurgical grade is too contaminated for application in solar cells, and so it must undergo
some refining routes. The most common way is to generate gaseous silicon compounds (mostly
chlorides and hydrides) that are purified by distillation and then thermally decomposed into purer
Si. The result is a 11N pure silicon, called electronic-grade silicon (EG-Si) or polysilicon: in this
way the material has appropriate semiconductor qualities for electronic application, but only a

small volume of high-value product can be produced.

2.2.1 Siemens process

The most common process to get EG-Si is the Siemens process, developed in the 1950s.
Metallurgical grade silicon undergoes hydrochlorination in a fluidised-bed reactor (FBR) to make
trichlorosilane SiHCl; (TCS):

Si(s) + 3HCl(g) — SiHCl;(g) + H,(g9) (2.9)

Q100 mm

2800 mm

gas inlet g!d‘i\ll(\c; j[...__\)_lll_lmn
Fig. 2.4 Frame structure of the traditional polysilicon CV'D reactor (Z. Huang, Lin, Ynan, Lin, & Lin, 2013)
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This reaction happens at 350°C without external catalyst, since a good catalyst is Fe, which is
naturally found in MG-Si. The trichlorosilane is then purified by the contaminants by fractional
distillation in two steps to remove the heavier and the lighter substances. After that, the deposi-
tion is done in bell-jar reactors: the reactive gas, that is a mixture of trichlorosilane and hydro-
gen, undergoes some CVD reactions on some reverse U-shaped high-resistivity silicon rods,
which are electrically heated to 1000-1100°C. An example of these reactors can be seen in Fig,
2.4.

This process takes 24-36 hours to be completed, and at the end the silicon has very high purity
and fine grains. The by-product is a mixture of produced and reactant gases, that are separated

and fed back in the furnace or converted in trichlorosilane again.

The energy requirement for this process is very high, ~200 kWh/kg of silicon produced, but
it is calculated that almost 90% of this energy is lost. Moreover, there can be contamination from
the graphite contacts on the silicon rods, the process is discontinuous (batch process) and the
chlorosilanes are toxic and corrosive. So, the result is a high-cost and low-productivity process,
and so some improvements are needed. For example, Huang ¢f /. (2013), studied a reactor with
a bucket inside to help the control of the outside flow, or another solution can be using multiple
bell jar reactors in series, so that the exhaust chlorosilane from a reactor can be deposited in the

next one.

2.2.2 Union Carbide process

This process uses silane for the decomposition process: this reaction happens at 800°C, leading
to energy savings respect to the Siemens process. However, the whole process is not more
economic than the previous one, since the silane is produced via disproportionation of
trichlorosilane and dichlorosilane in fixed-bed columns with quaternary ammonium ion ex-
change. These reactions yield to a 0,2% total silane yield, so the reaction products must be

recycled or reintroduced in the reactor. Although, the final silane is very pure.
After distillation, silane is then pyrolyzed onto seed rods on bell-jar reactors:
SiH,(s) —» 2H,(g) + Si (2.10)

This decomposition can happen in two ways: the heterogeneous decomposition happens on
the silicon substrate, and this is the dominant and desirable reaction; the homogeneous decom-
position happens away from the structure, leading to big particles that deposit on the substrate
or form dust. The by-product is hydrogen, that can be fed again at the beginning of the proc-
ess, so the only feedstock needed is the MG-Si. No corrosive compounds are formed, and the

total conversion efficiency is higher than the Siemens process, but it involves more steps.
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2.2.3 Ethyl Corporation process
This process is innovative for two reasons:

I.  The silicon feedstock is not metallurgical-grade silicon, but silicon tetrafluoride SiF4,
which is a waste by-product of the fertilisers industry, so it is a low-cost feedstock. The

STF is then hydrogenate to monosilane by metal hydrides:

{ 2H, + M + Al > AIMH,
SiF, + AIMH, — SiH, + AIMF,

(M being Na or Li) @11

AIMF; can be sold to the aluminium industry.

II. ~ The silane is decomposed in silicon seeds spheres that are moving in a fluidized bed
thanks to a gas stream of silane and hydrogen, as it is possible to see from Fig. 2.5. In this
way the surface area for the deposition is higher, and when the particles are big enough

they fall down in the reactor and they can be collected.

Exhaust H,
unreacted

Silicon see "
Silicon seed silane

® I
-' L & -*. :I :J‘ .
T
° . I[. ® I .
il

granules

Fig. 2.5 A schematic representation of a fluidised bed reactor for polysilicon production (Ceccaroli & 1.ohne, 2003)

In this way the temperature needed is lower, there is no need to cool the walls and the proc-
ess is continuous, but there can be some deposition on the walls and contamination of the

particles.

2.3 SOLAR-GRADE SILICON

To use silicon in solar panels, with a reasonable efficiency (17-18%), the following limits must
be respected:

e OGN purity (99,9999% pure);
e Boron concentration [B]<0,38 ppmy and phosphorus concentration [P]<0,79 ppmy;
e Resistivity 0=0,1+2 Q-cm.
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The purity must be this high since transition metal elements, as interstitial or substitutional
atoms or as precipitates, introduce deep levels in the middle of the band gap, and this lowers the
cell efficiency. Different transition metal atoms have different effect on this purpose, so the
concentration allowed changes between different elements. On the other hand, boron and phos-
phorus are doping elements for silicon, so they have a strong effect on the resistivity of the
material, if their concentration is not controlled.

In the beginning, EG-Si waste, as the top and bottom parts of the ingots, was used as silicon
feedstock for the PV industry. However, due to the big and constant growth of the PV market,
new sources are necessary, like purified MG-Si.

2.3.0.1 50G-870; as feedstock for SoG-Si

In section 2.1.2 a method to get silicon by reducing silica with electroreduction is displayed.
If the starting silica is pure enough, also the product will be adequately pure for application in
solar panels. Solar-grade silica is easy to obtain by leaching treatments. Various molten salts have
been found to be good for this purpose, like LiCl-LiO2 (Lee, Hur, & Seo, 2008) or CaClz (Yasuda,
Nohira, Hagiwara, & Ogata, 2007).

Another way to get solar-grade silicon from solar-grade silica is with a combustion of an exo-
thermic mixture of silica and magnesium in inert atmosphere, followed by a hydrometallurgical
treatment (Won, Nersisyan, & Won, 2011). The hydrometallurgical treatment consists of three
steps:

1. Diluted sulphuric acid (H2SO4/H20O 1:4);
2. Leaching in HCI + HNO; + CoHsOH at 40-50°C with the adding of a mixture of HF +
H>O + C:H50H;
3. Leaching in HF + H,O + C;HsOH at 40-50°C with the adding of a mixture of HNO3 +
H>O + C:H50H.
The combustion products are mainly Si, MgO and Mg»Si: the Mg-rich substances are eliminated
with the first step of the hydrometallurgical treatment, which is useful to remove also the transi-
tion metal impurities. On the other hand, boron, phosphorus and oxygen cannot be removed by
step 1, so the other two are needed. Since the combustion product consists on microporous
particles, the hydrometallurgical treatment is useful to remove not only the surface impurities,

but also the intergranular ones.
2.3.0.2 Other routes

Pure silicon can be obtained by optical fibres waste, since they are made by ultra-high pure
silica glass. In this case silica is reduced with a thermal plasma treatment, where the hydrogen
glass is useful for the reduction and also for the removal of the contaminants (Ciftja, Engh, &
Tangstad, 2008).

Another way to produce high-purity silicon with low energy consumption and COx emission
is a silicon nitride dissociation in a solar furnace, where the solar rays are concentrated by mirrors
in one spot to reach high temperatures. This process leads to MG-Si refining to SoG-Si via two
steps:
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1. Nitride production:
35i0, + 6C + 2N, — SizN, + 6C0 (2.12)

This reaction happens at temperatures lower than 1500°C and it lasts 4 hours, since the
kinetic is slow. For this reason, it can be done night time with the stored solar energy.
2. Nitride dissociation:
SizN, — 3S5i+ 2N, (2.13)

This reaction happens at 1600+-1800°C (lower than the carbothermic reaction), and so
during the day. The recombination is thermodynamically unfavoured and a purification
step with hydrogen, oxygen or nitrogen is needed to remove the contaminants.

2.4 TRANSITION METAL ELEMENTS

As it is already stated in section 2.0.1, transition metal elements reduce significantly the solar
cell efficiency. So, there are specific thresholds for each impurity atom, since their effect is differ-
ent. However, the tolerable content for each impurity depends on the growth technique and

process. So, several ppby of contaminants are accepted in solar-grade silicon.

2.4.1 Solidification

The problem/bright side of the solidification is that form a homogeneous melt is not possible
to get a homogeneous solid. At a certain temperature To the melt of concentration X start solidi-
tying; at T1<Ty the solid has concentration Xs and the melt X, as it is possible to observe in Fig.
2.6(left): it is possible to define the distribution coefficient as ky = Xs/X;.

Solid

Ty

Temperature
[°C]

—

koXy i = m ==

s Xo X Position Z —>

Fractional composition X

Fig. 2.6 (left) left side of a phase diagram with ko<1 and (right) composition development in solid and
liquid along a rod solidified from the left end under “normal freezing” (Ceccaroli & Lobne, 2003)
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Let’s suppose that at temperature T a fraction of the melt has solidified, as in Fig. 2.6(right).
At this temperature the liquid has concentration of component B X; = X, so the solid has con-
centration Xg = koX; = koXy. However, the solid gets richer in the component A than Xo, so
the concentration of B in the melt increases. Furthermore, at the solid-liquid interface the local
equilibrium forces the concentrations to follow the rule Xs = kyX}, so as the concentration in
the liquid increases, also the concentration in the solid does. So, the effect is that, as the solidifica-
tion proceeds, the concentration of component B increases in both liquid and solid phase.
However, if the impurities have a low ko (for iron is 8:10-¢), almost one atom on 100000 enters
in the solid, so the purification effect is high.

If the mixing effect is considered too, then the effective distribution coefficient is kopp =
Xs imterface/ X1 puik: when the mixing is good, kg = kess. For the rotational pulling of a rod
from the melt the effective distribution coefficient is kopp = ko/[ko + (1 — ko)]exp(—A4),

where A=vé /Dy, § = 1,6D11/3v1/6w‘1/2, D is the diffusion coefficient of the solute, v the
pull-out velocity, v the viscosity and w the rotational velocity).

Transition metal elements have distribution coefficients in the range between 10-6+-10-*. This
means these impurities tend to remain in the liquid phase, and so an easy purification process
which does not involve any chemical reaction can be done. The main drawbacks of this technique
are that, since the last solidified layer, full of impurities, must be cut, some silicon gets lost, and
dopant impurities, as boron, phosphorus and aluminium, cannot be removed, due to their high
coefficient (in order: 0,8, 0,35 and 2-10-3).

2.4.1.1 Single-crystalline silicon

To produce single-crystalline silicon the most famous way is the Czochralski method (Fig. 2.7
(lefh). A spinning rod, with a silicon seed attached to it, gets in contact with the molten silicon
and it is slowly pulled out. In this way it is possible to control the rod diameter and to prevent
spurious nucleation. Rods are generally 2 m long and their diameter is around 30 cm. It is a high
energy-consuming process, since the silicon must be maintained in the molten state for a long

period.

Lowering Mechanism

"~ Temperature Sensor

- Melt

Upper Oven

-+—— Growing

- Thermal Insulation
Crystal

Position

- Crystal

~ Crucible
-+——— Crucible

Lower Oven

~ Heater

L Helum qas

Fig. 2.7 Schematic representation of: (left) Czochralski method (Ferrazza, 2012); (centre) Bridgman
method (https:/ [ commons.wikimedia.org); (right) HEM furnace (Cifyja et al., 2008)
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Another method to produce single-crystalline silicon is the Bridgman method (Fig. 2.7 (centre)).
In a vertical tubular electric furnace the molten silicon is slowly lowered from a region where it
is keeped at a temperature above the melting point to a cooling bath of oil. If the speed is low
enough, a single-crystalline ingot is obtained.

2.4.1.2 Multi-crystalline silicon

An easier and faster way to produce silicon ingots is the ingot casting. The melt is poured into
a crucible and temperature is lowered on the bottom, so solidification starts from there and the
front moves upwards. The mostly used equipment for this purpose is the HEM (heat-exchange
method) furnace (Fig. 2.7(righ?)): this furnace allows good vacuum and the best directional solidifi-
cation. In this way multi-crystalline ingots are produced, so the cells have lower efficiency respect

to the single-crystalline ones.
2.4.1.3 Zone refining

Zone refining takes advantage of the idea of solidification refining and uses it to purify already
solidified ingots. One end of the ingot is slowly heated up to the solid-liquid region, so that the
impurities diffuse into the liquid; then this molten part is moved to the other end, so that the
liquid phase captures the impurity all along the ingot length. In this way the solute is redistributed,
and finally the impurity-rich liquid phase is removed by the “cake”, the solid-liquid mixture. The
heating velocity is the most important parameter to be controlled, in connection to the diffusion

and coalescence of impurities.

2.4.2 Solvent refining

Solvent refining consists on alloying silicon with another metallic element, immiscible with
silicon in the liquid phase, up to the hypereutectic concentration. In this way the primary silicon
precipitation happens below the melting temperature of pure silicon, and this decreases the distri-
bution coefficient of all the impurities, including boron and phosphorus, as it is displayed in Fig.
2.8. Indeed the solute becomes instable as temperature decreases, and, since the dissolution is
endothermic, the activity increases as temperature decreases. The heavy metal impurities are reject
from the silicon into the melt, that is a metal-silicon mixture.
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Fig. 2.8 (left) Solid solubilities of impurity elements in silicon; (right) Temperature dependence of segregation ratios of
boron and phosphorus between solid silicon and Si-Al solvent (Y oshikawa & Morita, 2012)

17



CHAPTER 2

Atomic percentage silicon
10 20 30 40 50 60 70 80 S0
T T T v T T

I 2600
2400
2200
2000
1800
1600
1400

1200

1000

800
600
4

0
Al 10 20
Weight percentage silicon

Fig. 2.9 Aluminium-silicon system binary phase diagram (Dawless, Troup, Meier, &> Robatgi, 1988)

2.4.2.1 Aluminium

Aluminium is the mostly used metal for solvent refining, because it is cheap and, as it is possi-
ble to observe in the phase diagram in Fig. 2.9, no intermetallics between Si and Al exist. So, if
more of the 12,6 wt.% of silicon is added, pure silicon crystals precipitate as needle-like crystals,
rejecting the impurities into the eutectic melt.

To get the pure silicon, it must be separated from the eutectic phase. The main drawback of
using aluminium as the solvent is that the acid leaching is difficult due to the presence of alumini-
um oxides and hydrides. So other strategies had been developed: if some calcium is added, CaSiz
is formed and it incorporates the silicide particles, being easily leached after all or either way the
primary silicon can be separated from the liquid phase by an electromagnetic field in an induction

turnace or by supergravity.

Even if the distribution coefficient for boron and phosphorus is reduced, the solvent refining
is not enough to reach B and P levels for solar-grade silicon. For this purpose, adding some titani-
um helps the boron removal, since stable TiB2 precipitates, and adding calcium reduces the phos-

phorus concentration in the final pure silicon.
2.4.2.2 Copper

Copper, even if more expensive than aluminium, is frequently used in solvent refining due to
the low ionic radius and its faster diffusion in the silicon lattice. In fact, since copper silicides for-
mation is unlikely in the silicon lattice, due to the high volume difference, copper moves in the
silcon dendrites up to the liquid phase, full of impurities, until CusSi is formed there. Then the
pure silicon dendrites are separated by the copper silicide phase by crushing in micrometric
particles.

If some calcium is added in the Si-Cu 50:50 solution, CaCuSiz is formed. This component
has great affinity with phosphorus, which is thus trapped, and it can be easily eliminated via acid
leaching. If 5% of Ca is added, the phosphorus removal efficiency reaches 82%.
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2.4.2.3 Iron

Iron can be a very cheap alternative to aluminum and copper, due to the fast diffusion and the
reactivity with boron and phosphorus, and the by-product can be sold to the steelmaking industry
as ferrosilicon. The main problem is that the microstructure is composed by silicon and «-FeSiy,
and the interface between them is full of impurities. However, quenching above the eutectic
temperature and then a slow cooling leads to a 98,9% separation efficiency.

2.4.3 Acid leaching

During solidification, impurities segregate as intermetallics, silicides, silicates, alloys and com-
plex compunds at the grain boundaries, which for this reason become more brittle. A way to re-
move these impurities is to crush the silicon and treat the particles with acids. In fact, the cracks
propagate in the grain boundaries, due to their brittleness, and so the impurities are exposed on
the particles surface. Acids dissolve them, but not the metallic silicon, which is more resistant.
Thus, the solidified silicon must be crushed into 50+70 um particles, so that the impurities at the
grain boundaries, but also the ones inside the grains, are exposed. In this way, a 99,9+99,99%
pure silicon can be obtained with an easy and cheap process. However, this is not enough to

reach solar-grade purity, so a directional solidification is needed.

The most important parameters to be controlled are the temperature, the time and the type of
acid and its concentration. The best acid mixture is aqua regia: in fact, hydrofluoric acid is a must-
have in the leaching mixture, because, differently from hydrochloric and nitric acid, dissolves the
silica layer which forms on the particles surface. The ultrasonic stirring also improves the
purification efficiency, since the cavitation bubbles, exploding when in contact with the particles

surface, form cavities which help to remove the impurities also from inside the silicon particles.

However, this treatment is ineffective for the removal of interstitial and substitutional ele-
ments, like boron and phosphorus. To remove them, some strategies can be implemented to the
leaching treatment. If calcium is added, it dissolves phosphorus in the calcium silicide or forms
Cas3P4, both leachable; barium has the same effect on boron. For the boron removal, a complex-
ing agent can be added so the acid mixture: boron in silicon can react with hydrofluoric and nitric
acid to form boric acid H3BOj3 or fluoroboric acid HBF4 and then, since it has an empty orbital,
it can form a complex borrowing an electron pair by some complexing agent. The best complex-

ing agent is glycerine, that leads to a 91,5% removal efficiency for boron (Sun et al., 2013).

2.5 BORON AND PHOSPHORUS

Boron and phosphorus are problematic elements, because they cannot be effectively removed
with the techniques just described. Their distribution coefficient is too high (ks=0,8 and k,=
0,35) to be removed by directional solidification, and solvent refining does not improve it so

much. Furthermore, since they are substitutional elements for silicon, they are not removed by
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acid leaching. Therefore, other techniques must be applied to reach the required levels of these
elements for solar grade silicon (B=0,38 ppmy and P=0,79 ppmy).

2.5.1 Vaporization

Impurity elements, including boron and phosphorus, can be eliminated from molten silicon
via gas phase. This refining treatment can be done under vacuum, effective condition for P re-
moval, or with reaction with oxidizing gases, as Hz, Oz or Clz, which form volatile compound
with the impurities. The ideal temperature range for an effective B and P removal is between
1500°C and 1700°C.

2.5.1.1 Vacuum refining

Vacuum refining is based on the difference of partial pressure between the components of a
solution: the higher is the partial pressure of the solute, compared to the solvent, the easier is its
removal. Since the partial pressures for phosphorus is pg:2,627' 108 Pa and for silicon pSi:O,l91
Pa at 1500°C, and pg:3,177'108 Pa and pSi:O,789 Pa at 1600°C (Safarian & Tangstad, 2012),
vacuum refining can be a useful way to remove phosphorus from the silicon melt. It is done at

temperatures between 1500°C and 1700°C at pressures around 0,5 & 0,2 Pa.

