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Abstract

A sensor developed for measurement of water concentration inside glass/polymer encapsulation structures with a particular application are
accelerated aging of photovoltaic module encapsulants is described. An approximetetiisk porous TiQ film applied to a glass substrate with
a conductive coating acts as the moisture-sensitive component. The response is calibrated with weather chamber experiments for sensors o
the environment and with diffusion experiments for sensors laminated under an encapsulant. For the interpretation of diffusion experiment res
a transport model describing the diffusion of water across the polymeriiii€rface is developed. The logarithm of AC resistance shows a linear
dependence on water concentration in both open and encapsulated calibration. The first measurable response from an encapswaead.5 mm
size sensor is obtained when approximately.i®f water has entered the film. Implications of the calibration results for sensor usage in acceleratec
aging tests are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [4] is an important field of study. This is the case especially
in thin-film PV applications where the active solar cell mate-
Photovoltaic (PV) energy is a rapidly growing source ofrial (~1-10pm in thickness) is deposited on a glass substrate
renewable electricity with positive expectations for the future.and covered with the encapsulant as showrfig. 1, mak-
The competitiveness of PV electricity depends on the efficiencying them inherently vulnerable to moisture penetration at the
cost and lifetime of PV modules. All three factors are inter-glass/encapsulant interfa¢g]. The measurement of moisture
dependent. The lifetime-cost trade-off manifests itself in theconcentration inside encapsulated test samples which mimic
encapsulation of the PV module, which is normally done with arphotovoltaic modules would be a valuable complement to accel-
elastomeric polymer encapsulant. Ethylene vinyl acetate (EVAgrated aging tests for thin-film PV modules, but the utility of
is the most widely used encapsulanttoday. It combines good prgreviously reported methofs, 7] involving commercially avail-
tection properties with low cost, but its qualities may degradeable humidity sensors or similar structures is limited by the large
during long-term usage due to stress factors such as UV-light arslze of the sensors. In this paper the development and calibra-
high temperaturefl]. Encapsulant degradation usually has antion of a sensor of micrometer thickness deposited by hand on a
immediate effect on module performance especially if moistureylass substrate is described. This sensor can be used for measur-
begins to penetrate through the polymer to the active cell maténg moisture concentration at the glass/encapsulantinterface and
rials. The interdependence between moisture penetration arichas been developed specifically for the purpose of performing
other degradation mechanisms such as photothermal, photooxecelerated aging tests on encapsulant materials for thin-film PV
idative and deacetylation reactiofis-3] and loss of adhesion modules. The moisture-sensitive part of the sensoris nanoporous
TiO2, which has also been used in atmospheric humidity sensors
- _ [8-10]. The obtained calibration curves can be used for charac-
p\/ﬁ;ﬁlzteg\l/ﬁltoa?: CPE, constant phase element; EVA, ethylene vinyl acetate;-terization of the water di_ﬁusipn process a_t the glz_isglenqap_sulant
* Corresponding author. Tel.: +358 9 4513212; fax: +358 9 4513195 interface, facilitating estimation of the moisture-limited lifetime
E-mail address: thomas.carlsson@hut.fi (T. Carlsson). of thin-film PV modules.
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Nomenclature

A constant in:(r) equation for encapsulated sensg
(g/mn®)

B constant irc(r) equation for encapsulated sensg
(g/mn?®)

c water mass concentration in sensor (gfpm

CcF value ofc whenrg is measured (g/m#)

Csat saturation water mass concentration in sens
(g/mn®)

cTio, Mass concentration of T¥n sensor (g/mr)

C water mass concentration in EVA (g/min

Csat saturation water mass concentration in EV]
(g/mn)

D diffusion coefficient (mri/s)

f frequency in impedance measurement (Hz)

fo limiting frequency for blocking impedance (Hz)

J water flux (g/mnd s)

Jo water flux through sensor/EVA interface
(g/mn®s)

L thickness of EVA film (mm)

p pressure (bar)

PO reference pressure in Clausius—Clapeyron equia-
tion (bar)

P porosity

r scaled logarithm of sensor resistance

rE first measured value afin encapsulated calibra-
tion

R sensor AC resistanc&]

Rg universal gas constant (J/mol K)

Ro sensor AC resistance extrapolated to RH €0 (

RH relative humidity

s thickness off sensofm)

t time (h)

1 time at which water transfer rate becomes co
stant (h)

t2 time at which water transfer rate begins t
decrease (h)

T temperature°C)

Ty ambient temperaturé)

To reference temperature in Clausius—Clapeyr
equation (K)

X EVA thickness coordinate (mm)

Z imaginary component of impedance)(

7R real component of impedancg)

Ah isosteric heat of adsorption (J/mol)

0 density of water (g/mr)

2. Experimental

2.1. Sensor preparation and geometry

Sensors were prepared on 1.1 mm thick glass sheets coatE

with a 150 nm thick indium-tin-oxide layer having £4sq sheet
resistance. A pattern of conducting electrodes was created on th&oum.

