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Abstract

In this thesis the correlation between two acceterageing methods are established. The
concept is to carry out the Damp Heat test andHigbly Accelerated Stress Test in order to
accelerate the time of testing for solar modulepotion. The choice of materials fell on four
types of mini modules to be tested, three withddiath embedding materials and one with
naked cells. All of the samples had the same typelts, glass and back sheet foil. The tests
were carried out and measurements were made afispietes in order to compare the
results. Measurements of transmittance, 1V-charisties, electroluminescence and a visual
control were performed.
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1 Introduction

The purpose with this thesis work is to find a etation between two types of accelerated
aging, Damp Heat (DH) test and the Highly Acceledabtress Test (HASTAging is a time
consuming process which is involved in productimgsto secure their quality before they are
released for the market. Therefore a great intdiesstithin accelerating these testing times,
hence shortening the total development and promlu¢imes of the companies. Yet another
advantage is that the range of products that wikailable for production can be tested more
rapidly and if needed rejected at an early stagmgaostly testing time.

An outdoor exposure is a complex mixture of facgursh as wind, rain, snow, moisture, heat
and light. Therefore it is hard to create indoastitey environments that can simulate the
natural aging. Various tests are used in ordeinmlate these factors, in an artificial aging
process real life conditions and factors will netdble to forecast and reproduce all factors of
the reality.

For the slow climate degradation with moisture pexteg the product the DH test is used. It
takes place in an environmental chamber where ubstiates are to be kept for over 1000
hours at a temperature of 85°C and a relative hitynodl 85%. The HAST have been used
over 40 years by microelectronic companies in otdespeed up the aging process where a
corresponding test time of 48 — 96 hours, to thelDBO hours, appears.

As foundation for this work, the Arrhenius modekHaeen chosen. Since it does not imply
humidity the extended Peck model expands the thebBrgm former realized tests a
correlation of the Damp Heat to 20 years in Miafmate can be established as shown by
Wohlgemuth in his articléong Term Reliability of PV Modul¢2005) [2]. The damages to
the samples will also shortly be compared with oatdexposed modules, from long term
testing at the Technische Universitat Berlin [9].drder to achieve the correlation between
this two test types, equal test samples will béetesn both DH and HAST and then the
measurements will be compared to give the time geaded in a HAST chamber to simulate
the supposed 20 year life time. From other studiés possible to get an estimation of the
HAST time, ranging from 24 hours to over 200 hodepending on the test temperature[7],
[8], [10], [11], [14]..

Simple micro modules will be constructed and hamsdembled. There will be three
embedding materials, an EVA and two thermoplastim@es that will lead to different
outcomes. All three have the same type of glask blaeet foil and connectors. The fourth is
naked cells going through the same test stepstelte are carried out parallel in Damp Heat
and HAST with an aim of over 2000 hours in DH atadwt 200 hours of HAST test. The
HAST test is divided into three severity levels,09@, 120°C and 130°C since the test
duration decreases with increasing temperature.
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2 Theoretical Foundations

Accelerated aging simulate long period of time maaitdoor climate. The simulation is of a
too complex nature, due to the dynamic factors wgrkn real life aging, in order to perform
accelerated aging with a satisfying accuracy. Hewdhe accelerated aging test offers a
possibility to find materials where the failure padbilities are small. Previous data exists only
in very few cases which make it difficult to crestegood correlation between outdoor
exposure and accelerated aging, but it helps manigithe risk. The ambition is to make sure
that the products will survive a certain period,cading to the company warranty
agreements, of more than 20 years. This chaptérsidrtly describe the basics of artificial
aging and some models behind it.

2.1 Accelerated Aging Models & Tests

The foundation of the accelerated aging processbased on a couple of models describing
the dependence of the aging to temperatures anadhwnThis chapter describes a couple of
these models and presents some known result oboauthed modules and the aging signs
they show.

Damp Heat and HAST are to be correlated towardh e#twer. In order to compare both of
them it is necessary to explain how the tests var#t what parameters influence the test.
What also needs to be considered, is that by cangpaesults from the aging methods such
as DH with natural aging, it has been shown thattdst can only partially reproduce the
effects [1].

2.1.1 Arrhenius Model

The Arrhenius model is a common used method reggrftirecasting lifetime of products
depending on the surrounding temperature. Simgliéiel0°C temperature increase leads to
half the degradation time, that is, with 10°C warmsurroundings a test can be performed in
half of the actual life time. As result, for examphe Damp Heat (DH) test at 85°C and 85 %
Relative Humidity (RH), test can be used. Due ® tdmperature increase a 20 year lifetime
can be accelerated to 1000 hours of test timeB2],TThe theory behind Arrhenius model is of
a kinetic nature, i.e. a collision theory. A higltemperature causes the molecules to move
with a higher velocity. Hence the collisions betwekem increase and create an accelerated
degradation process[4].

-B

V:Ae(T j,BzO 1)

From (1) the relationship between the damage cabsetemperature in relation to the
temperature is shown, whefeand B are specific model coefficients afdis the absolute
temperature in K.

7
t —t,= Ae\ | )
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| BT
AF - tuse_tO —e Ttest Tuse (3)
ttlest _tO
(2) Establishes the relation of the lifetirt, —t, at a certain temperature and shows that it is
inversely proportional to the speed of degradatitere the Acceleration Factor (AF) is added
and thus the relation (3) can be set, vt —t, as the time to failure for a certain testing

test
temperaturet,
in test and service use [3].

-1, time to failure for a temperature in service useT,,, T,

test? "use

temperature

A disadvantage of the Arrhenius model is that iesimot consider humidity, thus a more
advanced model is required.

2.1.2 Peck Model

The Peck model is an evolution from the Eyring modescribed in the Engineering Statistic
Handbook [5] which in contrary to the Arrhenius rebi$ a statistical thermodynamic model,
and considers both temperature and humidity. Tragioaship of 1 % humidity responds to
1°C temperature gives a correlation of how the klityniaffect the degradation according to
the expected degradation increase with higher testhyres.

v=H ”e(_TBj 4)

Similar to Arrhenius a relationship of the temperatdamage is established in (B)is a
constant according to the failure modeis absolute temperaturk, represents the level of
humidity and n is a material constant.

7)
t —t,=H™e\ T (5)
( 1 _1j
AF - tLIJse_tO - Htest e Ttest Tuse (6)
ttlest - tO H use

Further theAF is calculated in a fashion similar as the Arrhenmmiodel; of course with the

difference that humidity accelerates the damage [ifietime t, —t, at temperaturel and
humidity H is given by (5) and th&F by (6). t., —t, describe the failure time for the test,
t' . —t, the failure time for a temperature in service (T_,H,., and T ,H . are the

temperature and humidity in test respectively servise [3]. In this work the humidity will
be constant, thus it will not change the variougrddation times as it will be held at a
constant humidity of 85 % RH.
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2.1.3 Physical Aging Appearances

Due to the stress conditions in both the envirortadlezthamber and in the Highly Accelerated
Stress Test (HAST) (Section 2.1.5), chamber itxgeeted to see some accelerated aging
phenomena. These expected aging symptoms areotemch other; normally when one does
occur it will increase the probability of the oteelso occurring. In the test environment used
in this work a couple of the failures will most éily not occur. Comparing with outdoor
exposure (OE) [6], it is not expected that craakd laleaching due to illumination of the cells
appears, since the environmental tests are pertbmitbout physical stress and in the dark.
However a short description of the most frequeadgurring damages in the aging procedure
will be made. The methods to decide the aging ellcloser discussed in the measurement
description.

The aging phenomena strongly depend on the vanaisrials used as embedding materials,
the glue, how well the materials interact with eatier and with the surrounding climate. As
discussed in Section 3.1, the choice of matersaleade on the knowledge of which materials
are known to have good relations and to be stébliwe case of DH the aging symptoms are
not expected to be seen clearly before the test @ipproaches some 2000 hours. In the HAST
test they should appear after some 50-150 hour$d[7]

Absorption of moisture is to be expected sinceeiimedding materialsre sensitive to water.
Even though the construction with glass and baeletsfoil, Figure 1, have been developed to
withstand the water penetration, the aging of tfitgutive materials are supposed to cause a
loss of their good features and let more and marepdthrough. Glass is considered to be a
stable material thus the degradation times are lemg, it is not expected to see the
transparency decrease within the glass. Howevegl#ss might dim, especially in the contact
area to the embedding materials, thus causing erloansmittance.

Front side

Embedding material

Bus bars (above and below cell) Glass

Back sheet foil

Cell Back side

Figure 1. A standard module composition

With aging, the embedding materials tend to getoavhing that leads to lower short circuit
current (Lo and the fill factor (FF) (Section 2.2.1) decread®easons for this are explained in
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the following text. Browning is the process in whithe embedding materials get discoloured
with a yellow or a brown tone. The result of thisadblouration is a lower transmittance
mainly in the blue spectral region of the visughti When blue light is absorbed by the
material it results in a lower light transmissidmaugh the material and a yellow or brown
tone can be seen. This results in lower panelieffcy since the yellow light spectrum
contains large amounts of photons, and in retuowar efficiency is dependent of the short
circuit current, J. The browning might also cause further failureshsas bleached cells,
bubbles and degradation of the embedding mateaiaispartial cell corrosion might occur.
Due to heat absorption in the materials (througjhtliand environment) and a higher
temperature the browning tend to increase [1], T9le accelerated process might also cause
thermal damages to the embedding materials likeblesbor de-lamination. The glue
materials between the different materials, glasgieon — foils, will loose the grip force and
air bubbles occur. In bad cases the de-laminatawuses large areas to loose grip with the
glass, foil or cell.