Considering it as a non-equilibrium process and a Raoultian behaviour for silicon and Henrian
behaviour for phosphorus, the evaporation coefficient can be defined as:

ap

Yppp (Ms;
— 2.14)

0
Dsi \Mp
where M; is the atomic weight and yp phosphorus activity coefficient at the standard state. If

this coefficient is higher than 1, the removal is possible. This is the case for phosphorus, as dis-
played in Fig. 2.10.
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Fig. 2.10 The relationship between the volatility coefficient a; and temperature for the dissolved elements in molten silicon
(Safarian & Tangstad, 2012)
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Fig. 2.11 Total mass transfer coefficients for the dissolved volatile elements in silicon under typical process conditions
(Safarian & Tangstad, 2012)

Phosphorus removal is controlled by the chemical reactions and the mass tranfer in the gas
phase. In fact, the flux of phosphorus from the liquid to the gas phase is divided into three parts:
the transport through the melt boundary layer, the chemical evaporation and the mass transfer
in the gas phase. Each one of these steps is governed by a mass transfer coetficient, respectively:

y _(SDm,Pvm>1/2 p = NMsidp - VgV pPpMs;
mP =\""r,, 7 0g2TMpRT 9% = T RTog (2.15)

The values of this coefficients between the silicon melting point, 1414°C, and 1700°C, are in the
range of K., p=0,0003+0,0004, k. »=0,000001+0,0001 and kg4 »=0,000001+-0,0002. Since the flux
of phosphorus is defined as

-1
1 1 1

np = kpC with  k, = + +

P pLp P Kmp  kep ' Kgp (2.16)

the rate determining steps are the ones with lower mass transfer coefficient, ergo, the chemical
reactions and the mass transfer in the gas phase. Therefore, from the value of kp, reported in
Fig. 2.11, it is possible to define the P removal flux.

From the figure it is possible to see that the mass coefficient, and so the phosphorus flux,
changes with the temperature. In fact, for a pressure of 0,5 Pa, it is possible to calculate the mass
trasfer coefficient in function of temperature as:

25633
kp = ———+1,4645 (2.17)

According to the kinetic priciple, the general equation for the concentration of phosphorus dur-
ing the treatment is

C\_, A
In (?) =kpyt (2.18)
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Fig. 2.12 (left) Relationship between In (%) and 3 t for phosphorus removal at different temperatures (Safarian &

Tangstad, 2012); (right) Plot of mass transfer coefficients as a function of chamber pressure for gas species P
(Zheng, Engh, Tangstad, & 1uo, 2011)

which, in the Iln (%) versus ét plot in Fig. 2.12 (left), gives a linear relation, meaning that the

process follows a first order kinetics. So it is possible to calculate the concentration of phospho-

rus at time t as:

25633) A )

C =C; exp (—4,325 exp (— T v

2.19)

Also the chamber pressure influences the impurity flux: as the pressure decreases, the mass trans-
ter coefficient increases. However, if pressure becomes lower than 0,471 Pa, the free evaporation
of phosphorus becomes the rate determining step, and so kp becomes constant with pressure,
as it is shown in Fig. 2.12 (right).

When the concentration is higher than 50 ppmy, phosphorus is mainy removed as diatomic

specie P2, while at lower concentrations as monoatomic P, since the partial pressure is higher.
2.5.1.2 Reactive gas blowing

To remove impurities it is possible to make them react with certain gases purged on the surface
or through the melt, in order to form volatile compunds that can evaporate from the molten
silicon. This method is useful for the removal of boron. These reactive gases are also mixed with
some inert gas, mainly argon, that improves the stirring of the melt and so enhances the reaction
of impurities elements with the gases. The most used reactive gases are hydrogen Ha, oxygen Oo,
water vapour and mixture of them.

When Ar-H> mixture is blowed into the melt, hydrogen dissolves into the melt as [H], and re-
acts with dissolved boron to generate BH or BH2. When Ar-O; mixture is introduced, the silicon
oxidation is thermodynamically favoured over the boron oxidation. Therefore the melt is refined
by the reactions between silica and dissolved boron, mainly with production of BO and B20Ox.

When a mixture of Ar-H>O-H> is introduced, boron is removed through the generation of
BHO. The longer is the treatment time, the larger is boron removal, with an exponential decreas-
ing, as it is possible to see from Fig. 2.13: this suggests a first order kinetics
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Fig. 2.13 Comparison of the B contents deternined by resistivity meter and ICP-MS (Tang et al., 2012)

B A
In <B—O> =—k PH,0 vt (2.20)

From the experiments (Tang, Andersson, Nordstrand, & Tangstad, 2012), it is possible to ob-
serve that reduction rate is faster at lower temperatures. This suggests that the kinetics is

controlled by the heterogeneous chemical reactions occurring at the surface of molten silicon.

A mixture of Ar-H2O-Oz can be used to for the refining of molten silicon. In this case, the

reactions that occurr have the form:

4x ] + 2z
2y —z 2y —z

4
H,0(¢9) + 0, - meHZOy(g) (2.21)

At the silicon melting point the most easily formed compound is BsH3O3, while at temperatures
higher than 1700°C is BHO. However, the partial pressure of hydrides, except BHO, decreases
with temperature, so it is recommend to do the refinement at temperatures slightly higher than
the silicon melting point. In this region, the most volatile compound, that is the one with higher
partial pressure, is BsH3O¢. However, the partial pressures are 1051010 times higher than without

water wapout.

With this technique it is possible to reduce the boron content to acceptable levels, but further
refining techniques are needed to remove the metallic impurities. So, it must be coupled for
example with directional solidification.

2.5.1.3 Plasma refining

In an induction furnace, such as the one in Fig. 2.14, a plasma of argon and oxidizing gas flows
on the surface of silicon and helps eliminating impurities, both metallic and dopant. Boron can
effectively removed so solar-grade concentration in a few minutes, thanks to the formation of
oxides and hydrides. Phosphorus should be removed too as P2, but this does not happen in prac-
tice; however, the silicon is not n-type, even if the P concentration is high, meaning that phos-
phates have been formed, which neutralise P.
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At room temperature the Si is not conductive, so it is heated up by the argon plasma. When it
starts melting, the induction heating system takes part in melting the remaining part, so the plasma
power can be reduced, since it is less effective, and the oxidizing gas can be introduced. The gas
used are a mixture of Hz and O2 or water vapour. Hydrogen is useful for the removal of metallic
impurities, to eliminate the residual oxygen on the silicon lattice and passivate the defects. On
the other way, if too much oxygen is introduced, a white layer of silica forms on the top of the
melt, drastically decreasing the volatilization rate.

The main drawbacks of this method are that it is not cost-effective, due to the high cost of
the high-vacuum systems to generate plasma, and that the elimination of impurities happens only
in the surface. For this reason, a good mixing is necessary for a good refining, guaranteed by the

induction furnace.
2.5.1.4 Electron beam refining

This refining technique uses a beam of accelerated electrons to remove the impurities. In the
silicon lattice, these electrons interact with impurity atoms and convert their kinetic energy into
energy for the evaporation of the impurities with higher vapour pressure than silicon. Therefore,
the removal of phosphorus is successful with this method up to more than 90%, but it is
ineffective for boron removal.

2.5.2 Slag refining

This refining method uses the liquid-liquid extraction to remove impurities. From the Ellin-
gham diagram, reported in Fig. 2.15, it is possible to observe that the oxidation of most of the
metallic impurities in silicon happens spontaneously respect to the silicon itself; however, boron
and phosphorus, being more noble than silicon, cannot be oxidised spontaneously. Nevertheless,
it is possible to remove boron and phosphorus incorporating them in slags.
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Fig. 2.15 Ellingham diagram for oxides (Johnston, Khajavi, Li, Sokhanvaran, & Barati, 2012)

The slag former compounds are generally added in quantitites of 1+5% of the mass of silicon,
they should not contaminate silicon, and they should have different density from silicon. In this
way the slag can float or sink, or it can adhere to the mould walls, and in this way it can be easily

removed.

Boron can be removed by oxidation and adsorption as borate, as follows:

3 1 1 3 .
[B] + 702 =5 B,04 58,05 +50% = BO; (2.22)

The O, atoms are given by the silica (Si0, = Si + 0,), while the 0% ions are given by the calci-
um oxyde (Ca0 = Ca?* + 0?7). The slag boron capacity, Lg = (B)/[B], that is how much
boron can be trapped in the slag, can be defined as:

3/2
_ VB ao 2-  3/4
Lg =ki———Do,, (2.23)
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Fig. 2.16 Boron distribution versus a function of slag composition expressed in CaO-SiO2 binary and
CaO-8i02-Cal2 ternary system (Jobnston et al., 2012)
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The two requirements, @p2- and po,, are in conflict: increasing the CaO/SiO; increases the slag
basicity, but at the same time decreases the oxygen partial pressure, given by the silica. So a
maximum of the value of the boron capacity can be obtained when CaO/SiO>=2 (Fig. 2.16).

The rate determining step for the boron removal kinetics is the mass transfer, since the tem-
peratures are very high and so the chemical reactions are fast. The relation between the mass
transfer coefficient and the refining time is given by:

M 1y LB1— [B]e
Ms; )

(i
OsiAg LsMgqg

"Bl - 8L (2.24)

By the experimental data it is possible to define that the reaction follows a first order kinetics and
that the mass trasnfer coefficient has values between 1,7+4,3 um/s (Krystad, Tang, & Tranell,
2012).

The dephosphorization by slag refining happens mostly with the formation of phosphides.

1 3 3
S +507 =P 420, (2.25)

Phosphorus dissolves as CasP2 and the phosphorus capacity follows the same trends of the boron
capacity for CaO-SiOz slags, but if other components are added to the slag, such as aluminum
oxide, it can follow a linear trend. Phosphorus gas can be removed from the slag, as P2, Py, or, if
Ho> gas is added, as PHa.

The best slags for boron and phosphorus refining are ternary or quaternary systems which
include MgO or Al,O3: magnesium oxide gives the highest mass transfer coefficients for boron
removal, while aluminium oxide largely improves the phosphorus removal. The maximum boron
and phosphorus capacity reported in literature amount to 5,5 and 9 respectively. The removal
efficiency clearly increases with the silicon-to-slag mass ratio, but if too much slag is added, this
refining technique is not cost-effective anymore. In fact this method is very easy to be controlled,
but the main difficulty is to get very clean slag formers.

2.5.3 Electrorefining

Another way to remove impurities is the electrodeposition of silicon in molten salts: at temper-
atures between 700°C and 1100°C silicon has good electric properties. The impurities which have
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Fig. 2.17 Comparison of segregation coefficient and electronegativity of impurities in MG-Si (Jobnston et al., 2012)
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positive electronegative respect to silicon do not dissolve from the anode, while the others do
not deposit to the cathode, and so they remain in the electrolyte: as it is possible to observe from
Fig. 2.17, boron and phosphorus remain in the anode, and so the purification can be good.

Generally the electrolyte is made by cryolite (NasAlFg) and silica or molten fluorides and
K,SiFe: since Si(IV) ions are solvated as Sij, and this is in equilibrium with gaseous silicon fluor-
ide (Sixy, = SiF, + xF7), Sij,, is more stable in the basic molten baths, and the better one is
NaF-KF 40:60 mol. The anode is generally a M-Si alloy, where M is mostly Cu or Fe: this avoids
the passivation of the anode, as it happens for MG-Si. The Cu-Si can be in liquid form, but also
in solid state, as, if the alloy is solidified from the melt, the microstructure is composed by primary

silicon crystals in a Cu3Si matrix: this allows the treatment to be done at lower temperatures.

At the tungsten cathode a 4-5N silicon deposits in powdery or nano-fibrous form, depending
on the KuSiFs concentration in the electrolyte, and it is generally brittle. The boron and
phosphorus removal is around 90%. The main difficulty of this process is to find clean electro-
lytes.

A variant of this process is the three-layer electrorefining: the anode is the molten M-Si alloy,
which deposits on the bottom of the cell, the molten fluorides electrolyte stays in the middle,
while the pure silicon cathode floats on the top of the cell. Due to the fact that the silicon must
be liquid, temperatures higher than the silicon melting point are needed. The main drawback is
that boron is not effectively removed, due to the similar thermodynamic properties to silicon. To
solve this problem the electrorefining can be coupled to the electrocatalyzed reaction of B with
metals, like Fe and Ti: in this way heavy metal compunds precipitate at the anode-electrolyte

interface.

2.6 PROCESSES TO SOLAR-GRADE SILICON

The Crystal System Inc. developed a single step process in a modified HEM furnace, combin-
ing the gas blowing, the vacuum refining, the slagging refining and the directional solidifiction.
Also the using of scavengers, like tungsten, helps the refining, forming complexes with impurities.
A “ cold finger” made by a tungsten rod with a molybdenum wire inside flowing cold argon gas,
is used to capture evaporating silicon, very rich in phosphorus. This route is very effective in
removing phosphorus, while it is not so effective for boron (Crystal Systems Inc., 2008; Schmid
& Joyce, 2009).

ProPower developed the so-called “Chemical Phisics” method: the metallurgical-grade silicon
is melted in vacuum and refined by oxygen gas blowing, then a magnetic field and vacuum are
applied to separate the impurities and then the melt is directionally solidified. The product reaches
a 5N purity, with a resistivity of 0,5+3 €-cm, while de cells produced with this material show a
15% efficiency, though with a 10+15% of light-induced degradation (Liang et al., 2010).

Silicor Materials developed a method which allows to produce cells with an efficiency higher
than 16,5% with only a 2% light-induced degradation. This process starts from dissolving impuri-
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ties into aluminium. The aim of the company is not to get 6N silicon, but compensated silicon
useful for p-type solar cells production, so the relative mix of B and P is monitored. After the
precipitation of silicon crystal from the melt, an acid cleaning step is done and after the crystals
are melted again and directionally solidified (Silicor Materials, 2012).

The NEDO process, by the Kawasaki Steel Corporation, consists on three different stages:
the phosphorus is removed to levels lower than 0,1 ppmy in an electron beam furnace, where
also the metallic elements are removed to levels lower than 10 ppmy in the purified part by
directional solidification; the boron is reduced to levels lower than 0,1 ppmy with plasma melting
in oxidizing atmosphere; then a final directional solidification follows. This method leads to the
production of a material with a final resistivity of 1 €2-cm, that generates a cell with 14% efficiency
(Yuge et al., 2001).

The Elkem Solar developed a process which purifies metallurgical-grade silicon by a slag treat-
ment, a leaching and a directional solidification, follwed by a post-purification step to prepare the
material for the wafer production. In the last years they also developed a simplification process
which improves the acid leaching step in order to avoid the directional solidification and the post-
treatment. The Elkem process produces silicon with a 70% less energy and four times lower
greenhouse gas emissions than the Siemens process (Glockner & de Wild-Scholten, 2012; Seiland
et al,, 2014).

2.7 PHOTOVOLTAIC CELLS

The dominant structure of the cells that can be found in the PV panels is the co-fired screen
printed Aluminium Back Surface Field cell, which is schematically represented in Fig. 2.18. The
usual dimensions are 156x156x0,18 mm3. This low thickness if effective for the reduced amount

of material needed

The main part od the cell is a B-doped p-type silicon wafer, with a concentration of boron
(acceptor) of 1016 atoms/cm?, with a bulk resistivity of almost 1 €-cm. The main function of this

———— Screen-printed Ag contacts
P SiN, ARC
——— Random pyramids

T phosphorus-doped emitter

T p-Sibase
p+ Al BSF

Al rear contact

Fig. 2.18 Structure of A-BSF solar cell (Glunzg, Preun, & Biro, 2012)
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substrate it to absorb the photons and enable the transport of majority (holes) and minority
(electrons) carriers.

On the top of this substrate there is a P-doped n-type layer. The phosphorus concentration in
this layer changes between 1020 atoms/cm? near to the outer surface to 101 atoms/cm3 in the
inner part. This doped layer extends for almost 1 um inside the substrate, and its main function
is to generate a several hundreds of nanometers p-n junction, which allows the carriers movement
through the cell. The top side is texturized, namely a pyramidal structure is generated, to improve
the capturing of photons. The top surface is then covered with a 75 nm thick silicon nitride
antireflection layer.

In the top layer a H-like grid of silver paste is applied to create the metallic contact and so to
collect the current. Generally, three busbars are formed, and they are linked by a great number
of contact fingers. A silver paste is applied on them, and, below it, silver crystallites penetrate the
silicon via the (111) planes. The rear side is fully metallized for efficient carrier transport: 5% of
the surface is covered by the silver contact pads, soldered to silicon; the remaining surface is
covered with an aluminium paste, while the Si region below is doped with Al to 3+4-1018

atoms/cm? for almost 5 um.
2.7.0.1 P-doped layer

The top layer of the cell is heavily n-type, and it is doped by the diffusion of phosphorus
atoms: P atoms are donor impurities for silicon, namely they introduce free electrons in the silicon
lattice.

The main aim of this layer is to create a p-n (or better, p-n*) junction. When a p-type and an
n-type material are juxtaposed, some electrons from the n-layer migrate in the p-layer, where
there is a lack of electrons, recombining with the holes: in this way, near the boundary between
the n-side and the p-side a depletion region is formed, where there are no free electrons or holes.
Due to the migration of electrons, the n-side boundary becomes positively charged, since it lost
electrons, while the p-side boundary becomes negatively charged, since it lost holes that
recombined with the electrons. In this way an electric field generates in the depletion region.
When solar rays hit the cell, the energy they bring is enough to generate in the depletion region

Solar rays (Energy)
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Fig. 2.19 Schematic view of the structure and operating principle of a p-n" junction in a solar cell
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Fig. 2.20 (left) A typical high concentration phosphorus diffusion profile in silicon (Fair, 1978)

an electron-hole pair. These particles are driven out of the depletion region by the electric field.
Thus, the concentration of electrons in the n-side and holes in the p-side increases enough to

generate a potential difference between the two sides of the cell.

The diffusion profile of phosphorus in the emitter follows a typical trend, and two different
regions can be defined: an highly-doped surface Qse, a tail region Qrai. and the inactive doping
Qsn. The total phosphorus concentration can be calculated as Q1= Qset Qsn + Qrar. The con-
centration profile for the total phopshorous concentration is:

D™ nsh

1

2 |t ) 1| 0,3eV
Qr =nY/ — (1+2,04-10"*n2) +5 1D [1 + exp( KT )] (2.26)

i n;

while the active phosphorus profile can be calculated as:

Dinch 1| _r 0,3eV
m 27 [ +eXp( KT )] (2.27)
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where D;” and D; are the diffusion coefficients for the vacancies in V- and V= state, ng the elec-
trons concentration at the silicon surface and h=2 is the electric field enhancement factor. Qe
influences the sheet resistance and the emitter saturation current density, which should be

lowered.
2.7.0.2 Surface passivation and Back-Surface Field

At the cell surfaces the continuity of the silicon lattice is broken. Thus, surface states generate
in the band gap close to the surface, acting as traps and recombination sites for electrons and
holes. In this way a difference between the excess of carriers, An if electrons are considered,
generates between the surface and the bulk on the doped layer. A difference of concentration of
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carriers originates a diffusion current, thatleads to the definition of a new quantity, called “surface

recombination velocity”, Sg:

dAn
- [D = —op " An (2.28)

P
0x surf
A decreasing of the surface recombination velocity leads to the increment of the short-circuit
current density /g, and the open-circuit potential V., and so the cell efficiency. To annihilate
these surface states different ways are possible. One is to grow or deposit a passivating layer, such

as Si0O2, Al2Os3 or hydrated-SiNy: the latter is effectively used for the front side of the cell, as well
as for the anti-reflection properties.

