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perovskite solar cells to withstand temperature
cycling¥
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The performance of perovskite solar cells has rapidly increased above 22%, and their environmental
stability is also progressing. However, the mismatch in thermal expansion coefficients and low fracture
energy of layers in perovskite solar cells raise a concern as to whether devices can withstand
mechanical stresses from temperature fluctuations. We measured the fracture energy of a perovskite
film stack, which was shown to produce 23.6% efficiency when incorporated in a monolithic perovskite-
silicon tandem. We found that the fracture energy increased by a factor of two after 250 standardized
temperature cycles between —40 °C and 85 °C and a factor of four after laminating an encapsulant on
top of the stack. In order to observe how the increased mechanical stability translated from film stacks
to device performance and reliability, we carried out a comparative study of perovskite solar cells
packaged between glass and two commonly used encapsulants with different elastic moduli. We
demonstrated that solar cells encapsulated with a stiffer ionomer, Surlyn, severely decreased in
performance with temperature cycling and delaminated. However, the solar cells encapsulated in softer
ethylene vinyl acetate withstood temperature cycling and retained over 90% of their initial performance
after 200 temperature cycles. This work demonstrates a need for an encapsulant with a low elastic
modulus to enable mechanical stability and progress toward 25 year operating lifetime.

Hybrid organic-inorganic metal halide perovskite solar cells have rapidly increased in power conversion efficiency up to 22%. However, device stability must be
improved to enable commercialization. Also, studies have raised concerns over the potential for delamination in service due to mismatches in thermal

expansion coefficients and low fracture energies compared to other solar cell technologies. Despite these concerns, we previously demonstrated that perovskite

solar cells exhibit remarkable environmental stability in damp heat and under full sunlight in operation. This work compares the fracture energy of perovskite

solar cells before and after temperature cycling and with laminated encapsulants. Furthermore, we subjected encapsulated perovskite solar cells to the IEC
61646 standard test of 200 temperature cycles between —40 °C and 85 °C and observed no visible delamination and less than a 10% change in performance.
Moreover, by performing fracture tests and comparing solar cells with two encapsulants varying in elastic modulus by a factor of 40, we developed a design

principle to enable mechanical stability of perovskite solar cells.

1. Introduction

22.1%." In addition, incorporating perovskite as a wide band-
gap absorber on top of a silicon solar cell in a two-terminal

Over the past five years, significant research has improved the
power conversion efficiency (PCE) of single junction organic-
inorganic metal halide perovskite solar cells from 12% to
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tandem has increased the PCE to 23.6%.> When perovskites
were mechanically stacked in a four-terminal tandem on top of
a silicon solar cell, the efficiency surpassed 26%.> Perovskite
solar cells can also be made on flexible substrates with 17.3%
PCE* and scaled up to 100 cm? active area, showing potential
for module-scale production, with 11.2% PCE.> Moreover,
environmental stability of perovskite solar cells has been
demonstrated with proper packaging. With glass-glass encap-
sulation, the solar cells fully retained their performance after
1000 hours in 85 °C-85% RH, damp heat, environment.?
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Also, with an ultraviolet light filter, the solar cells lasted a year
in full sunlight under operating conditions.” With a combi-
nation of high performance and promising preliminary results
on stability,® perovskite solar cells have become more commer-
cially viable.

Under outdoor operating conditions, solar modules experience
a wide range of temperature fluctuations.” The International
Electrotechnical Commission (IEC) provides standard guidelines
of accelerated tests to uncover any potential problems reducing
operational lifetime and preventing modules from lasting 25 years
in the field. One of the IEC 61646 thin film module reliability
standards addressing temperature fluctuation in an accelerated
version is the temperature cycling (TC) test. TC probes any
delamination due to mismatch in thermal expansion coefficients
as the module experiences 200 temperature cycles between
—40 °C and 85 °C. Solar modules must not visually delaminate
and performance must drop less than 10% to pass the test.® TC
tests have revealed a variety of failure modes in solar modules:
micro crack formation in Si module,® delamination,™ solder joint
breakage,'! and junction box detachment."> However, the guiding
design principles to make perovskite solar cells mechanically
stable remain to be explained.