Corrosion occurs in the presence of moisture and ioontaminants such as flux or other
alien substances; either left over from the lamamaprocess or penetrated with moisture. The
metal bus bars and grid fingers corrode due to &meatmoisture exposure. Depending on the
moisture resistance qualities of the embedding maddée more or less damp will penetrate the
layers, and this will cause an increase in sedsistance as an effect of reduced conductivity
in the bars, larger series resistance and influémeefficiency of the cells negatively. Results
of the corrosion are larger inner resistance, stgpdiHot Spots) and bubbles. The
discolouration of the leads also results in a d@aation of the embedding materials and
influences the transmittance characteristics ofntloelules. Regarding the IV-measurements,
the connectivity needs to be improved by cleanimg ¢orroded leads where the clips are
attached.

The shading leading to Hot Spots appears for iestavhen the corrosion is spread out in the
embedding material or between embedding and gE®s.light can not pass through the
discoloured area and therefore causes a shadiect,dffinging current to transform into heat
causing the Hot Spot. Furthermore this area casecaueaction within the material that will
provoke bubbles or blisters to appear in the maltethis can start the de-lamination process

[1], [9].

Cell corrosion occurs as effects of browning, brogéass or/and degradation of the synthetic
materials that increase moisture absorption optmeels. It will lead to growing losses in the

transmission as well as defective changes in tHeedding materials; furthermore strong cell

corrosion will lead to a larger amount of bubbles.

The backside of the cells is covered with a pdsa improves the adhesive property of the
backside electrode and restrains an aluminium reléetlayer from exfoliating. This paste
could after some time start to dissolve. How lamg process can be delayed depends on the
features of the paste.

A loss of performance tied to the degradation ef slgnthetic materials will appear, which
under normal operating conditions would be far ldemn the losses due to browning and
corrosion in field testing. At least some opticaddes are expected, since they depend on the
browning, corrosion, bleach and the bubbles [1], [9
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A common way to measure water absorption is to wéig sample and see how much the
weight has increased. If water is absorbed, it \dld to a heavier sample, depending on the
amount of water in the sample. Water absorptie@xmessed as increase in weight percent.

2.1.4 Damp Heat (DH)

The Damp Heat (DH) test in environmental chamb®eswell known aging test for electronic
components. It has been used since the 1970's tam swdules and is a part of the
certification procedure for the modules. Jet Prsijounl Laboratory performed some of the first
DH tests. With a method of testing at different pematures and humidities, they could
determine that a 10°C temperature rise would leadouble reaction, i.e. a reduction of the
degradation test time to half. Also a relationgbfii % humidity responds to 1°C temperature
change could be established. From this the 1008sHDH at 85°C/85 % RH corresponded to
20 years of outdoor exposure, according to IEC 618], in Miami, Florida [2]. The DH test
is based on the theories of Arrhenius (temperatamd)Peck (temperature and humidity). The
relation between aging and temperature is desciib€&thapter 2.

The DH is the part of the IEC 61215 [6] test tleeis the longest time and there can be a lot
of savings in the test phase with shortening ttep.sHowever 1000 hours of DH does not
make a large difference regarding power loss immabrmodules today. Therefore much
longer testing times are needed in order to estabithen the module would fall out of
warranty. As most modules need at least 2000 htoufall under the failure criteria of 5%
power loss it would respond to 40 years exposubdiami’s climate, Figure 2.

Projected Long Term Performance of
Module Based on Damp Heat Testing
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Figure 2. Projected Long Term Performance of ModuleBased on Damp Heat Testing
A problem with the DH test is that the temperateeises an adhesion loss for some

embedding materials that would not appear in nosualounding temperatures. This does of
course not correspond to normal aging and neee tf bonsideration when testing modules.
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As will be shown, it is an even larger issue whppl@ng the even higher temperatures in
HAST [2].

The samples are placed in the environmental chanalidiour types together since there is
space enough. When the test starts there is a gmperiod according to IEC 61215
standards before the 85/85 testing begins. The Isamyill there be exposed to 500 hours
(some ten years outdoor exposure) before the chawibegamp down and the samples are
shortly removed to be measured. Then the test ayelates until 2500 to 3000 hours of
testing are achieved. This corresponds to apprdeimna30 days considering time for
measurements. The work took place in the perio®abber 2008 to February 2009, when
the final results were evaluated. A better coriematis achieved with longer test time
compared to the standards, this will also imprineedventual correlation to the HAST test.

2.1.5 Highly Accelerated Stress Test (HAST)

Because the 1000 hours of DH testing is a very lmergpd of time for industrial testing, the
Highly Accelerated Stress Test (HAST) has been Idpeel. It raises temperature and
humidity in order to shorten the aging time. Beiged in the quality testing of Integrated
Circuits (IC) and their packaging the HAST has leec common aging test and now it is
also starting to get more and more usage in otheusiries. Many companies in other
electronic fields, have even given up on the oldBTét DH tests in favour of the HAST.

However it is not used for solar module testingtlie same extent. By increasing the
temperature and humidity, the moisture penetratiotihe material is accelerated; it is done
with a pressure regulation in order to preventwheer to reach its boiling point.

The equipment is built up like a pressure cookeh wrecisely controllable heat and moisture.
The ramp up and most importantly the ramp down ghage also controlled. This ramp is
done in order to avoid condensation to appear erséimples and affect the result of the test.
The acceleration factor (AF) varies of course wdifferent samples and temperatures, but
normally a reduction of the test time by a factbb® is expected [7].

The water absorption in the HAST is much highentirathe DH, this is due to the higher
pressure in order to make it possible to work vwémperatures over the boiling point. In
Figure 3 the relation between temperature and press showed. The three HAST tests, at
110°C, 120°C and 130°C, are needed to work oeewtiter boiling point and therefore a
higher pressure is needed to keep the same vagonizavel, 85 % RH, as in the DH at 85°C
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Figure 3. Phase diagram over water states accordirtg pressure and temperature.

The HAST test is known to have a higher rate of stuse absorption compared to
Temperature Humidity Bias (THB) test, basically i with an added bias, the relationship
between THB and HAST is seen in Figure 4 [10]. Gsion, bubbles, degradation of
embedding materials and cracks can increase therdanod water absorption. However, this
was outside the focus of this work..

Water absorption HAST and THB
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Figure 4. The HAST relative THB water absorption oer time.

Comparing with the 1000 hour THB test, which redaie the DH (as THB without bias), the
expected times are HAST tests of 96-100 hours @Q&and 85 % humidity. According to
SiliconFarEast.com the HAST test can be recommeffdedhe qualification of any change
that can potentially affect the corrosion resistarmf the product'and“for changes in the die
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glassivation, metallization or thin film resistoas well as changes in the molding compound.
It is also used for the reliability assessmentad$ Isuspected to be prone to corrosion due to
ionic contamination”[8].

The degradation time in the HAST chamber accordimgthe DIN EN 60068-2-66 is
depending on the severity level as in the followlradple 1 [11]:

Exposure Temperature [°€] | Relative Humidity (RH) [%] :Exposurﬁ Time [le:)
110 85 96 192 408
120 85 48 96 192
130 85 24 48 96
)+ 20C in the packing space

2+5%

90,+2h

Table 1. HAST temperature modes.

The pressures are for each temperature: 110°C2-MPh, 120°C — 0.17 MPa, 130°C - 0.23
MPa. The temperature is to be held constant fotasietime according to the Table 2. A ramp
up time of 1.5 hour and maximum 3 hours allows ¢hamber to get to the test conditions
before the timer starts. The ramp down time ater test is conducted is to be in the time
span of 1 to 4 hours.

The 130°C mode could be a limit for the materiagecially the embedding material since it
approaches the normal lamination temperaturesyvahmes of the times in the second column
of the table are close to the calculated valuesvheThis is an indication that the expected
times are in a plausible range. This work usesl0@9 hours DH as standard. Calculating an
increased degradation, according to the 10°C lwaldalf the test time; result in the following
relationship to HAST:

110°C- 85°C = 25°© 1000 hours * (¥4)* ¥% = 187.5 hours
120°C — 85°C = 35°© 1000 hours * (¥3)* % = 93.75 hours
130°C — 85°C = 45°© 1000 hours * (¥8)* % = 46.875 hours

Humidity is to be, like the temperature, held atamstant level, in this test at 85% RH
(Relative Humidity). After the ramp up time the RBI constant +5%. The level of the
humidity is controlled through pressure in the cham In the HAST, the humidity will be
held at a constant 85% RH at all three temperafitgs

The HAST test will be arranged so that the setanfiges will go in pairs in order to shorten
the total time needed for the test. There will Besamples that need to go through the test at
all temperature stages. With the possibility ofcplg up to 15 samples at the time in the
HAST chamber two cycles will be enough, comparetivi®e when testing the set of samples
one by one. Two cycles for each temperature williltein six test runs to start with, each of
them doing 48 hours in the chamber before switctorte next set. This gives a time span of
two weeks to put all the samples through the chanithee samples go in pairs A— B and C —
D for each HAST mode respectively. The HAST wilhruntil the samples falls apart, the
time limit, mid February 2009, for the work ends amo relation to the DH test can be
established.
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2.2 The Solar Cell, Solar Module & Characterisation

To establish the pre-aging characteristics of #raes each of them will go through the test
steps before having spent any time in the test beasn therefore the following pre-test
measurements were applied:

The samples for the DH test were produced first Hratefore also are the first ones
measured. An EL measurement was performed befareafter the laminations of the cells,
this in order to make sure that the cells haveermss cracks and if some injuries occurred
during the lamination process. Then the IV curveseameasured after the modules have been
constructed, as well as the transmittance of tassgembedding-back sheet foil compound.