Another way is to generate a low-high junction at the surface: this is also called “Back-Surface
Field”, and it is effectively used for the back contact of the cell. In fact, the electrons in the p-
type base should be collected at the emitter, not recombined at the back surface. So, a thin layer
at the back side is heavily doped with aluminium or boron, so a p*-p junction is formed. This

junction generates an electric field:

(2.29)

which has the same direction of the field induced by the depletion region. In this way electrons
are repulsed away from the back surface, and they do not recombine at the surface. The lowest
values of the surface recombination velocity in crystalline silicon reported are 1-10 cm/s, while
for most solar cells is around 100-1000 cm/s.

Most of the solar cells have an aluminium Back-Surface Field, since the production technique
is well known and easy to manage. However, Al-BSF suffers of corrosion problems and the
maximum doping concentration is around 3-1018 atoms/cm?3. Boron BSF are also possible, and,
even if the temperatures and the times for the treatment are higher, the dopant concentration is
larger thanks to the greater solubility of boron in silicon.

2.7.1 Efficiency

From the first cell, invented in 1941, with an efficiency of 1%, the main aim of the photovolta-
ic research has been the improving of this value. In the beginning the first cells were made of n-
type silicon, and an almost 15% efficiency was achieved in cells for the satellites. However, the

- -
rear contact oxide

rear contect

Fig. 2.21 Schematic view of a (left) PERC (Wang, Zhao, & Green, 1990) and
(right) PERL. solar cell (Blakers, Wang, Milne, Zhao, & Green, 1989)
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space radiation hardness was too detrimental for the n-type cells, so p-type panels started their
expansion, that brought them to be now the most largely diffuse type of solar cells. The same
efficiency achieved for the n-type panels was reached by the p-type ones in the ‘80s. Nowadays,
solar cells reached efficiencies of 23% and 25% for respectively PERC (Passivated Emitter and
Rear Cell) and PERL (Passivated Emitter, Rear Locally diffused) monocrystalline p-type cells
(Fig. 2.21). Industrial cells have an efficiency of 12+18%.

Not all the solar radiation can be converted into electric energy. The main cause of the reduc-
tion of the efficiency is the Auger recombination: the photons with lower energy than 1,1 eV (Si
band gap) cannot excite electrons in the cell, and for the others, the energy portion higher than
this level is wasted, so approximately % of the sun spectrum is not used, Then there are other
causes of efficiency losses, like radial recombination, optical losses, reflection of the incoming
rays, electrical resistance losses, contamination, surface effects and material defects. This leads to
a maximum theorical efficiency of 29%, while the practical maximum efficiency is around 26%.

To calculate the efficiency the equation to be used is:

_ Prax _]sc ) FF
P, 1000 C, (2.30)

where FF is the fill factor, G, is the relevant area of a reference cell (=0,015849 m?2), Py, 4y is the
maximum output power of the solar cell and Pj, the incident optical power defined by the

relevant area of the reference cell.

2.7.2 Production process
2.7.2.1 Wafers

Solidified single- and multi-crystalline ingots are shaped into a pseudo-square shape to increase
the power density (in this way the planar surface of the panel is almost completely covered by
the cells). Then the ingots are cut into wafers by some thin (160 um of diameter) wires, arranged
to form a web, as in Fig. 2.22. An abrasive slurry, made of fine-grained SiC particles, helps the
cutting. To make the process easier the ingots are glued to a glass support and after the cutting
they detach. The process parameters must be controlled in order to get homogeneous thickness.
The main problem is that the wires have almost the same thickness as the wafers, so almost 50%
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Fig. 2.22 Principle of wire sawing (Ferrazza, 2012)
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Fig. 2.23 Float process for producing silicon wafers (Ranjan, Balaji, Panella, & Y dstie, 2011)

of the silicon is lost and needs to be recycled. Also, if the wafer thickness is lowered, more wafers
per ingot can be made, and so the productivity increases.

To solve the problem of the silicon losses, some continuous techniques have been improved.
In the string ribbon process some high-temperature resistant wires are pulled through the silicon
melt and the ribbons are then cut into strips; in the ribbon growth on substrate some silicon
powder, subsequently melted, or already molten silicon are spread on a substrate. These
techniques unfortunately lead to low-efficiency cells. An interesting technique is a modification

of the Pilkington process, displayed in Fig. 2.23. Molten silicon is spread on the top of a more
dense and immiscible liquid, and a single-crystalline silicon sheet of the desired thickness solidi-
fies on the top of it.

2.7.2.2 Non-wafers

The most interesting non-wafer manufacturing of silicon for solar cells is the epitaxial growth
on low-cost MG-Si substrates of very thin film of pure silicon. This technique has been
developed to generate high efficiency cells, since the AM1.5 radiation is absorbed in a 30 pm
layer. The epitaxial layer is generally generated by the reduction of dichlorosilane or trichlosilane
at 1100°C, but it can be originated by a liquid Cu-Al-Si alloy: in the latter case, aluminium is
helpful to get rid of the native SiOz layer, and with copper also of the impurities.

2.7.2.3 Process

The wafers are first inspected to check the presence of microcracks, the resistivity and the

minority carrier lifetime.

The chemical texturization process is different for the case of single- and multi-crystalline wa-
ters. For the monocrystalline a basic solution of potassium or sodium hydroxide is used, and the
etching is done at 70-80°C for 20-30 minutes; for the multi-crystalline an acidic mixture of hydro-
fluoric and nitric acid is used, and the treatment is done for 1-2 minutes at 10-15°C, for a better
control of the reaction, since it is highly exothermic. In the latter case great care must be taken
of the evaporation of hazardous gases. The main reaction in the two cases are:

2KOH + Si + H,0 - K,SiO3 + 2H, (2.31)
3Si + 4HNO; + 12HF - 3SiF, + 4NO + 8H,0 (2.32)
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Then, liquid phosphorus oxychloride POCI; and oxygen are released in a furnace on the wafers.
Here a pre-deposition and the subsequent growth of the phosphorus silicate glass take place
thanks to the following reactions:

4P0OCl, + 30, = 2P,05 + 6Cl, (2.33)
2P,05 + 5Si — 5S8i0, + 4P (2.34)

After a few tens of nanometers of phosphorus silicate glass is formed, the phosphorus oxychlo-
ride flow is stopped, and the temperature is increased to 820-850°C for one hour, so that the P
diffusion into the silicon takes place. After it the phosphorus silicate glass is etched by hydro-
fluoric acid.

Then the hydrogenated silicon nitride anti-reflection layer is deposited on the top surface by
plasma-enhanced chemical vapour deposition: the plasma partially dissociates silane and ammo-
nia so that the deposition of silicon nitride can take place.

After that the silver and aluminium pastes are applied to the front and the rear cells to generate
the electric contact. The formulation of the pastes has been improved in the years to enhance
printability or to guarantee an appropriate BSF generation. A drying at 200°C is needed to remove
the solvents in the pastes.

The final step is the contact firing, The wafers are treated at temperatures higher than 800°C
in a furnace. In the silver paste the glass frits melt and etch the dielectric layer below. Then, silver
and silicon mix in the liquid phase and generate the contact. In the aluminium paste the
aluminium melts at temperatures higher than 660°C and reaches the silicon. Some silicon
dissolves in the melt and so a Si-Al alloy is formed. As the temperature is lowered, the aluminium
is trapped by the epitaxial regrowth of silicon, generating the back-surface field, and at the
eutectic temperature (557°C) the remaining alloy solidifies.

2.7.2.4 Recycling

Recycling is rarely practiced industrially because low LCAs have been made in the recent years.
However, it can be advantageous from the environmental point of view, for the preservation of
rare metals, the use of less chemicals and the lower CO2 emissions, but also from the economic
point of view: recycling a single wafer can lead to an almost €15 saving, thanks to the recollection
of precious materials as solar-grade silicon and silver. Lots of different factor can cause the
degradation of the solar panels, such as UV rays, but also the snow, and so the efficiency
decreasing, In the next years the number of end-of-life panels will start increasing significantly,

so the recycling sector should be improved as well.

There are different ways to recycle solar modules. Before 2005 the main technique was to gen-
tly separate the cells from the glass, removing the EVA polymer by burning it in an FBR furnace
at 480°C in nitrogen atmosphere. If the reclaimed cells were not broken, they could have been

recycled in new panels.

After 2005, since the wafer thickness became too low to handle them in the recycling process
without breaking them, a new method has been developed. It is based on reclaiming the cells
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from the old modules, treating them with chemicals, and so obtaining new wafers. Firstly, the
cells must be freed from the glass, then they are treated with different chemicals to collect the
various metals (Ag, but also Cu, Al, Sn and Pb) and to remove the silicon nitride, the emitter and
the BSE. Different techniques have been developed: Huang proposed an etching in 11,4% HNO3
subsequent electrowinning at 0,3 V for 20000 seconds to recover pure silver and at -0,3 V for 24
hours for copper (the recovery rate are 74% and 83% respectively), then the cells are treated in
10% HF solution for 15 minutes at room temperature to remove the ARC and the Al contact,
and finally they are treated in 3% NaOH solution at 50°C for 30 minutes to remove emitter and
BSF (W.-H. Huang & Tao, 2015); Shin proposed an etching in 60% HNOj3 solution for 5 minutes
at room temperature to remove Ag and Cu and in 45% KOH at 80°C for 8 minutes to remove
Al, then an etching paste is applied to remove the nitride layer after an annealing treatment at
320-360°C and finally the doped layers are peeled off in a 0,05% KOH solution (Shin, Park, &
Park, 2017).

Other recycling options are the component repair and the silicon recycling from the wafer
cutting sludge. For the latter, the separation of silicon particles from the SiC abrasive particles is
really difficult: it can be done by centrifugation, using toxic liquid and for long times though, or
by applying a horizontal electric field.

2.8 ETCHING BY SODIUM HYDROXIDE
The reaction of silicon with sodium hydroxide is well known:

However, it is difficult to find in the literature a comprehensive study on how sodium hydroxide
etches multi-crystalline silicon surfaces. Indeed, it is well known that the etching is selective
respect to the silicon planes: there can be difference of two orders of magnitude between the
etching rate in the {110} planes and the one in the {111} planes, namely the one with lowest
rate. The main reason is due to the energy difference of the surface states for different crystal
orientations (Seidel, Csepregi, Hauberger, & Baumgartel, 1990). The calculated etching rate for
{100} planes is 120 pum/h, while for the {111} planes is 3 pm/h.

The etching rate can be determined from the treatment time and the thickness decreasing,
which can be obtained by the weight decreasing:

Am

Ad = ———
- 0s A (2.36)

where n is 1 if only one side is etched or 2 if both sides are. The main assumption under this
equation is that the surface area remains the same after the etching, meaning that the lateral
sutface is much smaller than the faces. In a study by Akhter ¢f a/, for {100} planes, the etching
rate has been studied in function of the concentration of the solution (Akhter, Baig, & Mufti,
1989). It was possible to see that for low concentration the etching rate follows a logarithmic
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trend, while for higher concentration it increases linearly as the concentration increases. The
etching rate in function of temperature and concentration can be calculated for the two regions
respectively as follows:

M E
R(T) = [(4,0 +3,8)- 101°]ln (MO(T)) exp (— ﬁ) (2.37)
E
R(T) =[(8%3)-10%]exp (— ﬁ) M+ B (2.38)

where M is the molarity of the solution.

A study from Huang and Tao focused on the effect of concentration and temperature on the
etching rate in crystalline solar cells (W.-H. Huang & Tao, 2015). They found that the solution
providing at room temperature the best etching rate is the 3 wt.% NaOH solution: this
concentration provides the right amount of both sodium hydroxide and water. To have an etching
rate high enough for an industrial treatment, the etching should be done at 50°C with the 3%
solution, giving a etch rate of 0,53 pum/min: with these conditions, from the tesistivity
measurements, it is possible to observe that after 30 minutes both the emitter and the back-
surface field were effectively removed.

Another big problem of the sodium hydroxide etching is that it leaves a rough surface, that
implies a lower minority carrier lifetime. This is due to the fact that the increasing of the surface

area leads to additional dangling bonds, so more recombination centres.
2.8.0.1 Silicon oxide layer

Before the etching of silicon starts, the native silicon oxide layer must be removed. It is possi-
ble to observe that the etch rate for the first minutes of etching of silicon in sodium hydroxide
is much lower than for the other part of the treatment (W.-H. Huang & Tao, 2015). Huang
proposed that the reaction that happens is

This is proved by the fact that if the sodium hydroxide concentration in the solution is lowered,
the incubation time before the silicon etching starts is longer, because less NaOH is present and
so the silica dissolution is slower.

However, it has been studied that the silica dissolution in sodium hydroxide follows a more
complex mechanism. In fact, since silica is a polycondensation polymer of silicic acid Si(OH)4,
the etching is more like a depolymerization reaction: the NaOH hydrolyse the Si-O-Si bonds and
penetrates porous silica; then low molecular weight silicic acid diffuses out in the liquid phase.

2.8.1 Silicon nitride layer

While silicon oxide can be removed by the sodium hydroxide, this solution is not effective for
the removal of the anti-reflection silicon nitride coating. So, other chemicals must be used for its
removal, to make the emitter etching possible.
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Phosphoric acid treatment is an investigated possibility, but for an effective removal the tem-
perature should be brought at 180°C, making the process difficult. A fast way is to remove it with
hydrofluoric acid: 15 minutes in a 10% HF solution are sufficient for an effective removal. The
etching of the silicon nitride coating is a layer-by-layer process, where the nitrogen atoms must
be protonated to ammonia, the surface Si-NHz bonds broken and the Si-N bonds replaced with
Si-F bonds.

However, phosphoric and hydrofluoric acids are hazardous chemicals. A more environmental-
ly-friendly process is to use tartaric or citric acid. The etching is a layer-by-layer process too, as in
the case of HE However, the etching rate is very low, 4.38 £ 0.02 nm/h at 80°C for a 20% tartaric
acid solution: this means that to remove 75-80 nm of silicon nitride more than 18 hours at high
temperatures are needed (Kropp & Lang, 2015).
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3. GOALS

As it is possible to understand from the previous pages, sodium hydroxide solutions are fre-
quently used for silicon etching for the purpose of the texturization, but not for the removal of
the heavily doped layers in the cells, namely the back-surface field and the emitter. Moreover,
some preliminary tests made as part of this research did not fit perfectly with the results from
the work by Huang (Huang & Tao, 2015): the lowest concentrations were found to be less
effective than the highest

One part of the ReSiELP project is about purifying the recovered silicon from the solar panels.
One way to do it is to chemically etch the heavily doped layers, namely the emitter, n*, and the
back-surface field, p*. Anyhow;, in this way also part of the silicon is lost. The aim of the project
is to optimize the treatment parameters to effectively remove these layers in multicrystalline cells,
since this is the most common type. So, a more detailed research was needed to define the best
parameters to get a good purification treatment with a high silicon recovery yield.

The goals of the present study are the following:

1. Make a model on the etching rate of silicon as function of the treatment parameters, namely
temperature, solution concentration and time (defined as the etching time, i.e. the treatment
time t minus the incubation time t). This to be done in the back-side of the cell, in order to
remove 5+10 pm, so it is possible to study it by thickness and mass changes. The best combina-
tions of these treatment parameters need to be verified by resistivity measurements, to check
if the typical resistivity of the p-type base is reached, namely 0,5+2 Q-cm.

2. When the best combinations of parameters are found, they need to be optimized also for the
emitter removal. The total process consists on etching the back side of the cell for a certain
time, leaving the nitride layer on the front surface, in such a way that it protects the silicon
from the etching, then removing the layer after this time and finishing the treatment etching
both sides with the sodium hydroxide solution. So, the time at which the emitter layer is

completely removed needs to be found.

These two goals are discussed respectively in Chapter 5 and Chapter 6, while the proposed treat-
ment can be found in Chapter 7.
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4. MATERIALS, EQUIPMENT &
METHODS

4.1 MATERIALS
4.1.1 Silicon

The silicon samples used for the back-side experiments come from the FD_PDV_003 batch
of cells. Those cells are CEA waste cells treated in the laboratories of Padova University with a
sodium hydroxide and nitric acid treatment to remove Al and Ag. The composition of the cells
is displayed in Tab 4.1. The original dimension of the cells is 155 x 155 mm, with a thickness
around 180+200 pm. The front side is covered with an 80 nm Si3N4 anti-reflection layer, so the
colour is violet-blue, but some lines for the metallization are left uncovered. The silicon back side
is grey and shiny. Cells can be either single-crystalline or multi-crystalline: in the latter case the
crystal pattern is visible at human eye, and the dimension of the grains can be different between
the grains of the same cells.
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Fig. 4.1 Front and back side of FD_PD1V"_003 cells

The samples have been prepared by breaking the cells with a cutter into pieces with random
size: the ones with dimensions around 20 x 20 mm have been collected and used for the experi-

ment.
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Fig. 4.2 Al z‘/ye 25 2 samples for the back-side etching treatment (a 50 cm long ruler for scale)

The silicon samples used for the front-side experiments come from CEA waste cells treated

with sodium hydroxide and nitric acid.

Tab. 1 Concentration of elements in FDV_PDV_001 cells

Element Concentration (ppmy)
C 52
N 22
O 560%*
B 0,51

Na 262
Mg 39
Al 216
Si Matrix
P 1,1
K 0,8
Ca 61
Ti 285
Cr 0,25
Mn 0,32
Fe 1,8
Co 0,03
Ni <0,05
Cu 79
7/n 2,1
Zr 0,9
Ag 72
Cd <0,01
In <0,01
Sn 15
Ba 0,05
Pb 32
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4.1.2 Sodium hydroxide

The solutions for the sodium hydroxide treatment of the back side have been prepared with
solid sodium hydroxide UN:1823, CAS:1310-73-2, sold by Azir Chemicals Trading Ltd. It is

presented as a white fine powder.

For the treatment of the front side solid sodium hydroxide UN:1823, CAS:1310-73-2 has been
used too. It is presented as white chips with different sizes, between 1 and 5 mm.

4.1.3 Acetone

The acetone used through the whole back-side experiment is UN:1090 CAS:67-64-1, pro-
duced by MOLAR Chemicals Kft. in March 2018. It is 99,92% pure acetone, with a density of
0,790 g/cmd. It is transparent. For the front side expetiments it has been produced by Prodotti
Chimici Riuniti s.r.L

4.1.4 Polystyrene chips

Some S-shaped polystyrene chips, used for packaging, have been used through the whole
experiment to glue the samples to the sample holders. Their weight is approximately 60+80 mg,
and their dimension are approximately 40 mm in length, 20 mm in width and 15 mm in height.
The chips that have been used are presented in three different colours: white, green and pink.

4.2 EQUIPMENT
4.2.1 Analytical balance

The balance used to weight the samples before and after the etching treatments is the XS205
DU model by Mettler Toledo®. The calibration had been done by the producers in 2010, and the
calibration adjustment has been made on 12t November 2018, before starting the measurements,
with 10 g and 200 g reference weights. An electromagnet generates a force that balances the
gravity force that acts on the sample. This balance can measure from 20 mg to 220 g, with an

accuracy of 0,1 mg.

4.2.2 Micrometer

The electronic micrometer used to measure the thickness of the samples is produced by
Horex®. The calibration had been done in 2016 by Bay Zoltan Nonprofit Ltd, Department of
material characterization. The micrometer transforms a low distance in a rotation of a screw large
enough to be read. This micrometer measures in the range between 0 mm and 25 mm with an

accuracy of 0,001 mm.
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4.2.3 Surface roughness tester

The portable surface roughness tester SJ-201 by Mitutoyo® has been used to measure the aver-
age roughness of the treated samples from the back-side experiment. The calibration had been
done by S+V Engineering Kft. in 2014. The detector is a tip that moves along a line in the surface
applying a constant force on it, and the instrument detects the height of the tip along this direc-
tion. The measurement range of this equipment is 360 pm, from -200 um to +160 um, with an
accuracy of 0.02 um.