A perovskite solar cell stack has multiple interfaces that
could lead to mechanical failure during temperature cycling.
Fig. S1 (ESIf) shows thermal expansion coefficients (TEC)
according to literature’*™® of the perovskite solar cell stack
that was used to make a 23.6% PCE tandem solar cell and
passed the damp heat test. Large mismatches in TEC between
adjacent materials could build up stress and lead to delamina-
tion during temperature cycling, which presents a direct path
for moisture ingress to the solar cells. Fracture energy quanti-
fies mechanical strength of a thin film stack to see which layer
is the weakest and most prone to delamination.*® Fracture
energy can be extracted from a double cantilever beam (DCB)
measurement, which is a mechanical test that measures resis-
tance to fracture when pulling apart a multilayer film bonded
between two elastic substrates.”® Perovskites are more fragile
than other solar cell materials regardless of device geometry,>
which means that it takes less energy to delaminate the
perovskite when being strained by other layers due to mismatch
in TEC.

For the water-sensitive perovskite® to withstand condensation
during temperature cycling and extreme environmental condi-
tions in the field,* it likely needs to be sealed hermetically with
glass-glass encapsulation to minimize ingress of moisture and
oxygen.”**® Encapsulants need to be chosen carefully to be
optically transparent, flexible enough to absorb any fluctuation
in strain energy during temperature cycling, electrically insulating
to mitigate potential induced degradation,”® to have a reasonably
low water vapor transmission rate, and to not release by-products
that would be harmful to the electrical contacts and solar cell
absorber. Ethylene vinyl acetate (EVA) is the most commonly used
encapsulant in the solar industry. However, it produces acetic
acid,” which releases sodium from soda lime glass in the
presence of moisture and heat,”® and causes potential induced
degradation.>® Ionomer-based Surlyn encapsulants have better
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electrical insulation and lower water vapor transmission
(Table S1, ESIt). Fracture energies of EVA and Surlyn are at least
three orders of magnitude higher than the perovskite.>’ Integrat-
ing a deformable encapsulant on a perovskite device could
enhance mechanical stability of the solar cells.

In this work, we studied perovskite solar cells with com-
monly used adjacent oxide transport layers, fullerene, and
metal electrodes. Our device stack is identical to the one that
produced 23.6% PCE when incorporated in tandem with a
silicon solar cell. We used the double cantilever beam (DCB)
method>" to compare fracture energies of perovskite film stacks
before and after they went through temperature cycling and
lamination. Furthermore, we compared performances of solar
cells laminated with commonly used encapsulants, EVA and
Surlyn, which have very different mechanical properties, as
EVA has an elastic modulus of 10 MPa and Surlyn 394 MPa
(Table S1, ESIt). We identified low elastic modulus of the
encapsulant as a key parameter to enable mechanical stability
of packaged perovskite solar cells.

2. Results and discussion

2.1 Fracture energy of perovskite solar cells before and after
temperature cycling

To quantitatively identify weak layers in the perovskite film
stack, fracture energies were determined by the DCB method.
Perovskite films and adjacent charge transport layers were
deposited on glass microscope slides with an area of ~10 cm?®
for mechanical testing. By fracturing the unencapsulated perov-
skite film stacks, referred to as “ITO device”, with DCB and then
measuring the fractured surfaces with XPS (Fig. S2, ESIT), we
found PC4,BM to be the weakest layer before thermal cycling,
requiring only 0.2 ] m ™ to delaminate (Fig. 1). After unencapsu-
lated perovskite film stacks went through 250 temperature
cycles, a change in color from brown to yellow (Fig. S3, ESI)
was observed, indicating degradation of perovskite into PbI,.
The fracture energy increased to 0.5 ] m~ 2 PCgBM likely
diffused and strengthened the interface, as reported previously
for organic solar cells.>' The root mean square (Ry) roughness of
the fracture interface was investigated by atomic force micro-
scopy (AFM) and found to increase from 26 nm to 75 nm after
250 temperature cycles in Fig. S4 (ESIf). XPS of the fracture