The HAST samples did not have the same pressedidehas the DH ones and therefore it
was able to make a pre-lamination IV-measuremenwvelf this in order to establish the
average of the naked cells compared to the naked®Ild and also to see how much the
lamination would decrease the power of the cells.

2.2.1 IV-Characteristics

Changes in the relationship between produced dureem voltage of the cell (I-V
characteristics) are shown as performance losses Wwie cell is being flashed. In order to
estimate the aging, the power changes are deciBiMemajor part of the power losses can be
derived to optical degradation of the glass, deafiad of cells and/or embedding materials.
They occur in combination with each other and it ba difficult to estimate exactly which
loss is caused by what degradation process.

L5er
< > [ca LIt
Ik —h
" > ! I o
Fser
vi(A) A/ / R U
|iiff Ire |
- o
Figure 5. The 2-diode model describes the inner checteristics of a solar cell.
=1 (E) = Ly (TV) = 1o (V) =1, (V1) (7)
q q
— KT IRser) ZkT(V * IRser) V+ leer
I_Iph_IO,dif'f € -1 _IOrec e B (8)
Ry,
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The 2-diode model seen in Figure 5 is used to desdthe losses from recombination and
diffusion in the silicon as well as losses due dorective material such as grid fingers and
bus bars. The relationships are described in {fan be seen that the output currdhtig
equal to the photon currenty), directly depending on the luminous flux on thell,c
subtracted with the diode losses( lgir) and the shunt currert, In (8) the same
relationship is stated but here also considering diode characteristics, shown by the
exponential expressions, depending on the Bolznsansetank, temperaturd and the losses
over the series resistancesRThe IV-characteristics are measured from outputent and
voltage which are corrected regarding the flux adiog to the formulas. The measurements
are carried out at standard test conditions (ST}, isE = 1000 W/m2, T = 25°C and air
mass (AM) 1.5 [6], [9].

The shunt resistance dfRshould be possibly large in order to decreasetineent losses over
the pn-junction. A smaller K reduces the efficiency especially under low lighhditions.
The Ry is extracted from the dark IV-Characteristicgslthe slope of the IV-Curve in a bias
range from a 0.08 V backward to 0.08 V in forwaraksb

Series Resistance From IU-Curve

Current [A]

u
Voltage [V]
Figure 6. The series resistance decided from meagments at 1000 W/m2 and 500 W/m2.
U
Ry = —— 9)
I sd I sc2

To calculate the series resistangg Bvo measurements, as seen in Figure 6 [12], a&@. Ui
this work the irradiance lays at 1000 W/m2 and 3W0n2, wherefrom the & can be
calculated using (9). The two measurements resula imore accurate result. ThesR
influences the power according to the formula (10):
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P,..= RI? (10)
The series resistancesdR is a combination of different resistances (cotmreddars, grid
fingers and emitter) and inner diodes. It has nabastant value, but is a function of the
current I. The changes on power from thg,&an be difficult to measure since a doubled
resistance gives about 5 % losses in the power.edemto minimize the losses, the resistance
should be as low as possible to avoid large voltagees. The lead corrosion is expected to
increase the R[9], [13], [14], [15].

The fill then describes how good the IV curve d# ttell or module correlates to an ideal 1V
relation. Ideally the FF is the top right cornertioé rectangle drawn fromcland U, which
would correspond to a 100 % FF. In reality theralvgays a knee, where theg, 8 occurs as
shown with the black curve, and the FF gives aevaluhow close to the ideal value it comes.
The FF is strongly depending on thgRand Ry, [14]..

In Figure 7 the red/dotted curve is an example lmitvhappens whensRand Ry are altered.
The resistances deform the FF resulting in a Idgp A decreased shunt resistance lowers
the k. and an increased series resistance lower theTde arrows showing thesRRand Ry
decrease are exaggerated examples just to shoprittegpals. The current | and voltage U
are affected and not thg and U..

Isc t—=—rrrer -

Current [A]

Voltage [V]

— |deal - Real Low Rsh Low Rser

Figure 7. An exaggerated relation between the FF,Rand R, to Isc and U,

The cells are illuminated and the current and geltas measured, hence the I-V
characteristics can be resolved; Uy, series- and shunt resistance and maximum power
point (MPP). The test is performed at standarddestlitions (1000 W/m2, T 25°C) [6]. The
power losses are compared to the pre test measatemade. The dark curve gives the shunt
resistance, since it will give the best resulthef shunt resistance. A double flash at 500 ¥W/m
and at 1000 W/fis performed to calculate the series resistance.
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The test is performed through a flasher, which odpces the double flash. Before each
measurement the double flash is stabilized andldakk is calibrated with a calibration cell, of
the same type as the mono-crystalline cells uséldeirsamples, to give the correct irradiance.
By measuring the dark IV characteristics it is jjassto calculate a decent estimation of the
shunt resistance. First the dark curve charadesiste measured and then a flash of a high
transmitting lamp illuminates the cell for aroun@ t® 40 ms. During the flashes the current,
lse, and voltage, ki, produced by the cell are measured and then aufVe is extracted and
plotted into a graph. The measured values are savgan ASCII files and .mdb database
files, which can reproduce the graphs [4].

2.2.2 Degradation/Regeneration

The degradation of solar modules can be divided twb types: Light Induced Degradation

(LID) and Continuous degradation. In a field testninen solar modules are operating, also
known as outdoor exposure (OE), both of these degjans work together, causing aging

and reducing the power of the module. However is dhtificial aging only the latter happens,

of course the cells have been exposed to light poidhe tests and therefore some LID has
taken place.

Continuous degradation is the aging of the matedak to exposure of light, heat, moisture,
wind, physical stress (snow, hail) and so on. Tlaee various tests according to the IEC
61215 standard, where a lot of them are focusingloysical stress, Thermal Cycling (TC)
which means the module is exposure to a cycle wiheréemperature varies between -40 and
85°C according to a set time interval. The focuthia work lays with the Damp Heat (DH),
the long time degradation test at 85°C and 85 tatire Humidity (RH) [6] [16].

In this work the LID and regeneration is not coesatl giving a major influence over the
results which are searched. The description is kieweeeded in order to explain the initial
increase in power during the first test rounds. Th#follows from the physical properties of
the silicon. When a silicon cell becomes illumirthteth long wavelength light, the response
of the cell decreases and gives lower open cimaltage (W) and short circuit currents,
see Section 2.2.1, together with lower cell efficiz Therefore the effect of the cell
decreases, the percentage depends on the contemtoof and oxygen within the silicon, and
this is related to the manufacturing methods andremments. With a temperature treatment
of the cell at approximately 175°C, the LID processseversible; the cell is regenerated.
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Efficiency Degradation Cz boron 2-4
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Figure 8. Efficiency degradation of Cz boron cells.

It has been shown that the LID can cause a 0.5s%itoabsolute efficiency. From the Figure
8 it is seen that the LID could lead to a poweslo$ 4-5 % for Cz-mono-crystalline cells
[17].By following the steps of OE according to IEStandards the photon degradation is

reconstructed.
2.2.3 Electroluminescence

In order to make the electroluminescence photast@it need to flow through the cells. Due

to the current that is flowing through the cellaohe carriers are made available, causing
some of the holes and electrons to recombine antdamelectroluminescent radiation at a

wavelength approximately 1100 nm.
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Figure 9. The spectral region concerned for the Elpictures.

The cell or module is connected to a power supplgrder to get a suitable current flowing

through the cell in forward bias at small voltagéle correct direction of the current can be
seen due to the much larger voltage that woulddesled to get a current flow in the reverse
direction.

A camera according to the listings in Chapter 3itB & sensitive object and a filter to reduce
the visual light is used. Cameras have their ldrgessibility in the visual spectral region but
for the EL a picture around 1100 nm, as seen inrei®, is needed; at the far end of the
camera sensor abilities. Therefore a long shuttex is required in order to get a good photo.

With the EL picture it is possible to see some bhts going on inside the cells, cracks or if
the cells are broken will be easy to see. Brighteias indicate a good condition of the cell.
There is also a possibility to see darker area#, ithplies shunts (low &), high Re, bad
material quality, cracks, broken parts and some uf@aturing traces (from machines). In
these dark areas the current does not flow asye&didcks can be seen as black lines that
diagonally crosses the cell. Micro cracks as sniddick stripes, often seen close to the bus
bars [10].