4.2.4 Four-point sheet resistivity equipment

For the measurements of the p-side treated samples a four-point-probe equipment at
Innolabor has been used. This method consists on placing four probes on a flat surface of the
material, to let a current flow through the two outer electrodes and measure the potential differ-
ence between the two inner ones. A home-made prototype has been used, with a lab-scale power
supply unit and high-precision voltammeter and ammeter. The in-line electrodes are applied on
the sample with the use of springs, so that a static pressure is applied during measurement. The
electrode distance is 1,27 mm. The measurements have been done at 25°C £ 1°C, with an illumi-
nation less than 100 lux.

For the n-side treated samples electric measurements the apparatus is a four-point-probe
equipment with square-arranged spring-loaded golden tips. The system is also provided with a
remote control, a sourcemeter and a switch matrix. For the Hall measurements, a 0,625 T magnet

is used.

4.2.5 Profilometer

The profilometer used is the model P-10 by Tencor®. The sample is scanned along one hori-
zontal direction by a tip, which applies a certain force on the sample, and the movement in the
vertical ditection is measured. The parameters used for the scan are a scan speed of 20 um/s, a

sampling rate of 50 Hz, a vertical range of 131 pm with a resolution of 0,357 A.

4.2.6 P/N tester

For the measuring of the type of semiconductor the PN-100 pen by Semilab is used. This is a
non-contact testing where chopped light excites the sample, generating electron/holes pairs, and
a probe measures the difference of the surface potential barrier: the LED display turns red if the
sample is p-type, green if n-type. The measurement time is 0,5 seconds, the excitation depth is
~3 pm, and the resistivity range of the measurable samples is between 20 m€2-cm and 3000
Qrcm.
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4.3 METHOD
4.3.1 Back-side etching

To have results that are representative of the dissolution kinetics of the silicon surface, the
etching treatment, and so the dissolution, must be done on just one side. To accomplish this,
since silicon nitride is not removed by the sodium hydroxide, and so it acts as a “natural” barrier
for the underlying silicon, the etching is done on the back side. However, the sample must be
glued on the sample holder: either way, the sample can uplift due to hydrogen bubbles generation
because of the NaOH reaction with silicon on the metallization lines on the front side. The
sample holder also keeps the sample horizontal, so the originated hydrogen bubbles do not

collide with each other on the surface: this would cause the eatly detachment of some of them.

The etching kinetics is studied in relation of different combination of temperature, time and
concentration. Seven different temperatures (30, 40, 50, 60, 70, 80 and 90°C), three different
etching times (15, 30 and 60 min) and six different NaOH concentrations (2,5, 5, 10, 15, 20 and
25 wt. %) are tested: for each combination of these parameters, two replicate samples are treated.

The etching kinetic is studied by the thickness variation and the mass lost, while the incubation
time of etching due to the oxide layer by the time at which the bubbling starts and at which
almost half of the surface is covered by bubbles. At the end, the sheet resistivity measurement is
done to state if the silicon reached the levels for solar-grade silicon (0,5+2 €2-cm).

4.3.1.1 Procedure 1 (30=70°C)

Before the experiment all the silicon samples are weighed, and their thickness is measured in
three different points on the longest direction in the samples, in a way that they are far from each
other.

Six silicon samples are glued with grey side up on six different sample holders. The gluing is
achieved by dissolving the PS chips with some acetone and then pushing the silicon on the mix-
ture. The sample holders are made of a steel plate, a steel support and an epoxy disk, glued
together by superglue. Then the sample holders are put in the desiccator oven at 90°C for some
minutes, to let the acetone evaporate. The free surface is cleaned with acetone with the help of a
cotton swab, to remove the excess styrene, and then each sample holder is glued to the bottom
of a 100 mL polypropylene beaker with some Blu-Tack®.

Fig. 4.3 Sample, PS chip and sample holder for gluing the sample on the holder and sample,
sanple holder and Blu-Tack® to glue the ensure horizontal position
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Fig. 4.4 (left) Heating of the different solutions (in this case at 50°C); (right)
Etching treatment on the samples (in this case at 40°C for 1 hour)

A large and short metallic pot is filled with water for its half and put on a heater. Six 100 mL
polypropylene beakers filled with 70 mL of the NaOH solutions, plus another beaker filled with
distilled water, are put inside the water, close to the edges of the pot, approximately all at the
same distance from the center. The beakers are covered with some parafilm to avoid solvent
evaporation and consequent massive concentration of the solution. Magnetic stirring is ensured
in the pot to homogenize the temperature as much as possible. The temperature is measured
with a digital thermometer with 0,1°C sensitivity inside the beaker with distilled water.

When the solution has reached the desired temperature, it is poured inside the beakers which
contain the samples. The first bubble time and the time at which approximately half of the Si sur-
face is covered by bubbles are measured by visual examination. When the treatment time is
elapsed, the samples are removed from the solution and immediately rinsed in distilled water.
Then the samples are carefully removed from the sample holder by dissolving it with acetone and
rinsed again with distilled water. Then they are put in the desiccator to dry.

Finally, the dried samples are weighed again, and the thickness is measured in three different
points as before. Then, the average roughness and the resistivity of the most interesting samples

is measured.

4.3.2 Procedure 2 (80+90°C)

The silicon samples are measured before the treatment and six of them are glued in six differ-
ent steel plates. The gluing is achieved by dissolving the PS chips with some acetone and then
pushing the silicon on the mixture. Then the plates are put in the desiccator oven at 90°C for
some minutes, to let the acetone evaporate. The free surface is cleaned with acetone with the
help of a cotton swab, to remove the excess styrene, and then each steel plate is glued to a ceramic
disk for desiccators with some Blu-Tack®.
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In a steel pot 700 mL of solution is heated to the treatment temperature, with a glass lid which
is put on it to avoid solvent evaporation and consequent massive concentration of the solution.
The temperature is measured with a digital thermometer, with 0,1°C sensitivity, that is in contact
with the solution through a hole in the lid.

When the solution has reached the desired temperature, the disk is immersed inside the pot.
The first bubble time and the time at which approximately half of the Si surface is covered by
bubbles are measured by visual examination. When the treatment time is elapsed, one pair of
samples is removed from the solution and immediately rinsed in distilled water, while the other
samples continue their treatment. Then the samples are carefully removed from the sample
holder by dissolving it with acetone and rinsed again with distilled water. Then they are put in
the desiccator to dry.

Finally, the dried samples are weighed again, and the thickness is measured in three different
points as before. Then, the average roughness and the resistivity is measured.

4.3.2 Front-side etching

After the study of the etching kinetics on the back side, it is done also on the front side, under
the silicon nitride layer. For a technological reason, the treatment is done at the best concen-
tration found in the back-side experiment, and at high temperature, so that the kinetic is faster
and the incubation time is short. Since in this case the phosphorus-doped layer is much thinner
than the p*-doped layer on the back surface, the etching time must be lower.

The etching kinetics is studied in relation of different combination of temperature and time.
Three different temperatures (60, 70 and 80°C) and five different etching times (1, 2, 4, 8 and 16
min) are tested: for each combination of these parameters, two replicate samples are treated.

The etching kinetic is studied by the thickness variation. The mass is not of interest, since not
all the front surface is treated: it is only measured for the samples whose resistivity is measured.
At the end, the sheet resistivity measurement is done to state if the silicon reached the levels for
solar-grade silicon (0,5+2 Q-cm).

4.3.2.1 Procedure

One piece of masking tape is put on the silicon samples so that half of the surface is covered.
Then some temperature-resistant paint is spread on the free surface and it is let drying. The tape
is removed and the samples are immersed in a 10% HF solution for 15 minutes, so that the silicon
nitride layer is removed from the free surface. The samples are rinsed with distilled water, the
paint is removed with some nitro thinner and the samples are rinsed again. Six samples are glued
on a steel plate: the gluing is achieved by dissolving the PS chips with some acetone and then
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Fig. 4.5 (from left to right) As-received sample; half of the surface is covered with a high-temperature resistant paint;
sample treated in 10% HE solution for 15 minutes; paint removed with nitro thinner; treated sample in
sodinm hydroxide solution.

pushing the silicon on the mixture. Then the plates are put in the desiccator oven at 90°C for

some minutes, to let the acetone evaporate. The free surface is cleaned with acetone with the

help of a cotton swab, to remove the excess styrene.

In a steel pot 500 mL of 20 wt. % solution is heated to the treatment temperature. The temper-
ature is measured with an analogic thermometer with 1°C sensitivity. No lid is placed on the pot
since the treatment time is very short, so the solvent evaporation is negligible.

When the solution has reached the desired temperature, the plate is immersed inside the pot.
The first bubble time and the time at which approximately half of the Si surface is covered by
bubbles are checked if they agree with the previous results by visual examination. When the treat-
ment time is elapsed, one pair of samples is removed from the plate and immediately rinsed in
distilled water, while the other samples continue their treatment. Then the glue is carefully
removed from the samples by dissolving it with acetone and they are rinsed again with distilled
water. Then they are put in the desiccator to dry.

Finally, the profile is measured with the profilometer in three different points straddling the
border between the silicon nitride and the treated area. After that, the treatments with the five
most promising conditions are re-done on the whole surface of five new pairs of samples. Their
initial and final mass is measured and their final sheet resistivity with the four-point probe

equipment. Then the samples are sent to CEA for the p/n tester measurements.
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5.1 PRELIMINARY RESULTS

A total number of 252 samples have been treated with different combinations of nine dif-
ferent temperatures (30, 40, 50, 60, 70, 80 and 90°C), six different concentrations of the sodium
hydroxide solution (2,5, 5, 10, 15, 20 and 25 wt. %) and three different times (15, 30 and 60
minutes), two replicates for each combination. The dry mass 7 of the samples has been measured
before and after the treatment, and their thickness 4 in three different points too. Average
roughness R, for the most interesting cases and resistivity g have been measured after the etching
treatment. The time when the first bubbles appear 7;; and when almost half of the surface of the
sample is covered by bubbles 7504 has been taken during the experiments.

The samples have been treated with their p-type side upside and the n-type side glued on the
sample holder, so that the dissolution on the latter side is inhibited. Hydrogen bubbles were
tormed during the experiment, according to the reaction:

Since the solution wets well the Si surface, these bubbles are close to spherical and detach from
the surface due to the buoyant force when their size is more or less between 0,5 and 1 mm. For
this reason, the sample holder has been kept strictly horizontally, so that the uprising bubbles did
not interfere with the detaching of the others.

The results can be seen in Tab. A.1 in appendix A. The area of the sample was needed for the
calculation of the resistivity, and it has been obtained knowing the initial mass m in grams, the
average initial thickness d in microns and the density of silicon (at room temperatutre p=2,329
g/cm’), supposing that the etching in the lateral sides of the samples is negligible and that the

surface are does not change after the treatment:
107®m

A —_
o d

(5.2)

The relative change in mass and thickness are shown for all the samples in Fig. 5.1. Each dot
represents one of the 252 samples treated. The thickness and mass changes are defined as:

Mpin — Min dein — din _

Am% =
din

+100 Ady, = 100 (5.3)

min
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Fig. 5.1 Relative change of thickness vs relative change of mass of Si for the 252 samples

It is possible to observe that there is a large scatter of data and no good correlation between

changes in measured mass and changes in measured thickness, since the slope is 0,6305 and
R2=0.5414. This can be related to different effects:

50

At low temperatures the thickness and mass change are very small. However, the mass
measurements are more sensitive to changes respect to the thickness measurements, so
this can affect the linearity of the results.

At low temperatures some positive changes for mass have been calculated. This is prob-
ably due to the formation of silicates on the surface of the sample. Sodium silicates are
slightly soluble or almost insoluble in cold water (Budavari, S. (ed.). The Merck Index -
Encyclopedia of Chemicals, Drugs and Biologicals, 1989., p. 1368), so probably also in
the sodium hydroxide solutions at lower temperatures.

However, also at higher temperatures the linear correlation is not good. The reason should
be identified in the fact that sodium hydroxide etching is crystallographic-orientation
selective. It is well known that etching in the {100} and {110} planes is 40 times faster
than in the {111} planes. From a photoluminescence imaging it is possible to determine
the orientation of each crystal in the mc-Si wafers: due to the nature of the solidification
process, it is possible to observe that the crystals do not perfectly fit in one of the defined
plane orientations, but, even showing different colours, they mostly have an intermediate
orientation (Sio, Xiong, Trupke, & Macdonald, 2012). This leads to different etching rates
between the different grains: the ones closer to the {111} configuration etch slower, but
the difference is not so large. When the thickness is measured, the micrometer tip’s
diameter is 5 mm, which is larger than the dimension of the smallest grains in the mc-Si.
So, the thickness measured is the one of the less-etched grains, while the mass measured

is an average through the whole sample.
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So, a separate analysis of the thickness and the mass change and a study of only the single-
crystalline samples are needed to check if the linear correlation is improved. Fig. 5.2 shows the
modification of the linear correlation for only the single-crystalline samples treated. For this case
the line fits much better the experimental values (R?=0.9620), and the slope is closer to 1 than in
the previous case. However, the real behaviour is still far from the ideal case.
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Fig. 5.2 Relative change of thickness vs relative change of mass of 8i for the 34 single-crystalline samples

The monocrystalline samples show that the main cause of deviation from the linear behaviour
when the total number of the samples were considered is the fact that for the multicrystalline
samples the etching is selective on the plane orientation. However, the differences from the ideal
case should be identified with other causes, such as the different sensitivity of the mass and
thickness measurements.

5.1.1 Evaluation of the thickness change

The main aim of the project is to remove the contaminated surface layer of the wafer, rich in
aluminium. So, the primary interest is to analyse the thickness change. The results are presented
in Tab. 5.1. Here, for each combination of temperature, time and concentration, the thickness
change in the two parallel samples is compared: three different signs can be found in the table if
the sign change is negative (-) or positive (+) in both samples or if the two parallels have different
signs, or one of them appears to be zero with the accuracy of 0,1 um (?). In each cell the signs
are written for the three different times, starting from the shortest one, separated by the oblique
stroke.

The optimum cells in Tab. 5.1 are the green ones. These ones have the combination “-/-/-",
meaning that the thickness decreased in all the six samples treated with that combination of
temperature and concentration. Also the yellow ones are pretty good, although not perfect: the
combination “?/-/-” means that in the first 15 minutes the result was undefined, while for the
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Tab. 5.1 Evaluation of Ad after the etching treatment

wt. % NaOH 2.5 5 10 15 20 25

°C
30 7+ “J7/? 2 2/ -+ ~/7/- /)3
40 +/4 )+ +/32/? 2/+/- _/?/- 2/ 2/- 2/ 2/-
50 ?/?/- ?/-/7? ?/-/7? ?/-/- ?/-/- ?/-/-
60 2/-/? 2/ ?/- +/2/? -/-/- ?/-/- -/-/-
70 2/ 2/ ? 2/+/- -/-/? 2/-/- 2/-/- L=/
80 L/-/- A ya 2/-/- L/ -/-/-
90 +/-/- 2/-/- LA -/ -/-/- H-A

longer times a decrement of the thickness can be identified. It is possible to observe that all the

best results are placed in the bottom right corner of Tab. 5.1: thus, the best conditions for the

treatment are temperatures higher than 50°C and NaOH contents between 15 and 25 wt. %.

5.1.2 Evaluation of the mass change

Since the scattering of the values for thickness is very high, the study should focus on the mass

change. Tab. 5.2, such as Tab. 5.1, shows the results for these measurements. Thanks to the

special form that the green cells assume, it is possible to prove that the best NaOH concentration

tfor the etching treatment is probably around 20 wt. %. The temperature where the green cells

are more is 70°C.

Tab. 5.2 Evaluation of Am after the etching treatment

wt. % NaOH

2,5 5 10 15 20 25
°C
30 ?/-/? 0/2/? -/2/? -/-/? -/?/- -/?/-
40 -/?/? -/+/? -/?/- -/?/- -/-/- 2/-/-
50 2/ ?/- 2/~ EEA /-1~ /I P/
60 22~ Il /-1 -1 -1 -1
70 -1 -1 /-1 -1 -1 -1
80 J?/? -/-/- -/-/- ?/-/- -/-/- -/-/-
90 +/-/- I -/-/1 -/-/- k= EEE

5.2 SILICON OXIDE LAYER REMOVAL

The real etching of silicon can be identified by the appearance of bubbles, as shown in Fig.

5.3. Those bubbles are hydrogen bubbles, generated as a product of reaction 5.1. However, these

bubbles do not appear as soon as the sample is introduced in the etching solution: an incubation
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Fig. 5.3 Example of hydrogen bubbles mkpeﬂ'ﬂg the surface of the silicon sample

time for the etching process can thus be observed. During this time, the native silicon oxide layer
is dissolved by the sodium hydroxide, and when it is completely removed, the silicon removal
starts. This process is described by the reaction:

To keep under control this phenomenon, two different times have been measured: the “first
bubble time” tin, namely the time since the starting of the experiment when the first bubbles are
visible, and the “50% surface covered time” t50%, namely the time since the starting of the ex-
periment when almost half of the surface is covered by bubbles.

From the table A.1 in Appendix A, at pages A-23 and A-24, it is possible to check these
measured times. At low temperatures and solution concentrations the treatment time was not
long enough to completely dissolve the silica layer in most cases. In few other cases, at higher
temperatures but mostly for the low concentration solutions, the bubbling started, but the bub-
bles never covered half of the surface. However, as temperature increases, it is possible to see
that the time decreases, from more than one hour to less than ten seconds.

5.2.1 Modelling

Since the incubation time is independent on the treatment time, except for the fact that in
some cases no bubbles are visible during the whole experiment, for each combination of
temperature and composition an average Tin and ts0% have been calculated. When the incubation
time was longer than the treatment time, that value was not considered. Those average incubation
times are reported in Tab. 5.3.

It is evident also from this table that as temperature increases, the incubation time decreases.
So, it is interesting to check how this parameter changes as function of temperature. In Fig. 5.4
it is possible to observe the trend of the incubation times as function of the temperature. The
dots represent the real data, and they appear to follow an exponential trend.

So, the data have been fitted by an exponential model:
o(T) =a-ebT (5.5)

where the temperature is in °C and the incubation time in seconds. The a and b parameters are
listed in Tab. 5.4.
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Tab. 5.3 Average incubation time

30°C

40°C

50°C

60°C

Tin [S]

T50% [s]

Tin [S]

T50% [s]

Tin [S]

T50% [S]

Tin [S]

2,5 wt.%

5 wt.%

10 wt.%

15 wt.%

20 wt.%
25 wt.%

1701
743
950,6667
584.8

1814
1249
1040
754,6

1480
6735
3825
454.5

1492
754
454,1667
606,1667

1234
1707
414
178,1667
169
124,8333

1240,667
1428
4885

237,8333

211,8333
153,5

732,6667
521,6
172,5

7716667

57,66667

62,66667

60°C

70°C

80°C

90°C

T50% [s]

Tin [S]

T50% [s]

Tin [S]

T50% [S]

Tin [S]

T50% [s]

2,5 wt.%

5 wt.%

10 wt.%
15 wt.%
20 wt.%
25 wt.%

1054
621,75
278,6667
117,6667
86,33333
84

377,2
306,6667
101,8333
43,66667
39,66667

31

293
437
202,1667
67,16667
4916667
385

87,33333
62
30,66667
24,83333
23,33333
14,5

141,8
98,66667
4516667
385
34,83333
21,5

4516667
22,83333
18,16667
9,666667
135 |1
11

75,5
25
11

4,6666667
12

2000

1500

500

e 25%
fitted 2,5%
e 5%

fitted 5%
e 10%
fitted 10%
15%
fitted 15%
e 20%
fitted 20%
e 25%
fitted 25%

60

Temperature [°C]

80

90

fitted 2,5%
® 5%

fitted 5%
s 10%
fitted 10%
15%
fitted 15%
o 20%
fitted 20%
e 25%
fitted 25%
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Temperature [°C|
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80

Fig. 5.4 (above) first bubble time versus temperature plot; (below) 50% surface covered time versus temperature plot

54




Tab. 5.4 Model parameters for temperature

BACK-SIDE ETCHING

2,5% 5% 10% 15% 20% 25%

3226:10° | 3,35310° | 1,053-10° 4492 1,358-10° 3912
Tm | b | -0,0648 -0,1057 10,0579 10,05683 -0,0887 10,0613
R2| 09815 0,9921 0,0088 0,8940 0,9992 0,9384

a 2,110 5,435:10° 9999 1,04-10° 1,17-10° 5007
0% | b | -0,0551 -0,07294 10,0546 -0,0698 -0,0808 -0,0608
R2|  0,8596 0,9843 0,9381 0,9829 0,9994 0,9274

These parameters “a”, as they are, does not seem to follow any particular trend as function of
the concentration, but they vary widely, in some cases also orders of magnitude, between each
other. However, parameters “b” appear to be almost constant. For this reason, it is possible to
correct the model keeping constant b equal to the average of the results in the table. The average
value of coefficient b in both cases and updated parameters “a” and R? are shown in Tab. 5.5.