Initial “ITO device”
Sputtered ITO

250 temperature cycles
Sputtered ITO

Sno, | SnO,JPC, BMILIF/
RPC, BN (0.2-J/m?) Percvskite
B
NiO (1.5 J/m?) NiO
ITO ITO
Glass Glass

Fig. 1 Fracture energy measured by DCB method of the ITO device
before (left) and after 250 temperature cycles (right). PCgoBM is the
weakest layer compared to perovskite and NiO. The red arrow shows
which layers fractured during the DCB test according to XPS data.
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surfaces after 250 temperature cycles in Fig. S5 (ESIt) shows a
combination of SnO,, PC¢,BM, LiF, and perovskite at the inter-
facial front, indicating that the crack path propagated through
more than just the PC4,BM layer, which is shown by an arrow
in Fig. 1.

2.2 Improving mechanical integrity of perovskite solar cells
using encapsulants

Encapsulation is a critical component of all solar modules for
environmental and mechanical stability. Encapsulants were
laminated on top of a perovskite film by pressing 650 mbar
pressure on a sample that had been vacuumed and held at
140 °C for 20 minutes. The effect of encapsulation on perov-
skite mechanical integrity was studied by measuring the fracture
energy of an identical perovskite film stack with laminated EVA
or Surlyn on top. Despite the nature of the fragile unencapsu-
lated perovskite device with a fracture energy of 0.2 ] m >
(Fig. 1), having either one of the encapsulants on top of
perovskite film increased the fracture energy by a factor of four
(Fig. 2a). In order to verify that the encapsulants directly
contributed to this enhancement, the fracture energy of unen-
capsulated perovskite film stacks that underwent the same heat
treatment as lamination was also measured. Previous work on
organic solar cells showed fracture energy increase with anneal-
ing after device fabrication due to improved interfacial adhe-
sion;>* however, the perovskite devices remained unchanged
after the 140 °C heat treatment with a fracture energy of
0.21] m™? in Fig. 2a. Thus, the improvement in fracture energy
for the perovskite device resulted from the encapsulant and not
the heat treatment.

il

ITO device 140°C  EVA/ITO Surlyn/ITO
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Fracture Energy, Gc (J/m?) ~—

annealed device  device
ITO device
b)  ITO device c¢) Encapsulant/ITO device
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IT EVA/Surlyn
et OELL e
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Fig. 2 (a) Fracture energy of control ITO device, after 20 minutes anneal-
ing at 140 °C (simulating the condition during lamination) and with the EVA
or Surlyn laminated on top. Cartoons illustrate the deformation created by
a crack as it propagates through (b) the unencapsulated ITO device and
(c) the laminated ITO device.
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Even with encapsulation, PCs,BM was still the weakest layer.
Fig. S6 (ESIT) shows that the representative fractured surfaces
of all four conditions were consistent and uniform, which was
verified by XPS in Fig. S7 (ESIt) to be PCy,BM. Previous reports
have shown that PC4,BM is fragile and susceptible to fracture
under applied loads.® The encapsulants did not inherently
strengthen the PC4,BM, but their lower elastic moduli allows
plastic deformation, where the material is irreversibly length-
ened. The energy dissipated upon deformation of the encapsu-
lants during mechanical testing could explain the increased
fracture energy for the encapsulated perovskite film stack in
Fig. 2. Fractured surfaces of film stacks with EVA and Surlyn
encapsulants were slightly rougher with R, of 68 nm and 51 nm
in Fig. S8 (ESIf) compared to the unencapsulated film stack
with Ry of 26 nm in Fig. S4a (ESIT). As previously described, the
increased roughness after fracture indicates that the crack
propagated across a larger thickness. In this case, the fracture
path is still within the PC¢,BM layer, and the rougher fracture
surface could result from encapsulant deformation during
mechanical testing.