EVA

Active material

Fig. 1. Anencapsulated thin-film PV module. The location of the active material
atthe glass/EVA interface makes it vulnerable to interfacial moisture penetration.

glass using photolithography with 10 min etching in a solution
of 32 vol% HCl and 8.5 vol% HN@ The glass was then dipped

in a 10 mass% Na&COs water solution to neutralize the acid on
the glass surface. After removal of the photoresist and cleaning,
transparent nanocrystalline TAGIT-L paste (anatase, average
particle size 9 nm, porosity 50%) made by Solaronix was applied
with a glass rod over the electrode area defined with adhesive
tape, and the sensor was heated at°I7fbr 1 h to remove sol-
vents from the paste, increase film adhesion to the substrate and
improve contact between the Ti@anoparticles. Several differ-
ent electrode geometries were studied, and the fork geometry
shown inFig. 2was chosen as the best one in the optimization
between small size and low resistanEgy. 2shows only 7 fin-
gers on each side for clarity, but the real sensor contained 14
fingers on each side. The width of the fingers and the separation
between themwas 150m. The thicknesses of the prepared 7iO
films, measured with a Heidenhain MT1201 linear transducer,
were in the range % 3 um, which is of the same magnitude
as the thickness of a thin-film solar cell. Thickness variations
reflect the difficulty of repeatable sensor production by a man-
ual method. Film transparency remained good throughout the
preparation and lamination process.

2.2. Sensor lamination

Alayer of 0.5 mm thick EVA (VistaSolar 486.00) with a mea-
sured vinyl acetate content of 33 mass% was laminated on top
of the sensors in vacuum in a Panamac L A3-A Automatic PV

3.45 mm

+150 pm

8 mm

16&12. Geometry of the electrode structure below the;Tilin. For clarity, the
ber of fork fingers has been reduced by half and the smallest dimensions
have been enlarged. The width of the fingers and the distance between them is
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Open sensor ferences between the open sensor curves and laminated sensor
curves can be distinguished: Firstly, the semicircles of the open
Zp (kQ) sensor curves are depressed whereas the semicircles of the lami-
nated sensor curves are elevated. Secondly, the laminated sensor
curves have an approximately linear part at frequencies above
100 kHz. Physical explanations for the capacitive behaviour of
the sensor at low frequencies, the depression and elevation of
the semicircles and the linear response of the laminated sensors
at high frequencies were not sought in this work.
. o The impedance behaviour of the sensor in both experiments
e _.5;7.7-"' was modeled with an equivalent circuit consisting of sensor
e Ve resistancek) in parallel with a constant phase element (CPE).
15 Series resistance was negligible compared to parallel resistance
and was excluded from the equivalent circuit. Sensor resistance
Laminated sensor was calculated by fitting the equivalent circuit to the part of
- the measured curve which displayed semicircle behaviour. The
obtained sensor resistance is equivalent to the distance between
70 the real axis intercepts of the semicircle in the Nyquist plot, and
it was used as an indicator of the water content of the sensor in
this study. Examples of fitted curves used in the determination
of R are shown with dashed lines Fig. 3.

z, (k)

Zg (k)

-10

Z, (kQ)

20 1 Y :-_ 3. Sensor calibration

. B To quantify the dependence of sensor resistance on water

-30 1 et 6.5h content in the sensor, calibration experiments were carried out.
These consisted of an atmospheric calibration conducted on

Fig. 3. Nyquist plots of the response of an open sensor as a function of RH @pen sensors in the weather chamber and an encapsulated cali-
25°C, and the response of the same sensor when laminated under EVA asiation where water diffused through the laminated encapsulant
function of elapsed time since the beginning of a water diffusion experimentyny gradually filled the sensor. The latter gives the calibration
Dashed lines show examples RICPE equivalent circuit curves fitted to the . . . L
semicircle data. Two examples of points corresponding to the IimitingfrequenC)(;’urVe of greatest interest in this appllcatlon, but the greater
fo are indicated. flexibility of atmospheric calibration makes it a useful tool for

studying the temperature dependence of sensor response.

Module Laminator. The maximum temperature during lamina- . o
. 3.1. Atmospheric calibration
tion was 160C.