Tab. 5.5 Updated model parameters for temperature

2,5 wt.% 5 wt.% 10 wt.% 15 wt.% 20 wt.% 25 wt.%
b -0,0725
Tin a 3,225-10* 3,853-10* 1,331-10" 5885 6138 4410
R?| 09815 0,9194 0,9030 0,8862 0,9691 0,9370
b 20,0657
T50% | a 3,702-10* 3,691-10* 1,456-10" 9064 7084 5909
R? 0,8405 0,9791 0,9222 0,9815 0,9855 0,9248
4
6 3<]U
o first bubble time
fitted first bubble time
5 o 50% covered surface
fitted 50% covered surface
gatds
-g nl
Satk
1k
| |

0 1 1 |
: 10 15 20 25

solution concentration [wt.%o|

wn

Fig. 5.5 Coefficient “a” versus concentration for the first bubble time and 50% covered surface nrodels
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As it is possible to see from Fig. 5.5, the coloured marks, that represent the data from the ta-
ble, appear to follow an exponential trend as function of the concentration of the solution. For

this reason, an exponential model can be applied to fit the data. The parameters of the model are
listed in Tab. 5.6 with the R2 value.

a(c) =a -eb'c (3.6)

Tab. 5.6 Model parameters for temperature

a b’ R?

Tin 4,94-10* -0,1092 0,8620

T50% 5,189-10* -0,1047 0,9369

5.2.2 Discussion

In Fig. 5.4 the dashed lines represent the exponential equation that fits the data. It is possible
to see that they fit well the experimental data both visually and from the R? values, which are
more than 0,9, or close to it, for all the cases. Also, the coefficient a from the first model is pretty
well fitted by the second one, even if the R? values are a bit lower.

From this model it is possible to state that the incubation time decreases as the temperature
decreases, so higher temperatures favour the etching treatment, decreasing the time during that
the silicon does not effectively react with the sodium hydroxide. Moreover, as the concentration
increases, the pre-exponential factor decreases, thus decreasing all the exponential curve and so
the incubation time. This is in accord to the statement by Huang that, as the NaOH concentration
increases, more reactant is available for the silicon oxide dissolving, thus speeding up the process
(Huang & Tao, 2015).

Thus, the final equation to calculate the incubation time as function of temperature and con-

centration is:
Tin (T, C) = 4,94 - 10% - @=01092°C . =0,0725T 5.7)
Tsgo, (T, ¢) = 5,189 - 10* - ¢~01047:¢ . o=0.0657T 5.8)

It is possible to observe that the parameters for the two incubation times are quite similar with
each other. This mean that the first bubble time and the 50% covered surface time do not differ
too much. This is generally true, and the cases when the sample started bubbling but it never
reached half of the surface covered are limited. This similarity between the parameters also means
that the trend is similar for the two incubation times, and this is proved if the two graphs in Fig.
5.4 are superimposed.

The graphs in Fig. 5.6 show that the models cannot calculate perfectly the incubation times,
because the slope is not so close to the ideal line, namely the bisector of the quadrant (calculated
t=measured 7). This is because the incubation times, especially at low temperatures and concen-
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Fig. 5.6 (above) calculated versus mea;rwed initial bubble time;
(below) calculated versus measured 50% covered surface time

trations, differ a lot between each other for the same combination of parameters, and it is
confirmed by the large scattering of the data and the low values of R? (0,5553 and 0,6037
respectively). However, the model for 1500 fits pretty well the experimental data, even if it is not
perfect. If the average incubation times are considered, the fitting quality increase considerably
and the slopes become respectively 0,7646 and 1,0405.

5.3 SILICON ETCHING

Once the native silicon oxide layer is dissolved in the solution, the etching of the silicon can
start. This phenomenon is described by the reaction 5.1, and its beginning can be recognised by
the formation of small hydrogen bubbles on the surface of the sample, as it is possible to observe
trom Fig. 5.3. When a bubble is generated is a fraction of millimetre big, and it increases its size
until it reaches almost one millimetre, when it detaches from the surface sample to reach the

surface of the solution.

The reaction proceeds until all the sample is dissolved in the solution or until the treatment is
stopped. The aim of the study is to etch the silicon to remove a precise layer, corresponding to
the back-surface field in this case (or the emitter in the front side). So, the thickness removal rate

is studied, in order to identify which are the parameters for an optimal treatment, which combines
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short times, low energy requirements and good reproducibility. In fact, the aim is to scale up this
technology to industrial levels, and, for this reason, all the samples treated should be etched to
the desired level, without unnecessary silicon losses.

To identify the best combinations for the treatment parameters, the thickness reduction rates
have been studied for different temperatures as function of the concentration of the solution.

5.3.1 Modelling

During the experiments both initial and final masses and initial and final thicknesses have been
calculated. However, it has already been stated that there is no good correlation between these
calculated values, and that the mass measurements are better than the thickness measurement
because of the higher sensitivity of the equipment and the lower sensitivity to anisotropic etching.

A study of the measured mass variation as function of the treatment time is preferable to the
measured thickness variation, but it suffers the problem that it is not directly related to the
thickness of the back-surface field. Let’s suppose to take two different cells, one 180 pm thick
and the other 200 pm thick, and suppose that the back-surface field is in both cases 10 pm thick.
If a combination of parameters is found so that a 10 um thick layer is removed, the BSF is
completely removed in both cases, but if the combination is found so that the 5% of the mass of

the cell is removed, it is sufficient only for second one.

However, it is possible to combine the mass and thickness measurements to get a precise study
on the thickness reduction rate. In fact, from the equation for the density, it is possible to write:

10~°m (5.9)
d=—-—
Ao

where d is in pm, m in g, A in mm? and @ in g/cm? This equation is similar to equation 5.2.
Since it is supposed that the surface area of the sample does not change significantly during the
treatment, because the lateral area is much less than it, so the etching on the sides is much lower
than on the surface, it is possible to rearrange equation 5.9, using equation 5.2, into:

avg _ 10" Mpin _ Mpin Jav9 (5.10)
fin 10—6% My, in
0 din ¢

So, the thickness after the experiment can be calculated just by knowing the initial and final
mass and the initial thickness. The latter one does not suffer from the problems of the calculated
final thickness, and it is much more reliable.

The treatment time considered is the effective treatment time, calculated by the time of the
experiment minus the 50% covered surface time. This value has been chosen between the two
incubation times because it is the one that is more indicative of the end of the incubation time,
since the oxide layer is removed in most of the surface, and it is better described by the models.

The graphs in the following pages display the removed thickness Ad as function of time for

different temperatures and concentrations.
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Fig. 5.7 Removed thickness versus etching time plot for 50°C
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Fig. 5.9 Removed thickness versus etching time plot for 70°C
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Fig. 5.11 Removed thickness versus etching time plot for 90°C
Tab. 5.7 Etching rates
2,5 wt.% 5 wt.% 10 wt.% 15 wt.% 20 wt.% 25 wt.%
s0°C | ! [pm/s] 5,3819-10* | 1,4729-107 | 2,3133-107 | 2,4016-10°
R® 0,1757 0,6459 0,9467 0,9057
60°C | * [pm/s] 3,4911-10* | 1,0914-107 | 3,4853-107 | 4,7094-10° | 5,2235-10°
R® -0,3627 0,3621 0,8419 0,8330 0,8601
700C | T [pm/s] 5,7592:10* | 1,7237-107 | 1,3137-10* | 1,8536:10° | 1,6963-10°
R? -0,3042 0,5303 0,4578 0,8525 0,9421
gooc | T [pm/s] | 9,8022-10* | 2,7867-107 | 2,0290-107 | 2,2532:107% | 2,1090-10* | 1,8687-10"
R® -0,3248 -0,5801 0,0266 0,2329 0,1389 0,5595
90°C | * [pm/s] 1,0440-10° | 3,3117-10° | 4,4782-107 | 5,3168-107 | 5,4069-10~
R® 0,7529 0,9317 0,9137 0,9904 0,9085
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Fig. 5.12 Etching rate versus solution concentration at 50=+90°C
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Fig. 5.13 R versus solution concentration at 50=90°C

The coloured marks in the graphs from Fig. 5.7 to Fig. 5.11 represent the removed thickness
as function of the real etching time for the treated samples. The analysis has been done for the
combinations of temperature and solution concentration that led to remarkable results, so the
ones for which the incubation time was too long or the ones that led to a too small mass de-
creasing or even a mass increasing have been discarded. For example, at 30°C and 40°C the in-
cubation time is longer than the treatment time in most cases, so they are not considered in the
present model.

It is possible to observe that the coloured marks increase with time, apparently following a
linear trend. So, a linear model has been applied to fit the data:

Ad(t) =7+t (5.11)

Where Ad is the removed thickness in micrometers, t the time in seconds and 7 the etching rate
in pm/s. In Tab. 5.7 the etching rates and the R2 values for the applied models have been reported
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and in Fig. 5.12 and Fig. 5.13 it is displayed how this values change as function of the concen-
tration for different temperatures.

5.3.1.1 Temperature dependence of the etching rate

From Fig. 5.12 it is possible to notice that the etching rate increases with increasing tempera-
ture, represented in the graph by the different curves. So, as the etching rate evolves as function
of temperature has been studied. For this purpose, the etching rate considered in this part of the
study is the moles of silicon dissolved from every square centimetre of the sample surface per
second. If the surface area is multiplied to this rate, the total amount of moles per second
dissolved in sodium hydroxide for each sample can be easily calculated, but, since we have
different samples, this would be a size-dependent parameter. This rate is easily obtained from the
thickness decreasing rate as follows:

,[mol] B [um 0g5;* 1074 (5.12)
"emzs] =7 s AWg;

Since an exponential trend can be identified from the coloured marks in Fig. 5.14, where the
rate as function of the inverse of the absolute temperature is plotted, the following exponential
model, attributable to the Arrhenius equation, has been used:

(5.13)

liS)

!

rr=A4-e

where A is the pre-exponential factor and b = —E, /R, where E, is the activation energy. In Fig.
5.14 the solid lines of the exponential model fit well the trend of the data. The model parameters
can be found in Tab. 5.8. From the high R? values it is possible to state that the model fits well
the experimental data.
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Fig. 5.14 Etching rate as function of the inverse of temperature for different concentration of the solution
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Tab. 5.8 Exponential model and Arrhenius parameters
A [mol/cm’s] b [K] E. [J/mol] R?
5 wt.% 1,524-10" -1,609-10* 1935,40 0,9985

10 wt.% 8,898 -6275 754,75 0,9050
15 wt.% 2417 -8207 987,02 0,9925
20 wt.% 57,36 -6815 819,64 0,9358
25 wt.% 87,05 -6969 838,12 0,9187

5.3.2 Discussion

From the graphs from Fig. 5.9 to Fig. 5.11 it is possible to see that at 50°C the time for the
removal of the required thickness to completely etch the back-surface field is too long: in one
hour the target is not reached, also for the most concentrated solutions. So, it is possible to
conclude that this temperature is not high enough to complete the process in a reasonable time.

At 60°C the target amount of removed material is reached for the three most concentrated
solutions, namely 15, 20 and 25 wt.% sodium hydroxide solutions. However, the necessary time
to reach this level is quite high: considering the model line, the necessary time to reach it is almost
30 minutes of pure etching for the 20 and 25 wt.% solutions, even more, like 45 minutes, for the
15 wt.% solution. At this time the incubation time must be added too, which is between 80 and
120 seconds for this temperature and these concentrations. Moreover, for the 20 and the 25 wt.%
solutions, at 30 minutes the model removed thicknesses differ significantly from the experimental
values, represented by the circular marks. For these reasons, also this temperature can be
neglected for the further study.

From 70°C the etching time sufficient to get the target removal decreases up to almost 500
seconds, and for 90°C is even lower. This means that to get the etching in a reasonable amount
of time, the treatment should be done at temperature from 70°C on.

The silicon which is on the free surface reacts with the sodium hydroxide and the product is
dissolved in the solution. The average mass of the treated samples is 0,223 g, while the amount
of solution used is 70 mL for temperatures between 30°C and 70°C. Supposing that all the sample
is etched by the solution, and that a limited amount of solution is evaporated, considering a
solution density of 1,02 g/mL for the 2,5 wt.% solution and of 1,26 g/mlL for the 25 wt.%
solution, the final concentration of silicon in the solution becomes 8+99 times lower than the
sodium hydroxide concentration. This value becomes even lower for the experiments made at
80°C and 90°C, where six samples have been treated in a ten times bigger volume of solution.
Moreover, except for the one hour etch at 90°C, the dissolved amount of silicon is much less
than the full sample. For this reason, it is possible to state that the increasing of the silicon

concentration in the solution does not interfere with the chemical reaction, so the rate is not

affected.

Given this, the linear model represents well the real behaviour of the etching, because the
sodium hydroxide keeps dissolving the silicon on the surface in the same way during the whole
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experiment. However, from Tab. 5.7 and Fig. 5.13 it is possible to see that in some cases the
model does not fit perfectly the data, when the R? values are not close to 1. The reason of this
can be identified with the difference between the etching rates for different plane orientations:
multicrystalline samples that have grains favourably oriented etch faster than the others. The
solution concentration affects this difference: for the lower concentrations the R2 values are
typically lower than for the 15, 20 and 25 wt.% solutions.

Another aim of the study is to define a process that should be reproducible, namely that the
removed thickness should not differ too much between samples treated with the same combi-
nations of the parameters, and they also should be as close as possible to the model. In Fig. 5.15
the difference between the real removed thickness and the one obtained from the linear model
is represented for the 20 wt.% solution. Itis possible to observe that as the temperature increases,
the difference becomes larger, and so the reproducibility becomes lower. The only exception is
at 90°C: in this case, even if the solution dissolves a large amount of material, the removed
amount is almost always the same. For the other concentrations the reproducibility at 90°C is
not this good, but still better than for the 70°C and 80°C treatments.

80
e 50°C
e ()°C
60 - e 70°C
80°C
e 90°C
— 40
&
=
T
g 20 A
£
= ® :
b time [s]
= . | | . | ! | olom |
0fe $ o T ) . . -
& 1000 1500 o , 2000 2500 3000 3501
°
20 ¢
40 -

Fig. 5.15 Difference between the real removed thickness and the one obtained
Sfrom the model for the 20 wt.% solution at different temperatures

About the reaction rates, it is possible to observe from Fig. 5.12 that for the most interesting
temperatures (70°C+90°C) the highest reduction rate is generally not found for the most con-
centrated solution, but around the 20 wt.% solution. This is in line with the preliminary results,
where it was found that the solution concentration that gave the highest number of green boxes
in Tab. 5.1 and Tab. 5.2 was the 20 wt.% one. The reason should be identified, as Huang pro-
posed (Huang & Tao, 2015), in the reaction between silicon and sodium hydroxide, in equation
5.1: if the sodium hydroxide concentration increases too much, the available water is reduced,
and so the reaction is slowed. However, also here the only exception is the 90°C treatment, where
the highest rate is found for the 25 wt.% solution, even if the difference from the 20 wt.% one
is small (5,4069-10” um/s versus 5,3168-10> pm/s).
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The etching rates increases with the temperature too, as from Fig. 5.14, with an Arrhenius-like
behaviour. While the pre-exponential factor differs significantly with the concentration, the
activation energy has almost the same order for all the different solutions.

5.4 BACK-SURFACE FIELD REMOVAL

To recycle the silicon solar cells, the heavily doped layers should be completely removed, in
order to get the lightly doped base. The back-surface field is the layer on the back surface of the
silicon, the one which does not face directly the sun, which is heavily p-type because doped with
aluminium. This layer is generally 5+10 um thick, so the required removed thickness is 10 um,
so to be sure that all the layer is effectively removed.

Silicon can be etched in sodium hydroxide solutions: the reaction is shown in equation 5.1.
However, before this reaction starts, the native silicon oxide layer, which naturally forms on the

surface of silicon, must be dissolved, as from equation 5.4.

Temperatures lower than 70°C are not suitable for the treatment, since the etching rate is too
low, and so the required amount of material is dissolved in a too long time. Moreover, at these
temperatures the oxide layer takes a long time to be removed, time which is wasted and that
should be reduced as much as possible. As temperature increases, the etching rate increases too,
with an exponential behaviour. Also the incubation time decreases as temperature increases. So,
higher temperatures guarantee a faster process. On the contrary, the reproducibility of the
experiment generally decreases as temperature increases, so a trade-off between these two
parameters should be found to get a fast technology which at the same time allows to get always
optimum results. However, the 90°C treatment ensures high etching rates with a good

reproducibility.

As regards the solution concentration, accordingly with the preliminary results the one which
provides the highest etching rate is generally the 20 wt.% one. The incubation time decreases as
the concentration increases, so the best concentration would be the highest one. However, due
to the negative exponential trend, the incubation time does not change too much between the 20
wt.% and 25 wt.% solutions.

5.4.0.1 High-temperature problems

It is right that high temperatures are favourable to get a fast process. To get a process which
is not too long the process should be done at temperatures higher than 70°C, and the etching

rate increases and the incubation time decreases as the temperature increases.

However, as temperature increases, the evaporation rate increases too. Since the generated
vapour is richer in water than in sodium hydroxide, the remaining solution increase its concen-
tration. Since the maximum of the etching rate is with a 20 wt.% solution, this would lead to a
decreasing of the etching rate. In the technological point of view, it is expected that the solution
is not changed every time the etching is done, but it should be used to treat different samples,
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so, if the concentration changes during the solution lifetime, the reproducibility is jeopardized,
since different samples will experience different conditions.

Closing the system, so that an equilibrium between the gas phase and the liquid phase is
reached, is not a feasible option, since hydrogen gas is generated by the reaction, and if its con-
centration is too high it would cause explosions.

For these reason, the best treatment parameters are 70°C and 20 wt.% sodium hydroxide so-
lution. Since the etching rate is 1,8536-10° um/s, the required removed thickness of 10 pm is
reached in 9 minutes. Since the maximum of the measured incubation time is 95 seconds, an 11-

minutes-long treatment is enough to reach the desired results.

5.4.1 Resistivity measurements

The resistivity measurements are still ongoing at Innolabor Kft. in Budapest. However, some
interesting samples have already been measured, and the results are reported in Tab. 5.9. It is
possible to observe that in most of the samples the target resistivity value for solar-grade silicon,

namely 0,5+2 Q-cm, is obtained.