2.3 Temperature cycling of encapsulated perovskite solar cells

Perovskite solar cells laminated between glass with EVA or
Surlyn and edge sealed with butyl rubber were subjected to at
least 200 temperature cycles following the temperature profile
in Fig. 3a. To investigate how the stiffness of an encapsulant
affects device performance with temperature cycling, solar cells
encapsulated in EVA and Surlyn were periodically compared.
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N
2 4o oy cycle
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b= 40 prn po " 1 -40°C
0 10 20 30 40
Time (minutes)
c) EVA
16
14
_12 %
AT e —
gal
6 F
e, [
2
L 1 1 0 1 I L 1
50 100 150 200 250 0 50 100 150 200 250
Number of cycles Number of cycles
d)  Surlyn encapsulated e) EVA encapsulated
oo [fEEmEas fE=——t I
Initial After 200 Initial After 200
temp cycles temp cycles

Fig. 3 (a) Temperature profile measured by a thermocouple encapsulated
in the same glass—glass package as the solar cells in this study as it went
through the temperature cycling test. Power conversion efficiency of solar
cells during temperature cycling packaged using (b) ionomer Surlyn
PV5400 with five solar cells in the dataset (c) ethylene vinyl acetate
(EVA) with nine solar cells in the data set. Picture of the encapsulated
solar cell before and after 200 temperature cycles in (d) Surlyn and (e) EVA.
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Packaged solar cells were loaded onto a tray that moved
between two environmental chambers held at —40 and 85 °C,
and they were periodically removed and measured with max-
imum power point tracking to obtain stabilized PCE values, as
described in the Experimental section. Device performance was
plotted as a function of temperature cycles in Fig. 3b and c.
Unfortunately, only one out of five solar cells encapsulated in
Surlyn retained 90% of their efficiency after 200 thermal cycles
(Fig. 3b). Referring to the figures of merit for the Surlyn
encapsulated solar cells in Fig. S9 (ESIT), most of the degrada-
tion was in the fill factor (FF). Fig. 3d shows delamination after
the Surlyn encapsulated solar cell went through 200 tempera-
ture cycles, which likely was the cause for the drop in FF. Laser
beam induced current mapping on these temperature cycled
cells in Fig. S10 (ESIf) further showed no current in the
delaminated area, which indicates a loss of Ohmic contact
and suggests that delamination occurred within the perovskite
solar cell stack. The stiff Surlyn, which adheres well to ITO
and glass,**** likely pulls up the sputtered ITO through the
PCs0BM layer.

In contrast, EVA packaged devices were mechanically stable
during temperature cycling, showing no signs of cracking,
blistering, or delamination (Fig. 3e). Pictures of the whole set
of EVA encapsulated solar cells after the 200 temperature
cycling test can be found in Fig. S11 (ESIt). Moreover, all nine
solar cells retained more than 90% of their initial performance
after 225 temperature cycles (Fig. 3c) and passed the TC test. All
figures of merit of EVA encapsulated solar cells stayed approxi-
mately constant throughout the TC test in Fig. S12 (ESIT), which
means there is no competing change in performance that
makes the solar cells stable or any noticeable degradation
modes in the device. We have thus demonstrated a key concept
that using a low modulus encapsulant such as EVA enabled
encapsulated perovskite solar cells to pass the standardized 200
temperature cycling test.

3. Conclusion

Perovskite solar cells have layers with thermal expansion coeffi-
cient mismatches and low fracture energies that seemingly limit
their potential to be successfully commercialized. This work
furthers our understanding on the mechanical properties of
encapsulation required for perovskite solar cells to pass the IEC
61646 temperature cycling test. We observed that the high elastic
modulus of Surlyn leads to delamination and a drop in perfor-
mance when laminated on perovskite solar cells, whereas the
lower modulus of EVA dissipates strain and enables encapsulated
solar cells to retain 90% of the performance. This work shows
promise for the operational stability of perovskite solar cells.