For the cell type chosen for these tests the cunserapproximately adjusted to the, |
therefore 7.0 A is used, which requires a voltaigeé-® V, the cell voltage is about 0.7 V and
the higher voltage needed is caused from the |ag@es resistance caused from cables, leads
and bus bars. Corrosion does also increase thageoliue to a worse connection between
clamp and lead. The samples are placed on a tatietive camera hanging directly above
them. The current is connected and the photo isntakhe shutter time is chosen to 10
seconds to give a clear picture of the cells.
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2.2.4 Transmittance

In order to measure the degradation in the glassapsulation and back sheet materials
further a transmittance test is performed.

Light is passing through, first with only air bewvethe lamp and the sensor, and then with
the sample breaking the light and entering an natety sphere where the measurements with
and without sample are compared. Then the resudtplatted as transmittance rate over
wavelength.The test equipment used is connected to a compistddSB. The spectrometer
is working in the spectral range from approxima#0p nm to 1100 nm. The measurements
are performed in a darkened room, at room temper2&PC.

At first the measurement software needs to be reéd, that is, cut of the surrounding light
sources and stabilize the transmittance from teelaenp. A dark spectrum is measured, then
a reference spectrum and when the sample is platagken the lamp and the measure sphere
the difference in transmittance are measured.
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3 Tests & Measurements

Examples
Weak Medium Heavy

Type

Corrosion

De-lamination

Discolouring

Table 2. Expected visual ageing appearances of theodules.

The samples were constructed using the same typeatdrials to create as equal results as
possible. Due to different test temperature andgue, when comparing the DH and HAST,

the different samples A — C respond differentlycéaese of variations in temperature and

material characteristics. All the measurements heen conducted as equally as possible for
the samples, following STC standards or in darkm®aat room temperature, 25°C, for

transmittance and EL. Calibrations have been cdaedugsing the same calibration cell.

Due to the long testing time for 110°C HAST and the high temperature in 130°C, that

caused the C sample embedding material to meltstéwedard for comparing have been

chosen to 120°C HAST test. Partly the other willdiseussed in order to show likenesses or
differences supporting the theories, since thespesinside the HAST chamber creates a
different environment compared to the normal pressavironment in the DH.

The test time maximal extent was to the middle ebrary, hence limiting the DH to 2000
hours and the HAST 120°C to some 144 hours. Froasurang every 12 hours a change to
24 hours and then 48 hours for the 120°C and 188fGples and 48 hours for the 110°C tests
was made in order to speed up the results of theyggocess. The Damp Heat at 85°C and
85 % RH samples have been measured every 500 hoansler to achieve a continuous
development of the samples in the environmentaindea. In order to compare the two tests
it is needed to find some distinguishing charactérsach time region. A physical difference
to exist between the two test chambers; in DH #mes lie on a horizontal layer while in
HAST they stand vertically. In this thesis any pblesdifferences regarding the position in
the test have been ignored, while the pressuréenHAST is assumed to create an equal
moisture in the chamber without concern to thetpmsi
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Notable is that between 1500 and 2000 hours amn eccurred with the DH chamber, causing
the moisture level to sink to 75 %. The test istcwed anyway, taking in regard that the
aging process might have slowed down.

3.1 Design

The design of the samples and test equipment aogatfor the result of this work. Therefore

a description of materials, processes and tespewnt will be shown. Since the interest lies
within the establishing of a correspondence betwbkerDH and HAST tests and not to test
new materials. However some advantages with otlaenals have made them better suited
than normally used materials. The base of whatlessant for the manufacturing of today and
some what will be used in a near future make thdation of the material selection. The
normal construction of a mini solar module was shawFigure 1.

3.1.1 Materials

The basic part of a solar module is the cell; chaa® mono-crystalline cells since they are
stable. All samples have the same cell type in rotdemake comparable results for the
different substrates/samples. However the monaatliyse cells are reacting to heat exposure
and a regenerating process within the silicon tatase, resulting in a power increase of up
to 5 % [17].

The only differences in the composition of the ¢$rdies there are various embedding
materials that were used. Three types were usedthi®rmodules, one EVA and two

thermoplastics. One of the embedding is chosen usecaf known bad results (fast

degradation time) with aging tests in order to pi@/some early results. The two other are
well known stable materials.

The back sheet foil is a material that protectssenesitive embedding materials from moisture
and UV-light. A transparent back sheet foil is udetause it will allow inspections of the

backside of the cells and also measurements dfrdinemittance, without having to leave a
clear spot of glass. These advantages make thesdipoil preferable with rather than the

normally used non-transparent foil.

The glass size is chosen to be large enough tamzeileakage due to small areas between
the cell and the edge of the glass. Another crymatt is also that the samples must fit into
the HAST chamber used. Thus the maximum size obduhe is 200 mm across, allowing up
to 10 samples to run parallel in the HAST chambeerefore the 200 x 200 mm glasses are
chosen and for a correct relationship with DH, 200 x 200 mm glasses are used for these
samples as well. A crystal clear glass is to pregfore a structured one while it allows a
good view of what happens inside the module aralvathe measurements to be performed
with a low influence of the glass surface.

The cells were pre-stringed from the productiorveih automated stringer and only the cross

leads providing the connection to the cells withdamaging the materials of the module are
soldered by hand. As a comparison naked cellsésed) will go through the same tests.
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3.1.2 Sample Design

Five cells for each sample are built, giving altofal5 modules and five naked cells for each
test type. The five cells should give a sufficistdtistical result. Also each HAST test can be
shortened to two runs per HAST temperature as 118 @e into the chamber. The DH

chamber is large enough for all samples at once.til@msparent materials for embedding and
back sheet foil, together with the clear glassrsfe good environment for visual inspection
and for transmittance test. It also enables thaipiisy to see what happens on the back of
the cells, what would be impossible with a coloubadk sheet foil. The same glass and foil
type are used for all samples. The leads out ohthdule are hand soldered to the already
pre-stringed cells. The leads both come out on side of the module to allow easy

measurements. Since all samples, including thecheddks, are built up on the same structure,
the lead resistance should be similar in all casesprovide comparable results. The sample

structure is shown in Table 1 and the prototypshigwn in Figure 10. The typical module
design for all samples.

Sample Glass Cell Embedding Back sheet foil
A Crystal Mono-crystalline EVA Transparent

B Crystal Mono-crystalline Thermoplastic Transparen

C Crystal Mono-crystalline TPU Transparent

D - Mono-crystalline - -

Table 3. Modules and test sample structure.

Figure 10. The typical module design for all sampke
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3.2 Sample A

All samples of the A type managed the laminatiarcpss well. There were no broken cells or
cracks to be seen in the EL photos afterward, éxtepmn some micro cracks that are not
known to influence the cell performance in a greaémse. The micro cracks are seen on 5 of
the totally 20 A sample cells. Visually they alMeaa clear transparent combination of glass-
embedding material-back sheet foil.

Unfortunately it was not possible to measure thelivwes for the DH samples due to the ling
test time and the DH needed to begin as soon asbbmstherefore only the HAST samples
were measured. Comparing the result of the HAS Tsoreanents before and after lamination
there was a maximal voltage loss ig.0df 1.3 mV (H2-A2), i of 0.15 A (H1-A3) and Ry

of 0.08 W (H1-A1l). Generally the modules have a%.2ower R, 1.5 % lower J. and 0.1
% lower Uy, taken as a percent difference, comparing prerateiand laminated samples, of
the averages of all modules and cells.

3.2.1 Damp Heat

At the first measurement of the Damp Heat thereewsyme interesting changes to the
samples. The previously completely transparent nesdoad developed a white haze inside
the material making it difficulties to see throutijle materials. The area over the cell was not
showing any large change to the bare eye compaomgclear the cell was seen underneath
the glass, possibly giving the explanation thathee lies in the embedding material — back
sheet foil combination rather than glass — embegdiaterial. This theory was also supported
by the IV measurements since no large loss in poseurred the first 500 hours of DH.

Visually the A sample start to show changes alrestdy00 hours of testing, where a white
haze appears seen in Figure 11. In the figureailsis seen that over the cell itself there appear
no white discolouration, what implies that the dpardies with the back sheet foil or the
combination embedding material — back sheet foiheWthe samples are held against a light
yellow/brown tone is seen through the materialspgared to the white light passing outside
the module. At 1000 hours this would also provelitas the embedding composition have
gotten a clearly brown tone, Figure 12. The disgoig of the module continues slowly to
worsen until 2000 hours.

F . -
Figure 11. The sample A show a white haze after 50®urs, appearing after being all transparent

at the beginning.
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Figure 12. At 1000 hours the white haze has a browmone.

The corrosion began at 500 hours, mostly on thegdahe connector leads, that are outside
of the protective closure, but also at the backeidde bars inside the embedding, Figure 13.
After 1000 hours it is also possible to see sonreosmn appearing around the edges of the
leads, coming over to the front side, Figure 14.2800 hours there were signs of severe
corrosion as the bus bars on the back side of elestarting to show a blue-green colour,

meaning that the corrosion now has reached the sopmper core of the leads, Figure 16. At

the connection leads, a brown discolouration grgwant from the corroded metal leads into

the embedding. This would with further aging worsen possibly cause de-lamination.

4 A T ——

Figure 13. The fronts of the DH-A3 lead after 500 turs DH and the clearly corroded back side of
the same lead.

Figure 16. DH-A5 at 2000h front side corrosion andht the back side bus bar also green copper
corrosion is to be seen.