Tab 5.9 Preliminary resistivity results on a limited number of samples (replicates a)

Voltage Current Resistance | Resistivity
T [°C c [wt.% Ad [um
[°C] [ o ¢ [s] [pm] [mV] [mA] (L] [Q-cm]
7,79 1,44 5,3889
50 20 15 0,23 0,4734
36,4 6,45 5,6434
2214 14,18 15,6135
50 20 30 2,43 1,3220
252 1,6 15,75
24 4 1,61 15,1553
50 20 60 7,69 1,2543
134,2 9,19 14,6028
171,8 9,35 18,3743
60 20 15 3,10 1,7903
338 1,61 20,9938
16,1 1,61 10
60 20 30 2,57 0,9411
63,78 6,04 10,5596
28,9 1,535 18,8274
60 20 60 20,58 1,3233
7,12 0,53 13,4340
72,6 4,02 18,0597
70 20 15 5,43 1,5678
22,6 1,24 18,2258
24 4 1,24 19,6774
70 20 30 15,80 1,7003
111,7 5,35 20,8785
124.6 5,85 21,2992
70 20 60 4593 1,9720
25,7 1,18 21,7797
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From Fig. 5.16 it is possible to observe that as the removed thickness increases, the resistivity
increases, tending asymptotically to the value of 2 €-cm. This leads to the conclusion that with
the proposed treatment parameters of 70°C, 20 wt.% concentration and at least 11 minutes
treatment, the required resistivity and grade of silicon is achieved. In fact, the 10 um of removed
thickness correspond to a resistivity of almost 1,5 €2-cm, widely into the target range. However,
resistivity measurements are still ongoing and for a more detailed analysis of the resistivity change
as function of the process parameters and of the removed thickness all the measurements are
needed. Furthermore, reference samples are going to be measured, and thus the resistivity

measurements results can be corrected, but the difference is expected to be around 5+10%.

5.4.2 Economics of the process

Sodium hydroxide market price is currently around 700 €/dmt NaOH. As regards the stoichi-
ometry of the etching reaction, for each mole of silicon removed from the sample, one mole of
NaOH is needed. For each cell, 180 pm thick on average, 10 pum of silicon are removed, which
accounts for the 5,55% of the cell. So, to produce one kilogram of silicon with this process, 58,82
g are etched by the solution, which equals to 2,09 mol of silicon. This molar amount is the same
needed for the sodium hydroxide to etch this quantity of silicon, which corresponds to 83,77 g
of NaOH. Thus, the cost for the required amount of sodium hydroxide is 0,059 €/kg of Si
produced. Clearly, this amount of solution is a theorical calculation made on the stoichiometry
of the reaction, but it does not consider for example that the concentration of products would
increase very fast, probably decreasing the reaction kinetics. For this reason, the volume of the
solution should be increased, thus increasing also the cost for sodium hydroxide.

Fortunately, no energy is needed to heat up the solution. The dissolution of sodium hydroxide

in water is known to be strongly exothermic: supposing to use 18°C water to prepate the solution,

the heat of solution is equal to AHS°" = 42,59 kcal/mol (D.W. Green, R.H. Perry, Perry’s
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Chemical Engineers’ Handbook, 2008). Supposing now that the process happens at constant
pressure (atmospheric pressure) and knowing that the heat capacity for the 20 wt.% sodium

hydroxide solution at 20°C is ¢, = 4,06 J /(g * °C), the temperature increasing is:

AT = AH*' 253,38 kJ /L
~ pc,  1,18965kg/L - 4,06 kj/(kg - °C)

= 52,48°C (5.14)

Thus, the final temperature is 70°C. The only energy needed is the one to keep the temperature
constant during the whole process, but it depends on the configuration of the industrial plant.
Also, the cost related to the workers per each kilogram of produced silicon depends on the plant
configuration and how much silicon can be treated. In conclusion, this purification process

appears to be very cost effective.
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6. FRONT-SIDE ETCHING

6.1 PROFILOMETER ANALYSIS

A total number of 30 samples have been treated with different combination of three tempera-
tures (60, 70 and 80°C) and six different times (1, 2, 4, 8 and 16 minutes), two replicates for each
combination, in a 20 wt.% sodium hydroxide solution. In every sample, almost half of the silicon
nitride layer is removed in order to create a step: in fact, sodium hydroxide does not dissolve this
layer, so the etching cannot happen in the silicon below; on the other part, instead, where the sili-
con nitride is removed, the etching regularly happens. At the end of the treatment, a step should
be identified between the treated and untreated part.

For this reason, the treated samples have been measured with a profilometer, in order to meas-
ure the height different between the two sides of the step: the measuring line has been traced in
such a way that the measurement starts on the unetched part and in finishes on the etched one.

Unfortunately, silicon wafers suffer of a micrometric surface roughness, due to the texturiza-
tion process, as it is possible to observe from Fig. 6.1. The profilometer analysis relies on different
levers: when the measurement is complete, the adjustment of two levers is needed to get the
results. These levers should be placed on regions that are known to be at the same height: with a
rough profile is impossible to determine ex ante two regions that really are at the same height.
For this reason, the profiles change drastically when the levers’ position is changed, causing dif-
terent step heights for the same sample. So, these results have no sense and this technique is dis-
carded.

Fig. 6.1 Thpical profile of a treated sample
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6.2 FOUR-POINT-PROBE RESISTIVITY ANALYSIS

Five new samples have been used for the resistivity measurements. The nitride layer has been
removed from all the surface and they have been treated in 70°C 20 wt.% sodium hydroxide
solution for 1, 2, 4, 8 and 16 minutes. In another sample the silicon nitride layer has been removed
too, but it has not been treated in the sodium hydroxide solution. Multicrystalline samples have
been chosen, with grains large enough so that the equipment tips would have completely fallen

inside one grain.

To calculate the resistivity, the thickness of the emitter should have been known. From the
literature the information about it are conflicting, but the values are all in the range between 300
nm and 1 pm. Moreover, the profilometer analysis are not adequate, so it is impossible to know
exactly the removed thickness after the etching, and so the remaining emitter thickness. For this
reason, the resistivity if the sample cannot be calculated, but it is possible to use the sheet
resistance data Rs, measured in €0. For the same reason, also the dopant concentration cannot

be calculated, so the dose, measured in atoms/cm?, is used.

In Tab. 6.1 the obtained data are reported. The correction factor used for the sheet resistance
measurement, due to the large dimension of the sample respect to the distance between the tips,
is 2, while the geometric factor for the Hall measurements is 1,8.

Tab. 6.1 Results from the resistivity measurements

Sample | Source current  Sheet Resistance [20]  Dose [atoms/cm’]
Untreated 300 pA 2,476-10* £ 2.922-10' 1,077-10" ()

1 min 100 pA 1,009-10° + 4,354-10" 4,554:10" ()

2 min 100 pA 1,852:10° + 1,481-10? 5,237-10" (e)

4 min 1 mA 1,553-10% £ 1,072-10° e &h*

8 min / / /

16 min / / /

It is possible to observe that the lines for 8 and 16 minutes have no results. For this two sam-
ples it was impossible to calculate the sheet resistance or the dose. In fact, as it is possible to see
trom Fig. 6.2, their contacts present an ohmic behaviour (not linear), and this makes the correct
calculation of the resistance and the dose impossible. This is also confirmed by the Hall measure-
ments for the 4 minutes sample: when a positive field is applied, holes are measured, and vice
versa. This is probably due to the inhomogeneous etching on the surface, depending on the plane
orientation or due to the carving of pits. From 4 minutes on, the etching treatment removes
almost completely the emitter, reaching the base, but some n-type tips are still present, and these
compromise the measurement.

For this reason, also the resistivity measurements are not adequate for checking the emitter
removal, since it does not measure accurately the resistivity and the dose as the treatment time

increases. In fact, a proof of the emitter removal would have been the stabilization of the resistiv-
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ity at a value of 25+100 Q0 that is the sheet resistance of the base. From Fig. 6.3 it is possible
to observe that the resistivity increases as the treatment time increases, due to the reduction of
the thickness d (Rs=p/d) and of the dopant concentration as the etching of the emitter proceeds
(Dastgheib-Shirazi et al., 2013; Irvin, 1962). However, no data are available for a treatment time
longer than 4 minutes, so it is impossible to determine when the emitter is completely removed.

Sheet resistance vs treatment time
T I T T

10000
L n-type

| emitter

1000

100 | E

p-type base

Sheet resistance |€20]

p—
—
=

|

|

1 ! | | ! ! | |
0 0.5 1 1.5 2 2.5 3 3.5

time [min]

Fig. 6.3 Sheet resistance versus treatment time plot for a 70°C in 20 wt.% NaOH treatment

6.2.1 Compensated silicon

However, some interesting information can be derived from the calculated dose. The required
phosphorus concentration for the solar-grade silicon is 0,79 ppmy. When the solar cell is melted
(necessary to generate new wafers), the phosphorus contained in the emitter diffuses in the whole
thickness: in this way compensated silicon is obtained. The required dose for solar-grade silicon
is thus easy to calculate:

16,02 -10%3 atoms/mol

. -6
0,79-10~¢g 9791079 =559737 5 7mol
0,79ppm,, = 1g = 1g
2,32 g/cm3 (6.1)

= 3,5622 - 10*%atoms/cm3 - 0,0180cm
= 6,412 - 10* atoms/cm?

In Fig. 6.4 it is possible to see the dose calculated for the samples treated for 1 and 2 minutes
and for the untreated sample. It is possible to observe that just after two minutes the phosphorus
level is low enough to have solar-grade silicon.

However, the aim of the study is to completely remove the emitter layer, and from these results
it is possible to conclude that the resistivity tests made are not appropriate do determine it. Also,
the calculations on compensated silicon should be done in a more accurate way, since different
factors should be considered: the phosphorus content of the base should be known, to which
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Fig. 6.4 Dose versus treatment time plot for a 70°C in 20 wt.% NaOH treatment

the one from the emitter is added, and it should be remembered that n-type base and p-type
emitter cells also exist. However, these results, even if partial, show that this topic can be taken

into consideration.

6.3 P/N ANALYSIS
All the samples have been measured with a PN-100 pen by Semilab. This equipment is able

to determine the type of the majority carriers in the semiconductor. When the pen approaches
the semiconductor and it is turned on, it sends a chopped light to the sample surface, and a probe
measures the potential surface barrier. A LED display turns red if holes are measured, so if it is

p-type, or green if electrons are measured, so if it is n-type.

All the samples have been prepared in such a way that the silicon nitride anti-reflection coating
is removed on only almost half of the surface. In this way the etching treatment happens only in
the uncovered part, and it is proved by the appearance of hydrogen bubbles. For this reason, if
the emitter is effectively removed, the LED on the pen should display a different colour between
the treated and the untreated part.

For all the samples measured, no change in the type of silicon is found between the regions
with or without the anti-reflection layer. So, it is impossible to determine with precision if the

emitter is effectively removed or not with this technique.

However, these results confirm the hypothesis stated in the previous section. The etching
treatment is not homogeneous, but it is orientation-dependent, or, due to the absence of stirring,
it could cause the carving of pits, or else the emitter layer has not a homogeneous thickness. For

these reasons, it is probable that the emitter is not completely removed from the front side of
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the cell, but some parts remains after the treatment. Thus, the p/n tester, as with the four-point-
probe equipment, measures regions where the emitter is completely removed and ones where it
is not, and since the emitter is heavily doped, while the base is lightly doped, the pen feels strongly
the effect of the remaining parts of the emitter, even if they are small.

6.4 EMITTER REMOVAL

The treatments on the front-side of the cell have been done to find the right combination of
the process parameters to completely remove the emitter. Different analytical techniques have
been tried to measure if this layer is effectively removed, but none of them confirmed it, not even
the resistivity measurements and the p/n pen tests.

The resistivity measurements went right for the samples treated less then four minutes in the
20 wt.% sodium hydroxide solution at 70°C. From that time on, the contact ohmicity started to
deviate from the rectified behaviour, typical of the p-n junction, and both holes and electrons
have been found in the Hall measurements. This means that after this time the emitter is com-
pletely removed in some points, thus reaching the base, but not on all the surface. This can be
caused by some different effects, such as that the etching is not homogeneous, because of the
orientation-dependency, the carving of pits during etching, caused by the absence of stirring, or
the inhomogeneity of the thickness of the emitter, which is generated by diffusion of the dopant.
For these reasons, the probes feel the differences of the silicon type between different zones
where the emitter is removed ot not, and so the measutements are affected by that. The p/n pen
measurements are probably affected too by the not complete removal of the emitter: since it is
heavily doped, the pen feels the remaining parts of the emitter more than the lightly-doped base,
thus giving the same result of the untreated part.

Other experiments and measurements are currently being done to check when the emitter is
completely removed. By now, it is only possible to state that the emitter is probably removed
from the most part of the front surface in between 4 and 8 minutes at 70°C in the 20 wt.% NaOH
solution. This time refers to the treatment time, so also the incubation time is considered. So, the
11 minutes treatment proposed in the previous chapter for the back-surface field removal is
probably enough also for the emitter removal, but this should be confirmed by other
experiments.
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Due to the photovoltaic boom 15+20 years ago, in the next years there will be lots of panels
that will reach the end of life. In the panels, lots of valuable materials are present, such as silver,
copper, aluminium and, mostly, solar-grade silicon. All these materials must be separated and
recovered. Solar-grade silicon is the most important material in the solar panels: due to its semi-
conducting properties, it uses the energy coming from the sun to generate electrons-hole pairs,
that flow into the material, generating a potential difference and, thus, direct electric current.

To take advantage of these photovoltaic properties of silicon, a p-n junction must be generat-
ed in the silicon by doping it with elements from the III and V group. Thus, the solar cell typically
has a lightly p-type boron-doped base, a n*-type phosphorus doped emitter, which is maximum
1 pm thick and is needed to create the p-n junction, and a p*-type back-surface field, aluminium
doped, 5+10 pm thick, to reduce the recombination at the back surface. The emitter and the BSF
are heavily doped, so they do not reach the required purity for solar grade silicon. For this reason,
they must be removed from the cell to get one which meets the requirements, to create new

wafers for new solar panels.

One way to do it is to chemically etch these layers with some acidic or basic solutions: remov-
ing the surface layer of silicon, also the contaminants are dissolved in the solution. Different
chemicals are known to etch silicon, but most of them are hazardous and toxic acids. Sodium
hydroxide gives basic solutions, that are corrosive, but it does not generate toxic gases, as most
of acids do. The reaction with silicon is described by:

Si + 2NaOH + H,0 = Na,SiOs + H, (7.1)

Attention must be paid to the generation of gaseous hydrogen, that can violently react with
the oxygen in the atmosphere, causing explosions. This must be taken care especially in the
industrial plants, when large amounts of material are treated, so a large volume of gas is gener-
ated. The aim of this study is to determine the best process parameters for a fast removal of the
doped layer in the end-of-life silicon solar cells.

When the silicon is immersed in the sodium hydroxide solution, the reaction does not start
immediately, but after an incubation time. The native silicon oxide layer must be dissolved from
the surface before the silicon etching starts. The reaction within silicon oxide and the sodium
hydroxide solution is described by:
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Si0, + 2NaOH = Na,SiOs + H,0 (7.2)

This reaction is faster when the temperature and the concentration of the solution are in-
creased. In fact, the more the solution is concentrated, the more NaOH is available for the

reaction.

Two different incubation times have been measured during the experiments: the first bubble
time, namely the time when the first hydrogen bubbles, sign that the silicon reaction has started,
can be seen, and the 50% covered surface, when almost half of the surface is covered by bubbles.
For the process point of view, the second one is better, since it is more indicative of the real and
effective etching of the silicon. This incubation time, in seconds, can be calculated with the

following equation:
Tso, (T, ¢) = 5,189 - 10* - ¢~01047°¢. o =00657T 73

Then, the etching time has been studied, in relation to the back side of the cell, where 10 pm
should be removed on order to completely remove the BSE The removed amount of material
linearly increases with the etching time, which is calculated as t-t50%. It is observed that the etching
rate increases with temperature with an Arrhenius-like behaviour, but it is untrue that it increases
as the concentration increases. In most of the cases the maximum of the etching rate is found

around 2025 wt.% concentration.

Below 60°C the time to etch the required amount of material is too long for an industrial pro-
cess, but if temperatures are too high, the solution evaporates fast, and the liquid enriches with
the sodium hydroxide, this decreasing the etching rate. For this reason, the proposed combination
of temperature and concentration for the process is 70°C and 20 wt.% solution. In this case, the
etching rate equals to 1,8536- 10” pm/s, so the required 10 pm removal is achieved is nine minutes.
The incubation time for this combination of parameters is 65 seconds, but since the maximum
measured values during the experiment were around 90 seconds, two more minutes are proposed
tfor the incubation time, thus giving a treatment time of 11 minutes. These results are different
from the results by Huang (Huang & Tao, 2015), who affirmed that the best solution
concentration is the 3 wt.% at 50°C: however, he proposed a three times longer treatment, lasting

30 minutes, to completely etch the back-surface field.

For the emitter removal, all the measurements that have been done are not accurate enough
to state if it has been successfully removed, so other experiments and test are needed. However,
it is possible to claim that, after four minutes in the 20 wt.% sodium hydroxide solution at 70°C,
the emitter is removed in some areas, even if not in the whole front surface. This is proved by
the fact that the electric measurements are not accurate for the samples treated more than four
minutes, influenced by the differences of type between close regions of the surface. This means
that after this time the emitter, even if not in the whole sample, is partially completely removed

in some parts of the surface, so after this time the emitter removal is even better. So, the 11

76



CONCLUSIONS

minutes treatment proposed for the back side of the cell is probably enough also to get a good
emitter removal, but more experiments are needed to precisely define the effective time.

The proposed mechanism for the purification of the cell consists on immersing the as-
received silicon cell in a 20 wt.% sodium hydroxide solution at 70°C for a certain time, then
pulling it out for a certain time to remove the silicon nitride layer in hydrofluoric, phosphoric,
citric or tartaric acid, and then immersing it again in the same solution as before to complete the
etching on both sides. The total treatment time proposed is 11 minutes in the NaOH solution:
this time is enough to completely remove the back-surface field, and probably enough for the
emitter removal too. However, the exact time to remove it is not precisely known yet, and other
experiments are needed to define it.

When the emitter and the back-surface field are removed, the silicon is thus ready for the
production of new wafers. The total silicon recovery is higher than the 90%, leading to a good
recycling process with limited silicon losses. The process is very cost-effective, since the sodium
hydroxide is not so expensive and that not so high temperatures are needed. Moreover, since the
dissolution of NaOH in water is highly exothermic, and it reaches spontaneously the temperature
of 70°C, only the energy to keep the solution warm is needed. When the treatment time will be
precisely defined in all its parts, this proposed process will be ready for the upscaling, in order to
reach TRL7 by year 2020.
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A. EXPERIMENT RESULTS TABLES

Tab. A.1 displays the results of the sodium hydroxide etching experiments on silicon, and it
can be found in the following pages.

From page A-2 to A-22 the values for the mass 7, measured before and after the treatment,
thickness 4, measured before and after the treatment, average roughness Ra, measured after the
experiment for the most interesting samples, surface area .4 and resistivity g, measured after the
experiment, are reported. Instead, the time when the first bubbles appear 7, and when almost
half of the surface is covered by bubbles 7504 are shown in pages A-23 and A-24.

In the surface area column, the grey boxes mean that after the treatment the sample broke.
This new value of the surface area has been calculated with the final mass and the final average
thickness (obtained by the thickness calculated in five points instead of three, to decrease the
error due to the different thickness measured in points of the same samples after long time and
high temperature etching).