4. Methods

4.1 Sample preparation

4.1.1 Solar cell fabrication. Solar cells were fabricated on
patterned indium-doped tin oxide with 10 Q per square sheet
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resistance on 2 cm X 2 cm X 0.7 mm glass substrate from Xin
Yan technology. The substrates were sonicated in Extran, DI
water, acetone, and isopropanol. After that, a 1 M solution of
nickel nitrate hexahydrate (Sigma-Aldrich) in ethylenediamine
(Sigma-Aldrich) and anhydrous ethylene glycol (Sigma-Aldrich)
was spun on the 15 minutes UV ozoned substrate at 5000 rpm
for 1 minute. The substrates were then annealed at 300 °C for
45 minutes. The substrates with NiO coated were quickly
transferred into a dry air box while their temperatures were
above 100 °C. The stoichiometric perovskite solution was made
by mixing CsI (Sigma-Aldrich, 99.99% trace metals), FAI
(Dyesol), Pbl, (TCI), and PbBr, (TCI) in a mixture of N,N-
dimethylformamide (Sigma-Aldrich) and dimethyl sulfoxide
(Sigma-Aldrich) and letting it stir at room temperature for an
hour. The perovskite solution was deposited through a 0.2 pm
PTFE filter and spun at 1000 rpm for 14 seconds, and then at
6000 rpm for 30 seconds. 120 pL chlorobenzene was dropped
onto the spinning substrates at 5 seconds before the end of the
spinning process to enhance crystallization and as an anti-
solvent, forming Cs, 17FAg g3Pb(Brg.171y.83)3 as the final compo-
sition. The films were annealed at 50 °C for 1 minute, then at
100 °C for 50 minutes. After all solution deposition, the
substrates were transferred to a dry N, box for thermal evapora-
tion of 1 nm LiF and then 10 nm of PC¢,BM. Afterwards, 4 nm
of stoichiometric SnO, and then 2 nm of zinc tin oxide were
deposited by pulsed-Chemical Vapor Deposition (CVD) method
at 100 °C. Details of the pulsed-CVD method can be found
elsewhere.” 150 nm of indium doped tin oxide was deposited
through D.C. sputtering as the top electrical contact. To com-
plete the solar cells, silver metal electrode was thermally
evaporated around the 1 cm?® device area to minimize series
resistance.

4.1.2 Sample preparation for fracture energy test. Samples
for fracture energy testing were fabricated using the exact same
steps and thickness as the solar cells, except on a larger glass
substrate of 2.5 cm X 3.5 cm x 1 mm dimension. NiO,
perovskite, LiF, PC¢,BM, SnO,, ZnSnO,, and ITO were depos-
ited onto cleaned glass.

4.2 Glass-glass encapsulation of solar cells

Indium solar ribbon (partt WCD102-7747-6022) was soldered
on to the evaporated metal electrode of the solar cells prior to
assembly. Solar cell substrates were packaged between top and
bottom sheets of encapsulant, either ethylene vinyl acetate or
ionomer Surlyn 5400 and two sheets of 3 mm thick glass. The
butyl rubber edge seal with added desiccant (Quanex, SET
LP03) was placed as a frame around outer edge of the glass
during assembly. The edge seal was used as a sandwich on both
sides of the solar ribbon to minimize moisture ingress. The
package was laminated in two steps: pull vacuum for 5 minutes
then press with 650 mbar pressure at 140 °C for 20 minutes for
the edge seal to soften and the encapsulant to cure. Total bond
width of the edge seal is 1 cm, which can prevent moisture from
diffusing in at 85 °C-85%RH condition for at least 1000 hours.>®
Optimization steps for the encapsulation are included in the
ESL, T section.

This journal is © The Royal Society of Chemistry 2017
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4.3 Temperature cycling test

Packaged solar cells were placed on a tray inside a chamber
(ESPEC TSE-11A) composed of two different compartments, the
top one at 85 °C and the bottom one at —40 °C. The packaged
was first equilibrated at 25 °C then was brought up to the top
85 °C chamber within a minute and held there for 20 minutes.
Afterwards, the package was moved to the lower —40 °C chamber
within a minute and also held there for 20 minutes. A cycle was
completed when package went through both top and bottom
compartments.