Sensor response was first quantified for sensors open to the
2.3. Measurement principle surroundings. The response was measured in different temper-
ature () and relative humidity (RH) conditions in an Arctest
The AC resistance of the sensor is highly sensitive to theARC-400 weather chamber. Sensor preparation could not be
water content in the Ti@film [11]. To obtain readings from repeated in precisely the same way since it was done manually,
the sensor, its impedance spectrum was measured with a Zadind as a consequence a variatioias large as 50% was fre-
ner IM6 Electrochemical Workstation in the 100 Hz to 1 MHz quently observed between different sensorsR)gxas linearly
frequency range at zero DC polarization using 500 mV volt-proportional to relative humidity, and a scaled resistance variable
age amplitude. As an exampleig. 3 shows Nyquist plots of was therefore defined as
measured impedance spectra obtained from a sensor when open Ig (R)
to the surroundings at 2% in different relative humidity con- = ;
ditions and from the same sensor when laminated under EVA Ig (Ro)
and gradually filled with water which diffused through the EVA where Ig Ro) is the value obtained by extrapolating the &y (
at ambient temperaturd{=20+ 3°C throughout this paper). versus RH curve to arelative humidity of 0%. The variablas
In both experiments the impedance spectra of the sensor shaqual between different sensors within an accuracy of28604
capacitive (blocking) impedance below a limiting frequeficy  shows the measured Ryversus RH ana versus RH curves at
fo increases with water content in the sensor and is in the rangdifferent temperatures, calculated as an average over six sensors.
0.5-3kHz inFig. 3. Thef<fp parts of the spectra are not shown Itis seenthakg is higher at 25C than at the other temperatures,
for all curves since the measurement was sometimes stoppédt the scaled parametehas the same RH dependence at all
manually whenfy was reached. At frequencies abgyethe  temperatures. The water mass concentration in the sensor,
spectra have a semicircle shape. However, two qualitative difdifferent RH conditions needed to be determined to correlate the

(1)
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Fig. 4. Results of atmospheric calibration, average curves calculated from six 1T (109/K)
sensors. The(RH) curves are independent of temperature.
Fig. 6. Plot of the logarithm of water vapor pressure vs. inverse of temperature,

- . . collected at a constant value of sensor resistance. Since the points form a straight
measured(RH,T) curves inFig. 4with the functionr(c,7). For line with a reasonable value faxh, the adsorption process obeys E8) and

this purpose, thermogravimetric measurements were conduct@ conditior = constant corresponds ¢e= constant.
with a Mettler TG50 furnace equipped with an M3 balance.
TiO, powder was prepared by scraping a film off the glass with
a scalpel, and the weight loss of the powder during heating to The applicability of this equation at other temperatures was
162°C and cooling back to ambient temperature in dry air wasverified as follows. The Clausius—Clapeyron equation which can
measured. The weight loss of the TiPowder corresponds to be used to describe adsorption of water vapor in porous materials
the loss of adsorbed water. This experiment was repeated in se$-{12]
eral RH conditionskig. 5shows the relative weight of waterin a AL /11
TiO2 film, c/cTio,, measured at ambient temperature in differentin () = — ( - ) , 3)
relative humidity conditions. At relative humidities above 25%, po Re
which s the primary range of interest in this study;rio, sShows  wherep is the water vapor pressurgy and 7o, the reference
alinear dependence on RH. By taking into account the mass comater vapor pressure and temperatuxé; the isosteric heat of
centration of the Ti@ film ctio, = (1.1+ 0.2)mg/mm?®, the  adsorption andg is the universal gas constant. The equation is
slope inFig. 4 (r=1—(0.67+ 0.01)RH) and the linear relation derived from the assumption that the amount of adsorbed water,
in Fig. 5(c/cTio, = (0.112+ 0.006)RH), the atmospheric cali- in this caser, is the same in ally,7) conditions. In this experi-
bration curve in ambient conditions was determined to be ment, p,T) values at which thevalue of a sensor in the weather
3 chamber remained constant were recordiég. 6 shows these
r(c) =1- (4% 17)cmm’/mg @) data points, and a linear fit yields a value-o41.1 kJ/mol for
5%, correspond-Ah' This value is with.in the range af;h valu_es measured in
[13] for water adsorption in anatase i@t different degrees
of surface coverage, and it can be concluded that the condition
r=constant is equivalent to the conditior constant. The fact

T To

This curve was verified in the RH range 25—7
ing to ¢ values in the range 3—-9 mg/nim

601 that (RH) in Fig. 4 is independent of temperature therefore
551 indicates that the functior{RH) also is independent of temper-
5.0 ature and Eq(2) is valid at all temperatures of interest in this

L 45/ studly.