The symbol U. at page A-22 stands for “unmeasurable”: the sample has been almost complete-
ly dissolved in the sodium hydroxide solution after the treatment, so it was impossible to measure
the thickness and the resistivity.
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Tab A.1 Measured quantities for NaOH etching treatment

30°C - 15 min
M din avg din | mga dsin avg dsin R fin avg R fin A
[g] | [pm] ]| [pm] [g] | [wm] | [pm] [pm] [pm] [mm"2]
192 193
0,265
20195 1930 02654 193 192,6667 593,1749
0 192 192
2,5 wt. % 206 193
Offé 200 1926667 |02444 192 1923333 546,7725
199 192
210 195
0.234
105 2036667 02346 197 1963333 416,0189
206 197
5wt. %
207 194
0,293
27200 1043333 02731 193 1940 605,7402
212 195
193 195
0.196
L 195 193666701961 193 1930 4371179
195 191
10 wt. %
208 195
0,225
TP 200 1943333 [0,1480 194 1943333 239.8606
210 194
193 189
0,238
S5 102 1920 (02382 192 190333 4657441
191 190
15 wt. %
212 193
0173
212 1960 (02074 197 1956667 462,3946
206 197
191 190
0.153
>0 192 1916667 01532 191 190,667 3454273
192 191
20 wt. %
195 192
(li59 194 192,6667 |02136 191  191,6667 313,9746
192 192
N 188
20 103 1920 02124 192 1903333 271,5017
25 e 192 191
wt. 7o 193 211
Q2?9 192 2100 |03189 208 2093333 6553777
191 209
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30°C - 30 min
Miy din avg din | man | dan | avg daa R fin avg Rafin A

[g] |[pm]| [um] | [g] |[wm]]| [pm] [pm] [pm] [mm"2]

192 206
0,2444 193 201,6667 |0,2666 200  201,6667 533,7221

193 199

2,5 wt. % 188 190
0,1829 189 1883333 [0,1801 189  189,3333 418,5993

188 189

194 207
02731 194  209,3333 |0,2939 209  208,6667 605,1642

195 210

5wt. % 184 189
0,2189 192 1883333 [0,2194 192  188,6667 402,5401

189 185

195 208
0,1481 194 2090 [0,2260 209  209,0 465,3885

194 210

10 wt. % 207 206
0,3300 207 2070 |0,3297 205  205,6667 375,3835

207 206

194 210
02223 197  210,0 |0,1733 211  209,3333 356,5271

197 207

15 wt. % 216 215
03155 211 2156667 |0,3154 211 215,0 630,5628

220 219

193 193
02144 193  193,6667 |0,1593 190  191,0 354,1011

192 190

20 wt. % 198 201
0,2893 200  199,3333 [0,2888 200  199,6667 625,5766

200 198

211 192
03193 208 192,0 10,1595 191 191,0 357,8484

25 wt. 0/0 211 190

209 210
0,3690 206  208,3333 |0,3678 208  207,3333 763,4483

210 204
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30°C - 60 min
Miy din | avgdin | Man | dan | avg dan R fin avg Rafin A
[g] [[pm]]| [wm] | [g] |[pm]| [pm] [pm] [pm] [mm"2]
208 220
0,2594 %? 2103333 (02585 207  210,6667 531,5864
2,5 wt. % 217 205
199 204
02517 196 1980 [02519 203  203.6667 547,9363
199 204
188 188
02425 189 1883333 [02424 187 1873333 555,0046
188 187
Swt. % 199 204
03151 197 197,667 [03151 202  202,6667 465,192
197 202
200 206
02015 200 2000 |02012 207 2066667 376,7407
200 207
10 wt. % 194 199
02366 194 1940 [02366 202  200,0 505,3137
194 199
209 208
01904 201 2040 [0,1905 201 2043333 284,7906
202 204
15 wt. % 188 187
02021 188 187,6667 [02000 190 1890 464,1851
187 190
186 183
03001 186 1860 |02985 184 1833333 652,8630
186 183
20 wt. % 187 185
01987 184 1853333 [0,1979 185 1846667 235,1949
185 184
190 187
02459 187 1880 |02444 189 1873333 361,5495
25 wi. % 187 186
203 204
02041 197 1993333 [02032 205 2043333 441 3418
198 204
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40°C — 15 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm”"2]
202 208
0,2693 198  199,6667 | 0,2691 202 205,3333 581,3569
199 206
2,5 wt. % 208 209
0,2785 204  206,3333 | 0,2782 208 209,0 5006,2486
207 210
205 210
0,1925 204 204,3333 |0,1922 211 210,3333 406,0725
5 wt. %% 204 210
181 179
0,1417 180  180,6667 | 0,1416 182 181,0 336,3591
181 182
198 204
02077 201 1990 |0,2083 207 205,0 449 8787
10 wt. % . 20
205 201
0,2001 204  205,3333 [0,1998 205 202,0 299,3063
207 200
189 183
02677 188  188,3333 | 0,2666 183 183,0 4498787
15 we. Y% 188 183
190 188
0,2100 188  187,6667 |0,2095 187 187,3333 482,3299
185 187
209 187 1,06
0,3772 207 188,0 0,3247 188 188,0 0,86 0,9567 590,8304
— 207 189 0,95
190 188 0,82
0,2227 190 189,0 0,2220 190 189,3333 0,98 0,92 507,8909
187 190 0,96
189 208
0,3260 187  207,6667 | 0,3772 207 207,6667 411,1180
25 wt. 0/0 188 208
207 201
0,1443 205 205,6667 |0,1440 204  203,6667 302,4227
205 206
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40°C - 30 min
My, din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[pm]]| [pm] | [g] |[[pm]| [wm] [pm] [pm] [mm"2]
208 207
0,2058 210 207,6667 | 0,2059 210  208,6667 4271600
205 209
2,5 wt. % 186 189
0,1617 189 188,6667 |0,1617 191  190,6667 369,4255
191 192
187 186
0,2513 183 1833333 |0,2515 184 183,3333 440,0440
5 e 180 180
186 188
0,1930 188 186,6667 |0,1932 191 189,3333 2748191
186 189
202 206
02778 204 202,6667 |0,2574 209 207,6667 547,0168
10 wt. % 202 208
188 190
0,1869 188 187,3333 |0,1867 190 190,3333 430,0374
186 191
208 202
02572 207 207,3333 |0,2759 206 204,3333 380,8455
15 wt. % 207 205
206 210
0,1564 204 204,6667 [0,1566 210  210,0 329,3834
204 210
192 191 0,76
0,1606 190 191,0 |0,1597 189 190,3333 0,76 0,7633 362,4300
20w Ve 191 191 0,77
196 201 1,14
02377 197 1980 [0,2364 200  201,0 1,05 1,1333 517,4591
201 202 1,21
205 207
0,2429 208 207,6667 |0,2423 207 207,6667 504,1651
25 wi. % 210 209
190 193
0,798 190 1910 |0,1792 191 193, 405,7592
193 195
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40°C - 60 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm"2]
193 193
02011 193 1940 |0,2011 196 196,0 396,4371
196 199
2,5 wt. % 208 208
0,1993 206  206,6667 [0,1991 206 208,0 415,6702
206 210
210 208
0,2155 209  210,6667 | 0,2159 211 209,3333 4409237
5 wt. %% 213 209
183 184
0,1695 183 1803333 |0,2631 183  181,6667 388,3129
185 178
200 200
02023 203  199,0 |0,1984 202 1983333 438,1823
10 wt. % o 193
176 178
02642 181  183,6667 |0,1690 184 183,0 397,7877
184 183
203 203
0,2094 205 204,0 0,2070 204 203,0 442 4442
15 we. Y% 204 202
214 214
01725 215 2130 |01711 213  211,3333 349,0772
210 207
209 209 1,49
0,2318 208  209,3333 | 0,2271 206 206,3333 0,88 1,1367 477,2952
20 wt. Y% 211 204 1,04
189 187 0,99
0,2308 187  189,6667 |0,2279 190 188,6667 0,69 0,8433 283,7335
193 189 0,85
200 198
0,2803 200  199,6667 | 0,2746 197 197,0 605,1033
25 wt. 0/0 199 196
183 177
0,2886 186 185,0 0,2840 181 178,6667 672,4138
186 178
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50°C -15 min
Miy din | avgdin | Man | dan | avg daa R fin avg Rain A
[g] [[wm]| [pm] | [g] |[wm]| [wm] [wm] [wm] [mm”"2]
191 190
0,2374 191 191,0 0,2374 192 191,0 535,7465
191 191
2,5 wt. % 185 184
0,1861 186 185,0 0,1816 185 184,0 4335974
184 183
202 190
0,2216 190 194,0 0,2211 191 192,0 455,3854
- 190 195
212 213
0,1966 211  211,6667 | 0,1966 212 212,0 374,6185
212 211
210 211 0,92
0,2431 210 210,3333 | 0,2427 210  210,3333 0,99 0,8167 410,9004
10 we. % 211 210 0,54
207 207 0,68
0,1959 211  209,6667 | 0,1955 210 2090 0,72 0,7333 402,7329
211 210 0,8
208 207 0,56
02226 209 2080 |02222 211 208,6667 0,56 0,6667 461,2898
15wt % 207 208 0,88
214 212 0,92
0,1950 211 2123333 |0,1949 213 2123333 0,92 0,8267 268,0725
212 212 0,64
191 191 0,91
0,2491 191 190,0 0,2488 189  189,3333 0,92 0,87 295,1849
20 wt. %% 188 188 0,78
189 187 1,4
0,2504 191 188,6667 |0,2475 191 188,6667 2,01 1,54 355,0388
186 188 1,21
184 182
0,1826 185 184,3333 |0,1826 180 181,0 262,4828
25 wt. 0/0 184 181
187 190
0,2104 191 187,3333 [ 0,2101 192 191,0 386,5884
184 191
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50°C - 30 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm”"2]
209 209
0,2176 210  209,3333 | 0,2176 209 209,0 448,0562
209 209
2,5 wt. % 188 188
0,2092 188  187,3333 [ 0,2096 187 187,6667 281,6888
186 188
216 213
0,1901 211  212,3333 | 0,1898 212 212,0 385,9010
5 wi. Y% 210 211
182 181
02232 185  182,6667 |0,2229 181  180,6667 318,1671
181 180
208 208 0,89
0,809 210 2090 |0,1806 208  208,3333 1,03 0,9333 373,0820
10 wt. %% 209 209 0,88
184 186 0,8
01579 183 1850 |0,1563 182  183,3333 1,16 0,9233 367,8938
188 182 0,81
179 176 0,83
02366 179 1790 |0,2331 179 178,0 0,63 0,6933 205,0929
15wt % 179 179 0,62
187 187 1,31
0,2233 186  186,6667 |0,2226 186 186,0 0,93 1,196666667 515,6250
187 185 1,35
185 185 1,71
0,2077 188  186,6667 | 0,2050 187 186,0 1,21 1,2133 429,8657
20 wt. %% 187 186 0,72
183 176 1,49
0,2411 182 182,0 0,2360 178 178,0 0,7 0,96 571,0023
181 180 0,69
189 188
0,2484 190 190,0 0,2441 186 187,0 407,9351
25 wt. 0/0 191 187
191 189
0,1774 189  189,3333 | 0,1734 189 188,3333 403,8672
188 187
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50°C - 60 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm”"2]
205 204
02911 206 20573333 |0,2906 205  204,3333 611,0753
205 204
2,5 wt. % 184 184
0,1533 185 184,3333 |0,1531 183 184,0 245,3402
184 185
191 188
0,2225 188  187,3333 | 0,2221 182 182,6667 511,9493
- 183 178
186 177
02077 180 1813333 |0,2075 181  181,6667 493,7088
178 187
191 191 0,83
0,2515 190 191,0 0,2486 186 188,0 1,04 1,1933 384,0717
10 we. %% 192 187 1,71
191 190 1,06
02175 190 1903333 |0,2167 190  190,3333 0,81 0,8933 485,1392
190 191 0,81
209 198 0,87
02710 207 2060 |02669 204 203,0 1,27 1,15 567,0405
15wt % 202 207 1,31
207 206 2,1
0,2196 206 207,0 0,2115 204 205,3333 1,41 1,54 4572714
208 206 1,11
189 187 1,22
0,1955 187 188,0 0,1875 186 186,0 1,35 1,2167 361,2811
20 wt. Y% 188 185 1,08
185 181 0,48
0,2063 185 185,6667 |0,1967 178 179,0 0,71 0,54 3499128
187 178 0,43
190 183
0,1545 184  186,3333 | 0,1467 180 181,0 285,3496
25 wt. 0/0 185 180
186 184
0,1576 187  186,3333 | 0,1508 186 184,3333 321,2694
186 183
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60°C - 15 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm"2]
208 209
02427 211 2100 |0,2470 210 210,0 495 6488
211 211
2,5 wt. % 181 199
0,2754 183 187,0 0,2748 184 188,6667 3292117
197 183
191 193 1,12
0,2611 194  193,3333 | 0,2602 193 192,6667 0,94 1,0067 503,5471
5 wt. %% 195 192 0,96
178 181 0,73
01434 183  180,0 |01433 184 182,0 0,71 0,7333 343,3908
179 181 0,76
206 207 1,01
02012 216 2093333 [0,2009 218  210,3333 0,75 0,8333 4142873
10 wt. %% 206 206 0,74
199 199 1,22
0,1892 198 198,0 10,1889 197 1983333 1,51 1,2867 411,8774
197 199 1,13
184 178 0,68
0,1737 182  182,6667 | 0,1728 180 179,0 0,57 0,7333 384,5785
15wt % 182 179 0,95
200 199 0,59
0,2096 198  199,6667 |0,2079 199 199,0 1,12 1,03 225,0861
201 199 1,38
207 200 1,15
0,1981 206  204,6667 | 0,1951 203 200,6667 0,56 0,8933 417,2049
— 201 199 0,97
197 197 1,14
0,3350 198 1973333 [ 0,3336 198 197,3333 1,09 1,19 731,7393
197 197 1,34
196 178 0,49
0,2965 192 190,0 0,2902 184 185,6667 1,13 0,7333 460,1832
25 wi. V% 182 195 0,58
187 185 0,57
0,3019 189  188,6667 | 0,2979 188 188,3333 0,63 0,6233 377,7837
190 192 0,67
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APPENDIX A

60°C - 30 min
My, din | avgdin | Ma, | dan | avg dan R fin avg Rafin A
[g] [[pm]]| [um] | [g] |[pm]| [pm] [pm] [pm] [mm"2]
215 215
02646 210 2140 |0,2643 209  213,6667 532,9520
217 217
2,5 wt. % 198 199
0,2382 200  198,6667 | 0,2387 199  198,3333 516,8075
198 197
194 192 0,78
0,2004 188 1883333 | 0,2001 188  187,6667 0,78 0,88 4241121
- 183 183 1,08
181 181 0,97
0,1507 186  184,6667 | 0,1503 186  185,6667 0,89 0,8767 351,7521
187 190 0,77
198 202 0,91
03339 199  200,0 |0,3301 199  199,6667 1,12 0,9967 544,2910
10wt % 203 198 0,96
193 191 1,03
0,1866 190 1913333 |0,1864 190  191,3333 1,13 1,0567 420,3713
191 193 1,01
201 197 1,26
02781 203 201,6667 | 02747 203 1990 1,5 1,1433 594,4001
15wt % 201 197 0,67
203 200 0,65
0,1810 201  201,3333 | 0,1780 198  200,3333 0,38 0,83 387,5029
200 203 0,96
203 201 1,23
03165 204 2030 |0,3125 204  202,0 1,07 1,06 352,7799
20w Ve 202 201 0,88
206 205 0,88
0,2406 209 2080 |0,2339 209  207,3333 0,91 0,9733 498,5908
209 208 1,13
190 187 0,77
02547 190  190,0 |0,2464 187  187,6667 1,28 0,97 577,8131
25 wi. % 190 189 0,86
211 207 1,04
0,2086 207  210,0 |0,2049 205  203,6667 1,09 1,0133 207,3602
212 199 0,91
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EXPERIMENT RESULTS TABLES

60°C - 60 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[um]| [wm] | [g] |[pm]| [pm] [wm] [wm] [mm”"2]
201 207
0,1769 207 20573333 |0,1766 206  204,6667 371,3474
208 201
2,5 wt. % 183 182
0,2450 181 181,0 0,2448 183 183,3333 583,4445
179 185
211 192 0,77
0,1752 192 198,0 0,1744 191 193,3333 0,97 0,83 180,5439
- 191 197 0,75
186 187 1,12
0,1730 191 1870 |0,1726 186  186,3333 1 1,05 398,7645
184 186 1,03
179 179 0,95
0,1884 181 181,0 |0,1878 181  181,3333 1,05 0,9967 4486569
10 wt. %% 183 184 0,99
187 192 0,74
02237 190 1920 |02154 188  187,6667 0,91 0,7733 490,9766
199 183 0,67
187 181 0,62
0,1919 189 188,0 0,1783 185 183,6667 0,63 0,6633 439.9762
15 wi. % 188 185 0,74
189 184 1,51
0,2360 187 188,0 0,2177 186 185,6667 1,27 1,25 541,0858
188 187 0,97
188 180 2,22
0,1915 188  187,6667 | 0,1705 184 181,0 1,34 1,4233 345,6858
20 wt. %% 187 179 0,71
194 191 1,26
0,2829 194 1936667 |0,2578 187 188,6667 0,62 0,7767 629,6368
193 188 0,45
203 188 0,7
0,1959 204  203,6667 | 0,1749 188 187,6667 0,55 1,0167 382,6010
25 wt. Y 204 187 1,8
205 199 0,81
0,2616 206  205,6667 | 0,2370 194 196,0 0,76 0,9167 480,3082
206 195 1,18
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70°C - 15 min
Miy din | avgdin | Man | dan | avg dan R fin avg Rain A
[g] [[pm]| [pm] | [g] |[pm]]| [pm] [pm] [pm] [mm"2]
184 185 0,81
0,1723 178  179,6667 |0,1722 178  180,0 0,98 0,94 408,4111
177 177 1,03
2,5 wt. % 202 200 0,74
0,2401 202 2013333 |0,2388 202  201,3333 0,9 0,8267 232,6558
200 202 0,84
184 184 1,16
0,2906 185 1850 |0,2901 187  185,6667 1,31 1,3367 644,2243
- 186 186 1,54
202 202 1,23
02873 214 2060 |0,2862 206 203,3333 0,84 1,1033 601,1466
202 202 1,24
204 206 1,11
02028 206  205,6667 |0,2024 206  204,6667 0,84 0,9267 425,0265
10wt % 207 202 0,83
214 211 0,92
02729 212 2120 |0,2699 212  211,6667 0,74 0,7867 318,1737
210 212 0,7
209 210 1,27
03124 209 2093333 |0,3081 209  209,6667 1,44 1,4367 279,3054
15wt % 210 210 1,6
208 208 1,03
0,2232 206 206,6667 |0,2192 205  206,6667 0,99 1,01 237,9713
206 207 1,01
188 187 1,84
0,1615 192  190,6667 |0,1569 192  190,6667 1,37 1,56 365,0983
— 192 193 1,47
197 192 0,69
0,2810 194 1936667 |0,2672 188  188,3333 1,36 0,9167 211,5097
190 185 0,7
204 206 1,29
0,1811 207 205,6667 |0,1771 204  203,0 1,43 1,35 379,5479
25 wi. % 206 199 1,33
196 201 1,35
02104 194 1973333 |0,1988 182  191,3333 1,38 1,4767 459,5760
202 191 1,7
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EXPERIMENT RESULTS TABLES