There are de-lamination signs showing on the A $ammpthe edge region of the glass. They
appear after 1000 hours of testing and look likeeldhck sheet foil is being drawn towards the
middle of the module. This leaves a strip of deitaated back sheet foil at the corners where
the embedding no longer grips to the foil. AfteO@thours it has expanded, now covering all
the edges of the module with an up to 8 mm loosae, dfigure 17 - Figure 19.
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e
Figure 17. The sample A show a proceeding de-lamitian at the corners at 1000h, it is seen that
the back sheet foil no longer grips the glass.

BB
Figure 18. At 1500 hours it is slowly getting worsenow covering the entire edge of the cell.

Figure 19. At the 2000 hours stage the sample A d@mination at the edges is clear.

Due to the haze, the transmittance features hadaligtchanged. It was a clear reduction of
the transmittance features of the non aged modEigsye 20show an integrated average of
the transmittance development over the time togetitd a trend line. The value decreased
from 0.88 at 0 hours to 0.80 at 500 hours, whiclith almost 10 %. Figure 21 show the
transmittance spectra at the different measurerpentts. The transmittance degradation
continues over the test time until 2000 hours whenimprovement is seen, where the
transmittance suddenly increases from 0.61 to @&8,13 %. From the figure a 5 % loss of
transmittance appears after 500 hours, that giviE% #oss every 100 hours. Considering the
DH test time of 1000 hours to correspond to 20 y&acan be interpreted as 1 % loss every 2
years or 0.5 % per year or 50 hours. A base ofldggadation can therefore be set at 0.5 %
per year. The average trend line is placed high@n the measurement points, this because
the transmittance improves itself at 2000 hoursl #e line is calculated on the average
slope.
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115,00% -

110,00% -

105,00% -

100,00% B

95,00% - =~ -

90,00% o - -

85,00% - =~ -

Transmittance [%]

80,00% -

75,00% -

70,00% -

65,00% T T T T T T T T T |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
DH Time [h]

[ O DHA— —DHTrend|

Figure 20. Transmittance average for DH over testimne.
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Figure 21. The DH-A samples at 0, 500, 1000, 15@mhd 2000 hours.

Since there are no large differences in the IV-ewt a typical DH-A sample seen in Figure
22, taken at the transmittance extreme values 4600 and 2000 hours. The conclusion is
that the change in transmittance rather lies betiiacell in the embedding material or in the
transition between embedding material and backt$bee
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DH-A4 IV
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Figure 22. IV-characteristics at 0, 1500 and 2000durs of DH for DH-A4

The power degradation of the modules are as exgeetatively small as seen in Figure 23
showing the Ry, development. A 1 % decreases every 800 hours teatl30 hours of testing
in order to achieve 0.5 %

DH-A Average Pmpp
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Figure 23. Ry, degradation over DH test time

3.2.2 HAST

In difference to the Damp Heat the HAST does naiseaa white haze in the embedding
material. A reason is that the higher temperatdiese to the laminating temperature about
140°C, suits the sample A materials better tharidiver DH temperature. However, in the

case of HAST testing, a white haze appear ovecéhis. At 48 hours a light browning could

be seen in the transparent embedding, but notarséime extent as with the DH samples.
There was no recognisable change to the bare eydlowtest time.
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Figure 24. Pale area on the front side of the H3-&ells at 48 hours.

N | 0
Figure 25. The H1-A samples also show a clear didoaring above the cell after 72 hours.

At 12 hours in the HAST a light corrosion on thdesueads appears, however the embedded
part are almost unaffected from the test. During tbst time the corrosion grows until
covering the complete bars at 144 hours.

\ = k 2 ¢ N ’ >
[ e - ’ v ¥ rs N s

. — - ab
Figure 27. Corrosion inside the A sample at 48 hosrof HAST on the back of the lead.
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Figure 28. Here H2-A2 showing front side corrodeddads after 72 hours.

Figure 29. H3-A3 front side corrosion after 96 hous.
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Figure 3\0. Corroded back side bus bar in the H3-Aamples at 72 hours, this occurred at 96 hours
for the H2 samples.

Regarding de-lamination at the edges, the backt $biéevas not gripping already after 24
hours. In the A sample a small area could be seeth® H2-A2 sample above the cell; a
group of small bubbles between glass and cell Ei@8. These bubbles were however not
expanding over the test time, so it does not sdanitlis a degradation de-lamination.

- ———— TR

b
!

Figure 31. HAST 24 hours: A samples show some deatination at the edges similar to DH.

Figure 32. The same view of the A module at 48 hasirNow the embedding have a light browning
but the bubbles does not seem to expand. The de-laration at the edge is also seen.
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Figure 33. The A modules are still transparent (ldfpart) in difference to in DH and some bubbles
between cell and glass at 24 and 48 hours.

In the transmittance there is a degradation alsherHAST, but not as fast as expected from
the theory. The fastest HAST, at 110°C, arrives88e% break first after 250-300 hours

following the trend in the Figure 34. The other 1v#i@0°C reaches 80 % after 400 hours and
130°C after 500 hours. This does not relate tahbery, where each 10°C step should reduce
the time to the half. That is if the 110°C last 3@@rs, 120°C should be 150 hours and 130°C
75 hours. This could however be explained takingegmard that the worst visual degradation

took place at 85°C, that is the higher temperatseem to reduce the transparency

degradation.

In Figure 34, it is seen that a similar proces®saglace in the transmittance for the H2-A
samples. It reaches the lowest curve at 72 howrshem improves itself up to 144 hours. This
could suggest approximate 70 hours of HAST coiaato each 1000 hours of DH. 144
hours would then be around 2000 hours of DH, wiaerémprovement in transmittance was

seen.
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HAST Average Transmittance
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Figure 34. Transmittance average for HAST (H1: 1168, H2: 120°C, H3: 130°C) over test time.

In the Figure 35 the integrated average of thestrattance curves is shown. A 5% reduction
can be read out at approximately 130 hours. Tiviesgl % every 26 hours and the 0.5 % rate
at 13 hours. A lowest measurement is made at 78&tend then the transmittance recovers
according to Figure 36. The IV curves at the exgemlues at 0, 72 and 144 hours are
basically constant and does imply that the trartamite reduction have not taken place
between cell and glass Figure 37.
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Figure 35. HAST 120°C A sample transmittance degraation with trend line.
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HAST over Time, H2-A
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Figure 36. The time variation of the HAST sample Aat 120°C.
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Figure 37. IV-curve for H2-A4 at 0, 72 and 144 hous.

Figure 37 show that the same conclusion can be madarding the IV-curve and
transmission as with DH, that is, the changesrigiser with embedding behind than in front
of the cell.

The power decrease in the case of HAST 120 °C, sedfigure 38, show of a 0.25 %
decrease in 130 hours, this can be approximat@dbtéo in 250 hours.
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H2-A Average Pmpp
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Figure 38. H2-A sample R, average over test time.
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3.2.3 Comparison

The visual control of the cells gave a couple ahikir developments, and some totally
different. The variation in colour were most liketytrace back to the temperature ranges the
DH and the HAST works in. Corrosion appears fastddAST, already at 12 hours the first
signs were there on the outer leads. However 12 Wwould relate to somewhere less than
250 hours in DH and the samples in the DH chambeldonot be inspected at that moment.

Figure 39 shows all the integrated average tramanaé values for DH and HAST samples.
The HAST time scale has been corrected to 500 hands it shows an almost parallel
degradation in 110°C, the other two were close @b withough not meeting the expectation
of reducing the time it shows that there is a catioa between the two tests and the materials
tested have to be considered regarding the remudtshe test type.

DH versus H, A Samples
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Figure 39. The different test types, DH and HAST, @mpared in transmittance development.

Considering the results of the 0.5 % degradatiomfChapter 3.2.1 and 3.2.2 the following
relation appears: in DH the 0.5 % time was 50 handsin HAST 13 hours. This would result
in an acceleration factor of 50/13 that is arouriings faster testing in HAST.

Due to the initial power increase the trend of H&ST power is also increasing, since the
effect of this is much smaller in the DH the treschot influenced. Figure 40 shows the trend
lines in both cases. The figure show that the digran for the A samples seem to go far
slower than with 10 times the speed, giving the &F4 from the transmittance more
relevance. However it is needed to remember thatptbwer degradation normally work
slower in artificial aging compared to real lifepexience. The heavier degradation in DH
have also been supported by the lower temperatA&THbeing more similar to the 85°C DH.
If assumed that the transmittance degradation wbaléqual in both tests the power trends
would also close in on each other.
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DH and HAST Sample A Pmpp %
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Figure 40. The measured values and the trend lineorrected of the top value after regeneration
with base of 100 % for DH and HAST.

The series resistance grow at a rate of about ¥éy 100 hours in DH and 1 % every 180
hours HAST, Figure 41. The relationship in thg,Bevelopment gives a 110/90 correlation,
that is the A samplessRincreases only 1.2 times faster in HAST.
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Figure 41. R, of DH and HAST.

The slow increasing rate of&Kand the difference in,B, averages are of course tied to each
other. As known from previous work, the power delgteon is slower in the artificial test
compared to the outdoor exposure. A possible csiaiuis that the higher temperature
causes a slower degradation concerning the povaderegistance.
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3.3 Sample B

All cells of the B sample have a thick white hazside the embedding material, however not
covering the cell in the same extent. Two sampéeb\hisible cracks after lamination and one
skew module was produced. On the module DH-B3 tek [sheet foil slipped during the
lamination and brought the cell with it. Howevee ttell itself is still covered from protective
embedding and only a part of the lead comes otlitdropen.