9" 4.0

o 1 3.2. Encapsulated calibration

S 351
3.0 —— Linear fit RH > 25% The definition given in Eq(1) for » was employed also for
254 L oo e Linear error limits encapsulated sensors by determinigaat 25°C in the weather
20 . chamber before lamination. The moisture response of the sen-
15 v [ I I , ' , . . sor when laminated under EVA was characterized with a water

15 20 25 30 35 40 45 50 55 diffusion experiment as illustrated iRig. 7. Distilled water

RH (%) was poured on top of the EVA layer and sensor response as
Fig. 5. Fraction of water mass in the sensor vs. relative humidity in the air.a function of tlme',r(t), was measured V\_/hlle the water diffused
Measurements were conducted at ambient temperature. At RH >25%, the relfdrough the EVA into the sensor. The thickness of the EVA layer

tionship is linear. above each sensor was measured separately and was in the range
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Fig. 7. Setup of the diffusion experiment for encapsulated calibration and defi- Bogg 0og
nition of thex coordinate. Sensor response was measured as a function of time
as water diffused towards the glass/EVA interface0 at the interface between 0.8 T T " T T T : T T ‘ " 1
the EVA and the Ti@. 2 8 4 5 6 7 &

time (h)
. . . . Fig. 8. Response of three encapsulated sensors as a function of time since the
the one-dimensional diffusion equation

aC aJ 3°C since the pouring of water on top of the EVA. In the begin-
=——=D (4) . : ) .
ning of the experiment, sensor resistance was too high to be

o ax ox2’
whereCis the water mass concentration in the EVAthe water determined and the first valid measurements conducted just
after 2h gaver values between 10 and 20 Fig. 9 shows

flux; D, the diffusion coefficient of water in EVA and the coordi- )
natex is defined as iffFig. 7with its zero point at the EVA/Ti@ ~ the —dr(7)/dr versus {r — (1)) plot calculated from the data in
Fig. 8 It is seen that-dr/dr remains approximately constant

interface. The initial conditiod (x,0) = 0 was assumed through- a >
out the EVA. During the experimentjs determined by the flux UP t0 a@boute — (1)) =0.25, after which all three sensors show
an approximately linear decline as they approach the satura-

Jo through the interface at=0 and can be written as i . h .
tion pointwhich corresponds to approximately £ r(r)) = 0.45.
t f’ _p 9@ dr This information led to the following transport model across the
_ Jo Jodt _Jo dx

c(t) =0 (5) x=0interface, divided into three separate phases:
N N

wheres is the thickness of the Tigfilm. Egs.(4) and (S)are (1) An initial phase when the transport across the EVAATIO
interdependent since flIIIng of the sensor will eventually reduce interface is limited by the diffusion rate of water through
the flux through the interface as the sensor approaches its sat- the EVA. This phase was modeled by solving &4).with
uration water concentratiofsa When all pores are filled with boundary condition€=0 atx=0 and C=Csg at x=L,
water. This means that the boundary condition to(Bgatx =0 whereCggtis the saturation concentration of water in EVA.
will depend orr. In this work,r(r) data was used to motivate the

choice of boundary conditions as follows. Based on the atmo-

spheric calibration itis a plausible assumption thaill depend 0.35+

linearly onc also in an encapsulated sensor. We can then write 1
0.304 .

¢=—Br+A, whered andB are unknown positive constants, and
write Jo from Eq.(5) as 0_25_' o o st
de(r) dr(z) = "moag s
Jo(t) = s e —sB G (6) = 0201 e O s3
Furthermore, changes irfr) can be evaluated with the rela- §|ﬁ o 15;
tion b
c(t) = cr + Blre — r(1)] () 107
wherecg is a constant representing the amount of water which 0.05
has entered the sensor when the first measuremendehoted 1 ,
by rr, is made. It follows that a plot 6t dr(f)/ds versus (g — r(z)) 0.00 T T 1

AR o . 0.0 0.1 0.2 0.3 0.4 0.5
will give a qualitative picture of the dependence J&fon ¢ (0

o . . re- .
as the sensor is filled with water and approaches saturation. F
Fig. 8 shows the measuredvalues in a diffusion experiment rig 9. piot of—dr/dr vs. ¢ — r(r)) for the data irFig. 8 Under the assumption
for three sensors, S1, S2 and S3, as a function of elapsed tinaea linearr(c) function, this corresponds qualitatively td@vs. ¢ plot.
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Table 1 1.4+
Modeling parameters in encapsulated calibration | Oo..
n

General parameters 1.3 DDOOOO';-. 081

J 0. " -
D (mn?/s) Csat (Mg/mn?) P (%) 2] o 0", Dzi

: [u] (o) [ ]
1.0x10°5 0.005 50 —~ oy o, "ma,
= 114 fo, OOOOO .