4.4 Measuring solar cell performance

Current-voltage of a solar cells were performed using Keithley
2400 digital source meter. A 300 W Xenon arc lamp was used to
irradiate solar cells from the bottom glass side. A reference KG5
Si photodiode was used to calibrate the solar simulator to
match the integrated current measured from external quantum
efficiency. The current-voltage was measured from forward to
reverse bias between 1.2 V to —0.2 V. Afterwards, the solar cells
were stabilized under light at maximum power point bias until
reaching stabilized efficiency for 200 seconds. The solar cell
current-voltage was then re-measured from forward to reverse,
and reverse to forward to check for any hysteresis. The final
power conversion efficiency after the solar cells were stabilized
were used to monitor the performance of the solar cells as they
went through different periods of temperature cycles.

4.5 Double cantilever beam measurement for fracture energy

Double cantilever beam (DCB) specimens were fabricated by
affixing a glass substrate to the solar cell with a brittle epoxy
(E-20NS, Hysol), cured overnight at room temperature in a N,
glovebox. Before testing, excess epoxy was removed from the
edges of the specimen with a razor blade.

DCB specimens were loaded under displacement control in
a thin-film cohesion testing system (Delaminator DTS, Menlo
Park, CA) from which a load, P, versus displacement, 4, curve
was recorded. The cohesion energy or fracture energy, G.
(J] m™?), was measured in terms of the critical value of the
applied strain energy release rate, G. G. can be expressed in
terms of the critical load, P., at which crack growth occurs, the
crack length, a, the plane-strain elastic modulus, E', of the
substrates and the specimen dimensions: width, B and half-
thickness, k. G, was calculated from eqn (1):*!

12P2d? n\?
= (140.64 1
G B2E'R3 0.6 a ( )

An estimate of the crack length was experimentally deter-
mined from a measurement of the elastic compliance, d4/dP,
using the compliance relationship in eqn (2):

A Bl3 1/3
a:(d—x Eh) —0.64 x h @)

dp 8

All G. testing was performed in laboratory air environment
at ~25 °C and ~45% R.H. The specimen was loaded in tension
with a displacement rate of 1 pum s~ until reaching P. before
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unloading slightly to calculate d4/dP. The specimens were then
loaded again to P. and the process repeated until the crack
length reached the end of the specimen. A representative
loading curve and extracted fracture energy as a function of
crack length were plotted in Fig. S13 (ESIf). The fracture
energies reported in Fig. 1 and 2 are averaged values extracted
from the repeating load-unload measurement as the crack
propagated through the weakest layer in the device. There are
at least seven measurements per sample, with total of three
samples. Therefore, our fracture energy values are statistically
significant.

4.6 Atomic force microscopy measurement

Atomic force microscopy (AFM) (XE-70, Park Systems) in non-
contact mode was used to characterize the surface morphology
and roughness of the fractured solar cells.

4.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
taken on a PHI Versaprobe III Scanning XPS Microprobe
(Physical Electronics Inc.) with a monochromatic Al Ko X-ray
source (1486 eV) with survey scans from 0 to 1100 eV.

4.8 Laser beam induced current measurement

Packaged solar cells were mounted onto a 2-axis motorized
translation stage (Standa 8MT173-20). One of the solar cells was
connected to a transimpedance amplifier (Oriel), where the
signal was converted to a voltage and then sent to a lock-in
amplifier (Stanford Research System SR830 DSP Lock-in Amplifier)
for detection. A 488 nm laser light was focused down to approxi-
mately 10 pm diameter and was optically chopped (Stanford
Research System SR540 Optical Chopper) as the sample moved
in two dimensions. A LabVIEW interface was used to control the
range of motion and record a current at each spot measured in two
dimensional map.
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