70°C - 30 min
My din | avgdin | Man | dan | avg dan R fin avg Ran A
[g] [[pm]| [pm] | [g] |[wm]]| [um] [pm] [pm] [mm"2]
197 201 1,35
0,2642 201 200,0 |0,2638 201 200,0 0,85 1,1833 569,3966
202 198 1,35
2,5 wt. % 191 194 1,48
0,1705 192 1913333 |0,1702 195  194,6667 1,46 1,52 384,1013
191 195 1,62
206 205 0,95
0,1941 206 2063333 |0,1934 207  206,6667 1,31 1,1567 321,5987
5 e 207 208 1,21
183 194 1,12
02572 190 1880 |0,2562 191  190,3333 1,5 1,1933 589,1573
191 186 0,96
194 193 0,8
0,2210 190  190,3333 | 0,2170 187 189,0 0,74 0,7767 501,4831
10wt % 187 187 0,79
221 219 1,21
0,1901 220 218,6667 |0,1888 219 217,0 1,09 1,0633 374,7240
215 213 0,89
203 203 1,42
0,2565 206 206,6667 | 0,2471 206 205,0 1,1 1,5267 534,9694
15wt %% 211 206 2,06
203 200 2,12
03336 207 2090 |0,3029 204  206,3333 1,24 1,6467 333,4779
217 215 1,58
190 183 1,45
0,2754 199 1933333 |0,2529 185 185,0 1,57 1,3533 614,0012
— 191 187 1,04
206 201 1,17
0,2780 206 2060 |0,2358 200  200,6667 1,34 1,1933 581,6873
206 201 1,07
206 196 0,81
02130 207 206,3333 |0,1822 197 198,0 1,35 1,0467 4449613
25 wi. % 206 201 0,98
208 200 1,13
0,2689 208 2083333 |0,2280 204  200,6667 0,85 0,9567 556,3448
209 198 0,89
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70°C - 60 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[pm]| [um] | [g] |[pm]| [wm] [pm] [pm] [mm"2]
213 225 0,92
03021 210 2153333 |0,3004 210  214,6667 0,95 0,9533 604,7160
223 209 0,99
2,5 wt. % 205 205 115
02164 200 2023333 |0,3056 201  201,6667 0,74 0,95 653,5818
202 199 0,96
203 202 1
0,1820 206  205,6667 |0,2150 206 205,0 1,02 1,0533 453,5293
- 208 207 1,14
202 203 0,72
02154 201 202,0 [0,1825 200  201,3333 0,74 0,7267 391,5586
203 201 0,72
198 199 0,59
0,1692 198 1970 |0,1798 198  197,6667 0,85 0,7033 398,2146
10wt % 195 196 0,67
201 197 0,83
03809 203 2020 |0,2144 202 201,0 0,97 0,9133 468,3766
202 204 0,94
216 215 1,59
03068 220 2170 |0,1833 218  212,6667 1,63 1,3767 427,8563
15wt % 215 205 0,91
207 205 1,5
0,1835 205 2050 |0,1672 205  204,3333 0,73 1,64 187,9683
203 203 2,69
206 200 1,1
02195 207  206,6667 |0,1316 202 202,0 0,89 1,2367 352,8921
— 207 204 1,72
204 201 1,25
0,2001 207 2053333 |0,1400 202 202,0 0,83 1,1233 371,5573
205 203 1,29
213 199 0,94
0,1770 210  211,0 |0,3038 180  185,6667 0,31 0,4967 705,8372
25 wi. % 210 178 0,24
205 199 0,36
02678 203 2040 |0,1850 167  187,3333 0,73 0,78 192,7950
204 196 0,75
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EXPERIMENT RESULTS TABLES

80°C - 15 min
My din | avgdin | Ma, | dan | avg dan R fin avg Ran A
[g] [[pm]| [um] | [g] |[pm]| [wm] [pm] [pm] [mm"2]
191 189 0,81
0,1747 188  190,0 |0,1742 189  189,6667 0,87 0,8933 388,9823
191 191 1
2,5 wt. % 185 195 0,84
02297 193  191,0 |0,2089 190 189,0 0,87 1,0067 472,3326
195 182 1,31
205 201 0,67
0,1655 203  203,6667 |0,1647 201  201,3333 0,67 0,68 350,2596
- 203 202 0,7
186 186 1,1
02208 190  187,6667 |0,1898 188 187,0 1,11 1,0867 437,0827
187 187 1,05
199 198 1,45
0,1817 204  200,0 |0,1803 203  198,6667 1,45 1,3767 391,5948
10wt % 197 195 1,23
187 184 1,16
02606 187 1880 |0,1520 184  183,3333 1,36 1,2 367,5257
190 182 1,08
204 200 0,44
0,1524 201 202,0 |0,1504 204 202,0 1,43 0,97 325,1963
15wt % 201 202 1,04
187 185 0,79
0,2969 187 1873333 |0,1765 185  184,6667 1,65 1,06 329,1579
188 184 0,74
192 196 1,27
02457 208 2000 |0,2370 207 199,0 1,36 1,31 529,5259
— 200 194 1,3
187 185 1,27
02847 187  186,6667 |0,1622 172  180,3333 0,62 0,93 326,4349
186 184 0,9
209 206 0,42
02151 208 2093333 |0,2008 195  202,3333 0,45 0,4467 401,2633
25 wi. Y 211 206 0,47
189 195 0,91
02522 190  191,6667 |0,1994 188  190,6667 1,24 1,1133 474,0630
196 189 1,19
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80°C - 30 min
My din | avgdin | Ma, | dan | avg dan R fin avg Ran A
[g] [[pm]| [um] | [g] |[pm]| [wm] [pm] [pm] [mm"2]
186 184 0,92
02093 187 1860 |0,2293 185  184,3333 0,87 0,9233 532,3044
185 184 0,98
2,5 wt. % 203 209 1,7
02026 204 2050 |0,2022 204 205,0 0,84 1,3333 425,9882
208 202 1,46
198 198 0,73
0,1903 199  198,6667 |0,2189 198 198,0 0,94 0,8433 479,0558
- 199 198 0,36
200 198 0,71
02943 202 200,6667 | 0,2849 198  197,6667 0,73 0,8067 338,8253
200 197 0,98
203 201 0,75
0,1603 202  202,6667 |0,2245 193  196,6667 1,23 1,06 312,9550
10wt % 203 196 12
199 183 1,36
02031 194 1946667 |0,1705 188 188,0 1,54 1,2533 165,9251
191 193 0,86
195 182 0,47
0,1931 190  191,6667 | 0,2454 156  173,3333 0,55 0,4933 374,4462
15wt % 190 182 0,46
202 191 0,75
0,2461 200  200,3333 |0,2044 187  190,6667 1,31 0,9667 529,5054
199 194 0,84
184 171 1,13
0,1767 192  190,3333 |0,2276 180 176,0 0,97 0,85 644,7400
— 195 177 0,45
197 196 1,07
0,2979 196  196,3333 |0,2784 195 195,0 0,67 0,9567 486,8599
196 194 1,13
201 200 0,51
0,2108 201 202,0 [0,2083 200  200,6667 1,3 0,9567 316,2222
25 wi. % 204 202 1,06
195 186 0,52
02270 195 1963333 |0,1845 172  183,6667 1,38 0,8433 498,3608
199 193 0,63
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EXPERIMENT RESULTS TABLES

80°C - 60 min
My, din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] |[pm]]| [wm] | [g] |[[pm]| [wm] [pm] [pm] [mm"2]
185 185 1,72
03283 186 1873333 |0,3241 187  187,6667 1,83 1,6333 406,1323
191 191 1,35
2,5 wt. % 193 200 137
02342 196 1970 [02328 191 1953333 0,89 1,0267 512,4278
202 195 0,82
186 183 1
02177 192 1893333 |0,2114 192  187,6667 1,01 1,13 495,6138
5 e 190 188 1,45
188 186 0,72
0,1719 187 1873333 |0,1646 186  186,3333 0,92 0,8333 205,5738
187 187 0,86
196 142 0,38
02789 194 1930 |0,1732 143 144,0 1,53 1,2867 160,0643
10wt % 189 147 1,45
194 191 1,48
0,2043 195 1953333 |0,1398 176 186,0 1,41 1,4033 93,9771
197 191 1,32
195 191 0,25
0,2020 192 1923333 |0,1747 115  146,6667 0,23 0,2267 179,3864
15wt %% 190 134 0,2
188 139 0,31
0,1651 189 1883333 |0,0987 109 131,0 0,22 0,2733 129,7834
188 145 0,29
200 135 1,19
0,1881 186  191,6667 |0,0988 185  169,6667 1,41 1,2933 182,0661
— 189 189 1,28
192 187 0,65
0,1851 201 1956667 |0,1293 194 1856667 0,27 0,73 304,3306
194 176 1,27
202 187 1,19
02743 192 1956667 |0,1554 176  186,3333 0,94 1,7867 107,4201
25 wi. % 193 196 3,23
190 189 0,18
0,2048 190  190,3333 |0,1432 142 172,0 0,36 0,3567 463,7961
191 185 0,53
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90°C - 15 min
Miy din avg din | mMa, | dan | avg dan R fin avg Ran A
[g] | [um] | [um] [g] |[pm]]| [pm] [pm] [pm] [mm"2]
196 198 0,7
02316 198 197,3333 | 0,2312 198 198, 0,93 0,7767 505,8830
198 198 0,7
2,5 wt. % 187 192 0,94
0,1922 193  190,6667 | 0,1917 194  191,3333 0,38 0,89 4345008
192 188 0,85
196 202 0,94
04148 199 1983333 | 0,4100 199  198,6667 1,02 0,88 461,0100
- 200 195 0,68
178 179 1,05
02434 179 1793333 | 0,2395 177  177,3333 0,93 0,9267 585,0212
181 176 0,8
202 193 1,22
03213 203  200,0 |02970 199  198,0 1,02 1,2233 208,0477
10wt % 195 202 1,43
204 202 1,02
03181 203  203,6667 | 0,3027 201 201,0 1,69 1,7133 673,2180
204 200 2,43
200 147 0,95
0,3005 196  196,6667 | 0,2253 182  170,6667 1,61 1,3167 384,4295
15wt % 194 183 1,39
186 178 1,52
0,1789 188  186,6667 | 0,1554 183  179,6667 1,43 1,37 413,1004
186 178 1,16
190 191 1,66
0,2767 188  189,0 | #RIF! 165 182,3333 0,57 1,19 201,1163
— 189 191 1,34
198 155 0,91
0,3049 198  197,3333 | 0,2430 160  159,0 0,31 0,51 450,7004
196 162 0,31
190 154 0,23
0,2875 189  189,3333 | 02117 147 1490 0,37 0,2933 629,9326
25 wi. % 189 146 0,28
188 163 0,38
0,1993 193 1920 |0,1344 180  168,3333 1,45 1,2367 285,9362
195 162 1,38
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90°C - 30 min
My din | avgdin | Ma, | dan | avg dan R fin avg Rain A
[g] [[pm]| [um] | [g] |[pm]| [wm] [pm] [pm] [mm"2]
185 185 0,65
02877 186  185,6667 |0,2864 185 185,0 0,81 0,79 667,9100
186 185 0,91
2,5 wt. % 195 196 0,78
02179 198 1970 |02175 198 196,0 0,74 0,59 476,7635
198 194 0,25
198 186 0,9
0,1911 198  199,0 |0,1692 185  189,6667 0,76 0,98 413,9231
- 201 198 1,28
183 175 0,98
02506 183 1840 |0,2093 168 169,0 0,53 0,93 587,0502
186 164 1,28
197 193 0,97
03141 199 1980 |0,2069 192  192,6667 0,87 1,12 112,4341
10wt % 198 193 1,52
202 195 0,81
02758 202 2030 |0,2090 183  192,6667 0,63 1,03 467,5206
205 200 1,65
200 150 0,27
02754 207  203,6667 |0,2040 142  156,6667 0,4 0,7233 469,1179
15wt % 204 178 1,5
195 196 1,4
02822 199 2000 |0,1838 170 183,0 1,2 1,3533 146,2918
206 183 1,46
197 81 1,28
0,2039 199  199,6667 |0,0962 192  137,3333 1,31 1,36 115,0092
— 203 139 1,49
184 101 0,24
0,1840 181  181,6667 |0,0950 106  104,6667 0,22 0,26 94,8609
180 107 0,32
184 155 0,94
02800 184 1840 |0,0834 134 1356667 0,87 0,88 655,9220
25 wi. % 184 118 0,83
199 121 0,24
03048 197  197,6667 |0,1737 121  121,6667 0,23 0,2367 229,5963
197 123 0,24
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90°C - 60 min
My din | avgdin | Ma, | dan | avg dan R fin avg Ran A
[g] [[pm]| [um] | [g] |[pm]| [wm] [pm] [pm] [mm"2]
200 199 0,44
0,2468 199  199,6667 |0,2451 199 199,0 0,88 0,7467 532,7845
200 199 0,92
2,5 wt. % 195 194 1
0,1812 192 1936667 |0,1787 191  193,3333 0,7 0,8233 403,2880
194 195 0,77
197 184 1
0,2898 194 1956667 |0,2401 182  184,3333 0,97 0,9367 638,4010
- 196 187 0,73
198 194 1,16
02705 198 1986667 |0,2241 179 186,0 1,27 1,4567 661,3053
200 185 1,94
200 111 2,09
02319 200 200,3333 | 0,0979 111  123,3333 0,84 1,22 183,6261
10wt % 201 148 0,73
198 113 1,19
03048 198  198,6667 |0,1061 127  143,3333 1,36 1,8767 U.
200 190 3,08
201 104 1,33
02743 199 1990 |0,0593 91 98,3333 2,04 1,54 U.
15wt % 197 100 1,25
201 U. U.
02457 200 1980 |0,0151 U. U. U.
193 U. U.
197 U. U.
03533 200 1973333 |0,0115 U. U. U.
— 195 U. U.
201 U. U.
03422 202 2013333 |0,0185 U. U. U
201 U. U.
184 U. U.
0,1613 184  184,3333 | 0,0067 U. U. U.
25 wi. % 185 U. U.
197 U. U.
04264 197  196,6667 |0,0002  U. U. U.
196 U. U.
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30°C 40°C 50°C 60°C
Tin T50% Tin T50% Tin T50% Tin
>15 >15 >15 >15 >15 >15 >15
>30 >30 >30’ >30’ 08> 06” 08’ 06” 26’ 58”
, >60' >60' >60' >60' 49’ 097 49’ 297 03’ 46”
2,5 wt. % >15 >15 >15 >15 04> 277 04> 277 >15
>30 >30 >3(0’ >3(0’ >3(0’ >3(0’ 05’ 54”
>60' >60' >60' >60' >60' >60' >60°
>15 >15 >15 >15 >15 >15 06> 377
>30 >30 >30’ >30’ 22’517 23’ 38” 04’ 207
>60' >60' >60' >60' 39’297 >60' 127 23
5wt. %
>15 >15 >15 >15 >15 >15 >15
>3(0’ >3(0’ >30’ >3(0’ 23’017 23’ 58”7 04’ 397
>60' >60' >60' >60' >60' >60' 07’ 597
>15 >15 >15 >15 06’ 217 09’ 517 03’ 327
>3(0’ >3(0’ >30’ >3(0’ 09’077 09’ 36 02> 047
>60' >60' 19' 40" 20" 10" 13’ 40”7 14°44” 05’ 297
10 wt. %
>15 >15 >15 >15 03’ 24> 03’ 43 02> 277
>3(0’ >3(0’ >3(0’ >3(0’ 04’ 217 04’ 40 01’ 307
28 217 30147 29’ 407 36’ 147 04’ 317 06177 02> 13”
>15 >15 06> 33 06’ 41 02’ 32 04’ 307 02’ 08
>30 >30 06’ 38 06’ 54~ 03’ 08 03’ 53 56”
>60' >60' 21' 21" 24' 50" 04’ 05> 05’127 547
15 wt. %
>15 >15 09’ 52 10’ 317 02197 03’ 14> 59”7
>30 >30 14137 16’ 26” 02> 38” 03> 25” 01°09”
12> 23”7 207 497 08’ 44 10’027 03’077 03’ 337 01’ 377
>15 >15 06’ 137 07’ 06 04’ 03 05’ 42 01’ 027
>30 >30 07’ 44> 08’ 23 03> 44” 04> 327 547
117417 13’267 06’ 04~ 06’ 337 02’ 32” 03’577 527
20 wt. %
>15 >15 03> 58” 05’ 21 01’ 477 02> 077 01’ 017
25’ 457 26’ 24 06’ 027 06’ 38 02>11> 02’ 32> 577
10’ 06” 12107 08 14> 11’ 24”7 01’377 02’ 217 01’ 007
09’ 24> 1211”7 06’ 377 10’ 06” 02’ 00 02’ 23 58”
>30 >30 07> 33” 15> 12” 02’ 46” 03’ 26” 54"
08 147 09’ 49” 05> 377 06’ 26” 0213~ 02> 427 49”
25 wt. %
09’ 32 13’ 58” 03’01~ 04’ 05 02’277 03’ 027 45>
09’ 36” 12157 04’ 03” 05’ 527 01 16” 01’ 30” 01’ 017
11° 58”7 14> 407 18’ 36” 18’ 56” 01’ 477 0218~ 01’227
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60°C 70°C 80°C 90°C
T50% Tin T50% Tin T50% Tin T50%
>15 07 36” >15 04’ 127 >15' 40” >15'
27 247 >307 >307 01’ 08” 02317 437 >30'
>60' 04’ 46” 04’ 537 01’ 02” 01’ 227 577 >60"
>15’ 05 06” >15’ 01’ 07” 01’ 39” 54 >15'
07 447 10° 157 >30° 257 04> 017 527 >30'
>607 03’ 43” >60' 50” 02’167 25" >60"
09’ 117 09’ 20” 13° 207 01’ 05” 01’ 18” 24” 427
09’ 48” 05’ 427 07°18” 58” 01’377 227 02 377
17 217 03’ 477 04’ 417 01’ 09” 01’ 417 27" 44»
>15’ 04’ 13” 06> 30” 01’ 05” 01’ 39” 127 24”
05> 07” 03’ 39” 04’ 36” 01’017 01’ 45” 23” 26”
>60° 03’ 59” >60' 54 01’ 527 29” 02’ 40”
09’ 07” 03 07” 04577 01’ 00” 01’ 16” 20” 26”
02’ 48” 01’177 01’ 50” 227 28” 16” 23”
06’ 38” 01’ 427 03’ 15” 38” 01’ 23” 18” 24”
03> 09” 01' 05" 01'35" 24” 33” 18” 22"
02 03” 01’ 05” 01’ 29” 19” 26” 19” 317
04> 077 01’ 55” 07 07” 21” 35” 18” 24”
03577 58” 01’ 33” 59” 01 13” 10” 147
01’177 01’ 08” 01’ 43” 147 20” 10” 117
01’ 39” 38” 01’ 00” 317 01’177 7" 7"
01’ 16” 36" 50" 167 21” 10” 117
01’ 28” 317 36” 177 23” 10” 117
02> 09” 317 01’ 01” 127 177 11" 12"
01’327 01’ 25” 01’ 35” 25” 40” 9 10”
02’ 07” 25" 32" 227 30” 127 13”
59” 37” 437 277 477 10" 11"
01’ 247 26” 317 217 30” 15” 16”
01’ 20” 28” 327 257 347 8” 9”
01’ 16” 37” 01’ 02” 20” 28” 27" 29"
01’ 03” 347 417 18” 28” 7’ 8”
01'15" 317 38” 147 227 117 127
577 33” 40” 20” 23” 19" 20"
537 38” 567 8” 16 9 10”
01’177 30” 33” 127 19” 117 127
02 02” 20” 23” 15” 21” 9" 10"
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