The sample B has an amount of cells with cracksather misfortunes that appeared during
the lamination process. Only three of the samplesndt have cracks, micro cracks or
completely broken cells. However the cracks hawaiwed during the lamination, and since
the module itself is intact and the performanceé&asured before the test starts it should not
affect the degradation.

P =

Figure 42. DH-B3 and H2-B3, completely cracked aftdmination.
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Figure 43. The back sheet foil slipped on the DH-B4

The largest changes in IV-characteristics are afsmthe broken cells. The H2-B lost 0.27 W
or 6,8 % of its power due to the crack when lanadafThe average change in current and
voltage are of minor effectgllost 0.7 %, Y. 0.2 %. The average power loss was 1.2 %,
which is in average exactly the samgftoss as in the A sample.

3.3.1 Damp Heat

It was not expected after the bad results withldin@nation, but the B samples cleared up in
transparency and improved. No signs of corrosiodiseolouring, not considering the white
haze, which was better than after lamination. TheaBiples are showing the best results in
the DH of all the materials. Except from a smafiadlouring covering the back side as seen
in Figure 44, there is no visible degradation. Epets have a yellow colour and are only to
be seen close to the bus bar, which are remaima fiee flux used by soldering. The
transmittance even seems to have improved, sineewthite haze has withdrawn itself
compared to just after lamination.
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Figure 44. The back side bus bars of the DH-B3 at0® hours, showing th typical discolouring of
the B samples. The smudge in the left corner is tebver from the lamination is what caused the
cell to crack.

No corrosion is to be seen inside the embedding.0OH-B4 is the first sample to show inner
corrosion at 1500 hours, this due to the slidirgf thccurred during the lamination process,
which caused one of the bars to be exposed out$ithe protective glass.

¥ i ¥

Figure 45. B sample corroded only at the skew cdllH-B4

o e Sl

Apart from these two factors more or less nothiegns to happen to the B samples. The bus
bars stayed free from corrosion until 1500 houtsemvlight brown appeared on the back side
of the leads. Even after 2000 hours the only exampbwing corrosion on the front of the
leads are the DH-B4.

Figure 47. The typical B sample corrosion after 20D hours, DH-B2.

Not a single one of the samples show a beginnindgaméeation after 2000 hours.
Disregarding the outer part of the leads and thigewtaze that do not influence the power as
shown in the IV-characteristics, there is nothidgrging for the naked eye with the B
samples.

The transmittance of the DH-B shows an interestiegpvery after some time in the DH
chamber. From the poor results at the beginning rdsults improved with a 12 %
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transmittance gain after 500 hours of DH, in Figdgeit is seen that after 2000 hours it was
beneath the initial improvement again. In Figuretl#® degradation is shown, with the initial
12 % improvement, and after 2000 hours the tranangé has reduced with almost 20 %
according to the trend line. A5 % loss can be sdtr 500 hours, giving the 0.5 % after 50
hours.
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Figure 48. DH-B transmittance development over tedime.
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Figure 49. The transmittance average, regarding oml degradation and not the initial
improvement, shown over the DH test time.

DH-B show as in Figure 50 a 0.5 % reduction idevery 900 hours.
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DH-B Average Pmpp
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Figure 50. Average R, for DH-B samples

3.3.2 HAST

In the HAST 120°C range nothing passed until afterhours when the H2 leads slowly

started to corrode on the back, Figure 52. At 7@ $ithe first front side corrosion also appear
in the 130°C test.

Figure 53. A light corrosion appear on the front ofthe connector lead at 72 hours at 130°C and
the back looking worse, H3-B2.

Figure 54. Light backside corrosion on the H1 sampk after 72 hours.
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Since it is almost not possible to notice any dédfee with the bare eye to changes in the
white haze of the HAST samples, the developmebies described with the transmittance
measurements.

In Figure 55 it is clear that the HAST makes tlamsmittance worse and does not improve it.
Once again the embedding materials temperaturengdeas make the difference. The B
sample clear in 85°C thus a better transmittanod, ia higher temperature closer to the
lamination temperature the white haze thickens, ihiseen as a faster degradation. With the
integrated values of the transmittance curves thé&®degradation can be related to 5 hours,
from 5% lower transmittance after 50 hours.
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Figure 55. The Transmittance measured values and éhtrend for H2-B samples over time.

The H2 samples reaches a degradation minimum koW and then it improves itself a little
after 144 hours.
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Figure 56. DH-B transmittance development over tedime.
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The Rnpp show a 0.5 % reduction for every 400 hours inchse of B samples, Figure 57.
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Figure 57. Average Ry, for H2-B samples

3.3.3 Comparison

As shown in
according to

Figure 59 the correlation between the tests in transmittance is not the same
power.

It is however possible to withdraw a relation beawddH and HAST the 0.5 % comparison
degradation gives an AF of 10 in this case, thad® hours of HAST relates to 1000 in DH.
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Figure 58. Transmittance over time in both DH and HAST for the B samples.

Regarding IV-characteristics and power the B sampgleow very good features. As seen
below, when the initial power increase is removkd samples show an almost parallel
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development to the DH. With basically no power lossr the test time, the B samples hold
the best records in this work.

A larger similarity is also seen in the,R in Figure 59, a factor around 2.5 correspond

between the both tests. Taking the single lineltedtom previous chapters a relation in
transmittance of 10 times, can be seen and fhged@gradation comes to 2.25.
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Figure 59. DH and HAST 120°C in relation to each dter over test time. Trend line calculated
from top value after regeneration.

Looking at the trend lines of the series resistat@eslopments over time the process in the
HAST seem to take place with just over 10 timessieed of the DH, Figure 60.
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Figure 60. R, development in the DH respective HAST.
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3.4 Sample C

The C samples were in a large extent difficult wldy four of the cells survived the
lamination without any micro cracks. Five of thdlgeDH-C3, H1-C3, H2-C5, H3-C1 and
H3-C3 have cracks that cover large areas of ths.delthe Figure 61 below the five broken
cells and one example of less serious cracks H&HO®Wed as they appear in the EL photos.

Visually there is a white haze in the C sampleswad, but a light one that is fairly
transparent. The lamination also left some air kegin the embedding material, where the
vacuum was not able to remove all air. These shooicffect the test since they are far away
from the edges and a good distance of closed enmgedthterial hold from the glass edges.
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Figure 61. The broken cells and a cell with largeracks, H1-C5
The influence of the lamination on the power hassed a large change in before and after

lamination power, mainly because of the many crdcked broken cells. An averaggyploss
of 4.4 %, with the maximal power loss of 0.54 W1@.2 %. The voltage only show a 0.3 %
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reduction and the,da 3.6 % decrease. | the case of the C samplessafalmost four times
the average power compared to the two other, ABarsimples.

3.4.1 Damp Heat

The haze that was to be seen in the C embeddingrialathas after 500 hours of DH almost
completely disappeared and the modules look fudlggparent. However, more interesting are
the yellow spots going into a brown colour at tleatce of the spots closest to the metal as
seen in Figure 62, where it clearly appears at eatttered corner of the bus bars. The same
discolouration also appears on the back of the fm#lbwing the bus bars.

A SRS AR

B bt IR, % Ry, e e e e T A = —

Figure 62. A typical view of the yellow spots on 1 C samples.

Also the brown corrosion is clearly to be seen mik and inside of the embedding on the
leads, it is also seen on the back side bus bars5@0 hours a copper corrosion also appears,
a blue-green colour follows the back side bus harseen in Figure 63.

Figure 63. Back side bus bar of the C samples hewcorroded after 1500 hours.

Passing 1000 hours the visuals of the cells sheardigns of aging. The C samples have
severely de-laminated and a clear browning hasapge This process continues over 1500
and 2000 hours, ending with no grip at all betwbank sheet foil and glass/cell. The cell
grips to the glass, but the de-lamination growshenfront side between cell and glass from
1500 hours of DH. Inside the module the embeddiatenal slowly breaks down and starts
to fall out of the module, Figure 64 - Figure 68
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Figure 64. The DH-C at 1000 hours, it shows a growmj de-lamination on front side close to the
bus bars.

-

Figure 65. The complete back side of the module hawle-laminated. c) The DH-C at 1000 hours,
with severe de-lamination behind the cells.

Figure 66. The C samples now de-laminate at the fnd side as well and not only at the bus bar.
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Figure 67. The heavy de-laminated and corroded bacside of the 2000 hours C sample.

="

&l
Figure 68. The thermoplastic falling out of the C amples.

The C sample show an initial improvement in trartance as the white haze disappears after
the first 500 hours of DH, see Figure 69, theredfte degradation increases and if the initial
improvement is removed there is a clear loss afstrattance with 15 % over 2000 hours.
Figure 69 also confirms the initial improvement atiten show a rapid decrease in
transmittance and 0.5 % degradation is calculatéthours of DH.
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DH-C Transmittance Average
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Figure 70. Average transmittance degradation in DHover testing time with initial improvement
removed and only considering degradation.

Figure 71 gives the degradation to 0.5 % everyalr$) which is almost the double from the
transmittance degradation above.
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DH-C Average Pmpp
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Figure 71. DH-C average power over DH test time.