Sensor-specific parameters 1 DDDDD o OIIH

- o
L (mm) s (um) t1 andty (h) 10 E‘:\:t\j— Cog, "mmg

] ‘Cttttn Cogq .y
S1 s2 S3 S1 S2 S3 si S2 s3 0.9- E‘“Duug %C?"‘"
0.551 0485 0.507 3 3 3 2and4 2and35 2and3 ] Etttb%%j

0.8
General parameters are literature values, sensor-specific parameters were mea ————1 — . . .
sured. Sensors are labelled S1, S2 and S3. 0.10 015 020 025 030 0.35 040 045 0.50
¢ (mg/mm?)

Fig. 10. Encapsulated calibration curves, showing the response as a function of

The latter boundary condition was valid durlng all thI’eewater mass concentration within the sensor for S1, S2 and S3.

transport phases. Assuming tifats independent of and
that the sensor absorbs water only through its top surface,

the water flux/o into the sensor in this phase[is}] of the curves irFig. 10 which give an encapsulated calibration
dc curve
Jo(t) = —D — 3
dx |, r(c) = (1.55+ 0.05) — (1.76 & 0.06)c mm>/mg. (9)
B DCsat . —Dn?n?t The first measurable signals are obtained at\amlue of
- 1+ ZZ( 0 exp( )] ®) approximately 0.15mg/mf which corresponds to approxi-

mately 10ug of water within the sensor volume.
(2) An intermediate phase, beginningratr;, when the flux
remains constant. This phase was modeled by numerically, Discussion
solving Eq.(4) beginning with the water mass concentra-
tion distribution at times and with the boundary condition ~ The encapsulated calibration differs from the atmospheric
J=Jo (1) atx=0and:>1;. one in two important respects. Firstly, for sensors S1-S3, the
(3) Inthe final phase, beginning at tie?,, the flux decreases |g (Ro) values determined from the atmospheric calibration prior
linearly as a function of the amount of water in the ZiO to lamination were equal within a range of 3%, whereas in the
Eq. (4) was numerically solved beginning with the massdatarepresentedFig. 8- values for S1 are consistently 10-20%
concentration distribution obtained from the previous stefarger than those of S3 at any given time even when differ-

at timer, and the boundary condition ences in EVA thickness above the sensor is taken into account.
This difference may be explained by differences in Jim
csat— () thickness, which directly influences thé) of an encapsulated
J = Jo(t atx =0andr > ¢ ' : . .
o(r2) <csat— c(t2)> o =2 sensor through E@5) but does not influencein an atmospheric

measurement since gas adsorption occurs in a uniform manner

throughout the porous film. Unfortunately, film thickness could
csat Can be written agsai= Pp, whereP is the porosity of the not be measured with sufficient accuracy for studying this ques-
TiO2; and p, the density of water. The value ofr) was deter- tion in detail. Secondly, as shown by E¢®) and (9) the sensor
mined from Eq(5) throughout the modeling. has greater sensitivity and lower resistance values in atmospheric

The model was solved separately for each sensor using thtban in encapsulated measurements. This is explained by the fact

parameters presentedTable 1 D andCsa for EVA with 33%  that all the measured water mass concentration will be adsorbed
VA-content were obtained frorfil5]. The calibration curves to the TiQ film and thus contributing to current transfer in
showingr(z) as a function of the modeled valuedff) are shown an atmospheric measurement, whereas the penetration of lig-
in Fig. 10 It is seen that the response is approximately lineauid water in a diffusion experiment is likely to leave residual
for all three sensors, but a slight bending is observed when theater in the pores which is not carrying current in the sensor.
saturation concentration is approached. This part of the curve The transport model used in this work to determine the cali-
is very strongly influenced by the thickness of the Fifdm, bration curve of an encapsulated sensor was developed based on
and the curvature is due to the uncertainty in the thickness mean interpretation of measured resistance data. The linear rela-
surement which could only be performed to a precision of ondionship betweem andc in the atmospheric calibration makes
significant digit. By modifying the thickness values used in thethis model the most plausible explanation for describing sen-
model slightly, the curves iRig. 10can be made linear. In this sor behaviour. It should be emphasized that the model applies
work, the calibration curve was calculated from the linear partd¢o the case where the diffusive flux becomes higher than the
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