3.4.2 HAST

The C samples show large changes already at 12 lidUAAST. Bubbles are seen on the
110°C and 120°C samples on the back of the cell38%C the embedding material appears to
have melted, with some of the material floating ofithe module. Hence the back side is
delaminated in large areas. At 110°C there arenbétg spots to be seen on the C samples as
in the samples at 500 hours of DH, however notaagel Figure 72. At 48 hours the H2
samples show small yellow areas, Figure 73 atdldes point between bus bar and connector
lead. A brown shade is also seen in the embeddatgrral, Figure 74.

" .
¥

Figure 72. Yellow spot on the H1 samples after 24olrs.
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Figure .74. Browﬁi-ng and bubbles of H2-C samples &8 hours.

Considering that the corrosion it is a lot strongemrosion in the HAST, where the bus bars
also show a much more rapid corrosion, like indage with the bubbles in the C embedding.
Not even at 2000 hours of DH does the bars havalthest black corrosion as they achieved
after 48 hours of HAST. The H1 mode samples arentbst similar to the DH, but also here it
is clearly seen that the corrosion appears in ehrgoeater extent.

At 24 hours the 130°C samples had started to dexdenat the glass edges as well and at 48
hours the complete back sheet foil barely couldhdle in place by the embedding material.
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The lower temperature samples showed growing bdistae 120°C samples they were now
covering the entire backside of the cell. A HASGir side de-lamination can be seen already
after 48 hours. It is obvious that the humidity esnirom the back side of the cell initially,
clearly to be seen on the broken samples, wherbuhedity was pushing through the cracks
and causing a front side de-lamination Figure 7Be Tracked cells are also causing an
accelerated de-lamination since there is moistushipg through from the back and an area
with loose grip can be seen along the cracks. Agtrhimes the de-lamination also follow the
bus bars, while there a less compact laminatichetmbedding materials appears, Figure 76

- Figure 81.

Figure 75. Front side de-lamination begins at 12 hos in the 130°C HAST.

[ = i

S S S — e s —

Figure 76. The back side of each H-C sample at 12trs of HAST, H1, H2 and Hé, with different
stages of bubbles and de-lamination, also the frorif the H3-C1 is seen. The already corroded
leads show a brown discolouration outside the modes.
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Figure 78. This is from the melted H3 samples aftel8 hours. The front side start to de-laminate
as well and some of the cells brake and flow out thithe embedding material.
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Figure 79. Front side de-lamiriéﬁoh of the H2-C saples at 72 hours together with a back side
example.
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Fi.gure 80. H2-C5 at 72 hours, the de-laminated areis clear to see as a darkened area on the cell
from the EL photo.

SE—— |
Figure 81. Increasing front side de-lamination afte 96 hours. H2-C sample, back side is
completely de-laminated as the back sheet foil cdme removed without any resistance from the
glue.

The transmittance levels get worse with an increpaspeed. Comparing Figure 82 with the
same of the DH, Figure 69, an approximation of s@é&ours HAST to 1000 hours DH can
be set. This would give an AF far over 20; howelaoking at the Figure 83 it is seen that the
0.5 % degradation appears every 2 hours and ctadeta the DH it gives an AF of 10.

HAST over Time, H2-C

O i T e i e o e o
I 1

Transmittance

03 T T T T T |
400 500 600 700 800 900 1000

Wavelength [nm]

[00h 012h 4 24h »48h x 72h 0 96h]

Figure 82. HAST transmittance for H2-C samples at 012, 14, 48, 72 hours of testing.
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HAST-120 C Average Transmittance %
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Figure 83. Transmittance degradation for H2-C sams.
The power trend line gives a degradation of 0.5/&4y16 hours
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Figure 84. Average Ry, for H2-C samples

3.4.3 Comparison

The IV-characteristics show a third AF, with an afhone to one degradation. A correlation
of the two hours HAST and 20 hours DH gives an AR® in this case as well. The,5
degradation however suggest a far lower AF with tides from the relation 16 hours of
HAST to 40 hours of DH. From the Figure 85 theduwling relation is found; HAST degrades
with a speed of 2 % every 50 hours, the DH witl¥d@very 700 hours. This gives a AF of
2.8.
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DH and HAST Sample C Pmpp %
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Figure 85. Ry, for DH and HAST with measured values and correctedrend lines.

The series resistance increase is far more aggeesssthe DH, which would also explain the
much faster power degradation.

DH and HAST Sample C Rser %
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Figure 86. HAST and DH series resistance developmieover time.

The EL pictures of the de-laminated C samples shoeommon development with the D
samples. Darker areas are seen, where the sesistanee have increased and at the C
samples there are also micro cracks after lamigdtave broken off parts of the cells by the
de-lamination process. As seen in Figure 87 tareig88 below, there is an increased
degradation of the de-laminated cells comparetigmaked ones.
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Figure 87. The DH-C2 at 0 hours of testing at theop left, at 1000 hours during EL testing top
right; dark clouds at the cell edge implies higheseries resistance. The bright area at the bus bar
low left is probably due to a bridge over the celedge causing a short circuit. Bottom left; the
same DH-C2 at 1500 hours. The de-lamination influeae is becoming clear to see due to the
darkened areas. Bottom right; finally at 2000 hours

Figure 88. Left H2-C2 at 0 hours, right at 96 hoursshows that this also apply for the C modules,
similar to DH.
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3.5 Sample D

After soldering the naked cells, 10 out of 20 exkl®fad cracks or micro cracks. However
no cells were broken. Since the first step wasdides the cells, no measurements were
performed before soldering, except the EL pictureoider to make sure that no already
cracked cells were soldered or laminated and zerorsh|V-measurements. While no
lamination took place on the D sample there is alsdV-curve before and after lamination,
further the transmittance measurement can not be sioce there is no transmittance through
the cell or through any embedding, glass or baeletstoil around it.

3.5.1 Damp Heat

The naked cells now show a continuous corrosidrgvar the metal bus bars. The front side
looks like before but on the back side there isaek dyrey colour covering the cell, except
closest to the bus bar where the flux is placeddiglering. To notice is also the broken off
corner on the D5 cell.

Over the test time there is not much change todtieed when just visually inspecting the
cells. The back side dark grey remains the samatt@900 hours. The bus bars show a slow
brown discolouration that grows over the time. A0Q hours it is even possible to see a
beginning copper corrosion on some of the cells.2800 hours some dark discolouring
appears on the front side of the cell, Figure Bfyure 93.

It is possible that it is just the question of dird water left on top of the cell rather than cell
corrosion.

e gy Wl oy :_..-.._:.'."'.4.".'2."-..!5:.-";'_' D i A
Figure 89. Corrosion after 500, 1000, 1500 and 200@urs of DH, DH-D5.

Figure 90. Discoloured back side and corrosion orhé back side bus bar, DH-D5.
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Figure 91. The broken off corner and front side sirilar to an untested cell, from the DH-D5 after
500 hours.

L

Figure 92. DH-D4 sample show signs of corroded copp after 2000 hours DH (the small strip
above the bus bar).

Figure 93. DH-D1 has a black discolouration on thé&ont after 2000 hours DH.

The power trend line for DH-D show a degradatio®.af % per 175 hours.
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DH-D Average Pmpp
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Figure 94. Average Ry, for DH-D samples.

3.5.2 HAST

In HAST the H2-D1 and H1-D4 got dropped and theeeforacked, Figure 95. It will
however still be tested as long as it gives poveetha data could be interesting to compare
with the broken cells in the modules.
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Figure 95. The broken H2-D1 after it was dropped. @cked of part of H1-D4

A grey discolouring appears on the back of the, €afjure 96. The bars corrode fast, already
at 24 hours the colour is getting brown. The precamtinues and the colour tends to go in
the direction of black at 96 hours, Figure 97.
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Figure 96. The grey discolouring appears on the béside in HAST to, after 12 hours.
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Figure 97. The corrosion development over 12, 248472 and 96 hours in HAST

The degradation calculated for the naked cellsA$H comes to 12.5.
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Figure 98. Development of average g, for H2-D samples.

3.5.3 Comparison

Starting the IV measurements brought some inteigsésults. The naked cells, although not
in a bad shape noticeable with the bare eye, pextitiee largest power losses compared to
zero hours of testing. That is considering the poimerease due to regeneration with the
higher temperature in the HAST testing, the powdhé same as at zero hours while all other
samples improved their power with 1 — 2%,

A comparison of the degradation of the naked cmllsnteresting, since they show the
influence of the tests independent from which endiegl materials that are used in the
modules and a clear relation between the test tgaes be made. When the first two
measurements are removed, due to the initial regtoe that causes the cell power to rise,
an AF around 6 can be determined for the D samplespdegradation, Figure 99.
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DH and HAST Sample D Pmpp %
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Figure 99. DH and H2 R,,, over testing time. The initial measurements remowkand starting the
degradation of the HAST samples at the top power naesured. Measured values plotted.

Sample D shows a large increase in the seriedarsesof 5.8 %, the overall average increase
of 2.6% for all samples. Looking at the resistadicanges, it is likely that the dark areas seen
in the EL photos are due to increased shunt resistal he series resistance increase would be
due to the corrosion of the leads.

It is seen that the & grow with a faster pace in HAST as in DH, as ex@@écThis is
according to the visual check that show a clearyaorroded lead in the HAST case. When
starting at the lowest value of thg.Rhere is a factor of 7 between HAST and DH.
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Figure 100. Series resistance development showed floe H2 and DH over testing time.

A comparison of the EL pictures also shows somalaiities in the development of dark
areas, which is with degraded connectivity, shumt®ther damages. Looking at the case
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study of the cell DH-D3 from 0 to 2000 hours theyelearly seen that the dark areas at the
top grows, Figure 101, HAST show it in a sloweerhut still possible to see as the H2-D3

show in Figure 102.
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Figure 101. Top left, DH-D3 at 0 hours. Top right;DH-D3 show increased dark areas at the top,
after 1000 hours. Some small cracks are also to Iseen but they are at the same level as at the
beginning of the test. Bottom left; at 1500 hourthe development continues. Bottom right; DH-D
after 2000 hours
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Figure 102. Left; H2-D3 at O hours. Right; after 96hours HAST, at the top some growing
darkened areas can be seen.
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3.6 Sample Comparison

Discolouring does not show the same developmebaimp Heat and in HAST. The different
embedding materials show various responds to thgdeatures in which the tests are
conducted. The samples in group A improves in HA8Tdecreases the transparency in DH,
with B it is the opposite. The similarities were 4ee in the C samples, where the yellow
discolouring appeared in both test types.

The de-lamination are showing some differencess oruch earlier stage it is possible to see a
front side de-lamination on the HAST samples comgdo the DH. In DH the front side de-
lamination only occurred after a severe damageherbaick was already caused, and this was
after 1500 hours of testing. The C sample complaletlaminated on the back side of the
module in both tests, in DH after 1000 hours anHIAST 120°C after 96 hours, according to
what the theory of the degradation increase told.

The corrosion show a much more rapid developmetitarHAST, the first signs of corrosion
appeared already at the first inspection at 12 sioutarger extent than it was to see in the
DH. From the test time theory it should have besible first after some 20 hours at 130°C
HAST. This should depend on the higher water vagmnetration in the HAST chamber
compared to the DH.

In Figure 103 it is easy to see the large diffeesnio the transmittance for the three different
samples during DH. The A and C show an almost |ghrdécrease, although the C sample
completely de-laminated after 100 hours. The exlan is that the transmittances in large
amounts no longer were passing through the embgaddaterial, which was non-transparent
at 2000 hours, and the measurement was of dirgsgla
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Figure 103. Transmittance for all three samples ovdime. Trend lines corrected to 100 %.
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HAST and DH Average Transmittance %
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Figure 104. DH and HAST average transmittance degiation for A sample.

H2-A

Regarding the power degradation, the fact that lower than the material degradation in an
artificial test, seen in Figure 2, it is expectbdtta 5 % power decrease normally appears after
40 year of exposure to Miami climate. Thereforstfit a later stage it is expected that the
Pmpp Start to increase with a steeper slope.

The power degradation was in a large extent hadgrdge, partly because the regeneration
that took place in the HAST did not occur in the .DFhe only sample that showed a

remarkable increase after 500 hours of DH was tlsar@ple, which was to explain with the

embedding material improvements that occurred.

The A sample reaches a topypPvalue at 24 hours, which is 24 hours earlier thlathe other
HAST samples. Then a 0.03 W power loss occurs a8 hour test time, whereas the DH
has lost 0.08W over 2000 hours. It should be rensgetbthat the A sample had the best
transmittance results for the HAST Figure 105, dratefore it is logical with a slower,f,
degradation.
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Figure 105. HAST and DH Average B, values in Wfor sample A.

Similar for HAST and DH in the case of B moduleshat the power goes up and down over
the test time. There are peaks at 48 hours as &xpeand then again at 144 hours in the
HAST, and in the DH at 500 hours and at 1500 holine peak at 144 and 500 hours is
explained from the improved transmittance in themaples at these points.
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Figure 106. HAST and DH Average B, values in W for sample B.

The C samples have a development that does nohmdtit the other samples showed and
what was not expected from the theory. At the talpes, 48 hours HAST and 500 hours DH,
the Pnpp Of the modules was at the same level, around \B/8%hen the DH dropped to 3.58

W at 1000 hours what was not even reached afterhbdds of HAST, the power being at

3.76 W. Although the last big drop occurred betw#&s00 and 2000 hours of DH, it could be
expected that the 144 hours HAST should have relattieelevel of the 1500 DH. 192 hours
would correlate to 2000 hours according to the mhedhe 0.11 W power loss over the 96
hours does not come close to the 0.98 W over 150@shn DH. The AF in this case would

be approximately 1.7, it would take the HAST 90Quisoto complete a 0.98 W power

decrease with the slope of Figure 107.
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HAST Time [ 0h E500h 011000h [11500h M 2000h]
Figure 107. HAST and DH Average B, values in W for sample C.

Among the D modules a similar phenomenon occumaébpugh the DH started to decrease
already at 500 hours, and even the difference ebtioken cell DH-D5 only made a 0.01 W
difference in the average. The HAST samples readhedtop value after 48 hours,
confirming the regeneration theory that the cellsravimproving their efficiency until 48
hours of HAST had passed, since there are no tittasee improvements with the naked
cells. A factor of uncertainty is however if the ageshould have been even higher,
considering degradation that occurred during tret 8 hours of HAST.

However the period after the initial 48 hours shaw.06 W decrease for H2-D until 144

hours, in the DH there was a 0.20 W decrease tnee2000 hours, with the broken cells

removed. This gives a hint of the AF actually beingthe area of 2000/480 or 4.2. The

broken cells do have an influence, but it is séean the power recovers at 96 hours of HAST.
The AF calculated from the average of all cellS0A loss under 132 hours HAST and 0.20
W loss under 2000 h DH, gives 500/44 and the AR.IThis however is disregarding the 48

and 72 hours of HAST and assumes that without beattie cell the average would have been
continuous like the values of 12, 24, 96 and 14drsiamplies.
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H2-D, broken and not broken cells
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Figure 108. HAST sample D cells, with and withoutte broken cells
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Figure 109. HAST sample D cells, with and withoutte broken cells

Figure 110 and Figure 111 show some differencéisarserial resistance development. In DH

the C sample has an extreme slope which of cowperdls on the de-lamination and the
damages caused by moisture that concentrates bebaek sheet foil and glass. In HAST the

Rser Of the naked cells increases, in this case ik@atned from the extreme corrosion that

occurs on connector leads and bus bars. The Idwgsdre also the modules that deliver the

best power in both tests, DH-B and H2-A. These dasnpave the best protection against
moisture according to the level of corrosion insitie modules, and the differences are
mainly due to other temperature coefficients tlaatse the transmittance to vary between the
tests.
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DH Rser Averages
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Figure 110. A comparison of DH average R, for each sample.
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Figure 111. Comparison of all H2 sample averages drtheir R,

3.6.1 Correlation

There is a correlation between the two test typasd, in most cases the AF lies around the
expected value of 10, as in the theory. Howevisrmeeded to reflect on which material types

that should go through the HAST test. It have besan that the high test temperature easily
causes temperature sensitive materials to meleformh in such an extent that it is hard to

make a difference between the damaged caused fymgy and from melted material.

The AF has been varying from about 2 up to almésti@pending in the material and test
method used. However it gives a mean value cloghdaheoretical 10 and therefore the
correlation can be seen as confirmed. The besewathieved was in the transmittance giving
an AF of 8.14, this would give a HAST time of apgroately 123 hours for the standard
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1000 hours DH. As expected the AF in IV ang;Rre not as good with values of 4.38 and

3.16, time in HAST: 229 and 317 hours, howeversitekpected that after 200 hours the
degradation should increase and correct these AF’s.

Time for a 0.5 % loss to
appear. AF for HAST compared to DH
DH HAST AF AF | AF
Sample IV |Trans| IV | Trans |AF IV | Transmittance| Rser | mean
A 400 50 | 250 26 1,60 1,92 1,22 1,58
B 900 50 | 400 5 2,25 10,00 2,2% 4,83
C 40 25 16 2 2,50 12,50 - 7,50
D 2000 - 480 - 4,17 - 6,00 5,08
D (broken)| 500 - 44 - 11,36 - - 11,36
Average AH 4,38 8,14 3,16 | 4,75
HAST
Exposure
Time 229 123 317 | 211

Table 4. Calculated AF and the average values reaedl in this work.
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4 Results & Conclusions

The expectation and goal of this thesis was tobéistaa correlation between the two test
types, Damp Heat (DH) and Highly Accelerated Stiessst (HAST). The awaited correlation
was 1000 hours of DH to 48-96 hours of HAST.

The expectation to establish a correlation betwberntest types has been made. It has been
shown that there are in most cases an acceleffaibor (AF) of between 5 and 10, however
it is needed to do further measurements in ordeptdirm the correlation. The test will have
to run under a longer time, preferably until the92@,,, reduction have occurred in both test
types. Suggested are also to do the measurememtsiio 1:10.

To take notice of is that the HAST test appeatsetonore temperature dependant than the DH

regarding the materials. This will need that thdemal temperature characteristics are taken
into the calculation of the test time for the saemol run in HAST.

4.1 Further Work

Investigate the position of the samples in the dhem
See how the temperature coefficients of the masdoehave in DH respectively HAST.
Longer test time, until the samples have reach2@ % power decrease.

To confirm the relationship with the humidity inase, that is, if the 1 % to 1°C correlation
stands.
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